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F O R E W O R D  

The launch of the first meteorological satellite 26 years ago 
generated much excitement: 
atmosphere. 
from the many satellites launched since then has been rapid, 
and today the field of satellite meteorology is no less 
exciting. 

It has been just two years since the first Conference on 
Satellite Meteorology /Remote Sensing and Applications, yet 
over 270 authors in over 150 papers present new results at 
this the Second Conference. 
results from recently-launched satellites carrying the Earth 
Radiation Budget Experiment (ERBE) and the Stratospheric 
Aerosol and Gas Experiment I1 (SAGE I I ) ,  which will shed 
light on the atmospheric composition, and their effects on 
the Earth's weather and climate. However, a glance at the 
table of contents reveals that no aspect of satellite meteo- 
rology has been neglected. 
and it promises to be no less active in the future. 

The cover photograph illustrates the GOES-NEXT satellite, 
which will supply new data in the next decade. Hopefully 
this Conference will point the way toward the application of 
these and other satellite data to achieve a more complete 
understanding of the atmosphere and improved ability to 
predict it. 

we had a new way to probe the 
Progress in analyzing and interpreting data 

Many of the papers report 

Clearly the field is very active, 

Stanley Q .  Kidder 
Program Committee Chairman 
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1 . 2  

THE USE OF CLASSIFICATION PROCEDURES TO IMPROVE THE ACCURACY OF’ 
SATELLITE SOUNDINGS OF TEMPERATURE AND MOISTURE 

May 12-16 
Williamsburg, Virginia 

Larry M. McMillin 

National Oceanic and Atmospheric Administration 
National Evironmental Satellite, Data, and 1nforrr.ation Service 

Washington, D.C. 20233 

1 .  INTRODUCTION 

Most approaches currently being 
used to convert satellite measurements of 
radiance to atmospheric parameters are 
based on vertically smooth relationships 
between temperature and radiances. These 
relationships typically take the form 

where T(i) denotes the temperature for 
level 1 ,  the bar denotes an average, 
C(i,j) denotes the retrieval coefficient 
for level and channel j, and r(j) denotes 
the measured radiance for channel j. 
Values of r(j) are given by the radiative 
transfer equation as 

( 2 )  

where b(v.T) denotes the radiance at 
wavenumber v emitted by a blackbody at 
temperature T. T(v) denotes the atmos- 
pheric transmittance between the top of 
the atmosphere and a given level, and 
T(v,s) denotes the value at the surface. 
Values of C(J) change slowly with height 
and because values of T(v) also change 
slowly with height i t  follows that the 
right hand side of Eq. ( 1 )  also changes 
slowly with height. As a result, 
solutions based on Eq. ( 1 )  reflect the 
broad scale features of r(J)-r(J) and the 
fine scale feature- T(i). If the fine 
scale features of T(i) are in error, then 
the error will be carried over into 
T(i). 

information carried in the radiances and 
in the mathematical constraints imposed 
on the derivation of Eq.(l). These con- 
straints limit the solution to a rather 
broad subset of possibilities. If 
meteorological constraints limit the 
solution to a smaller subset, knowledge 
of these additional constraints is not 
carried in the solution. Although a 
rigorous solution would combine the 
features of satellite retrievals with the 
features of a numerical model, a simpler 
approach is to use classification 
techniques to empirically limit the 
solutions to those that are observed. 

Typical solutions are based on 

This approach has recently been discussed 
by McMillin (19851, Thompson et al. 
(19851, and Uddstrom and Wark (1985). 
These approaches use information in the 
observed r&nces, r(j), to select 
a e s  of T(i) and a s s o c i a x v a l u e s  of 
r(j). The improvement in T(i) is carried 
over into T(i). 

2. TEST PROCEDURE 

The evaluation is based on a 
collection of measured radiances matched 
with radiosondes. Because the evaluation 
is based on real data, the usual concerns 
about the applicability of the results is 
avoided. The data were collected over 
all latitudes and all seasons. Roughly 
115 of the soundings come from each of 5 
latitude zones (60-90 N. 30-60N, 30S-30N, 
30-605, and 60-90s) and roughly 114 of 
the soundings come from each of the four 
seasons. The sample started with 6000 
soundings, but because they had not been 
screened for missing and obviously bad 
data, slightly over 5000 were useful. Of 
these, 115 were selected for an inde- 
pendent test set and 415 were used for a 
dependent training set. Samples of this 
size assure that coefficients derived 
from the training set are stable and that 
the results are valid. Because the 
sample covers all seasons and latitudes, 
concerns about the generality of the 
results should be removed. The data set 
could be used as a baseline to compare 
different retrieval methods using real, 
as opposed to simulated, data in addition 
to the use made for this paper. 

Although removal of about 116 of 
the data could raise concerns about the 
validity of the results if the rejection 
were done selectively, the rejection 
procedures were objective. For example 
one of the more frequent errors concerned 
the tropopause pressures and temperatures 
reported by the radiosondes. To check 
for bad cases, the reported pressure was 
used to determine the two levels above 
the reported and the two below. The two 
above were used to define a line of 
temperature versus pres,sure and the 
temperature of intersection of the line 
with the reported pressure was noted. 
Two more temperatures were defined, one 
using the two temperatures below and one 
using the temperatures immediately above 
and below. The maximum and minimum of 

1 



these three temperatures were obtained. 
If the reported tropopause temperature 
did not lie either within the range or 
within f2.5K of the extremes, the 
sounding was rejected. For most 
soundings the reported temperature was 
either within fl.OK of the nearest point 
or differed by a large amount. 

set was used to define classes. Averages 
of these classes were used as initial 
profiles and retrieval coefficients were 
generated using the departures from these 
averages. The resulting coefficients 
were then used to retrieve temperatures 
using the independent set. When the data 
were collected, one of the things that 
was kept was the result of the opera- 
tional retrieval procedure. This result 
was compared to the result using the new 
method. 

In the evaluation, the dependent 

3. HI STORY 

The paper by Uddstrom and Wark 
(1985) served as the starting point for 
the effort at the National Environmental 
Satellite, Data, and Information Service 
(NESDIS). In that paper, soundings were 
classified by temperature, mean radiance 
profiles and associated covariances were 
generated from the resulting classes, and 
a Baysian classification procedure was 
used to select the appropriate profile. 
In their approach, it  was necessary to 
integrate the radiative transfer equation 
to obtain the radiance profiles 
associated with the various temperature 
profiles. Calculated radiances have 
differed from measured values in system- 
atic as well as random ways and methods 
to remove systematic effects are not 
always successful. This is a particular 
concern for a classification method 
because the classes are sensitive to 
small systematic differences in 
radiances. One way to avoid the problems 
associated with calculations is to use 
measured radiances that are matched with 
radiosondes. Results using this later 
approach were reported by McMillin (1986) 
in a meeting held in 1984. 

reported on a method that used eigen- 
vectors to classify soundings. In his 

At the same meeting, Wark (1986) 

, a mean temperature was deter- 
mined approar or each profile and departures 
from the profile mean were obtained as 
was also done in Uddstrom and Wark 
(1985). Eigenvectors were generated from 
these departures and each sounding was 
expressed as the coefficients of the 
eigenvectors rather than the radiances 
themselves. Soundings were placed in 
classes that were determined by the 
values of the eigenvectors associated 
with the largest eigenvalues. An 
appealing feature of this approach is 
that the mean profiles progressed in an 
orderly fashion from tropical to polar as 
the value associated with the largest 
eigenvector changed. In addition, this 
approach did not rely on clustering. 

Because of this, profiles that happen to 
be relatively rare can be assigned to 
classes that match the shape better than 
would be the case if  the classification 
were to be based on clustering. For 
these reasons, the eigenvector approach 
was selected over the earlier clustering 
method. However, the definition of the 
classes was s t i l l  based on radiances 
rather than temperatures. 

A suggestion that tropopause 
information be used to classify soundings 
prompted still another approach that was 
reported by McMillin (1985). In this 
approach, tropopause pressures as deter- 
mined by the radiosondes were used to 
determine the classes. Since the range 
of the tropopause pressures spanned about 
350 mb., and because earlier experience 
with the other approaches had indicated 
that the number of useful classes was 
about 35. classes of 10 mb. intervals 
were set up. A Bayesian classifier was 
generated and used to place the profiles 
into appropiate classes. New means were 
generated from these classes and used in 
the evaluation. 

Table 1.  compares the results 
obtained by the operational method with 
the results produced by the original 
classification which requires the 
observed tropopause pressure and with the 
results based on the reclassification 
using the radiance patterns. As can be 
seen, knowledge of the tropopause pres- 
sure is extremely useful in improving the 
accuracy of satellite soundings over that 
produced by the operation, but a large 
portion of the resulting improvement can 
be obtained by using the radiances to 
classify before doing the retrieval. 

Table 1. Accuracies of the operational 
retrieval compared to results from a 
tropopause classification. A negative 
value indicates improvement. 

Pressure rms. Temperature Difference 
Abs. Re la t ive 

Tropopause op. 
(mb.) (K) (K) 

100 1.86 -0.10 
115 1.89 -0.17 
135 1.94 -0.17 
150 2.01 -0.20 
200 2.34 -0.44 
250 2.31 -0.45 
300 2.14 -0.37 
350 1.95 -0.34 
400 1.97 -0.38 
430 1.86 -0.36 
475 1.78 -0.28 
500 1.79 -0.23 
570 1.64 -0.12 
620 1.63 -0.08 
670 1.68 -0.03 
700 1.78 -0.03 
780 1.95 -0.09 
850 2.33 -0.10 
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4. PROCEDURE 

In the past, several combinations 
of methods and channel mixtures have been 
produced. Although the individual 
effects have not been evaluated some 
general trends have been observed. One 
is that the greatest increase in accu- 
racy occurs where the channels are concen- 
trated. Addition of other channels can 
decrease the accuracy. The second is 
that the tropopause classification is not 
the most accurate method for ~ l l  regions 
of the atmosphere. Some form of the 
eigenvector method will have to be used. 

In the eigenvector approach, radi- 
ances are converted to brightness temper- 
atures, bT(v). and selected channels are 
used to calculate and average value for 
the profile. Values of the average, bT‘, 
are obtained from the relation 

n 
bT’=(l/n) E bT(j). 

J=1  

Departures from the average are deter- 
mined as 

x(j)=bT(j)-bT‘ ( 4 )  

and the eigenvectors of x are generated. 
The vectors of x are expanded in terms of 
the eigenvectors and then the coeffi- 
cients of the eigenvectors associated 
with the four largest eigenvalues are 
determined. The maximum and minimum 
values are found and the coefficients are 
divided into bins of 7 for the first 
coefficient, 3 for the second, and 2 each 
for the third and fourth. Sample sizes 
of the various classes are shown in Table 
2 .  Only 30 classes are populated and 
some of the populations are small. Table 
3 shows the profiles of mean temperature 
for the five largest classes. The mean 
of the largest class is typical of trop- 
ical soundings, as should be expected. 
The other four are typical of higher 
latitudes with lower tropopause heights. 

Classes with small populations 
cause problems in the retrieval step 
because the inverse of the covariance 
matrix is unstable. To avoid this 
problem in the initial evaluation, a new 
quantity was determined as 

( 5 )  

where xc(J) is the mean value for the 
class. A covariance matrix was generated 
as 

n 

m= 1 
cov(j,k) = E z(j) * z(k) ( 6 )  

where m i s  summed over all classes. 
Although a single covariance was used to 
simplify the initial evaluation, i t  will 
be seen that the resulting retrievals are 
surprisingly accurate. 

The covariances generated in Eq. 
( 6 )  were used to calculate regression 
coefficients for the relationship 

n 
T(i)=T(i) + E c(~,J)(~T(J)-~T(J)) ( 7 )  

J = 1  
where ( 1 )  denotes the level and T(i) and 
bT(j) are derived from the small 
samples. Retrieved temperatures are 
derived from Eq. ( 7 ) .  

Table 2 .  Sample sizes of groups as 
sorted by the values of the first four 
eigenvectors. Groups are given by 
classes with the first eigenvector 
divided into seven classes, the second 
into three classes, and third and fourth 
into two classes each. 

Eigen- 
vector 
2 3 %  Class for 1st Eiqenvector 

Class 1 2 3 4 5  6 7  

1 1 1  0 0 5 31 1 0 0 
1 1 2  0 0 1 0 0 0 11 
1 2 1  3 8  2 6 9  555 5 0  0 0 0 
1 2 2  0 0 0 0 0 0 0 

2 1 1  1 0 1 0 8  5 2 8  1 8 3  1 0 
2 1 2  0 0 19 3 7 6  1 2 2 6  2 3 9  2 
2 1 2  2 1 0 3  5 7 8  4 2 2  5 0 0 
2 2 2  0 0 1 4  2 2  0 0 0 

- - - - - - - - 

3 1 1  0 0 0 0 0 0 0 
3 1 2  0 0 0 3 176 197 1 4  
3 2 1  0 0 0 0 0 0 0 
3 2 2  0 0 0 0 0 0 0 

Table 3. Profiles of mean temperature 
for five classes. 

Class 
3 1 2 1  3 2 2 1  4 2 1 1  4 2 2 1  5 2 1 2  - - - - -  

Pressure 
(mb.) 

1 0 0  2 2 5 . 2  
115 2 2 4 . 7  
1 3 5  2 2 4 . 3  
1 5 0  2 2 4 . 2  
2 0 0  2 2 2 . 8  
2 5 0  2 1 9 . 8  
3 0 0  2 2 0 . 1  
350 2 2 6 . 1  
4 0 0  2 3 2 . 2  
4 3 0  2 3 5 . 7  
4 7 5  2 4 0 . 4  
5 0 0  2 4 2 . 8  
5 7 0  2 4 8 . 5  
6 2 0  2 5 2 . 1  
6 7 0  2 5 5 . 3  
7 0 0  2 5 7 . 0  
7 8 0  2 6 1 . 4  
85 0 2 6 4 . 6  
9 2 0  2 6 7 . 2  
9 5 0  2 6 8 . 3  

1 0 0 0  2 7 0 . 0  

Temperature 
(K) 

2 1 6 . 6  2 1 7 . 6  2 2 0 . 3  
2 1 7 . 3  2 1 8 . 0  2 2 0 . 8  
2 1 8 . 2  2 1 8 . 7  2 2 1 . 4  
2 1 8 . 8  2 1 9 . 2  2 2 1 . 8  
2 1 9 . 6  2 1 8 . 8  2 2 1 . 2  
2 1 8 . 7  2 1 9 . 3  2 2 0 . 8  
2 2 0 . 4  2 2 3 . 9  2 2 5 . 7  
2 2 5 . 5  2 3 0 . 5  2 3 2 . 6  
2 3 1 . 1  2 3 7 . 1  2 3 9 . 2  
2 3 4 . 5  2 4 0 . 9  2 4 2 . 9  
2 3 9 . 1  2 4 6 . 0  2 4 8 . 0  
2 4 1 . 5  2 4 8 . 7  2 5 0 . 6  
2 4 7 . 5  2 5 5 . 2  2 5 6 . 9  
2 5 1 . 2  2 5 9 . 2  2 6 0 . 8  
2 5 4 . 5  2 6 2 . 8  2 6 4 . 1  
2 5 6 . 2  2 6 4 . 8  2 6 6 . 0  
2 6 0 . 1  2 6 9 . 3  2 7 0 . 3  
2 6 2 . 8  2 7 2 . 7  2 7 3 . 4  
2 6 4 . 7  2 7 5 . 9  2 7 6 . 3  
2 6 5 . 1  2 7 7 . 2  2 7 7 . 5  
2 6 5 . 7  2 7 9 . 0  2 7 8 . 9  

2 0 6 . 3  
2 0 7 . 4  
2 0 9 . 8  
2 1 1 . 6  
2 1 7 . 6  
2 2 5 . 5  
2 3 4 . 1  
2 4 2 . 2  
2 4 9 . 2  
2 5 3 . 0  
2 5 8 . 2  
2 6 0 . 8  
2 6 7 . 3  
2 7 1 . 3  
2 7 4 . 8  
2 7 6 . 7  
2 8 1 . 1  
2 8 4 . 2  
2 8 7 . 3  
2 8 8 . 5  
2 9 0 . 5  

3 



5. RESULTS AND CONCLUSIONS 

Some of the various combinations 
of levels and classifications are in 
process of being run. Table 4 shows 
differences from radiosondes for a 
classification based on eigenvectors and 
a classification derived from tropopause 
heights. There are other differences in 
the procedures so little significance 
should be attached to the difference 
between the two. However both are more 
accurate than the current operational 
method and it is clear that even with the 
approximations contained in this pre- 
liminary version, there is a significant 
gain in accuracy over the current 
operation. The accuracy of the result is 
more surprising when i t  is realized that 
they have been obtained with a set of 
coefficients that is constant over all 
seasons and latitudes. Apparently it is 
important to use the correct mean, but 
the covariance has relatively little 
effect on the solution. 

Table 4. Accuracies of the operational 
retrieval compared to classification 
results. The eigenvector method is 
denoted by "eigen" and the tropopause 
method is denoted by "trop". 

Pressure rms. Temperature Difference 
Re la t ive 

100 1.86 
115 1.89 
135 1.94 
150 2.01 
200 2.34 
250 2.31 
300 2.14 
350 1.95 
400 1.97 
430 1.86 
475 1.78 
500 1.79 
570 1.64 
620 1.63 
670 1.68 
700 1.78 
780 1.95 
850 2.33 

Trop 
(K) 

-0.10 
-0.08 
-0.10 
-0.15 
-0.21 
-0.09 
-0.17 
-0.14 
-0.15 
-0.14 
-0.10 
-0.11 
- 0 . 0 9  
-0.07 
-0.09 
-0.11 
-0.16 
-0.17 

Eigen 
(K) 

0.06 
0.00 
-0.05 
-0.12 
-0.11 
-0.03 
-0.12 
-0.12 
-0.12 
-0.12 
-0.08 
-0.09 
0.03 
-0.05 
-0.06 
-0.06 
-0.15 
-0.16 

It is also clear that the method 
has the potential to significantly 
improve the accuracy of satellite retriev- 
als. Increases of up to 0.2K in accuracy 
over the current operation are observed. 
When this change is compared to either 
the current accuracy level that is 
slightly less than 2.OK, or to past 
changes in sounding accuracy (see 
McMillin et al. 198 1 ,  the increase in 
accuracy is significant. When it is 
realised that an rms. difference from 
radiosondes contain errors due to 
radiosondes and to location and time 
differences in the matches; and that 

these differences supress the magnitude 
of any improvement. the increases in 
accuracy become very significant. In the 
middle troposphere accuracies of the new 
method approach 1.5K and and approach 
2.OK in the tropopause region where 
soundings typically have problems. 
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1. INTRODUCTION 

The major role of a priori information 
for the satellite retrieval problem is explained 
by the nature of observed radiances which 
integrate the atmospheric thermal structure over 
relatively thick layers. The principal use of 
that kind of information is here to specify the 
initial guess in the "31" (Improved Initializa- 
tion Inversion) procedure as accurately as 
possible through a pattern recognition approach. 

The "31" procedure is a physico-statis- 
tical algorithm for retrieving meteorological 
parameters from the satellite data of the 
Tiros-N series at a spatial resolution of 100 x 
100 kme. Accounting for the physics of the 
phenomena involved, this procedure explicitely 
takes into consideration local properties of 
each terrain observed, like surface elevation, 
surface emissivity, percentage of water, viewing 
angle. 

Considerable effort is paid to the 
optimization of the initial guess solution which 
is retrieved owing to a large precomputed data 
set, the "TIQR" (TOVS Initial Quess Retrieval) 
data set. Created once and for all, this data 
set comprises for all possible observing 
conditions (viewing angle, surface pressure, 
surface emissivity) a total of 1207 atmospheric 
situations, covering the whole globe and 
resulting from a sophisticated statistical 
screening of about 10,000 situations, described 
by their respective temperature (and water 
vapor) profiles. Each situation in the TlQR data 
set is associated with corresponding synthetic 
TOVS (Tiros-N Operational Vertical Sounder) 
radiances, thus allowing for a clustering 
analysis through a dynamic cluster algorithm. 
The TOVS observations are those not contaminated 
by the clouds, i.e. stratospheric channels and 
microwave channels. 

Knowledge of the air mass type observed 
is essential to most of the retrieual methods, 
physical as well as statistical, the average 
profile of temperature being very different in 
each case (tropical, mid or polar type air). 

Results of this analysis have been 
applied to Not%-7 observations over Europe of 
several relatively complex meteorological 
situations for which the forecast was 
particularly p o o r .  

2. GENERALITIES ON THE CLUSTERING HETHOD 

The purpose of a clustering process is 
to separate the objects of a set E in disjoint 
classes or clusters, the element of which have 
some given properties in common. 

There are two kinds of classification 
methods : 

- the "hierarchical methods" : they give series 
of partitions in clusters which become larger 
and larger and propose a choice of partitions, 
corresponding to the different levels of the 
" span n i ng tree " ; 

- the "non-hierarchical" methods : among these 
the "Dynamic Clusters Method" is used here. I t  
is based upon the notion of "strong patterns" 
and the number (Ne) of ending clusters has to be 
fixed at the beginning. 

3. PRINCIPLE OF THE DYNAHIC CLUSTER ALGORITHH 

3.1 Constltutlon of "strong patterns" 

The first step of the algorithm consists 
in the building up of starting kernels, which 
are made up with random drawn objects . Instead 
of defining a class by a single point, its 
gravity center, which is not necessarily an 
element of the set, it is defined by several 
objects constituting a kernel : this kernel will 
be more representative for the class than a 
gravity center. 

Starting from a set L of kernels L, 
(k(N,), each object of the set E is assigned t o  
the nearest kernel giving rise  to the first 
partition of E. 



From this partition, a new set L is given 
by the measure based upon a concept of a 
distance. The new L is a better description of 
the partition. Again a new partition is obtained 
and so on, up to a stable situation. 

Let K, be an object of E, indexed by i : 
XI,, . . . , xln. The distance between the object X, 
and the kernel K, is defined as follows : 

where dCX,,X,) is the distance between the two 
objects XI and X,. 

The Pundamental purpose oP dePining a 
distance is to induce an order on the set oP 
couples (X,,X,) Por any p and q. Several 
dePinitions of a distance may be used : Euclid 
metric, chebychev metric, Minkowsky metric, 
"chi-square" metric . .  In the Dynamic Cluster 
algorithm, the distance currently used is the 
Euclid metric, on account oP its simplicity : 

1 1 2  

i=l 

The algorithm minimizes a criterion 
WCL.P) : 

k 
W<L,P) = I: Card Pi [ Var Pi t Var Li 

i=l 
t d ( (3(Pi), Q(Li) ) ] 

where : Pi = class associated to the kernel Li, 
BCLi) = gravity center oP the kernel Li 
BCPi) = gravity center oP the class Pi, 
Var Li = variance oP Li. 
Var Pi = variance oP Pi. 

The final partition depends on initial 
choice oP kernels. This is why several random 
drawings oP initial kernels are realized : the 
objects, which have always been classed together 
constitute the "strong patterns". As a result oP 
all the random drawings, these strong patterns 
are in Pact the really homogeneous parts oP the 
objects'set. 

h minimum number of experiences is 
necessary in order that the strong patterns have 
a real signification. Even iP the experience 
number is large, these strong patterns should 
not be numerous, relatively to the initial 
number oP data. 

3.2 Gathering of strong patterns 

The second step oP the algorithm 
consists in gathering the strong patterns 
according to the "loss oP inertia criterion" 
(see below), in order to obtain the number oP 
classes <Ne) required. A resulting partition is 
declared acceptable iP the inertia oP each class 
is weak and iP the inertia between the classes 
is strong. 

IP we transPorm a partition of k (k>Ne) 
classes into a partition oP k-1 classes, by 
gathering two classes, the inertia between the 
classes decreases. 

The best way oP gathering consists in 
putting together the two classes Por which the 
loss of inertia is the smallest. 

The loss of inertia i s  : 

L, = N, d2 (g,,g) + No d2 Cge,g) 

(inertia before gathering) 

- CN, + N,) d2 (g,,/g) 

(inertia after gathering) 
S O  let i t  be : 

where N, is the number of elements oP class A 
and N, the number oP elements oP class B. 
gn and go are the gravity centers of' class A and 
class B, respectiuely. g,, is the gravity 
center oP the class obtained aPter gathering. 

At every iteration, this "loss oP 
inertia criterion" decreases and two classes 
are gathered, t i l l  we obtain the desired 
number of classes. 

4. CLASSIFICATION OF THE SITUATIONS 
ARCHIUED IN THE TIGR DATA SET 

The classiPication has been realized 
with all the situations oP the TIQR data set. 
The purpose is now to find a clustering in 
several classes, which are Peatured not only by 
the latitude, but also by the season. 

Several clusterings have been realized 
using the algorithm described above, according 
to different levels of observing conditions : 
ground pressure and viewing angle. Ten viewing 
angles are considered Prom nadir to a maximum 
value of' approximately 60O which correctly 
sample the range oP viewing angles associated 
with the scanning instruments on board the 
TIROS-N series : HIRS-2 and MSU. Eleven surPace 
pressure are considered Prom 1013 mb to 725 mb. 

In this set of  situations, we 
distinguish five groups by using 2 criterions : 

- latitude t : 
tropical : &<30O ; mid : 3Oo<b<60O ; 
polar : b>60O 

- season : summer, winter. 

F o r  each of these 5 groups and each 
channel j, we normalize the associated 
brightness temperature according to : 

T(k,j) / S,Cj) where T(k,j) is the brightness 

temperature of channel j f o r  the kth situation 
and S,Cj) is the variance of channel number j, 
computed with the set oP brightness temperatures 
oP class i ,  to which T(k,j) belongs (i=1,5). 
Here we use six channels : HIRS-2 channels nb. 
1 ,  2 and 3 and MSU channels nb. 2, 3 and 4 ,  
since they are not contaminated by most of the 
clouds. The number of ending clusters we impose 
at the start is Piue, according to the criterion 
oP latitude and season. 
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For all the classification conditions 
(angle and surface pressure), the same results 
have been obtained and they are noteworthy : 
only 3 clusters survived, corresponding exactly 
to the 3 initial groups of latitude, although 
the number of ending clusters we impose at the 
beginning of the procedure is fiue. These 3 
classes have been isolated from the very first 
steps of the algorithm, without any modification 
by the second steps. This analysis confirms the 
initial statistical classification of the TIQR 
dat set. It also provides the way of classifying 
any observed situation. 

5. APPLICATION TO REAL OBSERVATIONS 
FROn NORA-7 OUER EUROPE 

Within the frame of the "31" (Improved 
Initialization Inversion, Chedin et al., 1985) 
procedure, the preceding cluskering algorithm 
has been'applied to nine passes of NORF1-7 over 
Europe, ranging from September, 1983 to 
December, 1983. 

The spatial resolution of the 31 
algorithm is a compromise between the spatial 
resolution of the two major sounders on board 
the NORA'S : HIRS-2 and MSU. Retrievals are made 
for boxes oP 2 to 4 (according to the viewing 
angle) HIRS-2 spots along the scan line by 3 
HIRS-2 spots along the sub-orbital track. Such 
boxes approximately represent a surface of 
100x100 kme. However., in order to increase the 
densitu and check the coherence of the results, 
an oversampling is introduced along the 
sub-orbital track and one retrieval is produced 
every 100x30 kmz, two consecutive boxes sharing 
two scan lines (see Figure 1). 

For each obseruation, we compute the 
distances between this situation and the 
classification clusters obtained above, the 
smallest distance indicating the class to which 
the observations belong. However, the 
differences in distance between the classes mid 
and tropical may sometimes become very small 
loosing their real signification. In the areas 
of small significance, we may either rely upon 
the real smallest distance criterion (whatever 
the number of decimals is) o r  require an 
additional criterion to be satisfied prior to 
assigning a given situation to such or such 
cluster. Taking into consideration first the 
large differences in variance [ S , C j ) ]  for the 
three final classes (typically 3K for the 
tropical cluster ; 5K f o r  the mid cluster and 
more than 7K for the polar cluster) and second 
the influence of these variances on the distance 
definition, on the final result (for the 
normalization within could have been performed 
either larger o r  more restricted groups of 
situations in the TIQR data set), we have 
adopted the following scheme, which consists in 
slightly moderating the polar situation 
assignments and slightly promoting the tropical 
ones. 

Consequently, a situation will be 
declared a polar one only if its distance to the 
polar cluster is at least 15% smaller than its 
distance to the mid cluster. On the contrary, a 

situation declared mid will be changed to 
tropical if its distance to the tropical cluster 
is less than 10% smaller than its distance to 
the mid cluster. 

Figures 2 to 5 display the results of 
this scheme for two examples among the nine 
considered. Observations correspond to NOW-7 
passes over Europe : orbits nb. 11664, September 
27. 1983 and nb. 12681, December 12, 1983. 

Figures 2, 3 and 6 illustrates these 
results for orbit nb. 11664 : on the AVHRR 
picture (Fig. 21, we can easilu see through the 
spiral-shaped zone of clouds centered on Qabes 
Qulf over the Mediterranean Sea, a stormy 
perturbation. I t  corresponds on the map issued 
from the classification (Fig. 3) to the Lropical 
area. This area is also apparent on the map oP 
winds (Fig. 6). 

Figures 4, 5 and 7 display similar 
results for orbit nb. 11681 : on the AVHRR 
picture (Fig. 4). we can notice in the northern 
part of the orbit a cold front, the cold air 
mass coming from the arctic latitudes. It  
corresponds to the polar area on the 
classification map (Fig. 5 )  and can also be seen 
on the map of the winds (Fig. 7). In the middle 
of the orbit, a warm air mass is apparent on the 
AVHRR picture through the cloudy zone composed 
with a lot of cirrus. I t  is represented on the 
classification map by a mid zone. ln the south 
of this area, within an anti cyclonic area 
(Azores, Spania), the sky is clear on the A V W R  
picture, corresponding to tropical situations on 
the classification map. 

6. CONCLUSION 

The dynamic clusters algorithm Is a 
statistical method, based upon the notion of 
"strong patterns" and the optimization of a 
criterion of variance. The introduction of an a 
priori knowledge of the clusters we try to 
obtain (latitude-season) allows the physical 
apsect of the problem to be taken into account. 
Applied to the TIQR data set, this coupling of 
physics and statistics leads to the definition 
of three clusters, each one having its own 
features. 

This clustering method simply allows 
satellite observations from the TIROS-N series 
to be classified within one of the three 
clusters that have been identified. Now entering 
the 31 Inversion algorithm, this classification 
scheme is used to improve the initial guess 
retrieval procedure : instead of searching for 
the element within the whole TIQR set the 
closest to the input pattern, it will be 
searched within the cluster to which the input 
pattern belongs. 
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R S R  CALIBRITION PERIOD 

Figure 1 

HIRS-2 and MSU scan patterns projected on the Earth’s surface. 
Retrievals consisting of  three scan lines and Pour (small viewing 
angles) to two (large viewing angles) HIRS spots are made Pot- each 
box. There is an oversampling along the y-axis (suborbital track) : 
two consecutive boxes share two scan lines. 
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Figure 2 

AVHRR picture for 
XOAA-7 orbit nb. 11664, 

27 September 1983 

Figure 4 

The same as Figure 2 
but for orbit nb. 12681 

Figure 3 
Results of the classification for NOM-7 orbit nb. 11664 
Vertical numbering : scan lines. Horizontal numbering : 
boxes. TR : tropical latitudes. MD : mid latitude. 
PO : polar latitudes. 

Figure 5 

The same as Figure 3, 
but for orbit nb. 12681 



\ i i 

\ i 

Figure 6 

100-500 mb thicknesses (DAM) and thermal winds. 



1 . 5  

HIGH RESOLUTION RETRIEUALS FROH THE SATELLITES 
OF THE TIROS-H SERIES 

A. Chedin, C. Levy, N.A. Scott and N. Husson 

Laboratoire de M6t6orologie Dynamique du CNRS 
Ecole Polytechnique, Palaiseau, France 

1. INTRODUCTION 

The "31" (Improved Initialization Inuer- 
sion) method for retrieving geophysical parame- 
ters from the satellites of the Tiros-N series 
(A. Chedin and N.A. Scott, 1983 ; A. Chedin et 
al., 1985) has been modified with the purpose of 
increasing its spatial resolution from one 
retrieval every box of 100 x 100 km2 to one re- 
trieval every HIRS/2 spot, roughlu 30 x 30 km2. 
This resolution is strictly achieved within 
clear areas and is only simulated within cloudy 
areas through the coupling with the MSU (micro- 
waves) instrument which resolution is coarser. 
As expected from the method used to "de-cloud'' 
the observations, the so-called "+-method" which 
consists in predicting, for each HIRS/2 spot 
individually, cleared HIRS/2 radiances from the 
microwave observations from an "educated" 
data set created once and for all, the TlQR 
(TOVS Initial Quess Retrieval) data set, the 
real resolution appears to be closer to the 
HIRS/2 one than to that of the MSU sounder. An 
application to NOAA-7 observations (Alpex 1OP of 
March 4-5, 1982) is presented and discussed in 
connection with the coming AMSU (Flduanced 
Microwave Sounding Unit) experiment. 

2. HETHODOLOGY 

The present study has been carried out 
using the "31" ( 
Inversion) algorithm. 

2.1 Cenerallties on 

The 31 method 
retrieving meteorolo 

mproved Initialization 

the 31 algorithm 

has been designed for 
ical parameters from 

satellite vertical sounders and has already been 
described in some details in several 
publications : Chedin and Scott, 1984 ; Chedin 
et al., 1985). A brief survey of this method is 
necessary to a better understanding of the 
results Presented here. 

The 31 procedure is a physico-statisti- 
cal method which relies upon an a priori 
knowledge of the observations (the brightness 
temperatures in each channel of the vertical 
sounder) as well as of the parameters (the 

atmospheric structure). This a priori knouledge 
is contained in a large data set, the TIQR (TOVS 
Initial Quess Retrieval) data set, created once 
and for all, and comprising for possible 
observing conditions (viewing angle, surface 
pressure, surface emissivity) and for about 1200 
atmospheric situations covering the whole 
globe : the transmittance profiles and 
associated brightness temperatures for each of 
the TOVS channels, the partial derivatives of 
these brightness temperatures with respect to 
such or such atmospheric parameter (Jacobian). 
Provided the observed brightness temperatures 
correspond to clear areas or have been properlu 
"cleared" (that is to say : properlu 
de-contaminated from the influence of the 
clouds), see Section 2.2, the 31 procedure 
follows two principal steps : 

a> Retrieval of the initial guess solution 
through a pattern-recognition type approach. The 
observed cleared radiances are first used to 
retrieve the "best" initial guess solution in a 
statistical sense. The procedure makes use of  
the "TlQR" data set. The selected set of 
observed brightness temperatures 1s "compared" 
to each of the computed sets of brightness 
temperatures and the "closest" is retained. 

b) The basis for the retrieval of the 
"exact" solution is a maximum estimation 
procedure aimed at minimizing the differences 
between the brightness temperatures associated 
with the inItial guess and the observed ones. 
Use is made of the Jacobian associated with the 
retrieved initial guess, in the "TIQR" data set. 

The 31 algorithm has been recentlu 
revised and improved in some minor aspects. 

2.2 The +-method : a de-cloudlng algorlthn 

The +-method. designed at LMD as a part 
of the 31 algorithm, is based upon the 
availability of a good first guess solution for 
the vertical temperature profile. 

The way the observations are 
decontaminated from the influence of the clouds 
is an essential aspect of the coupling between 
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infrared and microwave observations performed by 
the 31 method. While the procedure for 
retrieving the initial guess solution in the 
TIQR data set is direct in case of clear areas, 
two steps are required for not clear areas. In 
the first step, comparisons are made between the 
observations and the archived brightness 
temperatures in TIQR on the basis of a 
restricted set of channels, in principle 
insensitive to clouds, made of infrared 
stratospheric and microwave channels. From this 
preliminary initial guess, the cloud clearing 
algorithm is started based upon the +-method. 
Following this method, a clear infrared 
brightness temperature is obtained by adding to 
the initial guess value of  the infrared channel 
considered, the difference between the observed 
and the initial guess values of a microwave 
channel , almost insensitive to clouds and 
peaking approximately at the same level as the 
infrared one. Since both respond to the same 
atmospheric layers, the difference in brightness 
temperature is small and, more importantly, 
almost constant for small changes in atmospheric 
parameters. The +-method is applied to HIRS/2 
channels 3 to 6 and 15. Cleared brightness 
temperatures for channel 14 are obtained through 
a regression using, in particular, the pre- 
viously cleared channels. The coefficients of 
this regression are obrained from the TIQR data 
set. Remaining channels are cleared after having 
retrieved the temperature structure and reliable 
cloud parameters (amount, height). 

This method raises Pour comments : 

a) Contrary to other methods which use 
several spots or even the entire field to 
eliminate the effect of clouds, the +-method 
only uses one spot and consequently avoids the 
assumption about horizontal homogeneity of any 
parameter. 

b) Using the potential of the microwave 
observations to get information through the 
clouds and relying upon the "educated" data set 
TIQR, the +-method may be applied within the 
partially cloudy areas as well as within 

ouercast areas, provided the microwave channel.; 
have not been significantly contaminated. 

CI Combining infrared and microwaves 
channels, the +-method is better suited t o  
instruments having similar spatial resolution. 
This is not the case of HIRS/2 and MSU and 
explains why the 31 algorithm has been adapted 
to boxes of several HIRS/2 spots. This will be 
the case of the coming TIROS-NEXT mission 
CHIRS/2 and AMSU) and possibly of R I M S  CMeteosat 
Infrared and Microwave Sounder) for the 2nd 
generation Meteosat satellites. 

d) The strong correlation between the 
initialization of the inversion process and the 
cloud clearing technique must also be pointed 
out : the quality of the initialization and that 
of the cleared brightness temperatures 
directly connected. 

2.3 The high resolution algorlthn 

To simulate, as far as possible, 
sounder with a relatively high spat 
resolution, both in the infrared and in 
microwave, the 31 algorithm has been modified 
order to increase the spatial resolut 
currently achieued. 

re 

a 
a1 
he 
in 
on 

Instead of performing one retrieval 
every 100 x 30 km2, a number resulting Prom a 
compromise between the resolutions (see Fig. 1) 
of HIRS/2 and MSU (roughly 100 x 100 km'. with 
an oversampling along the sub-satellite track 
(see Chedin et al., 19851, the present approach 
has consisted in making one retrieval every 
HlRS/2 spot, corresponding to a mean spatial 
resolution of 30 x 30 kme. The coupling between 
the two sounders has been obtained by 
interpolating the MSU observations within each 
HIRS/2 spot. Accordingly, the cloud detection 
procedure as described in Wahiche et al. (1985) 
for the "standard" 31 resolution has been 
modified and adapted to the processing of each 
HIRS/2 spot. The major modifications are listed 
below : 

Figure 1 

HIRS-2 and MSU 
Scan Patterns 
Projected on 
the Earth's 

surface. 
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the regressions used in the cloud detection 
algorithm are now specific of each of the 
three classes into which-the TIQR data set is 
divided. Each HIRS/2 spot is assigned t o  one 
of these classes through a classification 
scheme (P. Moine et al., in the present 
extended abstracts book) ; 

the concept of "adjacent spots", which plays 
an important role in the cloud detection 
algorithm, now takes into consideration the 
nature of the surface : two geometrically 
adjacent spots, one over land and one over 
sea, are not finally declared "adjacent" ; 

variance tests performed over the spot within 
a box (the 100 x 100 kme areas) have been 
suppressed. 

Figure 2 illustrates the results of the 
new algorithm for one satellite pass of the 
ALPEX IOP. considered : orbit no. 3587, March 4, 
1982 (12.052). 

Following that way, the real horizontal 
resolution is strictly equal t o  the simulated 
resolution within the clear areas (since only 
HIRS/2 channels are used) and is in between this 

resolution and the current 31 resolution within 
cloudy or partially cloudy areas, as expected 
from the method used t o  "de-cloud'' the 
observations, the &-method which consists in 
predicting, for each HIRS/2 spot individually, 
cleared radiances from the microwave 
observations and from the "educated" data set 
TIQR. This is illustrated, through an 
application of this high resolution algorithm t o  
the 1OP mentioned above, on Figures 3 to  6. 

Figures 3 and 4 display the thermal 
winds derived from the 3-D thermal structure 
retrieved from the satellite observations and 
corresponding t o  two atmospheric lauers : 
1000-500 mb and 1000-850 mb for the March 4 
observations. Figures 5 and 6 display similar 
products for the March 5 observations. On these 
figures, numerous high resolution spatially 
coherent features may be observed, either over 
sea or over land. Moreover, the horizontal 
coverage is almost complete (except the 
calibration periods) in spite of the presence of 
large and heavily cloudy areas. The 
interpretation of these features would require 
high spatial resolution analysis fields still 
not available. However, they represent the first 
evaluation of the benefit one can expect from a 
high resolution coupled infrared and microwave 
sounder. 

The coming AMSU (Advanced Microwave 
Sounding Unit) on board the next generation 
Tiros-N platPorms is the instrument appropriate 
t o  this approach since the resolution in the 
infrared and in the microwaves are approximately 
the same, which is not the case, by far, here. 

However. the present results appear 
encouraging when considering the completeness 
of the spatial coverage and the relatively 
satisfactory spatial coherence of the thermal 
wind fields even for layers 1.5 km thick as the 
1000-850 mb and 850-700 mb ones. 

The next step, recently started, w i l l  
consist in merging as far as possible the AVHRR 
data, currently processed by the CMS Lannion, in 
the TOVS data, resulting, for clear and partly 
cloudy areas, in an important improvement in the 
spatial resolution. This is the principal aim of 
the "41" method : Improved Initialization 
Inversion with Imagery, which should result in a 
significant improvement in the study of meteo- 
rological mesoscale features from satellites. 
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1000 - 500 Me THICKNESSESIORMJ AN0 THERMRL W I N D S l M l S I .  HRRCH 4. 1982 

J 
Figure 3 

Thermal winds Por the layer 1000-500 mb deriued Prom the 3D thermal 
structure retrieved Prom NOAA-7 observations, March 4,1982. Two consecu- 
cutiue orbits are analysed at 12:052 and 13:452. This diPPerence in time 
explains most oP the slight inconsistencies within the ouerlapping areas. 

1000 - 850 HE 1HlCKNESSESlDRMI RNO IHERHRL l 4 I H O 5 l H 1 9 l .  HRRCH 1. 1982 

Figure 4 

Same legend as Figure 3. Layer 1000-850 mb. March 4, 1982. 
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1 0 0 0  - 500 HE IHICKNESSESIDRHI  AND IHERHAL M I N D S I H / S l .  HARCH 5 .  1 9 8 2  

Same legend a s  Figure 3 .  Layer 1000-500 mb. March 5, 1982. 

OSD - 700 HB TI~ ICHNESSESIDAHI  ~ N D  THERMAL H I N O S W S I .  HRRCH 5. 1 9 8 2  

Fiyure 6 

Same legend as Figure 3 .  Layer 850-700 mb. March 5 ,  1982. 
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1. INTRODUCTION 

NOAA/NESDIS currently produces 
operational temperature and water vapor 
soundings from the TIROS Operational Vertical 
Sounder (TOVS) on board the NOAA TIROS-N series 
satellites. The TOVS consists of three 
instruments, the second version of the High 
resolution Infrared Radiation Sounder (HIRS-2), 
the Microwave Sounder Unit (MSU) and the 
Stratospheric Sounding Unit (SSU). The HIRS-2 
instrument contains 20 channels in the 15 micron 
and 4.3 micron wavelength range and resolves a 
field of view (fov) that is approximately 20 Km 
across at the subsatellite point. The MSU 
contains 4 channels ranging in frequency from 
50.3 to 57.9 gHZ and resolves a fov that is 
approximately 100 km across at nadir. The HIRS-2 
supplemented by the MSU are primarily used to 
observe the troposphere. The SSU instrument, 
provided by the British Meteorological Office, 
contains 3 channels to observe thermal emissions 
from the stratosphere. 

Data from the TOVS sounder is routinely 
ingested and processed at the NOAA computer 
facility in Suitland, Md. Vertical profiles of 
atmospheric temperature at 40 levels and water 
vapor at 15 levels are produced. Layer mean 
virtual temperatures for standard layers and 
layer precipitable water for three layers are 
computed for each profile and output to "users" 
along with the corresponding TOVS channel 
brightness temperatures and various 
identification parameters. NESDIS' primary 
objective is to produce quality sounding 
products in a timely manner for assimilation 
into NMC forecast models as well as regional and 
global analyses, particulary over ocean areas. 

The following paper discusses the TOVS 
processing system and associated changes to 
produce higher resolution soundings. The high 
resolution system, which has been under 
development in NESDIS for the past 3 years, 
was accepted for operational implementation in 
November of 1985 and is scheduled for 
implementation early this year. A n  original 
sounding resolution of about 250 km across (at 
nadir) is enhanced to 20 km (at nadir) in the 
high resolution system. The high resolution 
system also contains a new filtering procedure 
which selects a best subset of soundings based 
on data noise, meteorological content and 
sounding spatial distribution requirements. The 
primary objective of the high resolution system 

is to provide increased information content in 
meteorologically active regions (ie, storms, 
fronts, jet streams, etc.). 

2. LOW RESOLUTION TOVS SOUNDINGS 

A system diagram of the 4 major software 
modules executed in the TOVS low resolution 
sounding system is shown in Figure la. 

FIGURE ( la) FIGURE (lb) 

PREPROCESSOR 
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9 
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J/  
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FIGURES la and lb: System diagrams for the TOVS 
low resolution and high resolution sounding 
systems respectively. 

The atmospheric radiance (AR) module is 
the heart of the TOVS retrieval process. Prior 
to the AR module, procedures to ingest, 
calibrate, screen, correct (ie, for scan angle) 
and format the measurements from the 27 spectral 
channels of the TOVS are performed by the 
Preprocessor module. Preprocessing also 
includes the interpolation of the MSU 
measurements to the HIRS-2 fovs. The 
Preprocessor outputs radiance measurements for 
the 24 spectral channels (20 HIRS, 4 MSU) 
located at each HIRS-2 fov over the entire 
orbit. Radiance measurements for the three SSU 
spectral channels are output for mapping and 
eventual use in generating retrievals. 
Measurements are all corrected to the nadir 
satellite scan angle. 

In the AR module, processing begins by 
dividing the orbit into equal area blocks called 
superswaths (see Figure 2 ) .  A superswath covers 
approximately 2200 km x 1500 km. Each 
superswath is processed independently and is 
subdivided into a 6 by 5 array of sounding 
"boxes". A box extends approximately 250 km 
across at the nadir satellite scan angle. Each 
box contains a 9 by 7 array of HIRS-2 fovs. As 
stated, a radiance profile in the 24 spectral 
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channels of the HIRS and MSU is defined for each 
HIRS-2 fov. 

ORB I T  

5 6 x 4 0  5 6 x 4 0  
HIRS-2 f o v s  

Enlarged ,Superswath 

I-----+ I 
I \L r:i pq-+F{ 

E n 1  arged B o x / M i n i b o x  
Box  

Figure 2 :  Representation of TOVS data blocking. 
Shown are the orbital superswath, the low 
resolution sounding box, and the high resolution 
sounding minibox. 

The AR module processes each sounding box 
separately and attempts to compute a 
representative clear column radiance profile for 
the box. To begin, numerous clear tests are 
performed on each of the 63 fovs in the box to 
determine cloud contaminated radiances. Fovs 
passing all the clear tests are defined as 
clear. If less than 4 of the 63 fovs in the box 
are clear, an attempt to de-cloud the 
contaminated fovs is made using the NStar (N*) 
method (McMillin, 1 9 7 8 ) .  Cloud corrected 
radiance profiles for non-clear fovs are then 
re-tested to determine if the N* calculation was 
successful; if so the fov is defined as partly 
cloudy. Unsuccessful fovs are defined as 
cloudy. 

The sounding box is defined as clear if 
at least 4 of the 63 fovs are clear. A box is 
defined as partly cloudy if at least 4 of the 63 
fovs are clear or partly cloudy. For clear 
boxes, the clear column radiance profile is the 
average of the clear fovs. For partly cloudy 
boxes, the clear column radiance profile is the 
average for the clear and partly cloudy fovs. 
Radiance profiles for clear and partly cloudy 
sounding boxes contain all 24 spectral channels. 
For cloudy boxes, the radiance profile for the 
box is the average of all 63 fovs, but contains 
only 7 spectral channels ( 3  Stratospheric HIRS, 
4 MSU). In all cases, the profile location in 
the sounding box is defined as the centroid of 
the averaged fovs. 

At the conclusion of the AR module, a 
clear column radiance profile containing either 
24 or 7 spectral intervals is defined for each 
box in the orbit. Orbital processing is then 
transferred to the Mapper module where the 
measurements from the SSU are analyzed and 
mapped onto a global grid. Separate fields are 
maintained for each SSU channel. Processing 
then transfers to the Retrieval module. In this 
module, the SSU channel radiances are appended 
to the radiance profiles determined for each 
box. Statistical regression coefficients are 

then applied to the clear column radiances to 
retrieve the T O W  temperature and water vapor 
soundings for each sounding box. Regression 
coefficients are based on global samples of TOVS 
retrieval and radiosonde matchups. These are 
selected daily and stored offline. Operational 
coefficient data bases for selected instrument 
and channel combinations and 5 global latitude 
zones are updated weekly using the latest 
matchups. 

3 .  HIGH RESOLUTION TOVS SOUNDINGS 

A system diagram of the main software 
modules executed in the TOVS high resolution 
sounding system is shown in Fig. lb. Except for 
the AR module, the software to produce high 
resolution TOVS soundings is quite similar to 
the software to produce low resolution 
soundings. Changes in the AR module to produce 
the high resolution soundings are described 
below. The high resolution system also includes 
a Filter module which executes immediately after 
the AR module. 

Processing in the AR module is identical 
to the low resolution system until after the 6 3  
fovs in the box have undergone the clear tests. 
If cloud contaminated fovs are found, an N* 
correction of those fovs is attempted regardless 
of the number of clear fovs found. As in the 
low resolution case, an unsuccessful N* 
correction results in a cloudy fov. 

At this point, the box is further 
subdivided into six sounding miniboxes, (see 
Fig. 2 )  each containing a 3 by 3 array of fovs. 
A minibox extends approximately 50 Km across at 
nadir. For each minibox the 9 fovs are then 
examined. If one or more of the fovs are 
clear, the minibox is defined as clear. If only 
one clear fov was found, it is selected by 
default. Otherwise a test is done on each clear 
fov to determine the "clearest". The test 
applies interchannel regression coefficients 
(updated each week) to selected HIRS-2 channel 
radiances to predict MSU channel radiances. The 
radiance profile for the fov with the smallest 
difference between the predicted and observed 
MSU measurement is selected for the clear 
sounding minibox. 

If only partly cloudy fovs are contained 
in the minibox, the minibox is defined as partly 
cloudy. Tests are then done to determine the 
"best" partly cloudy fov to represent the 
minibox. These tests include the interchannel 
regression tests described for clear miniboxes 
and also tests to select the fov with the most 
successful N* correction. The radiance profile 
for the best partly cloudy fov is selected for 
the partly cloudy sounding minibox. 

If none of the fovs are clear or partly 
cloudy, the minibox is defined as cloudy. In 
this case the fov with the warmest HIRS-2 15 
micron window channel measurement is selected. 
This is done to avoid high clouds which can 
affect the lowest HIRS-2 stratospheric channel. 
However, the representative radiance profile for 
a cloudy sounding minibox is. the average of 9 
adjacent fovs with the "warmest" fov at the 
center. Note that averaging only occurs for 
cloudy miniboxes. 

At the conclusion of the AR module for 
high resolution soundings, a clear column 
radiance profile is defined for each minibox in 
the orbit. This represents a six-fold increase 
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in the number of sounding radiance profiles 
generated in the low resolution system. 

The filter module operates on the minibox 
radiance profiles generated in the AR module. 
Its two major functions are 1 )  to identify 
radiance profiles that may still be cloud 
contaminated and 2 )  to select the best subset 
of non-contaminated miniboxes for each 
superswath based on meteorological content and 
spatial distribution requirements. User 
inability to handle the high density of 
soundings produced by the high resolution system 
warrants the creation of such a subset. 

T h e  Filter module processes each 
superswath independently. The ensemble of 
minibox radiance profiles for the superswath 
serve as input. Filtering of the clear and 
partly cloudy miniboxes is performed separately 
and prior to the filtering of the cloudy 
miniboxes. At the conclusion of filtering, each 
minibox is assigned a "filter flag" which is 
either Good, Redundant, Questionable or Bad (see 
table 1 ) .  

TABLE 1: Filter flag definitions for clear or 
partly cloudy miniboxes and cloudy miniboxes. 

Filter Flag Clear or Cloudy 
Definition Partly Cloudy Minibox 

Minibox 

Good 1) Not Contaminated 1 )  Extensive 
Cloudiness 

2 )  Not Redundant 2 )  Not Redun- 
dant 

Redundant 1 )  Not Contaminated 1 )  Extensive 
Cloudiness 

2 ) Redundant 2 )  Redundant 

Question- 1 )  Marginal Contam- 1) Marginal 
able inated or Cloudiness 

or 
2 )  Insufficient 2 )  Insuffi- 

Testing cient 
Testing 

Bad 1 )  Significant 1) Primarily 
Contamination Clear or 

Partly 
Cloudy 

The filtering of clear and partly cloudy 
miniboxes consists of 2 major steps: the noise 
filter to identify cloud contaminated HIM-2 
radiances followed by the redundancy filter to 
select the "best" subset of clear and partly 
cloudy miniboxes. 

In the noise filter, each minibox is 
tested by comparing observed test data for the 
minibox against analyzed test data at the 
minibox location based on neighboring miniboxes. 
The test data are difference values between MSU 
radiances predicted from HIM-2 radiances using 
interchannel regression coefficients (updated 
each week) and observed MSU radiances. 
Miniboxes for which the observed test data 
differ significantly from the analyzed test 
values are flagged "bad". Miniboxes with 
marginal differences or for which there were too 

few neighbors to perform the analysis are 
flagged "questionable". Miniboxes for which the 
observed and analyzed test values agree are 
flagged "good". 

The good miniboxes then undergo the 
second step in the filtering process which is 
the redundancy filter. In this step, each good 
minibox i s  systematically compared to 
neighboring good miniboxes to determine if the 
radiances for selected HIRS-2 channels are 
significantly different. If differences are 
observed, then a meteorologically active region 
is assumed and the minibox filter flag remains 
good. If no difference is observed, then the 
filter flag for the good minibox being tested is 
reset to "redundant". The spatial distribution 
of the good miniboxes is also considered in 
redundancy filtering such that the final set of 
good miniboxes for the superswath are neither 
too close nor too far apart. 

The Filter module concludes with the 
filtering of cloudy miniboxes. Since clear and 
partly cloudy soundings are more desirable than 
cloudy soundings, the first step in filtering 
for each cloudy minibox is to determine if there 
are neighboring clear or partly cloudy 
miniboxes. If so, the cloudy minibox is flagged 
questionable or bad in proportion to the number 
of clear and partly cloudy neighbors in its 
vicinity. If no clear or partly cloudy 
miniboxes are found then an extended and 
consistent cloudy area is assumed and the cloudy 
minibox is flagged good. 

The remaining good cloudy miniboxes then 
undergo redundancy filtering. This is similar 
to the procedures for clear and partly cloudy 
miniboxes except that differences in the MSU 
radiances are tested. 

At the conclusion of the Filter module, 
the filter flag for each minibox is defined. 
Processing then transfers to the Mapper and 
Retrieval modules which operdte basically the 
same as in the low resolution system. It should 
be noted that the regression coefficients used 
to produce high resolution soundings are based 
on closer radiosonde matchups due to the higher 
density of soundings available. Only good and 
redundant soundings are considered for matchups. 

One final note, the Filter module is 
controlled by a number of parameters that are 
external to the operational software. Such 
parameters as the spacing requirement for the 
subset of good soundings, redundancy test 
channels to use, test thresholds, etc. are all 
input requirements and flexible. At this time, 
these parameters are set such that the number of 
good soundings per orbit is approximately equal 
to the total number of soundings produced in the 
low resolution system. Overall, about 20% of 
the high resolution soundings are flagged good, 
55% are flagged redundant and 25% are flagged 
questionable or bad. 

4. REMARKS 

Satellite soundings provide valuable 
information for numerical weather forecasts and 
associated first guess analysis fields 
particularly over ocean areas where radiosonde 
observations are not available. The primary 
motivation for developing the high resolution 
system was to better utilize the resolving power 
of the TOVS instrument and ultimately to enhance 
the potential for sounding impact on numerical 

18 



forecast models. A primary requirement of the 
high resolution TOVS system was that the data 
noise inherent in the satellite measurements was 
not enhanced, resulting in increased sounding 
errors. 

The problem of evaluating the high 
resolution system posed a number of questions on 
what the best criteria would be. A standard 
procedure, and in this case the primary 
criteria, was the comparison of separate samples 
of co-located satellite soundings and radiosonde 
measurements for the high and low resolution 
systems. The co-location time and space windows 
were within 3 hours and 3 O  latitude in 
e q u a t o r i a l  d i s t a n c e .  T h e  N a t i o n a l  
Meteorological Center (NMC), a primary user of 
TOVS data, conducted the evaluations. The 
matchup statistics derived for each system were 
found to be compatible and the high resolution 
system was accepted for implementation. Such 
results imply that at best, the high resolution 
system maintains previously reported sounding 
accuracies (McMillin, Gray, et al, 1983). This 
underplays the potential importance of the high 
resolution system. 

There are a number of problems associated 
with only using retrieval and radiosonde matchup 
statistics as the sole evaluation criteria for a 
sounding system. For example, differences in the 
matchup samples for each can cause misleading 
results. Also, errors due to the time and space 
windows associated with such statistics can 
systematically affect either system. In this 
case, the high resolution system is less 
forgiving of time and space differences between 
radiosondes and soundings than the low 
resolution system which contains more averaging 
procedures. 

NESDIS is currently upgrading its matchup 
collection and evaluation system to remove (as 
much as possible) inconsistencies due to 
sampling differences. However, other methods 
Should be incorporated into the evaluation 
process. Ultimately, it would be best to 
Perform sounding impact studies (Koehler et al, 
1982) on numerical models, however, such 
analysis are not routinely available at this 
time. Another method is the study of satellite 
based temperature and moisture fields to 
determine if more "information" is being 
generated by either system. 
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An example of such analyses are shown in Figures 
3a and 3b, which display coincident low 
resolution and high resolution ("good" soundings 
only) TOVS retrieval temperatures and analyses 
at 850 mb. A number of such comparisons done by 
NESDIS suggest that improved gradient definition 
and spatial coverage are inherent in the high 
resolution system. 
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Figure 3b: T O W  high resolution temperature 
field for 850mb at 212 on November 17, 1985; 
good soundings only. 

Features such as those shown in the above 
figures are not addressed in matchup statistics 
alone, yet they are most important for numerical 
forecast impacts. NESDIS plans to incorporate 
such factors to facilitate the evaluation and 
implementation of future TOVS improvements. 
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1. INTRODUCTION 

At the First Conference on Satellite 
Meteorology/Remote Sensing and Applications, 
Smith and Woolf (1984) presented an algorithm for 
the simultaneous retrieval of temperature and 
water vapor profiles, which they called the "one- 
step" method. The purpose of this paper is to 
extend and modify this work in three principal 
directions. First, the major departure of the 
Smith and Woolf (1984) one-step method from 
previous methods is to write the radiative 
transfer equation so as to have separate temper- 
ature and moisture components. The temperature 
component has the usual unknown Planck source 
function, while the moisture component contains a 
transmittance difference which is approximated by 
a one-dimensional Taylor expansion about the 
unknown moisture profile. Because transmittance 
is also a function of temperature and pressure, 
we use a more accurate multidimensional Taylor 
expansion of transmittance about temperature and 
pressure, as well as about moisture. 

The second modification concerns the form of  
the solution. Smith and Woolf (1984) expand their 
solution in terms of a set of basis functions and 
solve for the coefficients of the expansion. In 
contrast to this approach, we solve the problem 
as a minimum variance solution in which the 
solution covariance matrix replaces the basis 
functions and the solution vector contains the 
temperature and moisture profiles explicitly. 
Our third modification involves the fact that the 
atmospheric transmittance functions, particularly 
for water vapor, are not known to the accuracy 
needed. To compensate for this lack of accuracy, 
we incorporate our previously-developed technique 
for removing most of the solution bias error that 
arises from inaccurate transmittance functions. 
Details of these three extensions and modifica- 
tions are presented below. 

2. THE RADIATIVE TRANSFER EQUATION 

Before discussing the details of our modi- 
fications and extensions of the one-step retrieval 
method, we briefly review the work of Smith and 
Woolf (1984). When the radiative transfer 

equation defined for some mean state is subtracted 
from the general form of the equation, one has the 
result 

where R is the radtJiice, B is the Planck function, 
T is the atmospheric transmittance function, the 
subscripts s denote surface conditions, and the 
bars represent the mean values of the quantities 
in question. To simplify notation and deal only 
with the essentials, we have refrained from 
showing the dependence of all the quantities on 
wavenumbers and the dependence of B and T on 
pressure. Also, all integrations are understood 
to be from the surface pressure to zero pressure. 

Now add and subtract the term KsTs outside 
the integral in (1) and add and subtract the term 
Bd.r/dp inside the integral in (1). This yields 
the equation 

where the delta quantities represent the deviation 
of variable in question from its mean state. When 
the right-most term in (2) is integrated by parts, 
o n e  has the required result: 

Except for the second term in the integral, 
equation (3) has the usual form of the radiative 
transfer equation on which the minimum variance 
solution is based. For details see Rodgers 
(1976). It is the second term of the integral 
that is new and is the one used by Smith and 
Woolf (1984) to extract the moisture information 
by expanding the transmittance deviationhr in a 
Taylor approximation. Note that the factor dil/dp 
is based on a mean profile which is known. 
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3 .  THE TAYLOR EXPANSION 

The Taylor expansion of AT in ( 3 )  used by 
Smith and Woolf (1984) is one-term expansion 
about precipitable water vapor. However, our 
studies show that this approximation can be in 
error by as much as one hundred percent of the 
true ATat the maximum value of true Arfor the 
channels most sensitive to water vapor. One of 
the difficulties in using the one-dimensional 
Taylor expansion is that it ignores the pressure 
and temperature dependence of the atmospheric 
transmittance. The obvious remedy for this 
difficulty is to use a linear, multidimensional 
Taylor expansion of AT about temperature and 
pressure, as well as about precipitable water 
vapor. When this is done, we find that the 
pressure term is an important contributor to the 
total transmittance, but that the temperature 
term generally is much less important. 
Unfortunately, even though the multidimensional 
expansion improves the approximation of AT 
substantially, some of the errors are still as 
large as fifty percent of the true A T .  

is clearly needed. There are two obvious options 
for potential imporovement. One option is to use 
higher order terms in the expansion, but this 
creates a nonlinear retrieval problem whose 
solution is much less tractable than that of  the 
linear problem. We prefer not to go in this 
direction. The second option is to keep the ex- 
pansion linear, but to evaluate the partial 
derivatives at values other than the initial mean 
values, as is normally done. 

but unknown, value of the transmittance and T is 
the known mean value, It is known from the 
theory of the Taylor formula with remainder that 
there exist values of pressure, temperature and 
moisture that lie between their true and mean 
values for which the linear multivariate Taylor 
formula is exact. Even though one can never know 
what these intermediate values are, we can use 
this idea in another way. 

Further improvement in the Taylor expansion 

Note that AT = T - i where T is the true, 

Consider the Taylor expansion 

where U is precipitable water vapor, p is 
pressure, T is temperature, E is a pressure 
dependent factor to be determined and the delta 
quantities again represent the deviation of the 
variable in question from its mean state. The 
partial derivatives in ( 4 )  are evaluated at the 
known mean value of the variable in question ond 
are so denoted by placing bars over the partial 
derivatives. Now instead of trying to find the 
intermediate values of the independent variables 
which will make (4) exact, we try to find T. One 
finds true T by finding the true T and U 
profiles from which T is calculated. But this 
is just as impossible as finding the intermediate 
values of T and 11 that make ( 4 )  exact. 
Nevertheless, this strategy is different because 
all that we reolly need to do is find profiles 
To and Uo that approximate the true profiles T 
and U in such a way that transmittance function 
'I0, calculated from the approximate profiles, is 
closer to the true than is r .  

Finding approximate profiles To and U o  that 
are appropriate is easy. For example, the To 

profile can be obtained from a minimum variance 
or multivariate linear regression algorithm 
designed to retrieve only temperature. The 
profile Uo can be obtained in like manner using 
an algorithm designed specifically to Letrieve 
water vapor. If these algorithms use T and U as 
their initial (first guess) approximat ions, the 
retrieved To and Uo profiles should yield a T o  
that is closer to T than is 7 ,  which is based on 
T and E. 
uses the pairs (U,,U), (po,p), and (To,T) 
to evaluate the delta quantities in ( 4 1 ,  End the 
partial derivatives are evaluated for T, U, and p. 
(The determination of po and 
below.) On the left-hand side ( 4 )  one replaces 

by ' 0  by "0 . Now everything is known 
except E ,  which can be determined uniquely for 
each pressure level by dividing by the known 
parenthetical quantity on the left-hand side. 
With E in hand, one has an exact expression for 
 AT^ . It turns out in practice that AT,, is a 
sufficiently good approximation to A T ,  that the 

just-derived left-hand side of ( 4 )  can be used to 
approximate AT in ( 3 ) .  

- 
The stage is now set to evaluate (6). One 

is described 

When ( 4 )  is applied to ( 3 1 ,  one has 

where 

ARo = A R  + Jc[S(Apo) + c(ATo) dp (GI 
aT I 

with 

It is important to note that even though ( 4 )  is 
made exact for hTo and not for A T ,  this approach 
is not as unreasonable as it may appear. The 
reason is thatTO and the associated independent 
variables were used in ( 4 )  only to determine E ,  

and so when (4) is applied to ( 3 ) ,  the most im- 
portant quantity, A U ,  i s  again treated as an 
unknown. Furthermore, AT(, usually is a good 
approximation to AT. In any case, we find in 
practice that this is indeed a very satisfactory 
approach, particularly when the solution to ( 5 )  
is iterated and the iterates are used each time 
to update E ,  po, To, Uo andT in (5) and (6). 

3.1 Pressure term deviation 

We digress briefly to explain the derivation 
of the pressure term in the Taylor expansion ( 4 ) .  
Since T E T (p,T(p) ,U(p)), the ordinary (i.e., 
total) derivative of T with respect to p is the 
slope of the tangent to the curve on the surface 
T which is determLned by the parametric equations 
T = T(p) and U = U(p). This derivative is known. 
On the other hand, the partial derivative of T 

with respect to pressure is the slope of the 
tangent to the curve in which the surface 
represented by T is intersected by a plane 
perpendicular to the p, T, U-plane and parallel 
to the p-axis. Consequently, the partial deri- 
vative is not equal to the ordinary derivative 
and must be calculated from the "chain rule" for 
multivariate functions as follows: 
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where all the terms on the right-hand side are 
known. 

also requires clarification. If po is the 
particular value of the independent variable p 
at which we wish to evaluate- b, then 
the pressure value at vhichT has the same value 
as k(po), that is, p is chosen such that 

The factorbp in (4), as defined by (71 ,  

must be 

In other words, one must solve (9) for p, which 
is then used in (71, and ( 7 )  in turn is used in 
( 6 )  along with (8). 

4. MINIMUM VARIANCE SIMULTANEOUS SOLUTION 

In Smith and Woolf (19841, (5) is solved by 
linearizing the Planck function B and expanding 
the resulting AT and A U  profiles as linear com- 
binations of basis functions. Consequently, the 
solution-vector elements are the unknown expansion 
coefficients. Also, because only the first term 
inside the parentheses in (4) is used by Smith 
and Woolf, AR, and not A R  9 of ( 6 )  is used as the 
measurement vector. While" this is a valid way of 
solving (51, we would like to suggest an alter- 
native procedure in which one solves for AT and 
A U  directly. 

In our procedure for solving ( 5 ) ,  we replace 
the coefficient solution vector by a solution 
vector concaining the profiles AT and AU, and the 
basis functions are replaced by a temperature- 
water vapor covariance matrix. The specific 
details are as follows. 

respect to temperature as in Smith and Woolf 
(1984), which leaves  AT^, AT, and A U  as the 
unknown quantities and AT* as the known measure- 
ment vector in which T* is the brightness 
temperature. Then a numerical quadrature rule is 
applied to (5) which enables one to write the 
linearized form of (5) in the matrix form 

~ i ~ ~ t ,  A R ~ ,  AB,, and A B  are linearized with 

A V  = SAT(ASAT + N)-~AT* (10) 

where the superscript "T" denotes matrix trans- 
position, "-1" denotes matrix inversion, AV is 
the m-dimensional vector of retrieved temperature 
and moisture deviations, S is the covariance 
matrix of the solution vector whose dimension is 
m x m, A is the matrix of weighting functions of 
dimension n x m, N is the system noise covariance 
matrix of dimension n x n, and AT* is the n- 
dimensional vector of measured brightness 
temperature deviations. The two vectors represent 
deviations from mean vectors which are explained 
in greater detail in the next section. 

The individual components in (10) require 
additional explanation. For example, the solution 
vector AV is explicitly of the form 

AV = [ATl, ..., ATt, AT,, AUl, ..., AUUIT (11) 

where the elements of the vector were defined 
previously, t is the number of pressure levels in 

the retrieved temperature profile, andu is the 
number of pressure levels in the retrieved pre- 
cipitable water vapor profile. It follows from 
(11) and the description of m in the previous 
paragraph that 

m = t + u + l  (12) 

and that the matrix S has the block form: 

In (13) Si is the t x t temperature covariance 
matrix, S6 is the u x u precipitable water vapor 
covariance matrix, S4 is a scalar representing 
the variance of the surface temperature, S is 
the t x u covariance matrix which carries ?he 
correlations between temperature and moisture, 
the t-dimensional vector S2 carries the cor- 
relations between the surface and air temperatures, 
and the u-dimensional vector S5 carries the cor- 
relation between the surface temperture and the 
moisture. 

block form, that is, 
The matrix A in (10) also can be written in 

A = [AlIA2',A3] (14) 

In (14) the Components AI, A ~ ,  and A3 are of 
dimension n x t, n x 1, and m x u, respectively. 
Furthermore, the individual elements of the com- 
ponents are products of three factors, two of 
which are linearization factor and a quadrature 
weight; the third factor is dr/gp for Ai, Ts for 
A2, and for A3 it is€ v/au)(dB/dp). 
quantities N andl: T* need no further clarification. 

to ( 5 )  had to be iterated to update the quantities 
E , T  , and those with zero subscripts. Since (10) 
is the numerical solution to (51 ,  it too must be 
iterated, and in addition, one must be careful to 
iteratively update the linearization factors that 
are part of the matrix A. The iterative process 
can be made explicit by using the iteration index 
k to write (10) in the form: 

The 

We indicated in Section 3 that the solution 

(15) 

The iterations are continued until the radiances 
calculated from the radiative transfer equation, 
based on the most recent solution profiles, 
agree with the measure radiances to within the 
system noise level for each channel. The reason 
for not iterating AT* is explained in Section 5. 
Thus one sees that for each iteration of (15), we 
have a minimum variance solution which is 
"simultaneous" in that the single solution vector 
(11) determines the temperature and moisture 
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profiles and the surface temperature 
all in one step. 

We digress briefly to point out that one 
could solve f o r  the water vapor mixing ratio 
profile Q(p) directly in (10) and (11) instead of 
for the precipitable water vapor profile U(p). 
This is accomplished hy making the substitiiti>n 

AU(p) = ALpAQ(p', dp' (16) 

(where g is acceleration due to gravity) :orAu 
in ( 5 ) ,  applying an appropriate numerical 
quadrature rule to the integral, and algebraically 
regrouping terms into groups which contain only 
terms with the common factor q(p) for each fixed 
p. This changes the form of the elements in only 
the component A3 of (14) and it replaces the 
elements A U  in (11) with the elements AQ; 
otherwise, the form of the equations and the 
number of eiements stays the same. 

Y 

5. TRANSMITTANCE ERRORS 

The atmospheric transmittance functions used 
in the matrix A of (14) generally are not known to 
the accuracy needed because of errors in the 
models and spectroscopic parameters used to 
Calculate the functions. This affects the pro- 
cedures used in the retrieval algorithm in the 
following way. Fleming, et a1 (1906) found that 
transmittance errors propagate into the minimum 
variance solution mainly as bias errors and that 
these bias errors by and large can be removed by 
using mean profiles of temperature, moisture, and 
radiance in the algorithm which are calculated 
from coincidently-measured ensembles of these 
quantities-not from the radiative transfer 
equation. 

In our case this means that in the deviations 

(17) 

Of (10) and (ll), one uses the ensemble mean 
profiles for the bared quantities. When the 
profiles T?i, T, and are calculated from an 
ensemble of triplets (T*, T, U >  that are measured 
Coincidently in time and space, the proper re- 
lationship between the satellite radiances and 
the in situ profiles is established through the 
mean profiles. This largely compensates for the 
distortion of this relationship among the unbarred 
quantities in (17) caused by using incorrect 
transmittance functions in the radiative transfer 
equation. 

The significance of the bias-error remedy in 
the iterative procedure (15) is that the vector 
AVk+l is of dimension m t + 1 + u and has the 
explicit form 

L uk+l -'ti- J 

while the n-dimensional vectorA T* has the form 
given in (17). In a typical iteration scheme the 
barred quantities in (18) and inAT* would be 
replaced by quantities that carry the iteration 
index k instead of the bar. If this were done, 
the relationship between T*k and the in situ 
profiles Tk and uk would become increasingly 
distorted as the iteration process progressed. 
Clearly, we cannot use the typical iteration 
scheme. Instead, to avoid the solution bias 
errors resulting from incomplete knowledge of the 
transmittance functions, we must hold the barred 
quantities fixed, as in (17) and (la), and for 
these quantities we must specifically use mean 
profiles calculated from coincident measurements. 

6. CONCLUSIONS 

Because the companion paper by Goldberg, et 
a1 (19861, is devoted almost entirely to analyzing 
results from the minimum variance simultaneous 
( M V S )  retrieval method, no results will be given 
in this paper. Briefly, one can conclude from 
those results that in meteorologically active 
areas the temperatures 'from the MVS solution 
are slightly more accurate than those obtained 
from the NESDIS operational regression retrievals, 
when radiosonde temperatures are used as ground 
truth. In less active regions such as the tropics, 
the opposite conclusion can be drawn. 

For water vapor, the MVS solution is con- 
sistently more accurate than the NESDIS 
operational regression retrievals in the important 
water vapor-ladened layer from 700 to 1000 mb. 
No comparisons of either temperature or moisture 
with the Smith and Woolf (1984) method are 
available. 

We can conclude that the minimum variance 
simultaneous retrieval method is competitive with 
the operational method in temperature accuracy 
and superior to it in moisture accuracy in the 
700 to 1000 mb layer. Furthermore, solutione 
from the MVS method consistently satisfy the 
radiative transfer equation to within the system 
noise levels, which is not always the case for 
solutions from other retrieval methods, see 
Goldberg, et a1 (1986). 
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1. INTRODUCTION 

The retrieval of atmospheric 
temperature and water vapor profiles from 
the TIROS-N satellite radiometric 
measurements became a NOAA/NESDIS 
operational product in 1979. The 
retrievals supplement conventional 
radiosonde observations and provide the 
only available information on the thermal 
and moisture structure of the atmosphere 
over remote regions (e.g., oceans). The 
primary user of satellite-derived 
profiles is the National Meteorological 
Center (NMC). NMC uses the information as 
input into their numerical weather 
prediction models. Since 1979, the 
method for retrieving temperature and 
water vapor has been based on 
multivariate linear regression. 
Regression coefficients are required to 
be updated on a weekly basis from the 
most recent matchups of radiosonde and 
satellite data in order to maintain the 
representativeness of the apriori 
information. Therefore, operational 
retrievals are dependent to a large 
extent on radiosonde availability. 

In an attempt to reduce the 
radiosonde dependency, N~AA/NESDIS is 
considering a physical retrieval 
algorithm as an alternative to 
regression. The term physical reflects 
the fact that the algorithm is derived 
from the radiative transfer equation. 
Two candidates are being considered for 
the physical retrieval system. Both 
require only a small sample set of 
matched data from which only apriori 
means are generated. The first candidate 
is the well known and cited Minimum 
Variance algorithm (Rodgers, (1976)). The 
minimum variance algorithm produces only 
atmospheric profiles of temperature. 
However, profiles of water vapor mixing 
ratio are also required as a product. 
Water vapor retrievals are being provided 
by a regression technique that uses fixed 
coefficients, so that there is only a 
small dependency on radisondes to update 

the mean profile. This method will be 
referred to as fixed coefficient (FC) 
regression. The second candidate 
algorithm solves for temperature and 
water vapor simultaneously, and is 
actually a form of minimum variance. 
Appropriately, this algorithm is called 
the Minimum Variance Simultaneous ( M V S )  
solution. The MVS algorithm is an 
extension of work done by Smith and Woolf 
(1984). Since physical retrievals are 
based on the radiative transfer equation 
(RTE), one would expect the retrievals to 
satisfy the measured radiances. However, 
it will be shown that this statement is 
true for only the second of the two 
physical retrieval algorithms. The 
ability to satisfy the measured radiances 
depend on the manner in which the RTE is 
used, and its applicability to the real 
time measurements. 

This paper will discuss the forms of 
the radiative transfer equation 
applicable to the derivation of both type 
of physical retrieval algorithms. 
Ensemble rms statistics compare the 
accuracy of both physical retrievals with 
retrievals from the present operational 
regression method. Additionally, 
statistics assessing the ability of the 
various retrieval methods to satisfy the 
measured radiances are presented. 

2 .  RADIATIVE TRANSFER EQUATION 

The classical minimum variance 
algorithm is based on the following form 
of the radiative transfer equation: 

- 
J d P  

8 -  - 
R,- R,= (Bu- B~)T:+ (B, - B,)S,,dp ( 1  ) 

where R represents radiance received by 
the satellite at frequency u ,  B is Planck 
function of the atmospheric temperature 
profile, the superscript S denotes the 
surface condition, T is atmospheric 
transmittance, and p is pressure. The 
barred quantities define a mean 
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condition. The limits of integration are 
understood to be from the pressure at the 
surface to the pressure at the top of the 
atmosphere. Note that in the above 
equation R is defined as: 

- 
However , whenever R is calculated 
directly from an ensemble of measured 
radiances, it must be written in the 
form: - - 

Rv= B:T,s + J B v ~ u d p  13) 
dP 

In our studies, it was found that because 
of the very weak correlation between 
profiles of temperature and the 
derivative of transmittance, eq.(3) can 
be approximated by: 

( 4 )  

- 
There is a problem in that while R 

based on eq.(4) can easily be calculated, 
R based on eq.(2) cannot be because the 
unknown ambient temperature profile is 
needed to calculate the transmittance 
functions and their derivatives. 
However, it is eq.(2) that is needed 
because it is that form of that arises 
in the derivation of the classical 
minimum variance solution. (Note that 
the root of the problem is that the 
minimum variance solution is for a linear 
Problem, whereas we really have a 
nonlinear problem because of the 
temperature dependence of the 
transmittance functions.) The only way 
to obtain a good approximation to eq.(2) 
is to iterate it, that is, apply the most 
recent temperature retrieval to the 
calculation of T~ and dr in eq. (2). The 
minimum variance algorithm is iterated 
until the RTE, defined by eq.(l), 
converges to the measured radiances to 
within their noise levels. 

Fleming et al. (1986) found that R 
calculated via radiative transfer physics 
Produced bias errors in the solution, 
because of errors due to uncertainties in 
the parameters and model for computing 
atmospheric transmittances. The remedy 
they suggested and which is applied in 
this study is to compute R from an 
ensemble of measured radiances. Note 
that in the absence of transmittance 
errors, the measured R is equivalent to 
eq. ( 3 )  I and therefore a good 
approximation to eq. (4). 

Even- though the application of a 
measured R removes bias errors from the 
retrieval, the RTE as defined by eCJ.(+) 
Will not be satisfied because this R 1s 
not defined by eq.(2). Therefore in 
practice the minimum variance solution 

will not satisfy the RTE because the 
transmittance cannot be known exactly. 
These difficulties disappear when the 
minimum variance simultaneous (MVS) 
algorithm is used. 

The MVS algorithm avoids the 
previous problems, because the radiative 
transfer equation is now written as 
follows: 

which can be rewritten as, 

where AT= r -  7 and AB = B-E. The MVS 
algorithm solves for temperature and 
water vapor profiles via the first and 
second integral terms, respectively. The 
derivation of eq.(6) from eq.(5), and the 
equation defining the MVS solution are in 
Fleming et al. (1986), which is in these 
proceedings. 

3. DATA 

Results in this paper are derived 
from a January 1985 data set containing 
real-time radiance measurements from the 
High Resolution Infrared Radiation 
Sounder (HIRS/2), Microwave Sounding Unit 
(MSU), and the Stratospheric Sounding 
Unit (SSU)  instruments on the NOAA 7 
polar orbiting satellite. A complete 
description of these instruments can be 
found in Smith et al. (1978). The 
radiance measurements are clear column 
and limb corrected to nadir, and are 
colocated with radiosonde profiles of 
temperature and water vapor mixing 
ratio. The radiosonde profiles are used 
as truth in the computation of rms 
retrieval errors. The data were sorted 
into these latitide zones: 

a. Tropical 30s-30N (112 cases) 

b. Midlatitudinal 30N-60N (54 cases) 

c. Polar 60N-90N (88 cases) 

Channel selections for the 
operational temperature and water vapor 
retrievals, minimum variance, FC water 
vapor regression, and MVS are given in 
Table 1. Transmittance functions were 
generated using the model developed by 
Weinreb et al. (1981). ’ 
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Table 1. Channel selection as 
of retrieval method. 

I 6 6 0  
2 679 
I 6 9 1  
4 704  
5 716 
6  712 
7 748 
8 898 
9  1018 

1217 
1164 
1404  
2190 
2211 
1 1 4 0  
2 2 7 6  

1 6 6 5  
1 6 6 5  

2 53 .76  
1 5 4 . 9 6  
4 5 1 . 9 5  

LO 
I 1  
12 
11 
14 
15 
16 

SEU 

msu F ~ . ~ u ~ " c Y  ionz) 
X X X 
X X X 

X X X 
X X X 
X X 

a function 

rc 
w.t.r V.Wl 
R.*r...l.an *vs 

X 
X X 
X X 
X X 
X X 
X X 
X X 

X X 
x X 
X X 
X X 
X X 
X X 
X X 

X X 
X X 

X X 
X x 
X X 

4 .  RESULTS 

4.1 Radiances calculated from the MVS RTE 

If atmospheric transmittances were 
not a function of temperature and water 
vapor, then r would be equal to 7 , the AT 
integral term would vanish, and eqs.(6) 
and (1) would be identical. However, 
because transmittance is a nonlinear 
function of these parameters eqs.(6) and 
(1) have distinct forms. In order to 
assess the contribution from the factor 
AT in the integrand of eq. (6), we 
conducted a simulation study. Two 
arbitrary sets of mean profiles of 
temperature and water vapor were computed 
for each of the 3 latitude zones. 
Unbarred quantities in eq. (6) were 
computed from one set of mean profiles, 
while the other set was used to compute 
the barred quantities. Results from this 

HIRS 

2 
3 
4 
5 
6 
7 
10 
11 
12 
13 
14 
15 
16 

MSU 
2 
3 
4 

ssu 
1 
3 

A 

0.234 
0.046 
1.898 
3.667 
5.000 
6.370 
4.465 
2.236 
1.071 
0.304 
0.181 
0.069 
0.015 

3.252 
0.603 
2.219 

1.444 
1.368 

study are shown in Table 2 .  The radiances 
in the column labeled A represent the sum 
of the surface term and the AB integral 
term in eq.(6), whereas those represented 
by the AT integral term, including the 
minus sign, are given by column B. The 
fractional contribution of B relative to 
A and B is given by column C, and is 
computed by dividing the absolute value 
of B by the sum of the absolute values of 
A and B. Comparing results from the 
tropical, middle latitudes and polar 
zones, it becomes apparent that the 
contribution from tbe AT integral term 
generally decreases from lower to higher 
latitudes. This is primarily due to the 
poleward decrease of water vapor. 
Therefore in practice, the ability of the 
minimum variance solution to satisfy the 
RTE decreases from higher to lower 
latitudes. It should be noted that the 
Arintegral term is not only dependent on 
water vapor; other parameters such as 
temperature, ozone, and pressure play a 
role. However, water vapor appears to be 
the dominant parameter. 

4.2 Retrieval Results 

Temperature and water vapor solution 
rms errors of the three retrieval methods 
are shown in figures la-b through 3a-b. 
Radiosonde values are used as ground 
truth. In the tropical zone, Fig. la, 
the operational temperature retrievals 
have the smallest retrieval errors 
between 780 and 1000 mb. Above 780 mb, 
all three methods are comparable. In 
Fig. lb, the MVS water vapor retrievals 
near the surface are associated with the 
smallest errors, whereas the largest 
errors were from FC regression. In 
addition to fixed coefficients, FC 
regression differs from the operational 
regression in that its predictand is 
dewpoint temperature, as opposed to 

Table 2. Calculated Components of the MVS 
Radiative Transfer Equation. 

Tropics 

B 

0.007 
0.197 
-0.054 
-0.805 
-1.601 
-3.169 
-2.178 
-1.416 
-0.515 
-0.075 
-0.022 
-0.006 
-0.000 

-0.070 
0.195 
0.242 

0.008 
0.035 

C 

0.030 
0.810 
0.027 
0.180 
0.242 
0.332 
0.323 
0.388 
0.325 
0.198 
0.108 
0.080 
0.000 

0.021 
0.244 
0.098 

0.045 
0.069 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Middle Latitudes 

A B C 

-2.4 14 
-2.645 
0.928 
3.891 
6.089 
9.219 
7.462 
2.787 
1.596 
0.377 
0.173 
0.052 
0.005 

0.029 
0.200 
-0.179 
-0.720 
-1.074 
-1.458 
-0.541 
-1.455 
-1.044 
-0.017 
-0.002 
-0.003 
0.000 

0.019 
0.070 
0.162 
0.156 
0.150 
0.137 
0.068 
0.343 
0.395 
0.043 
0.011 
0.055 
0.000 

4.570 0.119 0.023 
-0.355 0.146 0.291 
-6.996 -0.192 0.027 

1.697 0.110 0.062 
4.540 0.164 0.035 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

A 

0.088 
-0.473 
-3.256 
-7.637 

-12.198 
-20.361 
-14.948 
-4.220 
-1.282 
-0.567 
-0.251 
-0.066 
-0.010 

-8.474 
-2.921 
-0.097 

0.647 
-6.292 

Polar 

B 

-0.019 
0.004 
0.431 
0.585 
0.512 
0.280 

-0.063 
0.417 
0.374 
0.001 
-0.000 
0.001 
0.000 

0.106 
0.052 
0.001 

0.029 
0.006 

C 

0.178 
0.008 
0.271 
0.071 
0.040 
0.014 
0.004 
0.090 
0.226 
0.002 
0.000 
0.000 
0.000 

0.012 
0.017 
0.010 

0.043 
0.001 

A.. B: r$t AB&,& C = 1 dp 1"+1 R I  

* units are in (mw/m2-sr cm?) 
for MSU channels. 

except (K) 

R P - / d T T u d P  
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TEMPERATURE RMS ERRORS (30 S - 30 N )  

TEMPERATURE RMS ERRORS (30 N - 60 N)  

TEMPERATURE RMS ERRORS (60 N - 90 N)  
IO 

2 0  

30 

3 40 
- 
E 5 s o  

B 

7 0  

8 5  

100 

Figures la-3a. Temperature retrieval 
error profiles for operational 
regression, minimum variance and MVS; for 
tropics, midlatitudinal and polar zones, 
respectively. 

WATER VAPOR M I X I N G  R A T I O  RMS ERRORS (30 S - 30 N) 

I 

WATER VAPOR M I X I N G  R A T I O  RMS ERRORS (30 N - 60 N) - WRITION 
0 FC AEGAESSION 
0 nvs 

- H 

2 w 

E 

WATER VAPOR M I X I N G  R A T I O  RMS ERRORS (60 N - 90 N)  
30w; 

RESSIW 

S O D  

7 0 0  

0 5 0  

30 

40 

H so - 

2 w 

E 7 0  

0 5  

100 

3b 

Figures lb-3b. Water vapor mixing ratio 
retrieval error profiles for operational 
regression, FC regression and MVS; for 
tropics, midlatitudinal and polar zones, 
respectively. 
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mixing ratio. When comparing temperature 
retrieval errors for the middle 
latitudes, Fig. 2a, it appears that both 
of the physical retrieval methods are 
more accurate than the operational 
regression method. With the exception of 
the 1000 mb level, MVS retrieval errors 
below 780 mb are smaller. (We currently 
are investigating the boundary problem 
associated with MVS, it appears to occur 
only within this latitude zone.) Near 
the surface the smallest water vapor 
errors are again associated with MVS, 
whereas rms errors from the operational 
retrievals are relatively large, as seen 
in Fig 2b. Temperatwe rms errors for the 
polar region, Fig 3a, show that with 
respect to the operational retrievals, 
both physical retrieval methods generally 
have lower retrieval errors below 300 
mb. Notice that errors associated with 
both of the physical methods are very 
similiar. This probably indicates that 
the AT integral term in eq.(6) has little 
contribution, since the amount of water 
vapor is very small. For the sake of 
completeness, water vapor errors are 
shown in Fig 3b. Note that the abscissa 
scale was enlarged. 

4.3 Brightness Temperature Statistics 

The question of the ability of 
retrieved solutions to satisfy measured 
radiances within the instrumental noise 
is often overlooked. Physical retrievals 
are expected to satisfy the RTE since 
they are based on radiative transfer 
physics; therefore we decided to test the 
agreement of the forward calculation of 
radiances, using the retrieved solution, 
with the measured radiances. In order to 
compare radiances of different 
wavenumbers, both measured and retrieval 

calculated radiances were converted, 
using the inverse Planck equation, to 
brightness temperatures. The standard 
deviation of differences between 
calculated and measured brightness 
temperatures were computed for the 3 
latitude zones, and are shown in Table 3 .  
RMS errors were not calculated since they 
might include bias errors due to 
incorrect transmittances, whereas the 
standard deviation, by definition, 
excludes systematic errors. 

In examining Table 3 ,  the dominant 
feature in all 3 zones is the ability of 
the MVS solution radiances to agree 
better with the measurements than the 
solution radiances from the other two 
methods. This is not a surprising 
observation, since the RTE applicable to 
the MVS method is the correct physical 
model for the real-time measurements; 
second, since both temperature and water 
vapor are solved simultaneously, the RTE 
is simultaneously satisfied for all 
channels; and third, the correlations 
that exist between temperature and 
moisture are realistic. 

The worst discrepancy between 
measured and calculated radiances is for 
the operational results, which is not 
surprising. Radiances in the infrared 
spectrum have a nonlinear dependency on 
temperature and water vapor , and 
therefore linear regression cannot be 
expected to satisfy these measurements. 
On the other hand, since the Planck 
function is linear with respect to 
temperature in the microwave reqion, 
brightness temperatures calculated from 
the operational retrievals agrees well 
with measurements from the MSU 
instrument. 

Table 3 .  Standard Deviation of Calculated and Measured Brightness 
Temperatures Differences 

HIRS 

2 
3 
4 
5 
6 
7 
10 
11 
12 
13 
14 
15 
16 

MSU 
2 
3 
4 

ssu 
1 
3 

TROPICS I MIDDLE LATITUDE 

Minimum 
I 

Minimum I 
Operation Variance MVSIOperation Variance M V ~  

0.49 
0.51 
0.34 
0.46 
0.59 
0.93 
1.10 
3.36 
4.89 
0.89 
0.59 
0.29 
1.18 

0.36 
0.32 
0.38 

0.87 
0.75 

0.25 
0.27 
0.28 
0.42 
0.59 
0.75 
0.76 
2.69 
4.00 
0.63 
0.42 
0.34 
1.08 

0.57 
0.38 
0.28 

0.73 
0.11 

I 
0.271 
0.291 
0.231 

0.271 
0.381 
0.391 
1.551 
2.361 
0.341 
0.181 
0.181 
1.181 

I 

0.281 
I 

0.22) 

0.411 
0.421 

0.771 
0.141 

0.49 
0.51 
0.43 
0.44 
0.40 
0.47 
0.65 
1.64 
2.79 
0.52 
0.47 
0.55 
1.26 

0.42 
0.29 
0.47 

0.77 
1.13 

0.33 
0.37 
0.38 
0.47 
0.56 
0.69 
0.79 
1.57 
2.69 
0.52 
0.34 
0.33 
0.98 

0.64 
0.47 
0.43 

0.92 
0.37 

0.35 
0.35 
0.29 
0.24 
0.26 
0.36 
0.33 
0.67 
1.63 
0.27 
0.16 
0.25 
1.04 

0.42 
0.39 
0.44 

0.91 
0.37 

POLAR 

Minimum 
>peration Variance MVS 

0.50 0.40 
0.50 0.40 
0.26 0.24 
0.29 0.26 
0.36 0.29 
0.36 0.41 
0.35 0.58 
1.14 0.74 
3.33 1.10 
0.38 0.28 
0.37 0.23 
0.40 0.41 
0.67 0.77 

0.47 0.48 
0.20 0.37 
0.57 0.30 

1.06 0.90 
0.44 0.74 

0.41 
0.41 
0.14 
0.16 
0.17 
0.27 
0.28 
0.54 
0.66 
0.16 
0.17 
0.28 
0.68 

0.52 
0.37 
0.29 

0.90 
0.74 
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The channels having the worst 
agreement, between calculated and 
measured brightness temperatures, were 
HIRS 11 and 12. Transmittances generated 
for these channels are extremely 
sensitive to water vapor content, and 
also have the greatest model 
uncertainty. 

5. SUMMARY AND CONCLUSIONS 

It has been shown that in the 
relatively moist layer of the lower 
atmosphere, water vapor retrieval errors 
from the MVS algorithm are consistently 
smaller than the errors associated with 
the two regression methods. with respect 
to temperature, the operational retrieval 
appear to' have an advantage in the 
tropics, whereas in the more 
meteorological active zones both physical 
retrieval methods perform quite well. 
The results and theory indicate that the 
MVS algorithm has an advantage over 
classical minimum variance. First of 
all, Mvs solves the RTE simultaneously 
for temperature and water vapor, and 
second the integrated solutions are in 
best agreement with the measured 
radiances. 

Also important is the reduced 
dependency of the physical retrieval on 
radiosonde data. Parallel testing in 
real time with the operational retrievals 
is planned to begin later this year. 
Afterwards a decision will be made to 
decide whether or not to replace the 
current operational algorithm with a 
physical retrieval method. 
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1.9 

DETERMINATON OF WATER VAPOR PROFILES AND TOTAL OZONE BURDEN FROM HIRSZ/MSU SOUNDING DATA 

1. INTRODUCTION 

D. Reuter  and J. Susskind 
NASAIGoddard Space F l i g h t  Center  

Laboratory f o r  Atmospheres 
Greenbe l t ,  MD 20771 

The Goddard Laboratory f o r  Atmospheres has  
developed a p h y s i c a l l y  based r e t r i e v a l  scheme f o r  
a n a l y s i s  of HIRS and MSU rad iances  which d e t e r -  
mines atmospheric  and s u r f a c e  c o n d i t i o n s  such 
t h a t ,  when s u b s t i t u t e d  i n  t h e  r a d i a t i v e  t r a n s f e r  
e q u a t i o n s  r e p r e s e n t a t i v e  of t h e  o b s e r v a t i o n s ,  
match t h o s e  o b s e r v a t i o n s  t o  w i t h i n  a s p e c i f i e d  
n o i s e  l e v e l .  The method i s  fundamental ly  d i f f e r -  
e n t  from t h e  s t a t i s t i ca l  one used o p e r a t i o n a l l y  
a t  NOAA NESDIS, which was employed t o  produce t h e  
soundings i n  t h e  o f f i c i a l  FGGE d a t a  base. The 
p roduc t s  ob ta ined  from t h e  GLA system are atmos- 
p h e r i c  temperature-humidity p r o f i l e s ,  t o t a l  ozone 
burden, sea and l and  s u r f a c e  t empera tu re ,  sea 
ice  and snow cove r ,  and cloud h e i g h t s  and amounts. 
The d e t a i l s  of t h e  r a d i a t i v e  t r a n s f e r  c a l c u l a t i o n s  
and t h e  b a s i c  a l g o r i t h m  are d e s c r i b e d  i n  Susskind 
e t  a l .  (1983) and Susskind e t  a l .  (1984). 

A number of improvements have been made t o  
t h e  p rocess ing  system d e s c r i b e d  i n  Susskind 5 
- a l .  (1984). Susskind and Reuter  (1985) show t h a t  
t h e  accuracy of s ea - su r face  t empera tu res  r e t r i e v e d  
from t h e  HIRSZ/MSU d a t a  i s  a t  least as good as 
t h a t  ob ta ined  o p e r a t i o n a l l y  from AVHRR. I n  Suss- 
k ind  et  al .  (1986) t h e  improved method of c loud 
parameter  r e t r i e v a l s  i s  d i scussed .  Th i s  pape r ,  
d e a l i n g  w i t h  f i e l d s  of t o t a l  ozone burden and 
humidi ty ,  w i l l  b r i e f l y  d e s c r i b e  t h e  elements  of 
t h e  n e w  a lgo r i thms  t o  r e t r i e v e  t h e s e  q u a n t i t i e s ,  
which were not o r i g i n a l  p roduc t s  of t h e  system. 

The t o t a l  ozone con ten t  of t h e  atmosphere 
is a n  impor t an t  v a r i a b l e  f o r  a t  least  two r e a s o n s ,  
i n d i c a t i v e  of b o t h  s t r a t o s p h e r i c  and t r o p o s p h e r i c  
p rocesses .  The ozone c o n t e n t  of t h e  s t r a t o s p h e r e  
i s  determined by photochemical p rocesses  d e p e w  
d e n t  on t h e  amount of s u n l i g h t  and v a r i o u s  trace 
c o n s t i t u e n t s .  Long term t r e n d s  of t o t a l  ozone, 
as well as t h e  annua l  c y c l e ,  are measures of 
n a t u r a l  phenomena as w e l l  as t h e  e f f e c t s  of t h e  
accumulat ion of man-made trace c o n s t i t u e n t s  upon 
t h e  ozone l a y e r  i n  t h e  s t r a t o s p h e r e .  The t o t a l  
ozone c o n t e n t  is a l s o  i n d i c a t i v e  of t h e  dep th  of 
t h e  ozone r i c h  s t r a t o s p h e r e ,  o r  e q u i v a l e n t l y ,  t h e  
h e i g h t  of t h e  t ropopause.  Th i s  i s  r e l a t e d  t o  t h e  
t r o p o s p h e r i c  a i r  mass and i s  a u s e f u l  q u a n t i t y  i n  
mon i to r ing  a i r  mass and i n  improving t h e  sounding 
accuracy of remote s e n s o r s .  Water vapor p r o f i l e s  
are impor t an t  bo th  f o r  i n i t i a l i z i n g  g e n e r a l  c i r c u -  
l a t i o n  models t o  h e l p  improve f o r e c a s t s ,  a s  i s  
c u r r e n t l y  done w i t h  t h e  r e t r i e v e d  t empera tu re  pro- 
f i l e s ,  and a l s o  as a n  i n d i c a t o r  of a tmospheric  
c i r c u l a t  i on .  

2. METHOD 

The method used f o r  r e t r i e v i n g  atmospheric  
c o n s t i t u e n t  p r o f i l e s  is s i m i l a r  t o  t h a t  used f o r  
t h e  t empera tu re  r e t r i e v a l s ,  i n  t h a t  heavy r e l i a n c e  
i s  p laced  on t h e  a b i l i t y  t o  a c c u r a t e l y  model t h e  
r e sponse  of a g i v e n  channel  t o  changes i n  a g i v e n  
a tmosphe r i c  c o n s t i t u e n t ,  as opposed t o  u s i n g  sta- 
t i s t i c a l  r e l a t l o n s h i p s  between b r i g h t n e s s  temper- 
a t u r e  and c o n s t i t u e n t  amount. S ince  t h e  retrie- 
v a l  p rocess  i s  i d e n t i c a l  i n  form f o r  both water 
vapor and ozone, t h e  fo l lowing  f low d e s c r i p t i o n  
w i l l  be g i v e n  i n  terms of humidity soundings.  
D i f f e r e n c e s  between t h e  two c o n s t i t u e n t  r e t r i e v a l  
p r o c e s s e s  w i l l  be d e t a i l e d  fo l lowing  t h e  d e s c r i p -  
t i o n  of t h e  method. For r easons  t o  be g i v e n  la t -  
e r ,  t h e  water vapor and ozone r e t r i e v a l s  a r e  car-  
r i e d  ou t  a f t e r  t h e  ground and atmospheric  temper- 
a t u r e  r e t r i e v a l  has been performed. The wa te r  
vapor r e t r i e v a l  u t i l i z e s  HIRSZ channe l s  8 and 
10 i n  t h e  11 and 8 pm window reg ions  and channels  
11 and 12 i n  t h e  6.7 pm water vapor band. The 
ozone r e t r i e v a l s  u t i l i z e  channel  9 I n  t h e  9.6 pm 
ozone band. The o b s e r v a t i o n s  used a r e  c loud cor- 
r e c t e d  ( r e c o n s t r u c t e d  c l e a r  column) r a d i a n c e s ,  
which a r e  t h e  estimates of r a d i a n c e s  which would 
have been observed i f  no c louds  were p r e s e n t .  
The r e c o n s t r u c t e d  r a d i a n c e s  a r e  obtained a s  p a r t  
of t h e  t empera tu re  r e t r i e v a l  p rocess  by a method 
d e t a i l e d  i n  Susskind e t  a l . ,  1984. 

The i t e r a t i v e  r e l a x a t i o n  method f o r  d e t e r -  
m i n a t i o n  of a tmospheric  water  vapor proceeds i n  
t h e  fo l lowing  s t e p s :  

1 Given t h e  r e t r i e v e d  atmospheric  and s u r f a c e  
t empera tu res  and a f i r s t  guess  water  vapor d i s -  
t r i b u t i o n ,  q o ( P ) ,  t h e  b r i g h t n e s s  t empera tu re ,  0; 
which would be expected t o  be observed i n  a g i v e n  
channe l  may be c a l c u l a t e d  from t h e  r a d i a t i v e  
t r a n s f e r  equa t ion .  The f i r s t  guess  w i l l  be modi- 
f i e d  acco rd ing  t o  t h e  d i f f e r e n c e  between O;, and 

t h e  r e c o n s t r u c t e d  (observed)  b r i g h t n e s s  temp- 
e r a t u r e ,  and t h e  s e n s i t i v i t y  of 0; t o  changes i n  
humidi ty .  

2 I n  o r d e r  t o  estimate t h e  s e n s i t i v i t y  of b r i g h t -  
nes s  t empera tu res  t o  humidity changes,  t h e  e n t i r e  
guess  water vapor p r o f i l e  is a l t e r n a t e l y  inc reas -  
ed and dec reased  by a f i x e d  f r a c t i o n  6 and t h e  
b r i g h t n e s s  temperature  is  c a l c u l a t e d  f o r  both 
c a s e s ,  f o r  each channel  t o  be used i n  t h e  retrie- 
v a l .  Using t h i s  s c a l i n g  approximation,  t h e  change 
i n  b r i g h t n e s s  t empera tu re  i n  channel  i f o r  a f r a c -  
t i o n a l  change i n  water  vapor of 2 6 i s  t h e n  esti- 
mated as 

30 



3 Each channel  i t h e n  p rov ides  a n  e s t i m a t e  of 
t h e  f r a c t i o n a l  change t o  be made i n  humidi ty ,  f i ,  
computed acco rd ing  t o  

C C 
Where A O i +  o r  A O i -  i s  used i n  t h e  denominator de- 
pending on which has  t h e  same s i g n  a s  t h e  numera- 
t o r .  

4 Since  each channel  s enses  a d i f f e r e n t  r e g i o n  
of t h e  atmosphere and t h e r e  a r e  a l s o  sou rces  of 
n o i s e ,  t h e  4 e s t i m a t e s  of f i  w i l l  not be t h e  same 
i n  gene ra l .  A f r a c t i o n a l  change, E ( P j )  must be 
found a t  each of t h e  n d i s c r e t e  p r e s s u r e  l e v e l s  
used i n  modeli'ng t h e  r a d i a t i v e  t r a n s f e r  equa t ion .  
This  i s  done by we igh t ing  t h e  v a l u e s  of f i  accord- 
ing t o  

( 3 )  

where Wi(pj ) r e p r e s e n t s  t h e  r e l a t i v e  s e n s i t i v i t y  
of  channel  i t o  humidi ty  changes a t  P j .  I n  t h e s e  
c a l c u l a t i o n s ,  Wi(Pj) was approximated by t h e  ana- 
log of t h e  temperature  sounding we igh t ing  f u n c t i o n  

( 4 )  

which is f a s t e r  t o  compute t h a n  t h e  a c t u a l  s e n s i -  
t i v i t y  f u n c t i o n  r e l a t i n g  changes i n  b r i g h t n e s s  
t empera tu res  t o  changes i n  humidity a t  s p e c i f i c  
l e v e l s ,  and p rov ides  e s s e n t i a l l y  i d e n t i c a l  sound- 
i n g s .  Equat ion ( 3 )  i s  eva lua ted  a t  mid-mandatory 
l e v e l s  and t h e  v a l u e s  of c ( P j )  are l i n e a r l y  in- 
t e r p o l a t e d  i n  P a t  i n t e r m e d i a t e  v a l u e s  Pn. 

5 Using t h e  v a l u e s  of E(P)  determined i n  s t e p  
4 ,  t h e  N+lth e s t i m a t e  of t h e  wa te r  vapor p r o f i l e  
a t  t h e  n d i s c r e t e  p r e s s u r e  l e v e l s  is  found a s  

(5) 

I f ,  f o r  any l e v e l ,  qN+l(P) i s  found t o  correspond 
t o  a r e l a t i v e  humidity of g r e a t e r  t h a n  loo%, t h e n  
f o r  t h a t  l e v e l  qN+l(P) is set t o  t h e  v a l u e  of t h e  
S p e c i f i c  humidity which corresponds t o  100% r e l a -  
t i v e  humidity.  Furthermore,  because of t h e  l i m i t -  
ed s e n s i t i v i t y  of t h e  i n f r a r e d  b r i g h t n e s s  temper- 
a tu re$  t o  changes i n  wa te r  vapor near  t h e  s u r f a c e ,  
t h e  v a l u e s  of E(P)  beneath t h e  mandatory l e v e l  
P r e s s u r e  c l o s e s t  t o  t h e  s u r f a c e  are set t o  t h e  
va lue  of c ( P ) a t  t h a t  mandatory l e v e l .  Th i s  pro- 
f i l e  i s  used t o  o b t a i n  new va lues  f o r  t h e  atmos- 
p h e r i c  t r a n s m i t t a n c e s  f o r  t h e  4 channels  which a r e  
t h e n  used t o  c a l c u l a t e  n w estimates of t h e  b r i g h t -  
ness  temperatu es of[qN+'(P)]. I f  t h e  r e s i d u a l s  
between Op[qN+i(P)] and 8, a r e  s u f f i c i e n t l y  small, 
O r  i f  t h e r e  i s  l i t t l e  change i n  t h e  r e s i d u a l s ,  
t h e  p rocess  i s  cons ide red  t o  have converged and 
qN+l(P)  i s  t aken  t o  be t h e  r e t r i e v e d  water  vapor 
P r o f i l e .  I f  t h i s  i s  not  t h e  c a s e ,  s t e p s  2 through 
5 are repea ted .  Cur ren t ly  t h e  p rocess  i s  l i m i t e d  
t o  a t  most f i v e  i t e r a t i o n s .  

There a r e  some excep t ions  t o  t h i s  procedure 
i n  a c t u a l  p r a c t i c e .  For example, i f  a temperature  

r e t r i e v a l  i s  not performed f o r  any r eason ,  o r ,  i f  
t h e  temperature  r e t r i e v a l  i s  f l agged  as nonconver- 
g e n t ,  t h e n  no wa te r  vapor r e t r i e v a l  is  performed. 
Furthermore i f  t h e  s e n s i t i v i t y  of a g i v e n  channel  
t o  changes i n  water  vapor c o n t e n t ,  a s  de f ined  i n  
s t e p  2 above, i s  t o o  s m a l l ,  t h e n  t h a t  channel  is  
not  used i n  t h e  r e t r i e v a l  p rocess .  This  is  accomp- 
l i s h e d  be s e t t i n g  Wi(P) - 0 f o r  t h e  channel .  Th i s  
s i t u a t i o n  arises o c c a s i o n a l l y  f o r  channels  8 and 
10 which sense  near  t h e  s u r f a c e  where t h e r e  i s  
sometimes l i t t l e  thermal  c o n t r a s t .  Indeed, f o r  
a n  i s o t h e r m a l  atmosphere and a s u r f a c e  w i t h  u n i t  
e m i s s i v i t y ,  a p a s s i v e  sounding has  no i n f o r m a t i o n  
about  water  vapor con ten t .  Channel 8 a l s o  has  
very l i t t l e  s e n s i t i v i t y  t o  water vapor  under ve ry  
d r y  c o n d i t i o n s ,  i n  which c a s e  i t  becomes nea r ly  
t r a n s p a r e n t .  

A f t e r  a f u l l  i t e r a t i v e  c y c l e  has  been per- 
formed, t h e  r e s i d u a l  d i f f e r e n c e s  between t h e  ob- 
se rved  and c a l c u l a t e d  b r i g h t n e s s  t empera tu res  may 
be  used t o  r e j e c t  a r e t r i e v e d  p r o f i l e .  A t  t h e  
p r e s e n t  time only a ve ry  g r o s s  check is  done and 
a water vapor r e t r i e v a l  is  r e j e c t e d  i f  t h e  rms 
of t h e  r e s i d u a l s  of channels  11 and 12 is  more 
t h a n  2' or  i f  t h e  a b s o l u t e  va lue  of t h e  r e s i d u a l  
of e i t h e r  channel  8 o r  10 i s  more t h a n  5". A 
l o o s e r  c r i t e r i o n  i s  used f o r  t h e s e  channels  be- 
cause  they are a f f e c t e d  by u n c e r t a i n t i e s  i n  
ground t empera tu re  and s u r f a c e  e m i s s i v i t y .  

A s  s t a t e d  be fo re  t h e  ozone r e t r i e v a l  u ses  
t h e  same p r o c e s s ,  however, only 1 channel  i s  used. 
The re fo re  E(P j )  i n  e q u a t i o n  ( 3 )  is always equa l  
t o  f i  from e q u a t i o n  ( 2 )  and t h e  shape of t h e  f i r s t  
guess  ozone p r o f i l e ,  which i s  based on climato- 
logy ,  is not  mod i f i ed ,  only t h e  a b s o l u t e  amount i s  
changed. The s e n s i t i v i t y  of t h e  t o t a l  ozone re- 
t r i e v a l  t o  t h e  assumed shape of t h e  d i s t r i b u t i o n  
i s  expected t o  be less t h a n  f o r  t h e  wa te r  vapor  
r e t r i e v a l .  The e f f e c t  of a change i n  t h e  p r o f i l e  
of a n  atmospheric  c o n s t i t u e n t  i s  t o  a l t e r  t h e  re- 
g i o n  of t h e  atmosphere which is  probed by a c h a h  
ne1 and,  f o r  channels  s e n s i n g  i n  t h e  lower t ropo-  
s p h e r e ,  t o  a f f e c t  t h e  c o n t r i b u t i o n  of t h e  s u r f a c e  
term. Because of t h i s ,  a c c u r a t e  wa te r  vapor d i s -  
t r i b u t i o n s  may only be ob ta ined  i f  t h e  atmospheric  
and s u r f a c e  t empera tu res  are w e l l  determined,  and 
t h e  s e n s i t i v i t y  of t h e  r e t r i e v a l s  t o  changes i n  
humidi ty  near t h e  s u r f a c e  i s  low. The re fo re ,  re- 
t r i e v a l s  a r e  h i g h l y  guess  dependent near  t h e  su r -  
f a c e  and t h e  d i s t r i b u t i o n  and t h e  accuracy of a 
r e t r i e v e d  p r o f i l e  i s  dependent upon t h e  f i r s t  
guess  shape of t h e  wa te r  vapor  d i s t r i b u t i o n .  
Since most of t h e  ozone i s  i n  t h e  co ld  and rela- 
t i v e l y  i s o t h e r m a l  (compared t o  t h e  s u r f a c e )  stra- 
t o s p h e r e ,  a change i n  t h e  shape of t h e  f i r s t  
guess  ozone d i s t r i b u t i o n ,  which p r i m a r i l y  a f f e c t s  
only t h e  l o c a t i o n  of t h e  peak of t h e  s e n s i t i v i t y  
f u n c t i o n  i n  t h e  s t r a t o s p h e r e ,  has  l i t t l e  e f f e c t  
on t h e  computed b r i g h t n e s s  temperature .  A change 
i n  t h e  t o t a l  ozone column d e n s i t y ,  however, modi- 
f i e s  t h e  e f f e c t  of t h e  s u r f a c e  term. Since t h e r e  
i s  g e n e r a l l y  a l a r g e  thermal  c o n t r a s t  between t h e  
s u r f a c e  and t h e  s t r a t o s p h e r e ,  t h e  b r i g h t n e s s  temp- 
e r a t u r e  i s  t h u s  q u i t e  s e n s i t i v e  t o  t o t a l  ozone 
amount and r e l a t i v e l y  i n s e n s i t i v e  t o  shape.  

A s  c u r r e n t l y  implemented, t h e  wa te r  vapor  
r e t r i e v a l  i s  c a r r i e d  o u t  b e f o r e  t h e  ozone retrie- 
v a l  because water vapor has  some e f f e c t  on b r i g h t -  
nes s  t empera tu res  i n  channel  9 ,  wh i l e  ozone has  
l i t t l e  e f f e c t  on t h e  r a d i a n c e s  i n  t h e  wa te r  vapor 
channe l s .  The temperature  r e t r i e v a l s  a r e  not 
r epea ted  us ing  t h e  r e t r i e v e d  c o n s t i t u e n t  p r o f i l e s .  
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3. RESULTS 

Tab le  1 g i v e s  t h e  accu racy  of t h e  humidi ty  
r e t r i e v a l s  f o r  a few c o a r s e  l a y e r s  in terms of 
t h e  r m s  d i f f e r e n c e s  from r a d i o s o n d e s ,  t h e  p e r c e n t  
e r r o r ,  and t h e  p e r c e n t  improvement wi th  r e s p e c t  
t o  t h e  6 h r  f o r e c a s t  f i r s t  guess .  These s ta t is-  
t ics  are f o r  June  1-7, 1979 and are r e p r e s e n t a t i v e  
of g l o b a l  c o l o c a t i o n s  2 3 Hrs, + 110 km e x c l u d i n g  
coastal  s t a t i o n s  (where humid i ty  g r a d i e n t s  may be  
large). A s  may be s e e n  from t h i s  t a b l e ,  e v e n  near  
r a d i o s o n d e s ,  where t h e  s i x  hour f o r e c a s t  i s  ex- 
pec ted  t o  be q u i t e  good, t h e  r e t r i e v a l s  have t h e  
a b i l i t y  t o  s i g n i f i c a n t l y  improve upon t h e  guess  
i n  the upper  l e v e l s .  

The 6 h r  forecast humidi ty  i s  not improved 
in t h e  lowest  l e v e l ,  where s e n s i t i v i t y  t o  water 
vapor  i s  l eas t .  S i g n i f i c a n t  improvement i n  humid- 
i t y  ove r  t h e  f i r s t  g u e s s  does o c c u r  in t h i s  l e v e l  
when a poore r  f i r s t  guess  is used. The f o r e c a s t  
f i r s t  guess  may not be as good away from r a d i o -  
sondes and t h e  p o t e n t i a l  f o r  improvement ove r  
t h e  f o r e c a s t  i n  t h e  lowest  l e v e l  t h e r e f o r e  e x i s t s .  

F i g u r e s  l a  and b show f i e l d s  of t h e  r a t i o  
of  t h e  water vapor in t h e  l a y e r  above 700 mb t o  
t h e  t o t a l  water vapor  column d e n s i t y  f o r  t h e  
months of June  and Janua ry  1979. High v a l u e s  of  
t h i s  r a t i o  g e n e r a l l y  i n d i c a t e  d i v e r g e n c e ,  which 
b r i n g s  water o u t  of  t h e  boundary l a y e r ,  and low 
v a l u e s  i n d i c a t e  subs idence .  High v a l u e s  a l s o  
occur  ove r  c o l d  s u r f a c e s ,  which have t h e  e f f e c t  
of d r y i n g  o u t  t h e  a i r  i n  t h e  boundary l a y e r .  

The c i r c u l a t i o n  i n d i c a t e d  by t h i s  r a t i o ,  
which shou ld  be r e l a t i v e l y  large i n  t h e  p re sence  
of c o n v e c t i o n  and r e l a t i v e l y  small in r e g i o n s  of 
s u b s i d e n c e ,  i s  v e r y  c o n s i s t e n t  w i t h  t h a t  i n d i c a t e d  
by t h e  c loud  h e i g h t s  and c loud  amounts g e n e r a t e d  
in t h e  HIRS r e t r i e v a l  p r o c e s s  (Sussk ind  and 
Reu te r ,  1986) .  I f  one looks  a t  j u s t  t h e  t o t a l  
p r e c i p i t a b l e  water f i e l d ,  t h e s e  c i r c u l a t i o n  f ea -  
t u r e s  are not  e v i d e n t  a t  a l l ,  as most of t h e  pre-  
c i p i t a b l e  water is  i n  the boundary l a y e r  which,  
e s p e c i a l l y  ove r  oceans ,  is a f f e c t e d  more by t h e  
s u r f a c e  t e m p e r a t u r e  t h a n  t h e  a tmosphe r i c  c i r c u l a -  
t i o n .  

Ozone has  been monitored a lmos t  e x c l u s i v e -  
l y ,  whether  from t h e  ground o r  s p a c e ,  u s i n g  mea- 
su remen t s  a t  u l t r a - v i o l e t  f r e q u e n c i e s .  For ex- 
ample t h e  TOMS and SBW i n s t r u m e n t s  mon i to r  t o t a l  
r a d i a t i o n  b a c k s c a t t e r e d  by t h e  atmosphere in f r e -  
q u e n c i e s  s e n s i t i v e  t o  ozone a b s o r p t i o n .  Conse- 
q u e n t l y ,  t h e s e  measurements c a n  be  t a k e n  on ly  dur- 
i n g  t h e  day ,  and,  i n  p o l a r  r e g i o n s ,  on ly  d u r i n g  
t h e  summer h a l f  of t h e  y e a r .  There is  no con- 
s t r a i n t  a b o u t  t h e  l o c a t i o n  of  t h e  s u n  in t h e  HIRS2 
a n a l y s i s  and hence sound ings  c a n  be done day and 
n i g h t  as w e l l  as a l l  y e a r  i n  p o l a r  r e g i o n s .  T h i s  
g i v e s  t h e  p o t e n t i a l  of twice d a i l y  m o n i t o r i n g  of 
t h e  t ropopause  h e i g h t  as w e l l  as t h e  a b i l i t y  t o  
s t u d y  f o r  t h e  f i r s t  time t h e  e n t i r e  w i n t e r  por- 
t i o n  of t h e  ozone a n n u a l  c y c l e  i n  t h e  p o l a r  
regimes.  

The r e t r i e v e d  f i e l d  of t o t a l  ozone f o r  
June  11, 1979 02 2 12 hour s  is shown i n  f i g u r e  
2a.  T h i s  is a composi te  of 3 AM and 3 PM l o c a l  
t i m e  sound ings .  F e a t u r e s  of a tmosphe r i c  c i r c u l a -  
t i o n  are c l e a r l y  d e p i c t e d  i n  t h e  03 f i e l d s .  Note 
f o r  example t h e  r i d g e  ( low ozone burden)  th rough  
most of t h e  United S t a t e s  w i t h  a s h a r p  t r o u g h  o f f  
t h e  west coast and ove r  t h e  g r e a t  l a k e s .  F i g u r e  
2b shows t h e  f i e l d  r e t r i e v e d  from TOMS ( t o t a l  
ozone mapping s p e c t r o m e t e r )  o n  NIMBUS-7 t a k e n  a t  
l o c a l  noon. It is a p p a r e n t  t h a t  t h e  s y n o p t i c  
f e a t u r e s  i n d i c a t e d  in TOMS are  reproduced ve ry  

w e l l  by H I K S Z /  MSU. F i g u r e  3 shows t h e  z o n a l  mean 
t o t a l  ozone amounts determined f o r  J u n e  2-12, 1979 
Erom bo th  TOMS and 11IRS2. The z o n a l  means a g r e e  
ve ry  w e l l  t h roughou t  t h e  s o u t h e r n  hemisphere up 
t o  60"s where t h e  TOMS d a t a  s t o p s .  T h i s  i n d i c a t -  
es t h a t  meaningful  measurements of 03 i n  t h e  po- 
l a r  w i n t e r  can  be ach ieved .  Small  d i f f e r e n c e s  
e x i s t  i n  t h e  n o r t h e r n  hemisphere a t  m i d - l a t i t u d e s .  
We are examining p o s s i b l e  r e a s o n s  f o r  t h i s .  

F igu re  4 shows a monthly mean f i e l d  f o r  
t h e  d i f f e r e n c e  between t o t a l  ozone r e t r i e v e d  
d u r i n g  t h e  day and n i g h t  f o r  June  1979. A s  t h e  
t o t a l  ozone i s  expec ted  t o  s t a y  f a i r l y  c o n s t a n t  
o v e r  t h e  cour se  of a day ,  i t  is  g r a t i f y i n g  t o  
see on ly  small d i f f e r e n c e s  ( <  10 Dobson u n i t s )  
ove r  most of t h e  g l o b e .  T h i s  a l s o  i n d i c a t e s  t h a t  
t h e  e r r o r  i n  t h e  day-night d i f f e r e n c e  in r e t r i e v -  
ed  ground t empera tu re  ove r  land must not  be l a r g e  
because  t h e  r e t r i e v e d  ground t e m p e r a t u r e  I n f l u -  
ences  t h e  r e t r i e v e d  t o t a l  ozone burden. We have 
found t h a t  a n  e r r o r  of 1' In s u r f a c e  t e m p e r a t u r e  
co r re sponds  t o  abou t  10 Dobson u n i t s ,  so t h e  day- 
n i g h t  ground t empera tu re  d l f f e r e n c e s  must be good 
t o  abou t  2°C. 
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Table 1: Accuracy of Retrieved P r e c i p i t a b l e  wnLer ( . 1  g/cm2) 

Layer 

June 1-7, 1979 - + 3 Hrs 110 km 

RHS Value RHS Error % ReLrievnl % Curen 
Radiosonde R e t r i e v a l  Error Improvement 

1000 mb - 1 mb 23.09 6.27 27% 2% 
1000 mb - 700 mb 20.19 5.80 29% -3x 

700 mb - 500 mb 4.36 1.78 41X 9% 
500 mb - 300 mb 1.37 0.68 49% 22% 
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a) H I R S * , M S U  P E T R I E C J E D  C R E C I F I T R B L E  W Q T E P  F ! r ? T I O  
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Fig.  1 Ratfo of precipi table  water Above 700 mb t o  t o t a l  precipi-  
table  wntcr on R 4" x 5" grid .  Areas where the surface 
pressure is less than 8 5 0  inb or whcre no r e t r i e v a l s  were 
produced are g i v e n  i n  black. a )  June 1979, b) January 
1979. 
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Fig. 2 Retr ieved t o t a l  ozone in Dobson units fo r  J u n e  11, 1979. 
Areas with no d a t a  a r e  g iven  in black.  a)  HIRSZ/MSU d a t a  
on a 4" x 5 "  g r i d ,  h )  TOMS d a t a  on n 5' x 5" g r l d .  
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Fig. 3 Zonal mean t o t a l  ozone from HIRSZ/MSU and TOMS f o r  period 
of June 2-12, 1979. 
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Fig. 4 Daytime ( 3  PM) - Nightttme ( 3  AM) t o t a l  ozone i n  Dobson 
u n i t s  from HIRSZ/MSU data €or the month of June 1979. 
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OPTIMUM RETRIEVAL OF PRECIPITABLE WATER 
FIELDS FROM VAS AND SURFACE DATA 

DENNIS CHESTERS WAYNE D. ROBINSON LOUIS w. UCCELLINI 

Laboratory for Atmospheres General Software Corp. Laboratory for Atmospheres 
Greenbelt, MD 20771 Landover, MD 20785 Greenbelt, MD 20771 

1. INTRODUCTION 

Convective storms draw much of their energy 
from latent heat stored in low-level water vapor. 
Most of the variance in low-level moisture occurs 
on horizontal scales less than 300 km and time 
scales less than a day (Browning, 1980). Geosyn - 
chronous satellite observations with water vapor 
sensitive channels are required to resolve these 
important sub-synoptic features. 

Low-level precipitable water (PW) fields have 
been retrieved experimentally over the central 
United States at mesoscale resolution using the 
infrared channels from the VISSR Atmospheric 
Sounder (VAS) on GOES. Chesters et al. (1983) 
retrieved PW at 15 km resolution by utilizing the 
differential water vapor absorption between the 
two VAS "split window" channels. Lee et al. 
(1983) retrieved PW manually at 50 km resolution, 
utilizing all twelve of the VAS channels together 
with conventional surface temperature and 
dewpoint measurements in a regression algorithm. 
Recently,  Ches te rs  et al. (1985 and 1986) 
automated Lee et al.'s (1 983) regression algorithm 
to retrieve atmospheric data at every  VAS 
sounding-field-of-view (SFOV) so that retrievals 
can be prepared as high resolution sounding 
images like those from the "split window" 
algorithm. 

This study comparesVAS retrievals of PW with 
various channel selections in the regression 
algorithm and with the "split window" algorithm. 
The aim is to provide guidelines for algorithm and 
channel selection in order to encourage operational 
retrieval of low-level mesoscale moisture fields 
from VAS data and routine dissemination of 
satellite-format sounding images for use in 
mesoscale forecasts. 

2. ALGORITHMS 

The "split window" algorithm is a linearized 
radiation transfer model with a single thick layer 
radiating at an average temperature Tair above the 
emitting surface Tsfc. VAS brightness temperature 
T*u in bandpass 'u is controlled by transmittance 
zU(PW) determined with a dry absorption 

coefficient ku and with p- and e-type water vapor 
absorption coefficients au and bu: 

The VAS "split window" channels (7 and 8) 
provide 2 measurements of T*'u for 3 unknowns 
(PW, Tsfc and Tair). Equation (1) is reduced to 2 
unknowns by using an average value of Tair  
determined empirically from radiances observed at 
radiosonde sites within an air mass where PW and 
hence zU(PW) is known. Clouds are detected when 
T*u is colder than Tair. A cloudy SFOV is 
assigned an off-scale PW value represented with a 
black or white pixel in a "split window" image. 

In the linear regression algorithm, all VAS 
channels and/or conventional surface data are used 
as predictors (Ru) of PW. A signahoise (S/N) 
conditioning factor is used to stabilize the retrieval 
matrix (CV). Regression also provides a statistical 
measure of the relative contribution (Fu) of each 
predictor to PW by multiplying each element of the 
retrieval matrix Cu by the standard deviation ((TU) 

from the mean value <Ru> in the corresponding 
predictor from the radiosonde training set for the 
air mass. The first few predictors with the largest 
contributions usually retrieve most of the 
information in a set of observations. 

(2) 
APW = PW - <PW>, 
Cu = < APW ARp> 

ARU = Ru - <R+, 

[ < ARp ARU > + 6pJS/N)-2]-1, 
F'u = G'u c u ,  for RAOB training. 

PW = <PW> + Cum [Ru - <Ru>l, 
retrieved at every SFOV. 
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The signal/noise (S/N) conditioning factor in 
equation (2) is normally set to a realistic value 
( l O / l ) ,  but may also be set to a low value (l/lO) to 
suppress unwanted predictors. Cloudy areas are 
retrieved as off-scale values of PW, displayed as 
black or white pixels in a VAS sounding image. 

All retrievals in this study are carried out with 
the same VAS and conventional datasets gathered 
over the central United States on 13 July 1981, a 
relatively cloud-free day with a wide range of low- 
level moisture conditions within a pre-convective 
midsummer environment (Mostek et al., 1986). 
The morning and evening synoptic radiosondes 
provide 51 cloud-free sites for e m p i r i c a l  
determination of Tair  in the "split window" 
algorithm (Eq. 1) and of Cu and Fv in the 
regression algorithm (Eq. 2). These radiosonde 
sites are re-used to calculate dependent estimates of 
the PW accuracy for each algorithm. The 
conventional surface temperature (Tsfc) and 
dewpoint (Dsfc) reports are objectively analysed 
and bilinearly interpolated into satellite coordinates 
with the same resolution and format as the VAS 
radiance channels. In fact, Tsfc and Dsfc often 
replace the noisy VAS upper air channels 1 and 2 in 
the predictor dataset for low-level moisture. 

The inclusion of conventional surface data as a 
statistical predictor of PW is motivated by Smith's 
(1966) and Lee et d. 's  (1983) successes. The use of 
three or fewer VAS channels to retrieve PW is 
motivated by the fact that the VAS instrument is 
routinely operated in a multi-spectral imaging 
(MSI) mode, restricted to transmitting VISSR data 
(visible and 11 pm infrared) and only one or two 
additional infrared channels. The additional 
channels in this study are selected by examining 
theoretical weighting functions dzv/dlnP (Fig. 1) 
and the empirical contribution functions for the 
VAS plus SFC predictors (Fig. 2). These 
considerations point to VAS channels 5,6,7, 8 and 
Ds fc  as the principal predictors of PW. The 
apparent contribution (Fig. 2) from VAS channel 2 
is regarded as a coincidental correlation between 
upper air condtions and low-level moisture for this 
case. 
3. SFOV RESOLUTION 

Random noise in the soundings is reduced by 
horizontally averaging the VAS radiances. The 
VAS instantaneous field-of-view is approximately 
15 km at nadir, but the detector is over-sampled so 
that individual samples occur at approximately 4 
km intervals along each scanline as GOES spin- 
scans its infrared footprint across the Earth. 
Radiance data at 15 km resolution is less noisy 
when 4 samples are averaged together instead of 
being single-sampled (SS) at every 4th observation. 
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Fig. 1. Weighting functions for the 12 VAS channels. 
Channels 7 and 8 (highlighted as the "split window") 
estimate low-level moisture by differential water vapor 
absorption between 11.1 and 12.7 pm. Channels 5 and 6 
are long- and short-wave differentiators of low-level water 
vapor and temperature. 
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Fig. 2. Contribution functions to regression retrievals of 
PW on 13 July 1981 by all 12 VAS channels plus con - 
ventional surface temperature and dewpoint. The dominant 
statistical contributions from VAS channels 5, 6, 7, 8, and 
Dsfc are consistent with physical expectations. 
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Fig. 3 compares statistical accuracy and image 
quality at S S ,  15, 30, 60 and 120 km resolution. 
Cloud contamination introduces more systematic 
error for larger SFOV, eventually overwhelming 
the gains from averaging the random error. 
Objective error estimates are listed as RMS differ - 
ences between VAS and radiosonde PW values for 
each SFOV size in Fig. 3. Optimum numerical and 
image results for the "split window" algorithm are 
provided at 15 to 60 km resolution. Similar 
regression results (not shown) indicate that 30 to 60 
km SFOV resolution is optimal for that method. 

Smith et al. (1985) experimented with rarely 
used half-size infrared detectors on VAS to create 
"split window" PW images at 8 km resolution. 
Some small PW features were seen at this 
remarkably high resolution, but objective error 
values at radiosonde sites (such as in Fig. 3) were 
not presented, and it is unclear whether or not the 
small features were due to unresolved clouds. 
Smith et d ' s  (1985) key suggestion was to replace 
the unretrievable image pixels in overcast areas 
with the corresponding GOES visible data. Fig. 3f 
presents the results of this kind of substitution using 
the GOES visible data in Fig. 4b. The shadows in 
the cloudtops do indeed enhance one's 
understanding of the overcast areas, and are 
preferrable to the gaping holes in the VAS "split 
window" PW coverage. 

4. CHANNEL SELECTION 

Optimum channel selection is determined by 
comparing the statistical accuracy and image 
quality of several PW retrieval experiments at 
2300 GMT on 13 July 1981 (Fig. 4): 

Fig. 4a presents a conventional analysis of PW 
from the afternoon RAOB reports, indicating a 
large area of extremely moist air over the central 
Midwest with a strong PW gradient to the High 
Plains and a drier area over southern Illinois and 
eastern Tennessee. A histogram of PW values is 
displayed, maximized at 41 mm with a standard 
deviation (a) of k6.4 mm. This radiosonde 
analysis is "ground truth" for PW, even though it 
lacks mesoscale information. 

Fig. 4b presents the corresponding 
G O E S  v i s ib le  image, indicating broken 
convective clouds in many areas. The clouds over 
northern Illinois and eastern Iowa developed stong 
convective storms, while southern Illinois 
remained non-convective. 

*Fig. 4c presents SFC-only r eg res s ion  
retrievals using conventional surface temperature 
and dewpoint alone. As noted by Smith (1966), the 
surface reports are a useful indicator of the 
overlying PW, with an RMS error (E) of k6.9 mm 
in this case. Surprisingly, no additional mesoscale 

a) ss E = 4_ 9.5 mm e = .f. 8.4 mm 

dl 60 km E = 4  8.3 mm e) 120 km E = f 11.3 mm 

* '  
I 

fl SW and VISIllLE combined 

Fig. 3. Sounding images and RMS accruacy of I'W retrievals from the VAS "split window" as i~ 
function of SFOV size for: a) single-samples (SS), b) 15 km, c) 30 km, d) 60 km, and e) 120 km 
horizontal resolution. Panel (f) presents a PW image with the overcast areas replaced by 
corresponding GOES visible images of the cloud tops, as suggested by Smith et al. (1985). 
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Fig. 4. PW statistics and images at 2300 GMT on 13 July 1981: a) RAOB analysis, b) GOES 
visible, c) SFC-only regression retrievals, d) "split window" physics, e) VAS 7,8 regression, f )  
VAS 7,8+SFC regression, g) VAS 5,6,7,8 regression, h )  VAS-all regression, and i) VAS 3- 
12+SFC regression. PW values are imaged with a 5-level grey scale with steps at 10 mm intervals 
from 0 to GO mm. For example, the humid air over the central Midwest contains PW values from 
40 to 50 mrn. Retrieved values from 60 to 106 mm indicate off-scale soundings over overcast 
areas, displayed as entirely black in Fig. 4d or as continuous shades of grey in Figs. 4e to 4h. 
Histograms of PW values are provided at the bottom of each PW image, also on a scale from 0 to 
106 mm. The four-predictor PW retrievals (VAS 7,8+SFC in Fig. 4f and VAS 5,6,7,8 in Fig. 
4g) provide good results with modest effort. The "split window" is the best two-predictor 
algorjthm. More than four or five kcy predictors deliver little more useful information about low- 
level PW. 

detail is supplied by the surface data (compare to 
Fig. 4 4 ,  and the dry region over southern Illinois 
and eastern Tennessee is missed due a moist but 
shallow boundary layer in that region that is 
unrepresentative of the overlying air. 

Fig. 4d presents SW, the "split window" PW 
retrievals. Dramatically detailed mesoscale 

features are discovered in the cloud-free areas, 
such as a dry slot across northern Missouri, 
southern Illinois and western Tennessee. Despite 
the mesoscale detail, these "split window" PW 
values show excessive spread on the histogram, too 
much contrast in the image, and poor absolute 
accuracy at the radiosonde sites (k7.3 mm). 



Fig. 4e presents VAS 7,s regression using 
the two VAS split window channels 7 and 8 alone. 
The two-predictor PW field also indicates a dry 
slot from Nebraska to southern Illinois. However, 
PW magnitudes and gradients are significantly 
underestimated, and absolute accuracy is as poor as 
for the "split window" retrievals. 

Fig. 4f presents VAS 7,8+SFC regression 
using the two VAS split window channels 7 and 8 
plus surface temperature and dewpoint. This 
minimal combination of key VAS channels and 
surface data retrieves a good representation of the 
sub-synoptic gradients and magnitudes in the 
regional PW field and also supplies some mesoscale 
details from the satellite radiances, such as the dry 
slot over Missouri. Absolute accuracy (k5.3 mm) 
is significantly better than with the "split window" 
or two-predictor regression. However, the thin but 
moist boundary layer in southern Illinois causes 
PW to be over estimated in that region. 

Fig. 4g presents VAS 5,6,7,8 regression 
using the four VAS low-level channels 5, 6, 7 and 
8. This set of four key channels also retrieves a 
good representation of both the subsynoptic 
gradients and the mesoscale details, such as the dry 
slot over Missouri connecting the minima over 
Nebraska and southern Illinois. However, the 
retrieved images are noisier than the 
VAS 7,8+SFC four-predictor retrievals in Fig. 4f, 
without the smoothing provided by the analysed 
surface data. 

Fig. 4h presents VAS 1-12 regression using 
all 12 VAS channels. The additional eight VAS 
channels add little significant contribution to PW 
retrievals compared to the results from only four 
key channels used in Fig. 4g. If anything, the PW 
images suffer more random noise. 

Fig. 4i presents VAS 3-12+SFC regression 
using VAS channels 3 to 12, plus surface 
temperature and dewpoint. As found by Lee et al. 
(1983), the addition of conventional surface data 
somewhat smooths and improves the accuracy of 
the PW retrievals. However, the results are only 
slightly better than the VAS+SFC four-predictor 
PW fields in Figs. 4f. The apparent improvement 
in absolute accuracy is mostly due to the reduction 
in d e p e n d e n t  residual variance when one 
introduces additional predictors for the same 
training dataset. 

6. SUMMARY 

VAS radiances and conventional surface 
temperature and dewpoint data are used in several 
combinations within a regression algorithm to 
determine the optimum resolution and accuracy of 
low-level precipitable water fields retrieved from 
geosynchronous satellite observations. Point 
retrievals at radiosonde sites are used to determine 

the numerical accuracy of each retrieval technique, 
and sounding images of the retrieved PW fields are 
used to determine the relative accuracy and spatial 
coherence of PW features at mesoscale resolution 
in a midsummer pre-convective environment over 
the United States. VAS channels 5, 6, 7 and 8 (at 
13.3, 4.5, 12.7 and 11.2 pm) and the surface 
dewpoint contribute the most information to the 
regression-based retrievals of PW. The best 
compromise between random noise and cloud 
contamination in the PW retrievals is obtained 
when radiances are averaged to a SFOV resolution 
between 15 and 60 km. 

The best PW regression retrievals are obtained 
using ten VAS channels plus conventional surface 
data, but the improvement is marginal over a four- 
predictor regression scheme using the two VAS 
split window channels (7 and 8) with either two 
other low-level VAS channels (5 and 6) or 
conventional surface temperature and dewpoint as 
predictors. The regression retrievals require both 
morning and evening synoptic radiosonde data for 
training, and suffer some diurnal errors (not 
shown) due to the lack of midday training. 
Ancillary surface data introduces useful horizontal 
smoothing to the sounding images, but i t  also 
introduces the hazard of erroneous prediction of 
the overlying PW when the boundary layer is 
unrepresentative of the lower troposphere. A 
physical "split window" algorithm provides better 
PW estimates than regression when only the 11.1 
and 12.7 yrn VAS channels are available (as when 
the GOES satellite is operated in a multi-spectral 
imaging mode), when boundary layer surface 
dewpoint data is misleading (as occurs during 
inversions), or when radiosonde training is limited 
to only one time period (as might occur 
operationally). 

Robinson et al. (1986) are publishing a more 
comprehensive analysis of this data using independ- 
ent datasets, more training and testing variations, 
full  color illustrations, and a time-series of 
sounding images which demonstrate the reliability 
of each algorithm during the diurnal cycle. 
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APPENDIX: A FAST CONTOURING 
ALGORITHM FOR VAS SOUNDING 
IMAGES 

A wide range of PW values had to be presented 
on a limited range grey scale in Figs. 3 and 4. For 
reproduction in a limited black-and-white medium, 
a fast contouring method is planned for future VAS 
sounding images. Contours from conventional 
objective analysis of satellite soundings are often 
unsatisfactory because they are distorted by 
missing or off-scale values in cloudy areas and 
because objective analysis requires considerable 
computer time. 

The following data processing m e t h o d  
manipulates the grey scale image directly and 
introduces off-scale values (black or white 
contours) at regular intervals in the sounding 
image. A step-by-step numerical e x a m p l e  
illustrates the method for contouring PW at 
intervals of 10 mm: 

1 .  Convert the PW at each SFOV to an integer 
(e.g. 25.7 mm to the number 26). Save a copy of 
this pixel array - it is the uncontoured grey level 
image normally displayed on an image terminal. 

2. Truncate the values in the array to the 
nearest factor of 10 (e.g. the number 26 becomes 
20). The image becomes a series of "plateaus" at 
the desired contour intervals. 

3. Make a running average over the array, 
replacing each pixel with an average of the 
surrounding pixels. Pixels at the boundaries 
between different areas acquire intermediate values 
(e.g. the number 25 between areas numbered 20 
and 30). Interiors remain the same (e.g. areas full 
of 20's remain 20's). This "rounds" the edges of 
the "plateaus". 

4. Convert the pixels that were unchanged by 
the running average to the number 1 (e.g. number 
20 or 30 becomes I )  and convert the changed pixels 
to the number 0 (e.g. number 25 becomes 0). This 
contour array has 0's at the rounded edges of the 
"plateaus", and 1's at the interiors of the "plateaus". 

5. Multiply each pixel in the contour array 
times the corresponding pixcl in the grey level 
array from the first step (e.g. 0 times 30 creates a 
zero level contour representing 30.1 mm of PW, 
but 1 times 26 leaves a number 26 representing 
25.7 mm of PW). 

Fig. 5 presents the results of contouring the 
sounding image in Fig. 4d, which is PW retrievals 
from the "split window". More mesoscale detail 
can be discerned with 5 mm intervals in the 
contoured image of Fig. 5 than with 10 mm 
intervals in the greybar image of Fig. 4d. Such 
contouring can even be helpful on a color-coded 
image for those viewers who happen to be 
colorblind. 

Fig. 5 .  Contours of the PW sounding image in Fig. 4d. 
Two-pixel wide contours were created at 10 mm intervals 
from 10 to 50 mm, and one-pixel wide contours were added 
at 10 mm intervals from 0.5 to 5.5 mm. 

On the AOIPS at NASA/GSFC, a VAS- 
retrieved 512 by 512 pixel field can be contoured 
in less than 2 minutes, while objective analysis and 
contour drawing require approximately 20 
minutes. Hardware in the image terminal on 
AOIPS expedites the computation by accessing both 
the rows and the columns of pixels in an image with 
equally high speed for rapid two dimensional 
averaging. 
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1. INTRODUCTION 
- 

The split window takes its name from 
the fact that not one but two 
measurements are made in the atmospheric 
window region near 11 micrometers. The 
two channels are situated such that they 
“see” the same absorbers, but in 
differing amounts. The intent of split 
window observations is to correct for the 
effects of atmospheric attenuation, and 
arrive at a better estimate of surface 
temperature than can be achieved from a 
single channel observation. McMillin and 
Crosby (1984) present a detailed 
discussion of the split window technique 
and a review of the literature. 

In this paper we extend the concept 
of the split window to deduce the 
atmospheric attenuation, and since the 
primary absorber near 11 micrometers is 
water vapor, we can estimate precipitable 
water. 

Ba 

2. MATHEMATICAL DERIVATION 

The upwelling longwave infrared 
radiance from a plane parallel, non 
scattering atmosphere in local 
thermodynamic equilibrium can be written 
as 

1 
I = BS-cs + s, BdT 1) 

S 

where I is the radiance measured by the 
satellite, B is the Planck radiance, T is 
transmittance from a given level to the 
top of the atmosphere, the subscript s 
refers to the surface of the earth, and 
the integral is the radiance originating 
from the atmosphere alone. Equation 1 
may also be written as 

I = BsTs + Ba(l-~s) 2) 

where Ea is a weighted average given by 

3 )  

Consider observations of the earth under 
conditions where the surface contribution 
to the outgoing infrared radiance varies 
markedly, but where the atmospheric 
contribution changes very little. We can 
now write a set of four equations, one 
for each of the two channels, and one for 
each of the different surface observing 
conditions: 

1 1 
I11 = sl1~sl1 + - Tsll) 4a) 

1 112 = B1 T + Ba12(1 - 
“12 s12 

T 1 4b) 
“12 

+ E (1 - Ts 1 4c) 111 = B 2 
“llTS1l all 11 

%2) 4d) 
+ E  ( 1 -  2 2 

‘12 Bs12Ts12 aI2 

where the superscripts 1 and 2 refer to 
the viewing conditions and the subscripts 
11 and 12 refer to the nominal 11 and 12 
micrometer channels in the split window. 
We can eliminate the atmosphet-ic term Ea 
by differencing to yield two equations 

AIl1 = AB T~~ 
“11 

A112 = ABS12T12 
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where 

1 2 
A1ll - I11 - I12 6a 1 

6b) 1 
ABll - - B?2 

and similarily for AIl2 and &al2. 
The ratio of transmittances in the two 
channels may be formed by dividing 
equations 5) to yield 

7) 

“11 T12 4112 AB 

Following the approach of McNillin 
(19711, equation 7) can be linearized by 
converting from radiances to temperatures, 
the AB become ATs and cancel, and we are 
left wfth 

To review, we have derived an 
expression for the ratio of 
transmissivities in the split window near 
11 micrometers. Inherent in the 
derivation are multiple observations of 
the earth through the split window under 
conditions where the surface contribution 
to the upwelling radiance changes 
mar ked1 y , but the atmospheric 
contribution is essentially invariant. 
The resulting ratio of transmittances is 
then shown to be merely the ratio of the 
differences in brightness temperatures 
observed under the two conditions. This 
ratio can be shown to be related to 
precipitable water (see Chesters et al., 
1983). 

3. SIMULATION OF TECHNIQUE 

In order to test this technique, 
radiances were computed simulating data 
from the Advanced Very High Resolution 
Radiometer (AVHRR) using techniques 
described by Weinreb and Hill (1980). 
Temperature and moisture profiles were 
taken from 304 radiosondes in North 
America for three consecutive synoptic 
times beginning at 122, 8 June 1982. 
Since all reporting radiosondes were 
used, a wide diversity of airmasses were 
available, from tropical to arctic, and 
from a range of surface elevations. 
Local zenith angles were randomly 
assigned to the radiosondes in order to 
simulate the distribution of local zenith 
angles encountered during satellite 
overpasses of the radiosonde network. 

The brightness temperatures were 
perturbed with normally distributed 
random noise with a mean of zero and 
standard deviation of .12 degrees Kelvin, 
in order to emulate the instrumental 
error. The surface skin temperature was 
taken to be the surface air temperature, 
then incremented 10 degrees for the T’s 
in equation 8. The comparison between 
the estimated and actual transmissivity 
ratios are given in Figure 1. The 
relative lack of scatter is indicative 
that the assumptions used in the 
derivation of equation 8) are valid, at 
least in a theoretical sense. 
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Figure 1. Comparison between actual 
transmittance ratio and transmittance 
ratio computed from equation 8. 

Next it is desirable to be able to 
relate this transmissivity ratio to an 
atmospheric parameter. Since the 
transmissivities are from the surface to 
the top of the atmosphere, and the 
primary absorber is water vapor, it 
follows that we should try to relate the 
transmissivity ratio to total water in 
the column. Simple linear regression 
between the transmissivity ratio and 
precipitable water was performed as a 
first attempt. The choice of a linear 
relationship is justified by the scatter 
diagram of actual transmission ratio 
versus precipitable water in Figure 2. 
The radiosonde precipitable water was 
adjusted by the secant of the zenith 
angle to make it correspond with the 
slant path of the transmissivities. The 
regression coefficients were derived from 
the radiosondes mentioned above, and 
tested on an independent set of 308 
radiosondes in North America for three 
consecutive synoptic times beginning on 
122, 10 June 1982. Transmissivity ratios 
were computed from the independent set of 
radiosondes using a 10 degree Kelvin 
surface temperature difference and a NEDT 
of .12 degrees Kelvin. Again random 
zenith angles were assigned to the 
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4 .  DISCUSSION 

N 308 
R .9524 
PW MEAN = 2.57 CM 
PW STD = 1.31 CM X 

X 

.. MEAN ERROR -0.16 CM X 

STD ERROR 0.40 CM \ x  x x x  x x x  
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PW = -7.47 + 8.32 * RATIO 
PW MEAN = 2.46 X 
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Figure 2 .  Actual transmittance ratio 
versus precipitable water. 
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Figure 3. Precipitable water estimated 
by linear regression from transmittance 
ratio, versus observed precipitable 
water for independent radiosondes. 

Thusfar the observational conditions 
have not been specified under which the 
surface contribution to the upwelling 
radiance changes, while the atmospheric 
contribution does not. Two situations 
immediately come to mind. The first has 
to do with the diurnal cycle of land 
surface heating. Figure 4 is a plot of 
11 micrometer brightness temperature as 
observed by GOES W over an 11 hour period 
on 17 September 1983. The rate of change 
of brightness temperature during the 
local morning is in excess of 5 degrees 
per hour. Over a two hour period the ten 
degree brightness temperature change 
which discussed above can be seen. It is 
unlikely that the local absorber state 
would change dramatically over a two hour 
period, and if it did the surface would 
probably be obscured by clouds. 
Observation of diurnal temperature change 
is practical only from geosynchronous 
satellites. 

I .= 

Figure 4. Eleven micrometer brightness 
temperature as a function of time as 
observed by GOES W on 17 September 
1983. Average of 3x3 array of 7 km 
resolution elements, upper left corner 
at 36N, 120W, about 110 km NW of 
Bakersfield CA. 
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A technique has been presented which 
extends the split window technique to 
multiple observations in space or time. 
This extension allows for a simple 
derivation of transmittances of the split 
window, which can be related to 
precipitable water. Simulations of 
computed radiances with realistic 
instrument noise indicate that the 
technique yields an excellent estimate of 
the ratio of transmittances of the split 
window channels. Simple linear 
regression between the ratio and 
precipitable water also gives very good 
results. Testing of the technique with 
real AVHRR and VAS data is the logical 
next step in this research effort. 
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1. INTRODUCTION 

The TIROS operational vertical sounder TOVS 
on the TIROS-N series of NOAA environmental 
satellites sense the upwelling radiation in 
several spectral intervals. These radiances 
are used to determine the vertical temperature 
and moisture distributions of ,the atmosphere. 
The 9.6pm channel of these instruments is in 
an absorption band of ozone, and the measured 
radiances in this channel are affected by 
changes in the amount and distribution of 
atmospheric ozone. The radiances from the 
9.6um channel are used with radiances from the 
other channels to infere the global distribu- 
tion of ozone. 

The ozone retrieval is carried out using a 
multiple linear regression procedure (Planet et 
al, 1984). Total ozone is regressed against 
estimated clear column brightness temperatures 
(BT). This technique has been used since 1979. 

Many remote sensing techniques are subject 
to the criticism that they are not directly 
measuring the parameter of interest. That is, 
the remote sensing procedure may be measuring 
some other physical parameter which is cor- 
related with the desired quantity. For example 
it is possible to predict total ozone using the 
temperature of the lower stratosphere. However, 
in this paper strong evidence is presented that 
changes in ozone are being measured by the 
satellite and the regression technique in using 
this measurement. This evidence is provided by 
a careful analysis of the regression results and 
their relationship to the radiative transfer 
equation. 

2. RADIATIVE TRANSFER EQUATION 

In order to explain the reasoning used 
in the analysis, it is necessary to review the 
properties of the radiative transfer equation. 
In the form we will use the radiative transfer 
equation may be written as 

in a channel having a small range of  wavenumbers 
centered atv. B [ v ,  T(p)] is the Planck function 
at wavenumberv and temperature T(p), p is the 
pressure, ps the surface pressure, andT (V,p) 
is the atmospheric transmittance from any given 
level to the top of the atmosphere averaged over 
the spectral interval of the channel. 

the physical details of equation (1). 
write an approximation to this equation in the 
form 

For our purposes it is not necessary to give 
We can 

I(w) = C B [ W ,  T(pi)I*A(~,pi) ( 2 )  

For the remainder of the discussion we will 
consider everything in the form of equation ( 2 ) .  
The pi are the quadrature points used for 
integration over atmospheric pressure (Weinreb 
and Hill, 1980). Fig. 1 gives a typical shape 
for B ( v ,  T(pi) for  v around 1028. The shapes of 
the A(v,pi) are weakly affected by temperature. 
However, some of the A(v,pi) are significantly 
affected by changes in the amount of the variable 
gases, especially water vapor and ozone. 

Fig. 1 .  Plot of typical radiance profile vs y 
r = 1028. The variable y is proportional to 
pressure to the 217 power. 

I 
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We are especially concerned with the ozone 
sensing channel whose wavenumber is 1028 cm-l. 
Using the numbering system of TOVS this will be 
referred t o  as channel 9. Fig. 2 gives the shape 
of A(1028, pi) for two different ozone profiles. 
The A(V,pi) are usually referred to as weighting 
functions. One of the profiles is typical of a 
situation where there is an average amount of 
ozone (n  = 330 DU), the second is typical where 
there is a relatively small amount of ozone 
( 2  = 290 DU). 

A(1028, pi) occurs above the troposphere in a 
cold part of the atmosphere. This is seen in the 
plots of Fig. 1 and Fig. 2. Also note that the 
A(1028, pi) with the smaller amount of ozone has 
a larger peak at the surface where B(1028, pi) 
is a maximum. Since the radiance is approximately 
the dot product of the vectors A(1028, pi), and 
B(1028, pi), it should be expected that an 
increase in the amount of ozone should decrease 
the measured radiance at this wavenumber. 

Note that the second peak of the functions 

10 

40- 

Fig. 2. Plot of channel 9 weighting functions 
vs y. The variable y i s  proportional to pressure 
to the 217 power. 

If the radiance was only a function of the shape 
of A(1028,pi) then the problem of estimating 
total ozone would be straight forward. It would 
only be necessary to have simultaneous measure- 
ments of the total ozone and the radiances at 
this wavenumber to derive a prediction equation. 
However, this is not the case. The radiance is 
also a function of the Planrk function profile 
B(v,pi) and the surface radiance B(v,ps). Fig. 3 
is a plot of real measurements of I(1028) against 
I(898). The radiances for I(898) are from a 
window region and hence almost entirely a function 
of the surface radiance. The strong dependence 
of I(1028) on the surface radiance is seen from 
this plot. Also I(1028) is a function of 
B(1028,pi) and changes in the ozone amount are 
correlated with B(1028,pi). It is far from 
obvious that the measurements in the ozone 
channel, I(1028), can be used to estimate 
ozone. 

.. 

.. .. 
.. . 

.. . .  .. . . . . . .. ... . 

A0 10 30 
20 

Fig. 3. Ozone channel radiance vs window channel 
radiance. 

3 .  ANALYSIS OF REGRESSION RESULTS 

In the analysis which follows the radiances 
have been converted to brightness temperatures. 
The conversion is not linear but i t  is monotonic 
so that the essentials of the arguments are 
unchanged. The technique is used to predict tqtal 
ozone is a multivariate regression procedure. The 
predictors were brightness temperatures. For 
details of the operationally produced total ozone 
see Planet et el. (1984). The operational tech- 
nique uses a standard regression procedure with 
the brightness temperatures from channels 3 ,  8 ,  
and 9 (these channels have been described or they 
are described below). Hence, we wiil examine the 
model 

In this model the bar represents the mean, fi 
the predicted total ozone, BTi is the 
brightness temperature for channel i and Ci 
is the regression coefficient for channel i. 
Channel 3, for which V =  691 cm-l, has a weighting 
function which peaks in the upper troposphere. 
Channel 8 is a window channel and is described 
above. Table 1 gives the Ci's for these three 
channels for one year of data by month. All data 
seLs used in this paper were from a set collected 
from November 1, 1979 t o  October 31, 1980. The 
TOVS measurements were from the NOAA-6 satellite 
system. The total ozone measurements used as the 
dependent variable or ground truth for all the 
data sets in this paper were from the TOMS (Total- 
Ozone Mapping Spectrometer) instrument on the 
NIMBUS-7 Satellite (Fleig et al., 1982). The data 
set for Table 1 i s  for latitudes from 30" N to 
60° N. 

is 

Table 1 

Jan Feb March April May June 

C3 7.83 7.06 8.37 9.01 3.90 .91 

cg 3.97 3.54 3.95 3.28 3.12 3.51 

Cg -8.37 -8.25 -8.84 -7.41 - 7 . 3 1  -7.43 
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Table 1 (Contd.) 

y 20- 
0 
N 0 
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July Aug Sept Oct Nov Dec 

C3 .92 2.77 5.58 7.99 7.54 6.13 

c8 2.95 2.31 2.39 3.13 3.80 5.14 

Cg -6.25 -4.02 -3.31 -4.72 -6.24 -8.45 

REGRESSION COEFFICIENTS FOR TOTAL OZONE USING 
CHANNELS 3, 8, AND 9 

* . . . . . . . . . .  . .. 
. I  

. .  
I I I I 

3 -3 

The first thing tCJ note about the coeffi- 
cients in Table 1 is the stability they exhibit, 
especially the coefficents of channels 8 and 9. 
An explanation of their relationship is as 
follows: Channel 9 senses radiation from the 
surface, which is warm, and from that portion of 
the atmosphere where the ozone is at a maximum, 
which is cold (see Fig. 1 and Fig. 2). Hence, 
an increase in ozone amount will cause the 
measured temperature in channel 9 to decrease. 
That is total ozone and BTg are inversely related. 
This is the reason for the negative sign of the 
coefficient of  channel 9. However, most of the 
changes in channel 9 will be caused by the 
variability of the surface temperature. The 
positive coefficient of channel 8, which is 
directly related to the surface temperature, 
compensates for that part of the variability in 
channel 9 which i s  due to changes in the surface 
temperature. Thus the sign of the channel 8 
coefficient must be opposite to that of the 
channel 9 coefficient. 

In order to minimize the possibility of 
irrelevant correlations, two changes were made to 
the operational regression procedure: (1) latitude 
was used a s  a predictor; (2) each of the 
predictor variables (brightness temperature) and 
the response variable (total ozone) were fitted 
with a cubic spline. The spline was constructed 
to fit monthly means, These modifications should 
reduce the spatial and seasonal correlations. As 
a result, we produce an average total ozone (t) 
and brightness temperature BT(V;,t) for each day 
of the year, t. The dependent variable and the 
independent variables are now deviations from 
these predicted daily averages: 

(4) 
(5) 

New regression equations were producted using 
these deviations. A multiple linear regression 
procedure was used which gives an equation of the 
form 

__. 
= E +  E c~(ABT(V~) - ABT(v;)) + C*L (6) 

In this equation L represents latitude. 

We can now use this new regression procedure t o  
demonstrate that the brightness temperatures of 
channel 9 are a function of total ozone. This 
new procedure was applied to 3881 sets of 
measurements from the region 0" to 30" N for the 
entire year. The deviations in total ozone AR 
and ABT(1028) were regressed against the variables 
@T(679), ABT(7041, hBT(7161, bBT(898), ABT(12171, 
~BT(22131, aT(22401, and latitude. This gives 
the equations 

- == + E  Cia BT@ i) -BTb i)) + C*L ( 7 )  

and 

BT(1038) = A  BT(1028)+C Ai@ BTb i))+ A*L (8) 

Using equations 7 and 8 the residuals R are com- 
puted. We have 

R Q = Q  - R ( 9 )  

and 

RBT(1028)~ BT(1028)- BT(1028). (10) 

. RQ was regressed against RBT(1028) which gave 
an equation of the form 

R fi = -5.53 (RBT( 1028) ) . (11) 

Equation 1 1  says that a one unit decrease in 
RBT(1028) gives an increase of 5.53 Dobson units 
in the predicted total ozone. This is exactly 
what could be expected from the physical consid- 
erations discussed earlier in this paper. Fig. 4 
gives a plot of RR against RBT(1028) for this data 
set. Note the clear association of an increase in 
RBT(1028) to a decrease in RQ. Such plots are now 
a standard tool in multivariate regression and are 
called partial regression plots. This plot was 
produced by the SAS REG package (1982). 
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Fig. 4 .  Partial Regression Residual Plot. 
Residual total ozone vs residual channel 9 bright- 
ness temperature. 

Using this same data set, it was found that 
the root mean squared error of the difference 
between the measured total ozone (measured by TOMS) 
and the predicted total ozone changed from 10.06 
to 8.39 Dobson units when channel 9 was included 
in the regression. For a data set thsi large, 
this is a significant reduction. 

4. CONCLUSIONS 

Any regression technique is subject to the 
criticism that it is only measuring irrelevant 
correlations with the parameter of interest. By 
analyzing the data from the TOVS regression pro- 
cedures, strong evidence has been provided that 
the TOVS is measuring total ozone directly. These 
measurements of the changes in total ozone are at 
least partially independent of changes in temper- 
ature. 

48 



5.  REFERENCES 

Fleig, A. J . ,  K. L. Klenk, P. K. Bhartia, and 
D. Gordon, 1982: User's Guide for the Total-Ozone 
Mapping Spectrometer (TOMS) Instrument First-Year 
Ozone-T Data Set, NASA Ref. Pub. 1096, 43pp. 

Planet, W. G., D. S. Crosby, J .  H. Lienesch, and 
M. L. Hill, 1984: Determination of total ozone 
amount from TIROS radiance measurements. 
J .  Clim. Appl. Met., 23, 308-316. 

SAS, 1982: SAS User's Guide: Statistics. 
SAS Institute, Gary, North Carolina, 584 pp. 

Weinreb, M. P. and M. L. Hill, 1980: Calculation 
O F  atmospheric radiances and brightness tempera- 
tures in infrared window channels of satellite 
radiometer. NOAA Tech. Report NESS 80, 40 pp. 



1.15 

BALLOON-BASED SOLAR OCCULTATION MEASUREMENTS OF 
STRATOSPHERIC CONSTITUENT PROFILES 

M. P. Weinreb, L. D. Johnson, P. A. Bridges, and M. L. Hill 
National Oceanic and Atmospheric Administration 

National Environmental Satellite, Data, and Information Service 
Washington, D.C. 20233 

I-Lok Chang 
The American University 
Washington, D.C. 20016 

S .  Oltmans 
National Oceanic and Atmospheric Administration 

Environmental Research Laboratories 
Boulder, Colorado 80303 

A. Sanyal and W. A. Morgan 

Lanham, Maryland 20801 
SM Systems and Research Corporation 

1. INTRODUCTION 

We have been conducting a series of balloon- 
based solar occultation experiments to prove that 
the concept of solar occultation, implemented 
with a multidetector infrared spectrometer, is 
practical for satellite-based long term monitoring 
of trace gases in the stratosphere. The third of 
these experiments took place on July 5, 1985, at 
Palestine, Texas. From an altitude of 39 km, the 
instrument measured the intensity of infrared 
solar radiation for several hours before and 
during sunset. The measurements were made in the 
absorption bands of ozone, water vapor, nitric 
acid, and Freon-12. This paper describes the 
experiment and presents the retrieved ozone and 
water vapor profiles. The results for nitric 
acid and Freon-12 will be presented elsewhere. 

vapor profiles, the former with ECC-sondes and Fig. 1. Solar occultation geometry. 
the latter with frost-point hygrometers, were 
also made at Palestine at the time of the occul- 
tation soundings. 
situ soundings and the occultation soundings is 
also presented in this paper. 

KXAA ZENITH U@LE 

In situ measurements of the ozone and water 

A comparison between the ~ 

telescope focuses the solar radiation onto the 
spectrometer. The instrument's angular field of 
of view is 8 arc minutes. 

2 .  DESCRIPTION OF EXPERIMENT 

The occultation geometry is illustrated in 
Figure 1. The basic measurements are of the 
solar intensity as a function of solar zenith 
angle between 90" and roughly 95". After being 
converted to measurements of limb transmittances 
vs tangent height, they are processed in a re- 
trieval algorithm that yields profiles of mixing 
ratio vs altitude. 

The instrument, described in Weinreb et al. 
(19841, was designed for simplicity and relia- 
bility. Briefly, it is a multi-detector 
spectrometer that detects radiation continuously 
in a number of discrete infrared spectral inter- 
vals (channels), four of which are described in 
Table 1. The detectors need not be cooled, since 
the spectral resolution is not high and the bright 
sun is the source of radiation. A Cassegrain 

Table 1. Spectral intervals of spectrometer 

Central Half-powgr 
Channel waveno. bandwidth 
number (cm-1) (cm-1 I Species 

3 9 80 6 Ozone 

4 998 6 Ozone 

5 1507.0 3 Water vapor 

6 1528.5 4.5 Water vapor 

(low altitude) 

(high altitude) 

(high altitude) 

(low altitude) 

In this flight we used a new sun seeker, built by 
the University of Denver, to reflect the solar 
radiation into our instrument. This seeker con- 
sists of a pair of flat mirrors, one movable and 
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one stationary, and operates like the seeker 
described in Murcray et al. (1967). It enabled 
us to sound the atmosphere down to an altitude 
of 12 km. 

Overall, the instrument operated reliably 
and provided clean data. There were, however, 
two exceptions. First, there was a failure in 
the signal electronics for channel 3 (980 cm-1). 
As a result, data in only the 998 cm-l channel 
were available for the ozone retrieval. Second, 
because of an interruption in the telemetry from 
the gondola to the ground, we received no data 
for the tangent heights between 38 and 36 km. 

3. DATA REDUCTION 

The flight data were received as a stream of 
volts vs time. However, the retrieval algorithms 
require the data to be expressed as transmittances 
vs tangent height. Times of observation were 
converted Eo solar zenith angles by calculations 
based on the ephemeris of the sun. Then the 
solar zenith angles were transformed to tangent 
heights with an atmospheric ray trace, which 
included effects of refraction. The calculations 
also accounted for motion of the instrument's 
field of view over the face of the sun, as 
monitored by two pairs of detectors inside the 
telescope. 

the occultation period to transmittances by 
dividing them by the 100% signals, i.e., the 
signals that would be measured in the absence of 
any atmosphere. Direct measurement of the 100% 
signal is impossible in most channels because 
there is a small but significant amount of 
absorbing gas in the atmosphere above the balloon. 
Instead, we inferred the 100% signals by extra- 
polating to zero absorber amount from the signals 
measured before the solar zenith angle reached 
90". 

We transformed the voltages measured during 

TRANSMITTANCES 

s 
CI W I 

Fig. 2. Measured transmittances vs tangent height 
for water vapor channels. 

As was mentioned previously, the data for 
the tangent heights between 38 and 36 km were 
lost. We inferred "measured" voltages for these 
tangent heights by interpolating with cubic 
Hermite polynomials between the measurements 
on either side of the gap. The transmittances 
derived from those "measurementst' might have 
errors comparable in magnitude to the signal 

(i.e., the measured absorption), since atmospheric 
absorption is small at these levels. Therefore, 
we do not present retrievals for altitudes above 
35 km. However, those errors have smaller effects 
on the retrievals at lower altitudes, and below 
30 km their influence disappears. 

The data in the two water vapor channels, 
expressed as transmittances vs tangent height, 
are displayed in Fig. 2. 

The process of retrieving constituent concen- 
trations from the data requires computations of 
transmittances. For ozone and water vapor we used 
an efficient approximation (Weinreb and 
Neuendorffer, 1973) fitted to line-by-line cal- 
culations performed by FASCODE (Smith et al., 
1978) with molecular line data from the 1982 AFGL 
tape (Rothman et al., 1983). Because the spectral 
intervals of the spectrometer are relatively 
narrow, they could be chosen to minimize effects 
of interfering spectra of other gases. For 
example, in channel 4 ,  absorption by gases other 
than ozone is negligible. However, in channels 5 
and 6 (water vapor) the transmittance calculations 
must include the effect of collision-induced 
absorption by oxygen (Shapiro and Gush, 19661, 
which is very important for tangent heights less 
than 25 km. Our calculations used coefficients 
from Shapiro and Gush (1966). We verified the 
results of the oxygen calculations by comparing 
them with atmospheric measurements (Rinsland et 
al., 1982). 

Knowledge of the atmospheric profiles of 
temperature and height vs pressure is needed in 
the data reduction, first for determining the 
altitude of the balloon from the on-board pressure 
measurements, and also in the transmittance cal- 
culations. Those profiles were acquired from the 
upper-air analysis prepared by NOAA's Climate 
Analysis Center. 

measured transmittances by iterative application 
of a Levenberg-Marquardt algorithm, a matrix 
inverse method (Chang and Weinreb, 1985). 

The mixing ratios were retrieved from the 

4 .  ERROR ANALYSIS 

Errors in the retrieved profiles can be 
caused by errors both in the measured transmit- 
tances and in the retrieval algorithm. We found 
that the largest error sources in the measurements 
are likely to be the procedures for specifying 
the altitude of the balloon and the zenith angle 
of the line of sight, and the procedure for con- 
verting the measured volts into transmittances. 
Errors in the transmittances derived from the 
interpolated data between 38 and 36 km are 
important in the retrievals only at levels above 
30 km. Random noise in the measurements is not 
expected to be as important as the systematic 
errors just discussed. 

algorithm are those in the calculated transmit- 
tances. Those errors are due to imprecision in 
our knowledge of  the spectral response functions 
of the spectrometer, limitations in our knowledge 
of spectroscopic parameters, add errors in the 
approximation to the line-by-line calculations. 
In addition, the collision-induced absorption by 
molecular oxygen is likely to be in error by 
several percent, since i t  is modelled relatively 
crudely. 

retrieved profiles, we performed retrievals both 

The most significant errors in the retrieval 

To estimate the uncertainties in the 
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before and after perturbing the measurements 
and the calculated transmittances by the 
errors estimated from each source mentioned 
above. We interpretated the difference 
between the two retrieved profiles as the 
estimate of the uncertainties in the 
retrievals . 
5. RESULTS 

Figure 3 shows the ozone retrieval, along 
with two profiles measured with ECC's at Palestine 
within a few hours of the experiment. One ECC 
was launched one hour after the experiment was 
completed, the other several hours later. The 
estimated errors in the retrieval are listed in 
Table 2. The errors associated with the ECC's 
are estimated to be roughly 5% in the region of 
the atmosphere below 30 km. Above 30 km, the ECC 
data may be biased between 5 and 15% low. 
However, at almost all levels the retrieval and 
the ECC sounding agree within the uncertainties 
of each. 

OZONE __-- 

0 1 2 3 4  9 I O  11 12 

Fig. 3. Ozone retrieval (solid line) and 
ECC profiles. 

The estimated errors in the retrieval are 
listed in Table 2. The large errors at 18 km and 
below are associated primarily with the rapid 
increase in the measured transmittances with 
tangent height (Fig. 2).  As a result, pointing 
errors and uncertainties in the balloon altitude 
translate into large uncertainties in the measured 
transmittances. The uncertainties associated with 
the hygrometer data are roughly 0.5 ppmv at levels 
below 25 km and 1 ppmv above 25 km. Up to 28 km 
the retrieval is consistent with the hygrometer 
data within the expected errors of each. However, 
we cannot explain why the two profiles diverge 
with increasing altitude. Near the tropopause 
(15 km) the hygrometer data show high-frequency 
variations in the vertical on a scale of one 
kilometer or less, and Lhe measurements from the 
two hygrometers differ considerably. We believe 
that these are real temporal and spatial varia- 
tions in the atmosphere. The retrieval can no 
more than hint at such fine structure in the 
vertical, since the weighting functions are wider 
than one kilometer at this altitude. 

lI 
L. HYGROMETER 12) 

&- - 11-1r-7-- .-,- 7^ - __ . _. 
0 2 4 6 E 10 la&$ 16 I 8  20 62 $4 467g 

Fig. 4. Water vapor retrieval (solid line) and 
frost-point hygrometer prokiles. 

Table 2. Estimated retrieval errors. 
6 .  CONCLUSION 

Errors (ppmv) 
Altitude (km) Ozone Water vapor 

1 2  0.02 - 
14 
16 
18 
20 
22 
24 
26 
28 
30 
3 2  
34 

0.03 
0.06 
0.14 
0.1 
0.2 
0.3 
0.5 
0.7 
0.8 

0.8 
0.8 

4.6 
2.1 
1.4 
0.7 
0.6 
1.1 
0.7 
0.6 
0.9 
1.2 
1.8 

Figure 4 shows the water vapor retrieval, 
along with two profiles measured with frost-point 
hygrometers at Palestine within a few hours of 
the experiment. The first hygrometer was launched 
six hours before the remote measurement was com- 
pleted; the second three hours after the first. 

Applying the concept of infrared solar oc- 
cultation with a balloon-borne multidetector 
spectrometer, we have retrieved ozone and water 
vapor profiles that are in reasonable accord with 
conventional soundings. I n  common with other 
limb sounding techiques, this technique is sen- 
sitive to errors in assigning the measurements to 
the proper tangent heights (e.g., errors in 
pointing and in determining the altitude of the 
observing instrument) and to errors in calculating 
1 imb 

this 
prov 
and 
moni 

transmittances. 
The results presented here are evidence that 
technique, implemented on a satellite, could 
de accurate soundings of ozone, water vapor 
other stratospheric constituents. For 
oring the stratosphere from operational 

satellites, the technique is particularly 
attractive, because it involves unsophist 
instrumentation with a history of reliabi 
In addition, since neither spectral scann 

cated 
ity. 
ng nor 
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interferometry are used, data rates are low, and 
the retrieval procedure is relatively uncom- 
p 1 icated. 
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1. INTRODUCTION 

Operational meteorological satellite pro- 
ducts, beginning with the launch of TIROS N in 
1978, have begun to have an impact on synoptic 
analysis and forecasting (Smith et al., 1979, 
Ohring, 1979, Tracton et al., 1980). In prin- 
ciple, the use of these products were expected to 
aid in many other types of atmospheric studies. 
The method of retrieving temperature profiles 
from radiances has been studied and attempts at 
improving these (i.e., reducing rms differences 
between retrievals and in situ measurements) have 
been conducted for a number of years and are well 
founded (Phillips et., 1979; Uddstrom and 
Wark, 1985; and Thompson et., 1985). In the 
current study we are investigating the compara- 
bility of satellite and in situ products over 
long time scales (30 days to several years), that 
is, seasonal and interseasonal variability, a use 
satellite retrieved data must ultimately support. 

2 .  DATA SOURCE AND ANALYSIS PROCEDURE 

Our data consists of retrieved tempera- 
ture derived from NOAA-6 and NOM-7 as obtained 
from the TIROS Operational Vertical Sounder 
(TOVS) archives, and U.S. (NWS) radiosondes along 
a quasi-meridional chain from the tropics to mid- 
latitudes. Although three of the radiosonde 
sites were not U.S. territory, the sites are part 
of the cooperative station program and use U.S. 
radiosondes. All synoptic radiosonde flights 
from the stations chosen were included in the 
compilation. Satellite retrievals used in the 
analysis were those colncated within a 2" are 
radius from each radiosonde. All data, satellite 
and radiosonde, were averaged for each month for 
each station. The colocated sites are listed in 
Table 1. 

During this initial investigation of sea- 
sonal time scales we chose the annual cycles at 
each pressure layer, for each station, as charac- 
terized by the monthly mean temperature differ- 
ences between January and July for each year of 
the study. In the troposphere the amplitude of 
this cycle tends to increase markedly with lati- 
tude while this trend reverses in the lower 

Table 1 

List of Colocated Radiosonde and TOVS 
Comparison Data 

San Andres 12.6N 81.7W 

Grand Canyon 19.3N 81.4W 

Merida, Mexico 21.ON 89.6W 

Key West 24.6N 81.7W 

Charleston 32.9N 80. OW 

Cape Hatteras 35.3N 75.6W 

Wallops Island 37.8N 75.5w 

Chatham 41.7N 70.0W 

stratosphere. Since TOVS temperatures are re- 
ported for pressure layers and radiosonde temper- 
atures are reported for standard (constant) pres- 
sure surfaces the two data sets were made compat- 
able by calculating the layer "thickness" temper- 
ature of the radiosonde temperatures for similar 
layers reported by TOVS. 

3. RESULTS 

Let us consider the 100-70 hPa layer as 
representative of the lower stratosphere. In 
Figure 1, we see the amplitude of the annual 
cycle in layer mean temperature for each of the 
instruments plotted as a function of latitude for 
calendar year 1982, the only year for which both 
NOAA-6 and NOAA-7 retrieved temperatures can be 
simultaneously compared with radiosonde tempera- 
tures. Both satellites appear to underestimate 
the annual cycle by as much as 3-4" K, except for 
Merida, Mexico (21N) and Chatham, MA (41.7N). 
NOAA-6 data fall noticably closer to the radio- 
sonde measurements than do NOAA-7. Figures 2a 
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Fig. 1. Amplitude difference of January/July 
monthly mean temperatures for 1982 for 100-70 hPa 
pressure layer. The colocated data were compared 
at the latitudes indicated by the vertical line. 
For the name of the sites refer to Table 1. 

Y 

lbl 1 

I O  20 30 40 

LATITUDE 'N 

and 2b show direct comparisons of NOG-6 and 
NOAA-7 data with radiosonde data for the years of 
their overlap, 1980-1982 and 1982-1983, respec- 
tively. The curves shown in Figures 2a and 2b 
represent the average amplitude difference for 
the years indicated on the figures. The differ- 
ences calculated between NOAA-6 and radiosondes, 
and NOAA-7 and radiosondes are slightly less than 
those shown for the single year of 1982 in Figure 
1. San Andres (12.6"N) had reported radiosonde 
data only for 1981 shown on the figures as a re- 
lative indication of the difference. 

We have chosen the 700-500 hPa layer as 
representative of the lower to mid troposphere. 
In Figure 3 is shown the satellite and radiosonde 
observations in the same format as used for 
Figure 1. At these levels the satellites agree 
fairly well with the radiosondes except at the 
extremes of the latitudes considered (@<20", 
@>35"N). The tendency is for NOAA-7 TOVS re- 
trieved temperatures to slightly underestimate 
the annual amplitude with respect to the radio- 
sondes. As in Figures 2a and 2b the direct com- 
parisons of NOAA-6 and NOM-7 with radiosondes 
for the years of overlap are shown in Figures 4a 
and 4b, respectively. NOAA-6 is within *l"K of 
the radiosonde measurements with a tendency to 
underestimate the poleward increase in annual 
cycle amplitudes at this level. NOAA-7 routinely 
shows the amplitude lying within 0.5-1°K over the 
latitude range shown. NOAA-6, on the other hand, 
crosses the radiosonde somewhere in the vicinity 
of 30"N latitude with the satellite underesti- 
mating the annual cycle in mid-latitudes and 
overestimating it in lower latitudes. 

x 
a" 
3 
t 

f 

LATITUDE 'N 

Fig. 3 .  
layer. 

Similar to Fig. 1 except for 700-500 hPa 

Fig. 2a and 2b. Annual cycle differences similar 
to data shown in Fig. 1 except (a) averaged over 
a 3-year period for NOAA-6 and radiosondes, and 
( b )  averaged over 2 years for NOAA-7 and radio- 
sondes. 
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Fig. 4a and 4b. Similar to Fig. 2a and 2b except 
for 700-500 hPa layer. 

4. SUMMARY 

Monthly layer-mean TOVS retrieved temper- 
atures for NOAA-6, NOAA-7, and monthly layer-mean 
radiosonde temperatures were compared from the 
tropics to mid latitudes over the years 1980 
through 1983. The difference in the JanuaryfJuly 
mean temperatures were defined as characterizing 
the amplitude of the annual cycle. Representa- 
tive pressure layers of 700-500 hPa and 100-70 
hPa provide insight into differences in the am- 
plitude of the annual cycle observed from the 
three instruments. This study is a preliminary 
investigation into the application of satellite 
products for climatological studies; considerably 
more work is necessary and planned. 
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1.0 INTRODUCTION 

Global temperature and humidity 
soundings are operationally produced at 
NOAA/NESDIS in a near real time 
environment utilizing radiance 
measurements from two polar orbiting 
satellites. The two polar satellite 
operational system is essential for the 
continuous monitoring of global 
atmospheric changes. The NOAA-7 and 
NOAA-8 satellites were operational in 
early 1984. The equator crossing times 
for NOAA-8 were approximately 7:30 and 
19:30 local time and were approximately 
03:30 and 15:30 local time for NOAA-7. 
Thus, NOAA-7 and NOAA-8 provided the 
coverage for all parts of globe every 4-8 
hours. After the complete failure of the 
instruments on board the NOAA-8 satellite 
in June 1984, NOAA/NESDIS, had limited 
satellite data coverage. A decision was 
made by NOAA/NESDIS to reactivate the 
NOAA-6 satellite and produce temperature 
soundings based on the radiance 
measurements from the Microwave Sounding 
Unit (MSU) and Stratospheric Sounding 
Unit (SSU) since High resolution Infrared 
Radiation Sounder (HIRS) was not 
functioning that time. This paper deals 
with the changes made to the TIROS-N 
Operational Vertical Sounder (TOVS) 
processing system to retrieve 
temperatures utilizing data from MSU and 
SSU only. A s  several studies have been 
conducted in the past to evaluate the 
accuracies of satellite soundings, 
Phillips et al. (1979) , Brodrick et al. 
(1981) and McMillin et al. (1983), the 
NOAA-6 temperature soundings based on MSU 
data at pressures 1000-115 mb. are 
evaluated statistically in this paper 
against the conventional radiosonde 
measurements as well as NOAA-7 
temperature retrievals based on HIRS, MSU 
and SSU data. Comparisons are also made 
with the NMC analyses to further examine 

the accuracy of microwave based 
retrievals. 

2.0 INSTRUMENT CHARACTERISTICS 

The operational instruments on 
board NOAA-6 are MSU and SSU. The MSU is 
a 4 channel Dicke radiometer making 
passive measurements of the radiation 
emitted by molecular oxygen in the 50 GHz 
band. The SSU instrument is a pressure 
modulated radiometer with th ee channels 
at a wavenumber of 667 cm . The SSU 
senses the radiation emitted by carbon 
dioxide in the stratosphere. The Table 1 
provides the characteristics of various 
channels of MSU and SSU and Figure 1 
shows the corresponding weighting 
functions. The field of view (FOV) of 
MSU and ssu resolve a circular area of 
110 km and 140 km in diameter, 
respectively, at nadir. The SSU 
instrument has 8 FOVs per scan line and 
covers a linear distance of approximately 
1500 km on the earth’s surface. The MSU 
covers a linear distance of approximately 
2250 km and has 11 FOVs per scan. A more 
detailed description of these instruments 
has been given by Schwalb (1979) , and 
Smith et al. (1979). 

-f 

3.0 RETRIEVAL PROCESS 

In the normal mode when all HIRS, 
MSU and SSU instruments are functioning, 
the transformation of satellite measured 
radiances to temperature and humidity 
profiles requires many adjustments which 
are routinely done in the TOVS processing 
system. These adjustments include limb 
correction to HIRS, MSU and SSU channel 
radiances, asymmetric scan bias 
correction to MSU, water vapor 
attenuation correction to HIRS channels 
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Table 1 

The Characteristic of MSU 
and SSU channels. 

Frequency Level of peak 
MSU (GHz) energy contribution 

1 50.31 surface 
2 53.73 700 mb 
3 54.96 300 mb 
4 57.95 90 mb 

Wavelength Level of peak 
ssu ( P I  energy contribution 

1 15.0 15.10 mb 
2 15.0 4.0 mb 
3 15.0 1.5 mb 

Fig. 1 The Normalized Weighting functions 
for MSU and SSU channels. 

sensitive to water vapor and correction 
to HIRS radiances for removal of cloud 
effects. Since the SSU instrument does 
not scan as far as HIRS or MSU does, the 
SSU measured radiance data is analyzed to 
a (2.5' x 2.0°) grid in order to fill the 
inter-orbit data gaps. The temperature 
profiles are retrieved at 250 km 
resolution using the TOVS clear column 
radiances as input to statistical 
regression method. The required 
regression coefficients are updated 
weekly using the coincident radiosonde 

and satellite retrievals for the latest 
two weeks, in order to incorporate 
seasonal variations. The three types of 
temperature profiles normally produced 
are clear, partly cloudy (or N*) and 
totally cloudy. However, the totally 
cloudy retrievals are based on radiances 
measured by three stratospheric HIRS 
channels, three MSU channels (2-4) and 
three SSU channels and are therefore less 
accurate compared to clear and partly 
cloudy retrievals. A complete de- 
scription of the TOVS processing system 
is given by Werbowetzki (1981). 

The failure of HIRS instrument 
necessitated the utilization of data from 
the MSU and SSU to retrieve temperature 
profiles for NOM-6. The TOVS processing 
system was reconfigured to produce 
soundings from NOAA-6 without 
functioning HIRS instrument. All the 
adjustments required for HIRS channel 
radiances have been removed for the NOAA- 
6 data processing. Since MSU and SSU 
radiances are generally not affected by 
clouds, the correction for cloud effects 
is no longer required for NOM-6. The 
MSU radiances are corrected for limb 
effects, asymmetric scan bias and are 
colocated to HIRS field of view (FOV) for 
further processing. These are also 
examined for possible rain contamination. 
The set of all MSU channel radiances 
averaged over 63 HIRS FOVs (7 scan x 9 
FOVs) is computed to be used in 
conjunction with regression coefficients 
to retrieve temperature profiles at 250 
km resolution. However , the NOM-6 
temperature soundings, are not classified 
as clear, N* or totally cloudy, but may 
be considered to have an accuracy 
equivalent to totally cloudy retrievals. 
The retrieved temperatures at pressure 
levels between 1000 and 115 mb are based 
on only MSU channels 2,3 and 4 over land. 
However, an additional predictor, skin- 
temperature, is used for temperature 
retrievals over ocean. The temperatures 
retrieved at pressure levels between 100 
and 0.1 mb utilize the data provided by 
SSU channels 1-3 in addition to MSU 
channels 3 and 4. 

4.0 Results 

The temperature sounding data from 
NOM-6 have been statistically evaluated 
using radiosonde observations as ground 
truth. The coincident radiosonde data 
and NOAA-6 retrievals based on microwave 
data were collected for the month of 
November 1984. All the matchups were 
within 3 hours and within a 1 degree 
spatial window for the mid latitudes 
(30°N-600N) and within a 3 degree spatial 
window for the tropics (30°N-300S) both 
over land and ocean. 

The mean biases and RMS errors for 
NOM-6 retrieved temperatures minus 
radiosonde for 1000 and 115 mb pressures 
are shown in Fiqures 2 and 3 for the mid 
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for the cloudy retrievals for NOM-6 and 
NOAA-7 reveal quite interesting features. 
The NOM-6 microwave-based temperature 
retrievals have a small warm bias (less 
than 0.5OK) in both latitude bands, 30°N- 
60°N and 30°N-300S, except at the surface 
where it is about 1°K and are lower than 
NOAA-7 cloudy mean biases. The NOAA-7 
totally cloudy mean biases fluctuate 
about zero and are larger for the mid- 
latitudes than for the tropics. The 
comparison of RMS errors reveals that RMS 
errors for NOAA-6 cloudy retrievals are 
between the RMS errors for NOAA-7 
clear/N* and the totally cloudy 
retrievals for both the mid-latitudes and 
the tropics. This indicates that the 
NOM-6 temperature retrievals based on 
microwave data are statistically 
reasonable. Furthermore, it is also 

Fig. 2 Retrieval - Radiosonde Temperature 
Mean Biases (OK) versus pressure 
(mb) for November 1984 in mid 
latitudes (30°N-600N) over land and 
sea. 

TEMPERATURE RMS ERRORS (30 N - 60 N) LANO/SEA 

0 NOAA-7 CLEARINSTAR 

TEMPERATURE MEAN B I A S  (30 N - 30 S) LAND/SEA 

Fig. 4 Retrieved - Radiosonde Temperature 
Mean Biases (OK) versus pressure 
(mbk November 1984 in tropics 
(30 N-30°S) over land and ocean. 

Fig. 3 Retrieval - Radiosonde Temperature 
RMS errors (OK) versus pressure 
(mb) for November 1984 in mid 
latitudes ( 30°N-600N) over land and 
ocean. 

latitudes (30°N-600N) and in Figures 4 
and 5 for the tropics (30°N-300S). Also 
the NOAA-7 mean biases and RMS errors for 
clear/N* as well as cloudy retrievals 
minus radiosonde for the month of 
November 1984 are also shown in Figures 
2-5 for comparison purposes. The sample 
sizes used in computation of statistics 
for various types of soundings from NOAA- 
6 and NOAA-7 for the month of November 
1984 are given in Table 2. 

It is apparent from these figures 
that the totally cloudy retrievals from 
both NO=-6 and NOAA-7 have consistently 
higher mean bias and RMS errors compared 
with clear/N* retrievals from NOM-7. 
This may be due to the limited number of 
the channels employed in retrieving the 
cloudy temperature profiles. The 
comparison of mean biases and RMS errors 

59 

TEMPERATURE RMS ERRORS (30 N - 30 S )  LANfl/SEA 

0 NOAA-7 CLEARINSIAR 

Fig. 5 Retrieved - Radiosonde Temperature 
RMS errors (OK) versus pressure 
(mbk for November 1984 in tropics 
(30 N-30°S) over land and ocean. 



Table 2 
The Sample Size of Matchups Used in 

Statistical Evaluation 

Latitude Sounding Number of 
Satellite Zone Type Matchups 

NOAA-6 60°N-300N cloudy** 977 
30°N-300S cloudy** 980 

NOAA-7 60°N-300N cloudy 495 
30°N-300S cloudy 615 

NOAA-7 60°N-300N clear/N* 97 2 
3O0N-3o0S clear/N* 977 

** based on only MSU data. 

evident from these results that the RMS 
errors for NOAA-6 totally cloudy 
retrievals are generally lower in the 
tropics than the mid latitudes. This may 
be attributed to more active weather in 
the mid latitudes, in general, than in 
the tropics. The RMS errors are also 
larger at pressure levels near the 
surface and may be due to the dominant 
surface effects as well as to the clouds 
in the lower atmosphere. 

To further examine the accuracy of 
microwave based soundings, data from a 
NOAA-6 orbit on 30 January 1986 at 2324 
GMT was compared to the NMC global 
analysis data for 0000 GMT January 31, 
1986. The timeliness of the satellite 
data with respect to the NMC analysis 
provided a good opportunity for a case 
study comparison. 

Figures 6, 7 and 8 show the 
contours of analyzed NMC temperatures in 
degrees Kelvin and the microwave-based 
retrieved temperatures for NOM-6 
satellite for an area extending from 25' 
to 50° North latitude and from 60° to 95O 
West longitude at 3 levels - 700, 500 and 
300 mb. This area encompasses the 
eastern U.S. and western Atlantic ocean. 

At 300 mb, the NOAA-6 data are 
generally within about 1°K to Z°K of the 
NMC analysis except near the right edge 
of the orbital path where the effects of 
residual asymmetric scan bias for channel 
3 are possibly causing larger errors. At 
the 500 mb level the retrievals differ 
from the analysis by 2'K to as much as 
4OK even at low scan angles. The 
retrievals at 700 mb, where the weighting 
function for MSU channel 2 peaks, are 
generally quite good, being within 2OK of 
the NMC analyzed temperatures. Once 
again, the data at high scan angles 
appears to be of lower quality than the 
remainder of the data. This may be due 
to the errors inherent in the limb 
correction. 

5.0 CONCLUSIONS 

The NOM-6 soundings based on 
microwave data at pressures between 1000 
and 115 mb are consistent with NMC 
analyses as well as with NOAA-7 cloudy 
soundinge. The RMS errors are generally 
slightly lower for NOM-6 soundings 
compared to NOAA-7 totally cloudy data 
for both the tropics and the mid 
latitudes. 

Overall, the microwave-based 
retrievals tend to be i.n good agreement 
with NMC analyzed temperature data at the 
pressure levels where the MSU channel 2 
and 3 weighting functions peak, and have 
larger errors at levels in between. 

4 0  w 'O 

c, 
0 
3 

c 
-J 

30 30 

-80 -80 - 7 0  

LONQITUDE 

Fig. 6 NOAA-6 retrieved temperatures at 
700 mb for January 30, 1986 at 2423 
GMT are annotated in bold numbers. 
The contours of 700 mb temperatures 
analyses from NMC at 0O:OO GMT 
January 31, 1986 are shown at 3 
degree intervals. 

LONQITUDE 

Fig. 7 NOAA-6 retrieved temperatures at 
500 mb for January 30,1986 at 23~24 
GMT are annotated in bold numbers. 
The contours of 500 mb temperature 
analyses from NMC at 0O:OO GMT 
January 31, 1986 are shown at 3 
degree intervals. 
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Fig. 8 NOAA-6 retrieved temperatures at 
300 mb for January 30, 1986 at 
2 3 : 2 4  GMT are annotated in bold 
numbers. The contours of 300 mb 
temperature analyses from NMC at 
0O:OO GMT January 31, 1986 are 
shown at 3 degree intervals. 
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2 . 3  

ADJUSTMENT OF A SATELLITE-DERIVED CLIMATOLOGY OF STRATOSPHERIC TEMPERATURE 
FOR CHANGES I N  SATELLITE OBSERVING SYSTEMS 

K. W. J o h n s o n ,  M. E. G e l m a n ,  A. J. M i l l e r ,  F. G. F i n g e r ,  a n d  R. M.  N a g a t a n i  
A n a l y s i s  & I n f o r m a t i o n  Branch, Climate A n a l y s i s  C e n t e r ,  NMC, NWS, NOAA,  

Camp S p r i n g s ,  MD, 20233 

The A n a l y s i s  and I n f o r m a t i o n  Branch (AIB) o f  
t h e  Cl imate  A n a l y s i s  Center(CAC) i s  d e v e l o p i n g  a 
dynamic  c l i m a t o l o g y  o f  t h e  s t r a t o s p h e r e  and 
l o w e r  mesosphere ,  based  upon t h e  NMC d a i l y  
n o r t h e r n  and s o u t h e r n  hemisphe re  a n a l y s e s  of 
t e m p e r a t u r e s  and h e i g h t s  c a r r i e d  o u t  a t  t h e  
s t a n d a r d  l e v e l s  o f  7 0 ,  5 0 ,  3 0 ,  10 ,  5 ,  2 ,  1, a n d  
0.4 mb ( rough ly  18-56 km). Our c u r r e n t  c l i m a -  
t o l o g y  i s  based  on a n a l y s e s  c a r r i e d  o u t  d u r i n g  
the p e r i o d  o f  Oc tobe r  1978  t h r o u g h  mid-June 1984. 
S i n c e  one  p r i m a r y  pu rpose  o f  t h i s  c l i m a t o l o g y  i s  
t o  s e a r c h  f o r  long- te rm t r e n d s  i n  a t m o s p h e r i c  
t e m p e r a t u r e ,  i t  i s  n e c e s s a r y  t o  r e c o g n i z e  v a r i a -  
t i o n s  i n  t h e  b i a s  be tween t h e  t r u e  a t m o s p h e r i c  
t e m p e r a t u r e  and t h e  a n a l y z e d  f i e l d s .  
p roblem i s  of s p e c i a l  conce rn  a t  l e v e l s  above  10 
mb, because  a t  t h e s e  l e v e l s  t h e  NMC a n a l y s i s  i s  
c o m p l e t e l y  dependen t  upon t e m p e r a t u r e  p r o f i l e s  
d e r i v e d  f rom o p e r a t i o n a l  s a t e l l i t e  r a d i a n c e  
o b s e r v a t i o n s .  

T h i s  

The t e m p e r a t u r e  r e t r i e v a l  t e c h n i q u e  f o r  
p r e s s u r e s  l o w e r  t h a n  10 mb depends  upon a 
h i s t o r i c a l  s ample  of rocke t sonde - rad iosonde  pro- 
f i l e s  for d e r i v i n g  r e g r e s s i o n  c o e f f i c i e n t s  used  
t o  t r a n s f o r m  t h e  r a d i a n c e  o b s e r v a t i o n s  i n t o  
t e m p e r a t u r e  p r o f i l e s .  S i n c e  t h e  r e g r e s s i o n  co- 
e f f i c i e n t s  f o r  d e r i v i n g  t e m p e r a t u r e s  be tween 5 
and 0.4 mb are n o t  upda ted  (as t h e y  are for 
c o e f f i c i e n t s  f o r  l e v e l s  be tween 1000 and 10 mb) 
i t  i s  n e c e s s a r y  t o  examine  r e t r i e v e d  i n f o r m a t i o n  
€ o r  b i a s  a g a i n s t  c o i n c i d e n t  i n  s i t u  (i.e., 
r o c k e t  sonde)  o b s e r v a t i o n s .  However r o c k e t  sonde  
i n f o r m a t i o n  i s  n o t  a v a i l a b l e  u n t i l  a cons id-  
e r a b l e  t i m e  a f t e r  t h e  s a t e l l i t e  o b s e r v a t i o n s  
have  been used  i n  t h e  o p e r a t i o n a l  m e t e o r o l o g i c a l  
a n a l y s e s :  t h e r e f o r e  b i a s  c a l c u l a t i o n s  must cur -  
r e n t l y  be c a r r i e d  o u t  w e l l  a f t e r  t h e  f a c t .  
B i a s e s  be tween  rocke t sonde  and co - loca ted  s a t e l -  
l i t e  t e m p e r a t u r e  a n a l y s e s  were d i s c u s s e d  by 
Gelman and Miller a t  t h e  F i f t h  Confe rence  on t h e  
Meteoro logy  of t h e  S t r a t o s p h e r e  and Mesosphere 
a t  Boulder  i n  1985. 
f rom s a t e l l i t e  d a t a  i s  up t o  6OK warmer t h a n  t h e  
r o c k e t s o n d e  o b s e r v a t i o n s  a t  t h e  5-mb l e v e l ,  1 
t o  5'K d e g r e e s  c o l d e r  a t  t h e  2-mb l e v e l ,  3 t o  
8 O K  c o l d e r  a t  t h e  1-mb l e v e l  and up  t o  6'K 
warmer a t  t h e  0.4 mb-level. 

G e n e r a l l y  t h e  a n a l y s i s  

The e f f e c t  of t h e  change  i n  s a t e l l i t e  i n -  
s t r u m e n t a l  s y s t e m s  may be  c l e a r l y  s e e n  by 
compar ing  2-mb d a i l y  z o n a l  mean t e m p e r a t u r e s  a t  
60  d e g r e e s  N f rom d a i l y  a n a l y s e s  f o r  t h e  p e r i o d  
28-31 August 1983  (NOAA 7 )  w i t h  t h o s e  for 
t h e  p e r i o d  2-5 September  1983 (NOAA 8 ) .  T h i s  
d a t a  i s  summar ized  i n  T a b l e  1 

DATE 

Aug. 28  
29 
30 
31  

S e p t .  2 
3 
4 
5 

TABLE 1 

ANALYZED ZONAL MEAN TEMPERATURE 
AT 2-MB. 60°N ( O K )  

262.5 
262.4 
262 .2  
261.7 
257.1 
257 .1  
256.5 
256.2 

Dur ing  t h i s  autumn p e r i o d  slow r a d i a t i o n a l  
c o o l i n g  w i t h  o n l y  o c c a s i o n a l  s m a l l - a m p l i t u d e  
d i s t u r b a n c e s  shou ld  r e s u l t  i n  a s l o w ,  s t e a d y  
t e m p e r a t u r e  d e c r e a s e .  The a v e r a g e  t e m p e r a t u r e  
f o r  28-31 August i s  262.Z°K, w h i l e  t h e  a v e r a g e  
t e m p e r a t u r e  f o r  2-5 September  i s  256.7'K. The 
ana lyzed  t e m p e r a t u r e  change  i s  -4.63'K f rom 31 
Aug. t o  2 Sept .  S i m i l a r  d e c r e a s e s  i n  z o n a l  mean 
t e m p e r a t u r e  may b e  found a t  3OoN and 80°N (-3.65 
and  -3.64'K r e s p e c t i v e l y ) .  The 2-mb t e m p e r a t u r e  
b i a s  a g a i n s t  r o c k e t s o n d e  f o r  t h e  NOAA 7 s a t e l -  
l i t e  i s  - l . l ° K ,  and f o r  t h e  NOAA 8 s a t e l l i t e  i s  
-4.9OK. So t h e  v a l u e  o f  t h e  r a p i d  d e c r e a s e  i n  
a n a l y z e d  t e m p e r a t u r e  be tween  August 31  and 
September  2 i s  close t o  t h e  d i f f e r e n c e  be tween  
t h e  b i a s e s  be tween  t h e  t e m p e r a t u r e s  d e r i v e d  f rom 
t h e  r e s p e c t i v e  s a t e l l i t e  i n s t r u m e n t s  and 
r o c k e t s o n d e s .  

S i m i l a r  sudden  jumps i n  ana lyzed  mean zonal  
t e m p e r a t u r e s  a r e  found f o r  e a c h  change  o f  s a t e l -  
l i t e  or method of d a t a  p r o c e s s i n g  d u r i n g  t h e  
p e r i o d  o f  r e f e r e n c e  (October  1978 - J u n e  1984) .  
These  changes  need t o  be c o n s i d e r e d  i n  deve- 
l o p i n g  a c o n s i s t e n t  dynamic  c l i m a t o l o g y  of t h e  
s t r a t o s p h e r e .  Our p r e s e n t  s t r a t e g y  a t  t h e  A I B  
i s  t o  a d j u s t  each  month ly  mean t e m p e r a t u r e  f i e l d  
u s i n g  r o c k e t s o n d e  minus s a t e l l i t e  a n a l y s i s  b i a s  
f i g u r e s .  He igh t  f i e l d s  are t h e n  r e c a l c u l a t e d  
h y d r o s t a t i c a l l y  upwards  f o r  l e v e l s  a t  which 
t e m p e r a t u r e  f i e l d s  have  been  a d j u s t e d .  
v a l u e s  are  n o t  a d j u s t e d ,  and  o r i g i n a l ,  unad- 
j u s t e d  t e m p e r a t u r e  and h e i g h t  f i e l d s  a r e  a l s o  
p r e s e r v e d  i n  o u r  a rch ive . )  A g rand  mean f o r  each  
c a l e n d a r  month i s  t h e n  c a l c u l a t e d  a t  e a c h  g r i d  
p o i n t  (5 d e g r e e s  l a t i t u d e - l o n g i t u d e  g r i d .  

( D a i l y  

The r e s u l t i n g  month ly  t e m p e r a t u r e s  and 
h e i g h t  f i e l d s  a r e  s t o r e d  a s  a c l i m a t o l o g i c a l  
p roduc t  a v a i l a b l e  a t  t h e  s t a n d a r d  l e v e l s  c iLed  
above. I n  a d d i t i o n  p r e v i o u s l y  c a l c u l a t e d  
s t a n d a r d  d e v i a t i o n s  o f  d a i l y  v a l u e s  from month ly  
means a r e  combined u s i n g  s t a n d a r d  s t a t i s t i c a l  
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t e c h n i q u e s  t o  g i v e  an o v e r - a l l  e s t i m a t e  o f  t h e  
s t a n d a r d  d e v i a t i o n  of d a i l y  v a l u e s  from t h e  
c l i m a t o l o g i c a l  mean a t  each  g r i d  p o i n t .  The 
r e p o r t e d  s t a n d a r d  d e v i a t i o n  t h u s  inc l -udes  t r e n d s  
w i t h i n  t h e  month a s  w e l l  A S  i n s t r u m e n t a l  v a r i -  
a b i l i t y  n o t  accoun ted  f o r  and  v a r i a t i o n s  be tween 
y e a r s .  

A summary of  t e m p e r a t u r e  r e s u l t s  f o r  
J a n u a r y  i n  t h e  Nor the rn  Hemisphere i s  found i n  
T a b l e  2 .  

TABLE 2 

LEVEL (mb) M I N I M U M  M A X I M U M  
TEMPERATUKE STANDARD DEVIATION 
(deg .  K )  OF TEMPERATURE (deg .  K ) 

2 235 1 3  
1 24 5 11 

0.4 251 9 

C u r r e n t  r e s u l t s  a r e  s t o r e d  a s  d i g i t i z e d  
f i e l d s  on magne t i c  t a p e  and ana lyzed  f i e l d s  of 
t e m p e r a t u r e  and h e i g h t  f o r  each  month and each  
l e v e l  a r e  d i s p l a y e d  on n o r t h e r n  and s o u t h e r n  
hemisphe re  p o l a r  s t e r e o g r a p h i c  maps. 

S i n c e  t h i s  a d j u s t m e n t  t e c h n i q u e  h a s  proven  
Lo be  u s e f u l  i n  d e v e l o p i n g  a c o n s i s t e n t  c l ima-  
t o l o g i c a l  base  f o r  t h e  n o r t h e r n  hemisphe re ,  we 
i n t e n d  t o  ex tend  i t  t o  t h e  s o u t h e r n  hemisphe re  
and t o  b e g i n  t o  s t u d y  d e v i a t i o n s  of each  month's 
v a l u e s  f rom t h e  c l i m a t o l o g i c a l  v a l u e s  f o r  t h a t  
month. A s  more i n f o r m a t i o n  becomes a v a i l a b l e ,  
we p l a n  t o  ex tend  t h e  d a t a  b a s e  e n t e r e d  i n t o  
t h e  c l i m a t o l o g i c a l  means and s t a n d a r d  dev ia -  
t i o n s .  We a l s o  hope t o  c a r r y  back a p a r t  o f  
t h i s  c l i m a t o l o g y  t o  1964,  when t h e ,  t h e n ,  Upper 
A i r  Branch began  a n a l y s e s  i n  t h e  upper  s t r a t o -  
s p h e r e  o v e r  a p a r t  o f  t h e  Nor the rn  Hemisphere.  
Wi th  a l l  o f  t h e s e  m o d i f i c a t i o n s  we hope t o  move 
c l o s e r  t o  a d e t e r m i n a t i o n  o f  long- te rm c l ima-  
t o l o g i c a l  t e m p e r a t u r e  t r e n d s  i n  t h e  s t r a t o s p h e r e  
flnd lower  mesosphere .  
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2 . 4  

SATELLITE DERIVED MOISTURE PROFILES 

Andrew T imcha l  k 

S a t e l  1 i t e  A p p l i c a t i o n s  L a b o r a t o r y ,  NOAA/NESDIS 
Washington, DC 

1. INTRODUCTION 

The d e r i v a t i o n  o f  an a c c u r a t e  s p a t i a l  and 
tempora l  a tmospher i c  wa te r  vapor d i s t r i b u t i o n  
remains  a p rob lem ove r  sparse  d a t a  areas. 
Rawinsonde measurements o f  m o i s t u r e  a r e  by f a r  t h e  
most  r e l i a b l e ,  however, r e l a t i v e l y  few rawinsonde 
measurements a r e  made ove r  t h e  v a s t  ocean ic  a reas  
o f  t h e  Ear th .  

B e g i n n i n g  as e a r l y  as 1968, t h e  N a t i o n a l  
Env i ronmen ta l  S a t e l  1 i t e  S e r v i c e  (NESS now NESDIS) 
r o u t i n e l y  s u p p l i e d  bogus m o i s t u r e  i n f o r m a t i o n  t o  
t h e  N a t i o n a l  M e t e o r o l o g i c a l  Cen te r  (NMC) based on 
s u b j e c t i v e  e v a l u a t i o n  o f  s a t e l l i t e  c l o u d  p i c t u r e s .  
T h i s  method (bogus) ,  a f t e r  go ing  th rough  some evo- 
l u t i o n a r y  development,  c u r r e n t l y  i s  g i v e n  t h i r d  
p r i o r i t y  a f t e r  raobs  and su r face  s h i p  o b s e r v a t i o n s  
i n  s p e c i f y i n g  t h e  m o i s t u r e  f i e l d s  t h a t  a r e  a s s i m i -  
l a t e d  i n t o  t h e  NMC f o r e c a s t  models. N e i t h e r  t h e  
TIRDS O p e r a t i o n a l  Sounder (TDVS) n o r  t h e  V I S S R  
A tmospher ic  Sounder (VAS) r e m o t e l y  sounded 
m o i s t u r e  va lues  a r e  used d i r e c t l y  by t h e  f o r e c a s t  
model s .  

O f f i c e  Notes  by Chu (1977)  and P a r r i s h  
(1978)  d e s c r i b e  t h e  h u m i d i t y  a n a l y s i s  p rocedures  
used i n  NMC's o p e r a t i o n a l  p r e d i c t i o n  models. 
S t u d i e s  per fo rmed by H i  r a n 0  and Pol ger  (1977-1978) 
and H i r a n o  (1978) showed mixed r e s u l t s  when t h e  
s a t e l l i t e  c l o u d  bogus h u m i d i t y  p r o f i l e s  were i n c o r -  
p o r a t e d  i n t o  t h e  o p e r a t i o n a l  models. They found 
i n  e v a l u a t i n g  f o r e c a s t s  f o r  p e r i o d s  up t o  48 
hours ,  t h a t  m o i s t u r e  bogus ing  tended t o  a l l e v i a t e  
a 12 HR d r y  b i a s ,  b u t  i n  d o i n g  so, bogus ing  i n -  
duced excess i ve  r a i n f a l l  i n  t h e  p l a i n s  t o  t h e  
n o r t h  o f  t h e  G u l f  o f  Mexico.  P r e c i p i t a t i o n  t h r e a t  
sco res  were s i m i l a r  o r  b e t t e r  a t  12 HR w i t h  
bogus ing ,  b u t  much v a r i a b i l i t y  was found i n  t h e  
l a t e r  f o r e c a s t  p e r i o d s .  

The main  o b j e c t i v e  o f  t h i s  s t u d y  was t o  
de te rm ine  whether  t h e  TOVS m o i s t u r e  p r o f i l e s  a r e  
more ( l e s s )  a c c u r a t e  t h a n  t h e  bogus p r o f i l e s  de- 
r i v e d  f rom G e o s t a t i o n a r y  M e t e o r o l o g i c a l  S a t e l l i t e  
(GOES) c l o u d  p i c t u r e s .  The r e s u l t s  shou ld  se rve  
as a q u a n t i t a t i v e  measure o f  t h e  p r e s e n t  s t a t e - o f -  
t h e - a r t  i n  d e t e r m i n i n g  m o i s t u r e  p r o f i l e s  f rom 

weather  s a t e l l i t e s .  I n  a d d i t i o n ,  t h e  r e s u l t s  a l s o  
r e v e a l  t h e  s t r e n g t h s  and weaknesses o f  each o f  t h e  
s a t e l l i t e  m o i s t u r e  r e t r i e v a l  methods. 

2 .  METHODS 

2.1 Bogus Method 

The bogus method i s  based on 1 3  t y p i c a l  
r e l a t i v e  h u m i d i t y  p r o f i l e s  wh ich  a r e  ass igned  by 
examin ing  GOES Eas t  and GOES West c l o u d  p i c t u r e s .  
R e l a t i v e  h u m i d i t y  percentages  f o r  any g i v e n  p ro -  
f i l e  a r e  s p e c i f i e d  a t  s i x  mandatory p ressu re  
l e v e l s  f ro in 1000 t o  300 mb. These p r o f i l e s  a r e  
used by NMC o v e r  ocean a reas  and p a r t s  o f  Mex ico  
o n l y  i f  no raob o r  s u r f a c e  s h i p  o b s e r v a t i o n s  a r e  
p r e s e n t .  A t  t h e  p r e s e n t  t i m e ,  bogus h u m i d i t y  p ro-  
f i l e s  a r e  p r o v i d e d  t w i c e  d a i l y  t o  NMC f o r  a 2.5 
l a t  x 2.5 l o n g  g r i d  a rea  bounded by: 20N - 57.5N 
65W - 180W (ocean areas  o n l y ) .  The p r o f i l e s  were 
deve loped o v e r  a p e r i o d  o f  t i m e  by c o r r e l a t i n g  RH 
p r o f i l e s  w i t h  s y n o p t i c  s i t u a t i o n s  as i d e n t i f i e d  by 
s a t e l l i t e  imagery.  

Mode 
and 
1000 

M o i s t u r e  i s  a s s i m i l a t e d  i n t o  t h e  G loba l  
a t  s i x  mandatory l e v e l s  from 1000 t o  300 mb 

n t o  t h e  LFM Model f o r  t h r e e  l a y e r s  between 
and 500 mb. 

The c l o u d  a n a l y s i s  p rocedure  i s  such t h a t  
obv ious  c l o u d  c a t e g o r y  a reas  a r e  f i rst  d e l i n e a t e d  
w i t h i n  t h e  a n a l y s i s  boundar ies .  The rema in ing  
a reas  ( d e f a u l t  Category  8 )  r e p r e s e n t  r e g i o n s  whcre 
no weather  systems a r e  p resen t ,  i . e . ,  c l e a r  s k i e s ,  
o r  i n  t h e  e x t r a t r o p i c s ,  r e g i o n s  o f  s c a t t e r e d  t o  
b roken  low  c louds  i n  t h e  fo rm o f  s t ra to -cumu lus  o r  
s t r a t u s .  Thus, i n  t h e  a n a l y s i s  scheme, Category  8 
i s  t h e  most commonly observed ca tegory .  Fo r  a 
comp le te  d e s c r i p t i o n  o f  t he  m o i s t u r e  bogus program, 
r e f e r  t o  S m i g i e l s k i  e t  a l .  (1982) .  

O f  t h e  460 g r i d  p o i n t  w i t h i n  t h e  a n a l y s i s  
boundar ies ,  Category  8 i s  n o r m a l l y  ass igned t o  more 
t h a n  o n e - h a l f  o f  t h e  p o i n t s ,  I t  i s  i n  these  l a r g e  
a r e a s ,  where i n a c t i v e  weather  systems d r e  p r e s e n t ,  
t h a t  Category  8 i s  ass igned.  F u r t h e r ,  i t  i s  i n  
t h e s e  l a r g e  areas  ( c l e a r  and p a r t l y  c l o u d y )  t h a t  
one would expec t  t h e  TOVS method t o  o u t  p e r f o r m  

64 



t h e  c l o u d  bogus method.  

2.2 TOVS Method  

The TOVS m o i s t u r e  v a l u e s  a r e  d c t e r i n i n e d  by 
u s i n g  a s t a t i s t i c d l  e i g e n v e c t o r  r e g r e s s i o n  me thod  
d e v e l o p e d  b y  S m i t h  e t  a l .  ( 1 9 7 9 ) .  TOVS m i x i n g  
r a t i o  v a l u e s  a r e  c d l c u l a t e d  b y  a p p l y i n g  E q u a t i o n  
(1)  a t  15 d i f f e r e n t  p r e s s u r e  l e v e l s  f r o i n  1000 t o  
300 mb and by u s i n g  15  o f  t h e  27 TOVS s o u n d i n g  
c h d n n e l s .  

M R i  = MRAi -t C i j ( T B 0 j  - T B A j )  (1) 

I n  E q u a t i o n  ( l ) ,  M R i  i s  t h e  r e t r i e v e d  
( n i x i n g  r d t i o  a t  t h e  i t h  l e v e l .  MRAi i s  t h e  
a v e r a g e  m i x i n g  r a t i o  a t  t h e  i t h  l e v e l ,  TBA j  i s  t h e  
a v e r a g e  b r i g h t n e s s  t e m p e r a t u r e  f o r  t h e  j t h  chan-  
n e l ,  and t h e  C i j ' s  a r e  t h e  c o e f f i c i e n t s  f o r  each  
O f  t h e  15 c h a n n e l s  ( j )  a n d  15  p r e s s u r e  l e v e l s  ( i ) .  
A l l  o f  t h e  t e r m s  on t h e  r i g h t  hand s i d e  o f  
E q u a t i o n  ( l ) ,  e x c e p t  f o r  TBOj ,  a r e  o b t a i n e d  a 
p r i o r i  and a r e  u p d a t e d  on a w e e k l y  b a s i s .  TBOj i s  
t h e  TOVS o b s e r v e d  b r i g h t n e s s  t e m p e r a t u r e  f o r  each  
c h a n n e l  a t  t h e  l o c a t i o n  f o r  w h i c h  t h e  i n o i s t u r e  
r e t r i e v a l  i s  made. 

3. PROCEDURE 

F o r  t h i s  s t u d y ,  RAOB, bogus,  and TOVS d a t a  
w e r e  c o l l e c t e d  d u r i n g  1 9 8 4 ,  p r i m a r i l y  d u r i n g  t h e  
m o n t h s  May t h r o u g h  Sep tember .  Bogus c l a s s i f i c a t i o n s  
w e r e  o b t a i n e d  f r o i n  t h e  d a i l y  o p e r a t i o n a l  f i l e .  TOVS 
r e t r i e v a l s  w e r e  e x t r d c t e d  f r o i n  t h e  o p e r a t i o n a l  
NESOIS D a t a  S t a g i n g  D i s k  (DSD3) f i v e - d a y  r o t a t i n g  
f i l e .  
l o c a t e d  w i t h i n  a 9 0  n m i  r a d i u s  o f  t h e  RAOB l o c a -  
t i o n .  Bogus t i m e s  a r e  c h o s e n  t o  be n o m i n a l l y  one 
h o u r  b e f o r e  t h e  00 a n d  1 2  GMT s y n o p t i c  t i m e s .  
TOVS r e t r i e v a l s  w e r e  r e q u i r e d  t o  f a l l  w i t h i n  a 
t h r e e  h o u r  window c e n t e r e d  on t h o s e  s y n o p t i c  
t i m e s .  

Bogus and  TOVS d a t a  w e r e  b o t h  r e q u i r e d  t o  be 

The  

E x t e n s i v e  s t a t i s t i c a l  a n a l y s e s  o f  t h e s e  
d a t a  have  been made and r e s u l t s  w i l l  be p u b l i s h e d  
i n  a N E S D I S  T e c h n i c a l  R e p o r t .  

4 .  RESULTS 

The s i n g l e  b e s t  measure  o f  a c c u r a c y  f o r  
m o s t  o p e r a t i o n d l  p u r p o s e s  i s  t h e  RMSC. T a b l e  A 
shows a c o m p a r i s o n  o f  t h e  bogus and TOVS MR RMSC 
v a l u e s  s e p a r a t e d  b y  a s l a s h  f o r  each  c a t e g o r y  a t  
t h e  s i x  n i d n d a t o r y  p r e s s u r e  l e v e l s .  

f o r  t h e  bogus f4R v a l u e s  f o r  C a t e g o r i e s  2 - 7  w e r e  
s i r i a l l e r  ( b e t t e r )  t h d n  t h o s e  o f  t h c  TOVS v a l u e s .  B u t  
i n  C a t e g o r i e s  8-13, t h e  TOVS RMSE v a l u e s  w e r e  
b c t t e r .  A t  850 and  700 mb,  t h e  TOVS RMSC v a l u e s  
Were s m a l l e r  t h d n  t h e  bogus v a l u e s  f o r  a l l  c a t e -  
g o r i e s .  A t  500, 400, a n d  300 mb t h e  r e s u l t s  w e r e  
m i x e d ,  b u t  g e n e r a l l y  t h e  bogus MR RMSE v a l u e s  w e r e  
o n l y  s l i g h t l y  b c t t e r  t h a n  t h e  TOVS. 

The b o t t o m  row i n  T a b l e  A shows t h e  RMSE f o r  
a l l  c a t e g o r i e s  combined.  F o r  t h e  1103 m a t c h u p s ,  t h e  
RMSC v a l u e s  were  l a r g e r  f o r  t h e  bogus  m e t h o d  t h a n  
f o r  t h e  TOVS m e t h o d  d t  a l l  l e v e l s ,  e x c e p t  4 0 0  a n d  
300 nib. 
t h e  bogus ones a t  t h e  850 a n d  700 mb l e v e l s .  

I n  T a b l e  A a t  1000 mb, we see t h a t  t h e  RMSE 

TOVS RMSC v a l u e s  were  i i i a r k e d l y  l o w e r  t h a n  
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5. SUMMARY 

TOVS i n o i s t u r e  v a l u e s ,  when a v a i l a b l e ,  were  
on  a p a r  w i t h  o r  b e t t e r  t h a n  t h e  c l o u d  bogus 
m o i s t u r e  v a l u e s .  E x c e p t  f o r  ma tchups  n e a r  dense  
b r o k e n / o v e r c a s t  c l o u d  a r e a s  and a t  l e v e l s  above 
5 0 0  n b ,  t h e  TOVS m e t h o d  showed l e s s  RMSE t h a n  d i d  
t h e  bogus v a l u e s .  

An a d v a n t a g e  o f  t h e  TOVS m e t h o d  i s  t h a t  i t  
i s  f u l l y  a u t o m a t e d  and c a n  be a p p l i e d  g l o b a l l y ;  
h o w e v e r ,  some accompany ing  d i s a d v a n t a g e s  a r e  t h a t  
t h e  r e t r i e v a l s  a r e  a s y n o p t i c  and  t h a t  t h e y  a r e  made 
o n l y  i n  c l e a r  and  p a r t l y  c l o u d y  a r e a s .  

t h a t  p r o f i l e s  a r e  a v a i l a b l e  a t  s y n o p t i c  t i m e  and 
o v e r  a r e a s  where  no TOVS m o i s t u r e  v a l u e s  a r e  
r e t r i e v e d .  The d i s a d v a n t a g e  o f  t h e  bogus  me thod  
i s  t h a t  t h e  m o i s t u r e  v a l u e s  a r e  l e s s  a c c u r a t e  t h a n  
t h e  TOVS i n  c l e a r  and  p a r t l y  c l o u d y  a r e a s .  
F u r t h e r ,  t h e  bogus  me thod  i s  o n l y  p a r t i a l l y  a u t o -  
m a t e d  and  r e q u i r e s  s u b j e c t i v e  i n t e r p r e t a t i o n  o f  
c l o u d  i m a g e r y .  

The  m a j o r  a d v a n t a g e  o f  t h e  bogus m e t h o d  i s  
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2 . 5  

RELATIONSHIPS BETWEEN 6 . 7  MICROMETER 

IMAGERY AND RADIOSONDE-DERIVED PARAMETERS 

Michael R. Stewart 

Department o f  Earth 
and Atmospheric Sciences 
Saint  Louis Un ivers i ty  

S t .  Louis, MO 63103 

1.  INTRODUCTION 

S a t e l l i t e  radiometers have been 
designed t o  detect  i n f ra red  ( IR) energy emitted 
by atmospheric water vapor, and some o f  the 
wavelengths, e.g., the 6 . 3  and 6.7 pm channels, 
are a f fec ted  p r imar i l y  by vapor i n  the middle 
troposphere. Water vapor imagery f i r s t  was 
obtained from po la r  o r b i t i n g  platforms; 
however, i t  now i s  ava i lab le  from geostationary 
s a t e l l i t e s  such as METEOSAT and GOES. The sen- 
sor onboard QOES i s  ca l l ed  the V i s i b l e  In f ra red  
Spin-Scan Radiometer (VISSR) Atmospheric 
Sounder (VAS). 

Appl icat ions o f  water vapor imagery 
include the preparat ion o f  h igh reso lu t ion  
humidity f i e l d s ,  wind determination from 
t rack ing  image features, and loca t ing  areas o f  
Convective i n s t a b i l i t y .  I n  addi t ion,  the ima- 
gery has been re la ted  t o  locat ions o f  the 
subtropical  (Mart in and Salomonson, 1970) and 
polar (Ramond e t  a l . ,  1981) j e t  streams. With 
the l a t t e r ,  warm (dry )  regions del ineated t r o -  
popause breaks o f ten  associated w i th  polar 
f ron ta l  a c t i v i t y .  However w i th  the subtropical  
j e t ,  maximum radiance coincided w i th  areas o f  
subsidence. F ina l l y ,  w i t h  the assumption tha t  
vapor i s  conserved w i t h i n  an atmospheric 
Volume, water vapor imagery has been used as a 
t racer  t o  i n f e r  tropospheric dynamics (Rodgers - e t  fl., 1976) .  

I n te rp re ta t i on  o f  6.7 pm imagery i s  
not s t r a i g h t  forward. Black body temperature 
(TB) i s  a f fec ted  by vapor content, the tem- 
perature a t  which the vapor occurs, and viewing 
angle. Weldon and Holmes (1984) concluded tha t  
g rea t l y  d i f f e r i n g  v e r t i c a l  vapor d i s t r i b u t i o n s  
can produce s im i la r  radiances. On the other 
hand, Petersen fl. (1984)  emphasized tha t  
image in te rp re ta t i on  i s  unambiguous i n  areas o f  
low humidity because warm low-level tem- 
peratures observed through the dry  a i r  a l o f t  
W i l l  contrast  with cooler temperatures produced 
by the surrounding midlevel moisture. The 6.7 
pm rad ia t i on  i s  not s i g n i f i c a n t l y  a f fec ted  by 
the ear th 's  surface, except f o r  areas o f  h igh 
e leva t ion  i n  a d ry  atmosphere. S im i la r l y ,  low 
clouds usua l ly  have l i t t l e  e f f e c t  on the ima- 
gery. On the other hand, c i r r u s  and cumulonim- 
bus clouds are r e a d i l y  evident i n  both the  6.7 
ctm and standard window channels. 

Henry E. Fuelberg 

Department o f  Meteorology 
F lo r i da  State Un ivers i ty  

Tallahassee, FL 32306 

This study uses special  mesoscale 
radiosonde data t o  inves t iga te  a pronounced 
warm (dry) "streak" i n  6 . 7  pm imagery. The 
goals are t o  describe re la t ionsh ips  between the 
images and various thermodynamic and kinematic 
patterns diagnosed from ground-based data, and 
t o  explain causes f o r  image v a r i a b i l i t y  by 
using water vapor budget analyses. 

2. METHODOLOGY 

The per iod o f  study i s  the 6-1 March 
day o f  the 1982 Atmospherjc V a r i a b i l i t y  
Experiment (AVE)/VAS Ground Truth F i e l d  
Experiment. Twenty four National Weather 
Service (NWS) radiosonde s i t e s  over the south- 
cent ra l  United States co l lec ted  special data a t  
3 h in te rva ls ,  and nested w i t h i n  t h i s  domain 
were th i r t een  special  s i t e s  over cent ra l  Texas 
having an average spacing o f  125 kin. VAS ima- 
ges were ava i lab le  a t  times corresponding t o  
the ground-based data. 

Only the NWS p r o f i l e s  were used i n  
several aspects o f  the invest igat ion.  Sounding 
data were ob jec t i ve l y  analyzed onto a 168 km 
g r i d  mesh a t  the surface and a t  50 mb in te rva l s  
between 900 and 100 mb. However, the l a s t  
l eve l  w i th  humidity informat ion usual ly was 350 
mb. Ver t i ca l  motions were computed using the 
kinematic method w i t h  a lower boundary con- 
d i t i o n  o f  zero. The p r o f i l e  was adjusted t o  
zero a t  100 mb using standard techniques. 

Water vapor budgets were calculated 
from sonde data using 

where P-E represents the combined e f f e c t s  o f  
p r e c i p i t a t i o n  and evaporation, w i s  mixing 
r a t i o ,  and w i s  v e r t i c a l  motion i n  i sobar ic  
coordinates. Since the LHS i s  computed as a 
res idua l ,  i t  also includes t rans fers  o f  vapor 
between resolvable and unresolvable scales as 
we l l  as e f f e c t s  o f  computational e r ro rs .  
Centered f i n i t e  d i f f e renc ing  was used t o  calcu- 
l a t e  a l l  spa t i a l  der iva t ives  and most temporal 
der iva t ives .  



3 .  WEATHER CONDITIONS 

Synoptic maps a t  1200 GMT 6 March 1982 
(Fig. 1) show condi t ions a t  the beginning o f  
the special  data c o l l e c t i o n  period. A t  the 
surface, weak high pressure covered much o f  the 
southcentral United States. A s ta t ionary  f r o n t  
stretched along the Gulf Coast, and a co ld  
f r o n t  was r a p i d l y  advancing southward through 
the Northern Plains. I n  the upper levels,  the 
dominant feature was a major trough. A t  500 mb 
(not shown), warming over Kansas and the Texas 
Panhandle suggested tha t  the  co ld  dome asso- 
c ia ted  w i th  the trough now was col lapsing. A t  
200 mb (Fig. l ) ,  a j e t  streak was located over 
northern Mexico, j u s t  south o f  Arizona, and a 
second streak was centered over the  A t l a n t i c  
coast. 

Figure 2 i s  a schematic o f  c i r r u s  
cloud cover and 6 . 7  j i m  image patterns.  A t  the 
f i r s t  t ime (1100 GMT 6 March), clouds blanketed 
the eastern h a l f  o f  the study area; however, a 
we l l  defined l i n e  o f  c lea r ing  progressed east- 
ward dur ing the dey, and by 0230 GMT 7 March, 
only the eastern edge o f  the domain s t i l l  was 
af fected. Clouds i n  the northwestern corner 
were associated w i th  the  advancing f ron t .  The 
i n i t i a l  6 . 7  pm image (Fig. 2 )  indicates a large 
dry  (warm) area over Arizona and southwestern 
New Mexico, and fu r ther  east, there are two 
narrow warmstreaks having a northeast-southwest 
o r i en ta t i on .  I 'aral le l  mesoscale features also 
are evident over cent ra l  Texas a t  2030 GMT. 
The southernmost components l i e  near the edge 
o f  the c i r r u s  clouds, but nearby low clouds 
(not shown) should have l i t t l e  e f f e c t  on the 
patterns. During the  course o f  the  period, the 
dry  area over the Southwest expands and moves 
eastward, covering most o f  Texas by 0230 GMT. 
The dual character of the image streak dimi-  
nishes, and by 2330 GMT there i s  on ly  one 

d i s t i n c t  feature which merges w i th  the broader 
area advancing eastward. Animated loops o f  
actual  images ind ica te  tha t  enlargement o f  the 
warm (dry) region w i t h i n  the study area ar ises  
both from advection and loca l  development. 
This hypothesis i s  supported by water vapor 
budgets t o  be presented l a t e r .  

F ig .  1. National Meteorological Center 
analyses. A t  200 mb, isotachs 
(dashed) are i n  m s-l. 

Fig.  2. Sub jec t ive ly  determined c i r r u s  c loud locat ions (hatched) and 
schematics o f  6.7  pm TB. The t h i n  l i n e  denotes 240 6 TB 6 244 
K whi le shading represents TB > 244 K. 
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4. IMAGE RELATIONSHIPS 

Being mesoscale phenomena, the paral-  
l e l  warm (dry) streaks i n  Fig.  2 l i e  between 
the NWS radiosonde s ta t ions .  They are best 
posi t ioned w i t h i n  the network o f  special  s i t e s  
i n  cent ra l  Texas a t  2030 GMT. A t  tha t  time TBs 
f o r  the dry  segments are 245 and 248 K ,  and i n  
the region between them, the temperature i s  
approximately 243 K. Thus, streak d u a l i t y  i s  
not pronounced. Mixing r a t i o s  from the special  
network and nearby NWS s ta t ions  were hand ana- 
lyzed w i th  the goal o f  v e r i f y i n g  the double 
streak. That i s ,  no radiosonde data were 
v io la ted ,  but the images were used as guides 
whenever several analysis in te rpre ta t ions  were 
possible.  Patterns a t  700 mb (Fig. 3) show 
the cloudy, humid area over the southeastern 
Texas containing mixing r a t i o s  exceeding 5 g 
kg - l .  Over c lear  regions, however, values 
ran e .from 1.4 g kg- l  a t  Albuquerque t o  0.5 g 
kg-f only a few hundred ki lometers southeast- 
ward a t  Abilene, TX. I n  agreement w i th  the 
images (Fig. 2), the mixing r a t i o s  show two dry 
regions w i th  northeast-southwest o r ien ta t ions .  
Values f o r  the moist area i n  between are only 
about 0.3 g kg-1 greater. Mixing r a t i o s  a t  
700 mb show be t te r  image agreement than those 
a t  other levels,  but patterns o f  p rec ip i t ab le  
water (not shown) e x h i b i t  less cor re la t ion .  

Fig.  3.  Top: Mixing r a t i o s  (g kg - l )  
a t  700 mb on 2100 GMT 6 March 
1982. The analysis was 
terminated a t  1 g kg- l .  
Bottom: Skew T-log p diagram 
f o r  Abilene, Crowell, and 
Henriet ta,  TX a t  2100 GMT. 
Locations are shown on the top 
pane 1 . 

Soundings f o r  Henr iet ta (HEN), Abilene 
(ABI), and Crowell (CRO), TX corresponding t o  
the moist and two dry areas, respect ively,  a lso 
are shown i n  Fig.  3 .  Although tropospheric 
temperature p r o f i l e s  are s im i la r ,  700 mb 
dewpoints f o r  AB1 and CRO are 2-3OC colder 
( d r i e r )  than a t  HEN. When these soundings were 
input t o  a r a d i a t i v e  t rans fer  model, the d r i e r  
p r o f i l e s  y ie lded 6.7 wm weighting funct ions 
(not shown) w i th  lower a l t i t u d e  peaks and 
greater simulated radiances, thereby agreeing 
w i th  observed imagery. Thus, i n  summary, there 
i s  ground-based v e r i f i c a t i o n  f o r  the dual 
character o f  the image steak, even though i t  i s  
a subt le  feature tha t  i s  not obvious even i n  
the special mesoscale radiosonde data. 

Although i t  would be desirable t o  
study mesoscale cha rac te r i s t i cs  o f  the image 
streak i n  greater d e t a i l ,  poor placement w i th  
respect t o  the special  radiosonde sites makes 
t h i s  v i r t u a l l y  impossible. Therefore, i n  the 
iwndinder o f  t h i s  paper, on ly  i t s  synoptic 
scale aspects w i l l  be considered. Prec ip i tab le  
water (PW), ca lcu la ted  from the NWS s i t es ,  i s  
given f o r  the 800-350 mb layer i n  Fig.  4. The 

Fig. 4. Prec ip i tab le  water (cm) f o r  
the 800-360 mb layer.  Image 
schematics are as i n  Fig.  2. 



surface-800 mb region i s  not included because 
i t s  high moisture content dominates PW although 
r a d i a t i v e  t rans fer  ca lcu la t ions  ind ica te  less 
than a 10% con t r i bu t i on  t o  t o t a l  6 . 7  pm 
rad ia t ion .  I n  general, there i s  ground-based 
v e r i f i c a t i o n  f o r  most o f  the large scale image 
features; however, i t  i s  i n te res t i ng  tha t  warm 
TB over the southwest corner does not 
correspond t o  minimum PW. 

The review sect ion noted re la t i ons  
between water vapor imagery and j e t  streams. 
For the current case, t h i s  i s  explored through 
v e r t i c a l  cross sections (Fig. 5 )  from Denver, 
CO (DEN) t o  Boothv i l le ,  LA (BVE). A t  2100 GMT, 
the po la r  f ron t  i s  associated w i t h  strong gra- 
d ien ts  o f  temperature and mixing r a t i o .  The 
j e t  stream ( top  panel),  located near the f ron t ,  
contains winds i n  excess o f  50 m s - l .  Ramond 
- e t  a. (1981) observed tha t  the maximum 6.7  pm 
radiance band near po la r  j e t s  accurately d e l i -  
neated the tropopause break, i.e., the fa r thes t  
poleward po in t  reached by the overhanging warm, 
moist subtropical  a i r .  On 6-7 March, TBs 
p l o t t e d  along the top  o f  the cross sect ions 
(Fig. 5)  show tha t  greatest  radiance ( the  
streak) corresponds t o  the tropopause break, 
thereby agreeing w i th  the Ramond e t  a l .  con- 
cept. I t  should be noted, however, t ha t  cross 
sections through t h i s  region a t  e a r l i e r  times 
(not shown) indicated tropopause breaks even 
though the image steak was not ye t  we l l  
defined. Thus, the mere presence o f  a break 
does not seem t o  guarantee a warm (dry) image 
feature, suggesting tha t  other fac to rs  c o n t r i -  
bute as we l l .  

Fig.  5. Cross sections from DEN t o  BVE 
a t  2100 GMT 6 March. A t  the 
top, po ten t i a l  temperature 
( s o l i d )  i s  i n  O K ,  and wind 
speed ( s o l i d )  i s  i n  m s - l .  A t  
the bottom, temperature (OC) 
i s  sol id,and mixing r a t i o  (g 
kg - l )  i s  dashed. TB and cloud 
locat ions are along the top of 
each panel. 

Subsidence associated w i th  the j e t  
stream and trough/r idge pa t te rn  i s  a l i k e l y  
cause f o r  the dry  region cons t i t u t i ng  the image 
streak. Middle tropospheric v e r t i c a l  motions 
a t  1100 GMT (Fig. 6 )  show ascent over the 
southeastern h a l f  o f  the domain tha t  agrees 
w i th  the p r e c i p i t a t i o n  and cloudiness. 
Northwest o f  the j e t  axis,  however, there i s  
widespread subsidence i n  the area o f  the deve- 
loping image pa t te rn .  Over the southwest 
corner, descent a lso  corresponds w i th  dry con- 
d i t i o n s .  Patterns a t  2100 OMT are s im i la r  t o  
those 10 h e a r l i e r .  Spec i f i ca l l y ,  there i s  
ascent from Missouri t o  southern Texas where 
there i s  c loud cover, but  there i s  subsidence 
elsewhere. Thus, the area o f  strong subsidence 
again corresponds t o  the warmest ( d r i e s t )  
region on the 6.7  pm image. I t  should be noted 
tha t  sa te l l i t e -de r i ved  ozone concentrat ions 
(not shown) are greatest  i n  the region o f  the 
developing streak, thereby suggesting the down- 
ward i n t rus ion  o f  d ry  stratospher ic a i r ,  
possibly associated w i th  tropopause fo ld ing  
(Chesters and Ucce l l i n i ,  1985, personal 
communication). F ina l l y ,  v e r t i c a l  motions a t  
0300 GMT (Fig.  6 )  continue the evo lu t ion  noted 
e a r l i e r .  

Fig.  6. Ve r t i ca l  motion (pb s - l )  a t  
500 mb. Schematics o f  6 .7  pm 
imagery are as i n  Fig.  2. The 
ax is  o f  the j e t  stream also i s  
indicated. 
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According t o  Re i te r ' s  (1963)  advective 
j e t  model fo r  s t r a i g h t  l i n e  flow, ascending 
(descending) motions are expected i n  the l e f t  
f r o n t  and r i g h t  rear ( r i g h t  f r o n t  and l e f t  
rear )  quadrants o f  j e t  streaks. With cyc lon i -  
c a l l y  curved f low as on 6-7 March, motions on 
the l e f t  s ide  should be enhanced whereas those 
on the an t icyc lon ic  s ide should be undefined. 
The v a l i d i t y  o f  t h i s  s i m p l i f i e d  approach i s  
somewhat suspect since Shapiro and Kennedy 
(1981)  noted tha t  s t r a i g h t  l i n e  dynamics are 
not appl icable t o  cases when upper leve l  j e t s  
are embedded w i t h i n  synoptic wave regimes. 

I n  the current case, v e r t i c a l  motions 
do not always agree w i th  the s i m p l i f i e d  model. 
For example, i f  i t  i s  assumed tha t  the AVE-VAS 
region i s  inf luenced by the  j e t  streak over the 
A t l a n t i c  Coast (Fig. l ) ,  there i s  the predicted 
descent i n  the l e f t  rear quadrant and ascent i n  
r i g h t  rear sector. On the other hand, a t  the 
f i r s t  time, one might expect a t  leas t  the 
western ha l f  o f  the domain t o  be dominated by 
the streak over northern Mexico, and a t  2100 
and 0230 GMT, most o f  the region should be 
s i m i l a r l y  af fected. I n  tha t  case, the 
s i m p l i f i e d  models p red ic t  ascent, not the 
observed descent, i n  the l e f t  f r o n t  quadrant. 
We cu r ren t l y  are explor ing the s t ruc tu re  o f  the 
j e t  stream i n  much greater d e t a i l  i n  an attempt 
t o  be t te r  understand i t s  r e l a t i o n  t o  water 
vapor imagery on 6-7 March. A t  t h i s  po in t ,  
however, subsidence, whatever i t s  o r i g in ,  
appears t o  be an important f ac to r  i n  forming 
the dry  image streak. 

5 .  WATER VAPOR BUDGETS 

Water vapor budget analyses now are 
used t o  explore va r ia t i ons  i n  TB. The 
underlying assumption i s  tha t  f l uc tua t i ons  i n  
6 . 7  pm rad ia t i on  are a t t r i b u t a b l e  mostly t o  
changes i n  humidity. Equation ( 1 )  f i r s t  was 
evaluated a t  the i nd i v idua l  g r i d  points;  then, 
these resu l t s  were averaged over three subareas 
enclosing p a r t i c u l a r  image features: the  deve- 
loping dry  streak from Texas t o  Missouri,  the 
Consistent ly dry area over the southwest corner 
Of the network, and a region o f  increasing 
vapor over the Midwest. Locations o f  the 

averaging areas moved w i th  the feature 
enclosed; an example i s  given i n  Fig.  7. 
F ina l l y ,  resu l t s  f o r  each area were composited 
i n t o  space-time averages. Only i n teg ra t i on  
over the 800-350 mb layer i s  presented i n  Table 
1 because rad ia t i ve  t rans fer  ca lcu la t ions  i n d i -  
cated tha t  the surface - 800 mb layer had 
l i t t l e  e f f e c t  on TB. Furthermore, t r i a l  water 
vapor budgets including the lower layer exhi- 
b i t e d  few di f ferences from those being shown. 
Area averaged TB (not shown) also was calcu- 
la ted  f o r  the three regions i n  Fig. 6 .  These 
values were based on p i xe l s  tha t  were not cloud 
contaminated. 

Near the developing dry streak over 
Texas (Fig. 7 ) ,  the loca l  de r i va t i ve  (Table 1 )  
indicates decreasin water vapor content 
( -43.85 x g.cm-3 s-l)  corresponding t o  a 
steady increase i n  TB from 238.3 t o  246.0 K. 
Hor izontal  f l u x  d iver  ence i s  the dominant 
vapor s ink  (32 .98  x lo-! g s - l )  whi le ver- 
t i c a l  f l u x  divergence i s  a secondary sink. 
Average v e r t i c a l  motion over the area a t  500 mb 
i s  1.25 pb s-l (subsidence). The residual  term 
(P-E) indicates a r e l a t i v e l y  weak vapor source 
( - 5 . 0 4  x 10-6 g cm-2 s - l ) .  Since the dry 
streak and averaging area were on the edge o f  
cloud cover t o  the southeast, p o s i t i v e  P-E 
could represent evaporation o f  the nearby 
clouds. Also, there i s  strong v e r t i c a l  wind 
shear which could cause upward eddy transport  

Fig.  7. Locations o f  averaging regions 
a t  2100 GMT. Image schematics 
are as i n  Fig.  2 .  

Table 1 :  Area-time averaged water vapor budgets f o r  l i m i t e d  regions 
enclosing image features. 
800-350 mb layer and are g 
w which i s  pb s - l .  

Values are integrated f o r  the 
s - l ,  except f o r  500 mb 

4 - +  

Feature Times a w l a t  v o w  v a(ow)/ap P-E ~ 5 0 0  

1100- 
Streak 0230 CMT -43.85 32 .98  15.91 -5 .04  1 .25  
Dry 

Southwest 1100- 
Dry Area 2030 GMT -39.91 28.79 18.04 -6 .92  3 . 5 8  

Midwest 1100- 
Humid 0230 GMT 13.70 -1 .64  11.32 -23.38 1 . 7 0  
Area 
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o f  moisture from the more humid a i r  near the 
surface. F ina l l y ,  data and computational 
uncertainty must be acknowledged as we l l .  

Current resu l t s  agree w i th  those o f  
Rodgers G. (1976) w h o  also noted tha t  warm 
(dry) image streak formation was produced by 
both hor izon ta l  and v e r t i c a l  t ransports.  On 
the other hand, Ramond e. (1981) empha- 
s ized the r o l e  o f  v e r t i c a l  motions i n  proiliicirrg 
such streaks. During 6-7 March, however, h o r i -  
zontal t ransport  c l e a r l y  was the dominant 
mechanism. 

For the warm (dry) region over the 
Southwest (Fig. 7), only the f i r s t  four times 
were averaged because the area l a t e r  merged 
w i th  the dry  streak fa r the r  east (already 
described). I n  fac t ,  the vapor budget f o r  t h i s  
feature (Table 1) i s  very s i m i l a r  t o  tha t  o f  
the  streak i t s e l f .  Spec i f i ca l l y ,  decreasing 
humidity (-39.91 g s-1) associated w i th  TB 
increasing from 243 t o  250 K again i s  a t t r i b u -  
tab le  t o  vapor s inks by both hor izon ta l  and 
v e r t i c a l  f l u x  divergence. P-E continues t o  
i nd i ca te  a r e l a t i v e l y  weak source. 

The f i n a l  image feature i s  a r e l a t i -  
ve ly  cool (moist) area tha t  i n i t i a l l y  was over 
Colorado but s tead i l y  advanced southeastward 
(Fig. 7). The v e r t i c a l  sum o f  a w / a t  (Table 1) 
i s  13.70 x g s-l, i nd i ca t i ng  modera- 
t e l y  increasing vapor content. Although h o r i -  
zontal  f l u x  convergence i s  a weak vapor source 
t o  t h i s  area, v e r t i c a l  T-llix divergence asso- 
c ia ted  w i t h  the  subsidence more than coun- 
te rac ts .  Thus, the residual  term i s  the 
greatest  source f o r  increasing vapor content. 
Animated loops o f  6.7 pm and standard I R  images 
ind ica te  t h a t  middle and upper l eve l  c loud 
cover i s  d i ss ipa t i ng  as i t  moves southeastward, 
and Petersen e t  a l .  (1984) suggested tha t  eva- 
pora t ing  c i r r u s  may produce cool (moist) areas 
on 6.7 pm imagery. That appears t o  be a l i k e l y  
fac to r  i n  the current case as we l l .  

6. CONCLUSIONS 

This paper has described our i n i t i a l  
e f f o r t s  toward understanding 6.7 wm imagery on 
6-7 March 1982. Based on special  mesoscale 
radiosonde data, there was ground-based v e r i f i -  
ca t i on  f o r  some small scale and subt le  image 
features. I n  a la rger  sense, the developing 
warm (dry) image streak was a t t r i b u t a b l e  both 
t o  subsidence and hor izon ta l  f l u x  divergence o f  
vapor. The streak was located near the tropo- 
pause break associated with the po la r  f ron t .  

Our current research on t h i s  case con- 
s iders tropopause fo ld ing  and add i t iona l  re la -  
t ionsh ips  between j e t  streaks and image 
features. Trajectory ca lcu la t ions  also are 
being planned. Water vapor imagery i s  an 
e x c i t i n g  new t o o l  f o r  a be t te r  diagnosis and 
understanding o f  the atmosphere; however, i t  i s  
c lear  tha t  much remains t o  be done. 
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Jean I .  F. King 
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1. DI FlXRliNTIAL INVEKSTON TllEOKY 

TransEer  t h e o r y  re la tes  t h e  u p w e l l i n g  
the rma l  r a d i a n c e  oE t h e  a tmosphere  t o  t h e  in- 
t e g r a l  t r a n s f o r m  o v e r  p r e s s u r e  of t h e  P l a n r k  
L n t e n s i t  (p) and a k e r n e l  weight  f u n c t i o n  
s ( p / F $  which depends  on t h e  l i n e  c h a r a c t e r  
o f  tlie sampled f reqiicncy i n t e r v a l .  Thus ,  

where a(F;) t s  t ho  r a d i a n c e  of t h e  s e n s i n 4  
channe l  whose weight  f u n c t i o n  peaks  a t p = p  

A change of i ndependen t  v a r i a b l e s  

Q(p17 B ( - l n p ) ,  Q l p )  = R (-Pnp ), 
and %(PI = b l ( l n p ) c o n v e r t s  tlie r a d i a n c e  
e x p r e s s i o n  i n t o  t h e  c o n v o l u t i o n  i n t e g r a l  

00 

R(<> a JB(.t)W(<--7) d.r 1 B* W, ( 2 )  
'00 

where P a  - ~ I I  p and q * - h F  arc h e i g h t - l i k e  
v a r i a b l e s .  

A p p l i c a t t o n  of t h e  b i l a t e r a l  Laplace  
t r ansco rm r i s ing  t h e  Fa1 t u n g  theorem r e s u l t s  i n  

r ( s )  = b ( s )  w(-s ) .  ( 3 )  

The b i l a t e r a l  weight  t r a n s f o r m  
4) 

w - s )  = y e 3 v ( l ) d  t = 1 p % / p )  d p/p 
-00  0 

s= n (I-s) 
( 4 )  

may be  viewed as a g e n e r a l i z e d  r- f u n c t i o n .  

We proceed  by expanding  t h c  r e c i p r o c a l  
Q - f u n c t i o n  i n  a Mac lau r in ' s  s e r i e s  

w i t h  t h e  coef  f i c i e n t s  

The p a r e n t h e L t c a 1  s u p e r s c r  L p t  d e n o t e s  a k 
- f o l d  d i f f c r e n t i a t l o n  wi th  r e s p e c t  t o  t h e  
t r a n s f o r m  v a r i a h l e  s .  

The Planck  t r a n s f o r m  w i t h  t h i s  sub- 
s t i t u t i o n  f o r  t h e  Q - f u n c t i o n  can  now be ex- 
p r e s s e d  a s  

( 7 )  

whose i n v e r s e  t r a n s f o r m  y i e l d s  t h e  d i f f e r e n t i a l  
i n v e r s i o n  formula  (King 1983) 

T h i s  formula  h a s  been d e r i v e d  e a r l i e r  i n  a 
fo rma l  c o n t e x t  f o r  Laplace  t r a n s f o r m  i n v e r s i o n  
by Widder ( 1 9 7 1 ) .  

2 .  INVEKSION COEFFICIENTS AND THE GENEIUL- 
I 2 E D  WEIGHT R J N C T I O N  

'The i n f e r r e d  P lanck  i n t e n s i t y  depends  
on t h e  i n v e r s i o n  c o e f f i c i e n t s ,  whose v a l u e s  i n  
t u r n  d e r i v e  from the p a r t i c u l a r s  o f  t h e  weight  
f u n c t i o n .  We now deve lop  c losed- form expres -  
s i o n s  and numer i ca l  v a l u e s  f o r  t h e  g e n e r a l i z e d  
e x p o n e n t i a l  weight  f u n c t i o n .  

which s a t i s f i e s  t h e  n o r m a l i z a t i o n  r e q u i r e m e n t s  

01 og 

\%im(p)dp/p= I Wm(2)d? = I .  (10) 
0 -00 

The conven ience  and f l e x i b i l i t y  of t h i s  c h o i c e  
i s  s e c n  by n o t i n g  t h a t  ni = 1 and m = 1 / 2  a r e  
weight  f u n c t i o n s  a s s o c i a t e d  w i t h  t h e  Goody- 
s t a t i s t i c a l  and I'lsasser band models.  

The b i l a t e r a l  Laplace  t r a n s f o r m  o f  t h e  
we igh t  f u n c t i o n  f o l l o w s  as 
m g 

(11) 
0 

E Ph (1-s) 

where w e  have d e f i n c d  t h e  ,nth o r d e r  
t i o n  as 

r -func- 

73 



The evaluation of the coefficients Xk, 
as we see from Eqs. ( 4 ) ,  ( 6 ) ,  and (12), requires 
the derivatives of the r -  function. The 
first derivative is related to the digamma or 
6 -function 

while the higher derivatives are related to the 
polygamma functions through the formula 

The closed form expressions for the 
inversion coefficients kk (k = 0, 1, ..., 6 )  
as a function of the weight parameter m are 
given in King (1985). For Integer and half- 
integer argument, the polygamma functions are 
expressible in terms of the Riemann zeta- 
functions. Tables for these digamma and poly- 
gamma functions are found in Abramowltz and 
Stegum ( 1 9 6 4 ) .  

The evaluation of these functions which 
are displayed i n  Tables 1 and 2 is straight- 
forward but tedious. We note that as the weight 
function becomes increasingly concentrated 
corresponding to smaller m, that all Xk's 
vanish for k > l ,  while Xl(m + 0 )  + -1. 
implies that even for a delta-type weight 
function there is a residual shift between the 
Planck intensity and the radiance profile 
minima, which is to say that 

This 

where 

Jhrthermore the extent to which the odd 
coefficients differ from zero is a measure of 
the asymmetry of the weight function. Thus 
h.  # O ( i =  t,3,..-) + W ( - P )  + W t t ) .  
3 .  TRANS FDRMATION THEORY FDR ARBITRARY 

WEIGHT FUNCTIONS 

We recall from Eqs. ( 3 )  and (8) that 
the Planck intensity for a weight function of 
order m is given by the differential inversion 
formula 

where the differential operation is defined as 

W I 

The variation of weight function shape 
with height i n  the atmosphere requires the use 
at each level of the appropriate m-value 
differential coefficients Xk(m). One can 
account for this m-variation i n  another way 
which avoids the clumsy substitutton of new 
differential coefficients with each level 
temperature inference. Instead of varying the 
coefficients, the radiance R and weight function 
peak z can be m-scaled S O  that only the differ- 
ential coefficients for m = 1 will appear in 
the inversion formula. 

To do this we note that E q .  (15) can be 
written as 

where the radiance transform is scaled as 

Upon substitution for the weight function 
transforms from Eq.  (12) and performing the 
scaled inversion implied by E q .  ( 1 7 ) ,  we ohtain 

6 = m jn n? (refractive space shift). 
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TABLE 1. I n v e r s i o n  C o e f f i c i e n t  f o r  
E x p o n e n t i a l  Weight h n c t i o n  
(in = 1) 

1. 
-.57721 56649 
-.h5587 80715 

.04200 26350 

.16653 86114 

.04219 77346 
-.00962 19715 
-.I30721 89432 
-.0011h 51676 

.00021 52417 

.00012 80503 

.00002 01349 
-.00000 12505 

TABLE 2 .  D i f f e r e n t i a l  I n v e r s i o n  C o e f f i c i e n t s  f o r  R e p r e s e n t a t i v e  
Weight R i n c t i o n s  

Delta S t r o n g l y  S t r o n g  
F b n c t i o n  Peaked Elsasser S t a t i s t i c a l  C l u s t e r i n g  

m - 0  m = .1 m = .5 m - 1  m * 4  

x0 1. 1. 1. 1. 1. 

A2 0 
A3 0 
A4 0 
A5 0 

A 1  -1. -.8121169848 -.6351814227 -.5772156649 -.5207067709 -. 1773994973 -.4151225552 -.6558780715 -2.1350158750 
-.0110348444 -.0014993282 .0420026350 .3050207816 

.0004253445 .0416237314 .1665386114 2.2390138114 

.0001167 500 .0104035581 .0421977346 .4628141296 
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3 .  I 

Evaluat ion of a M u l t i v a r i a t e  V a r i a t i o n a l  Ass imi la t ion  of Conventional 
and S a t e l l i t e  Data f o r  t h e  Diagnosis of Cyclone Systems. 

Gary L. Achtemeier, H. T. Ochs, 111, S. Q. Kidder. and R. W. S c o t t  
Climate and Meteorology Section 

Illinois S t a t e  Water Survey 
Champaign, Illinois 61820 

1 .  INTRODUCTON 

The p r o l i f e r a t i o n  of new methods t o  measure 
t h e  s ta te  of t h e  atmosphere through remote sensing 
and advanced immersion techniques has led  t o  t h e  
need t o  merge d a t a  c o l l e c t e d  from t h e s e  new 
measurement systems with d a t a  c o l l e c t e d  r o u t i n e l y  
by t r a d i t i o n a l  methods. These d a t a  inc lude  a 
number of d i f f e r e n t  v a r i a b l e s  t h a t  a r e  d i v e r s e  i n  
measurement accuracy and i n  observa t ion  l o c a t i o n .  
Therefore ,  i t  i s  d e s i r a b l e  t o  merge t h e  d a t a  so 
t h a t  t h e  hybrid product w i l l  conta in  t h e  b e s t  
approximation t o  t h e  s i g n i f  i c a n t  meteorological  
v a r i a b l e s .  This paper r e p o r t s  on t h e  development 
of a d i a g n o s t i c  method t o  merge d a t a  of d i f f e r e n t  
source.  type.  q u a l i t y  and l o c a t i o n  i n  a 
dynamically c o n s i s t e n t  manner. We f u r t h e r  develop 
and improve upon a d iagnos t ic  v a r i a t i o n a l  
o b j e c t i v e  a n a l y s i s  technique developed by 
Achtemeier (1975) f o r  t h e  s tudy of cyclone s c a l e  
weather systems. 

In most cases .  t h e  c r e a t i o n  of a dynamically 
c o n s i s t e n t  hybrid set of d a t a  i s  accomplished 
through some form of d a t a  a s s i m i l a t i o n  coupled 
with an i n i t i a l i z a t i o n  f o r  a numerical model. 
Observat ional  d a t a  is  blended with model f o r e c a s t  
f i e l d s  through an i n t e r p o l a t i o n  technique 
(Cressman. 1959; Gandin, 1963; S c h l a t t e r ;  1975) 
i n  which t h e  f o r e c a s t  f i e l d s ,  used as a f i r s t  
guess .  a r e  updated w i t h  t h e  observa t ions .  These 
methods a r e  m u l t i v a r i a t e ;  wind observa t ions  a r e  
used i n  t h e  i n t e r p o l a t i v e  a n a l y s i s  of t h e  height  
and temperature  f i e l d s  and v i c e  versa .  Then some 
i n i t i a l i z a t i o n  procedure such a s  dynamic 
i n i t i a l i z a t i o n  (e.g., Miyakoda and Moyer. 1968; 
N i t t a  and Hovermale, 1969) o r  normal mode 
i n i t i a l i z a t i o n  (e .g . ,  Baer and Tr ibbia .  1977; 
Machenhaur. 1977) b r i n g s  t h e  hybrid d a t a  set  i n t o  
cons is tency  with a numerical model. Highly 
s o p h i s t i c a t e d  dynamically c o n s i s t e n t  d a t a  
a s s i m i l a t i o n  schemes such a s  those  descr ibed  by 
McPherson, g& a L ,  (19791, Bengtsson. g& al., 
(19821, Ghil .  al. (19791, Temperton (19841, 
and many o t h e r s  produce a c c u r a t e  r e p r e s e n t a t i o n s  
of t h e  s t a t e  of t h e  synopt ic  s c a l e  atmosphere. 
These hybrid d a t a  sets. though admit tedly modified 
t o  be c o n s i s t e n t  with t h e  s c a l e s  of motion 
permit ted by t h e  models, may be u s e f u l  f o r  
d i a g n o s t i c  s t u d i e s  as w e l l  a s  f o r  i n i t i a l  s ta tes  
f o r  f o r e c a s t  models. 

The approach taken here  is  t o  develop a 
pure ly  d i a g n o s t i c  method f o r  t h e  dynamic merger of 
d i v e r s e  da ta .  This i s  n o t  t o  say t h a t  t h e  
v a r i a t i o n a l  method is  s u p e r i o r  t o  t h e  d a t a  
a s s i m i l a t i o n  methods used with prognos t ic  models, 
only t h a t  it is ,  by des ign ,  independent of 
numerical  models and i s  t h e r e f o r e  d i f f e r e n t  from 
t h e  o t h e r  methods. I t  se rves  a d i f f e r e n t  purpose. 
namely t h e  d iagnos is  of t h e  morphology and 
e n e r g e t i c s  of cyclone systems, whereas many 

s t u d i e s  of numerical f o r e c a s t s  wi th  mixed d a t a  
s e t s  are focused upon improved f o r e c a s t  s k i l l .  
However. t h e  v a r i a t i o n a l  model may eventua l ly  be 
of va lue  i n  comparisons wi th  e x i s t i n g  d a t a  
a s s i m i l a t i o n s  and may provide i n s i g h t s  t h a t  could 
lead t o  improvements in  both methods. 

The goa l  of our r e s e a r c h  i s  a v a r i a t i o n a l  
d a t a  a s s i m i l a t i o n  method t h a t  incorpora tes  a s  
dynamical c o n s t r a i n t s .  t h e  p r i m i t i v e  equat ions f o r  
a moist .  convec t ive ly  u n s t a b l e  atmosphere and t h e  
r a d i a t i v e  t r a n s f e r  equat ion.  Variables  t o  be 
ad jus ted  include t h e  three-dimensional v e c t o r  
wind, he ight .  temperature ,  and moisture  from 
rawinsonde d a t a ,  and cloud-wind v e c t o r s .  moisture .  
and rad iance  from s a t e l l i t e  da ta .  This  p r e s e n t s  a 
formidable  mathematical problem. In order  t o  
f a c i l i t a t e  thorough a n a l y s i s  of each of t h e  model 
components, we def ined four  v a r i a t i o n a l  models 
t h a t  d i v i d e  t h e  problem n a t u r a l l y  according t o  
increas ing  complexity. The f i r s t  v a r i a t i o n a l  
model (MODEL I )  conta ins  t h e  two n o n l i n e a r  
h o r i z o n t a l  momentum equat ions.  t h e  i n t e g r a t e d  
c o n t i n u i t y  equat ion.  and t h e  h y d r o s t a t i c  equat ion.  
Model development problems assoc ia ted  with an 
i n t e r n a l l y  c o n s i s t e n t  f i n i t e  d i f f e r e n c e  method, a 
nonl inear  hybrid te r ra in- fo l lowing  v e r t i c a l  
coord ina te ,  formulat ions f o r  the  pressure  g r a d i e n t  
terms, formulat ions f o r  t h e  v e l o c i t y  tendency 
terms and t h e  development of a convergent s o l u t i o n  
sequence w i l l  be addressed elsewhere. The s u b j e c t  
of t h i s  paper i s  t o  b r i e f l y  d e s c r i b e  t h e  
a s s i m i l a t i o n  model and p r e s e n t  some sample 
r e s u l t s .  

2. A VARIATIONAL APPROACH TO DIAGNOSTIC DATA 
ASSIMILATION 

This d i a g n o s t i c  o b j e c t i v e  a n a l y s i s  i s  an 
adapta t ion  of Sasaki’s (1958) method of 
v a r i a t i o n a l  a n a l y s i s .  The dynamic c o n s t r a i n t s .  
M i ,  f o r  MODEL I a r e  t h e  two nonl inear  h o r i z o n t a l  
momentum equat ions .  t h e  h y d r o s t a t i c  equat ion.  and 
an i n t e g r a t e d  c o n t i n u i t y  equat ion.  These 
c o n s t r a i n t s  have been transformed i n t o  t h e  Lambert 
conformal map image p r o j e c t i o n  and i n t o  a hybrid 
n o n l i n e a r  sigma v e r t i c a l  coord ina te .  The 
equat ions  have been nondimensionalized and 
presented i n  powers of t h e  Rossby number. An 
a d d i t i o n a l  t ransformat ion  removes most of t h e  

Furthermore, impacts of un leve l  t e r r a i n .  
thermodynamic v a r i a b l e s  a r e  p a r t i t i o n e d  i n t o  mean 
and p e r t u r b a t i o n  v a r i a b l e s .  The v a r i a t i o n a l  
adjustments  a r e  c a r r i e d  out  only on t h e  s c a l e  of 
t h e  meteoro logica l  p e r t u r b a t i o n s .  

The v a r i a t i o n a l  a n a l y s i s  melds s a t e l l i t e  d a t a  
with convent ional  d a t a  a t  t h e  second s t a g e  of a 
two-stage o b j e c t i v e  a n a l y s i s .  A l l  d a t a  a r e  
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gridded independently i n  t h e  f i r s t  s t a g e  and a r e  
combined i n  the  second s tage.  The gr idded 
observa t ions  t o  be modified a r e  meshed with t h e  
dynamic c o n s t r a i n t s  through Sasaki'  s (1970) 
v a r i a t i o n a l  formulat ion.  The f i n i t e  d i f f e r e n c e  
analog of t h e  adjustment f u n c t i o n a l  i s  

The integrand I i s  i . j  , 

+ ?4 M4 

The weights V;, i=1 ,7  a r e  Gauss' p r e c i s i o n  moduli 
(Whit taker  and Robinson, 1926). The gr idded 

6,") t o  be ad jus ted  e n t e r  in  a l e a s t  squares  
formulat ion and r e c e i v e  p r e c i s i o n  modulus weights 
according t o  t h e i r  r e l a t i v e  observa t ion  
accurac ies .  The s t rong  c o n s t r a i n t s  t o  be 
s a t i s f i e d  e x a c t l y  a r e  introduced through t h e  
Lagrangian m u l t i p l i e r s  xi, ip1.4. 

Objec t ive ly  modified meteorological  v a r i a b l e s  
a r e  determined by r e q u i r i n g  t h e  f i r s t  v a r i a t i o n  on 
F t o  vanish.  A necessary condi t ion  f o r  t h e  
e x i s t e n c e  of a s t a t i o n a r y  set  i s  t h a t  t h e  
func t ions  a r e  determined from t h e  domain of 
admissible  func t ions  a s  s o l u t i o n s  of t h e  
Euler-Lagrange equat ions.  The v a r i a t i o n  i s  t o  be 
c a r r i e d  out  a t  every p o i n t  ( r , s )  within t h e  g r i d .  
Thus. s e t t i n g  t h e  weights a i=b.=l  and 
d i f f e r e n t i a t i n g  t h e  integrand ( 2 )  widh r e s p e c t  t o  
t h e  a r b i t r a r y  v a r i a b l e  ( X d j  1, t h e  Euler-Lagrange 
opera tor  i n  f i n i t e  d i f f e r e n c e s  is  

observa t ions  (uo, vo, b", (pt To, c,, b 

The Kronecker d e l t a  func t ions  & f ,  $:, equal  

Carrying out  t h e  opera t ions  s p e c i f i e d  by ( 3 )  
l eaves  11 Euler-Lagrange equat ions  some of which 
a r e  complicated nonl inear  p a r t i a l  d i f f e r e n t i a l  
equat ions.  An i t e r a t i v e  method i s  proposed f o r  
the  s o l u t i o n  so t h a t  a t  t h e  f i r s t  c y c l e  l e v e l ,  t h e  
higher  order  terms a r e  expressed wi th  observed 
v a r i a b l e s  and a r e  expressed by previous ly  ad jus ted  
v a r i a b l e s  a t  subsequent cyc les .  A t  any p a r t i c u l a r  
s o l u t i o n  c y c l e ,  these  terms and t h e  terms t h a t  a r e  
determined by observed v a r i a b l e s  a r e  s p e c i f i e d  and 
can be t r e a t e d  a s  f o r c i n g  func t ions .  

1 where rei or  8-j and a r e  zero  elsewhere. 

Following t h i s  approach, t h e  Euler-Lagrange 
equat ions  t ransform i n t o  a s e t  of e leven simple 
a l g e b r a i c  o r  l i n e a r  p a r t i a l  d i f f e r e n t i a l  
equat ions.  Through reduct ion  of v a r i a b l e s .  t h e  
number of equat ions  i s  reduced t o  two d i a g n o s t i c  
equat ions  i n  g e o p o t e n t i a l  and a v e l o c i t y  
adjustment p o t e n t i a l .  These e l l i p t i c  second order  
p a r t i a l  d i f f e r e n t i a l  equat ions a r e  e a s i l y  solved 
by s tandard  methods. 

3. SOME RESULTS OF THE ASSlMlLATION 

Because t h i s  a s s i m i l a t i o n  is  not  an 
i n i t i a l i z a t i o n  f o r  a numerical p r e d i c t i o n  model, 
t h e  o f t e n  used procedure of determining t h e  bes t  
i n i t i a l  a n a l y s i s  by f i n d i n g  t h e  b e s t  f o r e c a s t  does 
n o t  apply. We ins tead  use t h r e e  d iagnos t ic  
c r i t e r i a  which, although they may be somewhat more 
s u b j e c t i v e  than measures of f o r e c a s t  s k i l l ,  have 
found use i n  t h e  v e r i f i c a t i o n  of d iagnos t ic  
analyses  (Krishnamurti. 1968; Achtemeier, 1975; 
Otto-Bliesner  a, 1977). These c r i t e r i a  a r e  
measures of a )  t h e  e x t e n t  t o  which t h e  ass imi la ted  
f i e l d s  s a t i s f y  t h e  dynamical c o n s t r a i n t s .  b )  t h e  
e x t e n t  t o  which t h e  a s s i m i l a t e d  f i e l d s  d e p a r t  from 
t h e  observa t ions .  and c )  t h e  e x t e n t  t o  which the  
a s s i m i l a t e d  f i e l d s  a r e  r e a l i s t i c  a s  determined by 
p a t t e r n  recogni t ion .  The l a s t  c r i t e r i o n  r e q u i r e s  
t h a t  t h e  s i g n s ,  magnitudes, and p a t t e r n s  of t h e  
h y p e r s e n s i t i v e  v e r t i c a l  v e l o c i t y  and l o c a l  
tendencies  of t h e  h o r i z o n t a l  v e l o c i t y  components 
be phys ica l ly  c o n s i s t e n t  with r e s p e c t  t o  t h e  
l a r g e r  s c a l e  weather systems. 

The c a s e  study used f o r  t h e  v e r i f i c a t i o n  of 
MODEL I was a s h o r t  wave over t h e  C e n t r a l  P l a i n s  
on 1200 GMT 10 Apr i l  1979. Shown i n  an o b j e c t i v e  
a n a l y s i s  of t h e  500 mb h e i g h t s  (Fig.  11, t h i s  
d i s turbance  was one of a progression of s h o r t  
waves t h a t  were embedded wi th in  souther ly  flow 
between a synopt ic  s c a l e  trough over  t h e  Great 
Basin and a high p r e s s u r e  r i d g e  over t h e  e a s t e r n  
United S t a t e s .  I t  was n o t  accompanied by severe  
mesoscale convect ive systems a s  were t h e  s h o r t  
waves t h a t  followed it through t h e  Cent ra l  P l a i n s .  
Light  p r e c i p i t a t i o n  (shaded pa tches)  a t  1235 GMT 
was mostly from r e l a t i v e l y  shal low convect ive 
elements embedded wi th in  middle t ropospheric  
c louds ( 6  km). This  case  was s e l e c t e d  because 
TIROS-N temperature  soundings c o e x i s t  with 
NASA-AVE 3-hr rawinsonde d a t a  over a l a r g e  a r e a  of 
t h e  c e n t r a l  United S t a t e s .  The 3-hr rawinsonde 
d a t a  a r e  requi red  t o  provide v e r i f i c a t i o n  f o r  t h e  
diagnosed 3-hr l o c a l  tendencies  of t h e  h o r i z o n t a l  
v e l o c i t y  components. Furthermore, t h i n  SESAME 
case  d a t a  has been t h e  s u b j e c t  of s e v e r a l  synopt ic  
and meeoscale d i a g n o s t i c  analyses .  These s t u d i e s  
provide a d d i t i o n a l  v e r i f i c a t i o n  f i e l d s  f o r  MODEL 
I. 

Fig. 1. The 500 mb h e i g h t  f i e l d  a t  1200 GMT, 10 
A p r i l  1979 showing a weak s h o r t  wave d is turbance  
over t h e  Cent ra l  P l a i n s .  
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The model domain extends from a smoothed 
s u r f a c e  t o  100 mb and over most of t h e  U . S .  and 
p a r t s  of southern Canada. Variables  are loca ted  
on a 100 km by 100 km h o r i z o n t a l  s taggered g r i d .  

The p r e c i s i o n  moduli f o r  v a r i a b l e s  t h a t  a r e  
d i r e c t l y  observed are c a l c u l a t e d  from t h e  RMS 
values  f o r  t h a t  v a r i a b l e .  Gradients  of some 
observed v a r i a b l e s  are a l s o  included in t h e  
a s s i m i l a t i o n  and t h e  RMS e r r o r s  f o r  t h e  g r a d i e n t  
must be c a l c u l a t e d  from t h e  observed RMS values .  
F i n a l l y ,  t h e  RMS e r r o r s  f o r  some v a r i a b l e s  t h a t  
are n o t  d i r e c t l y  observed must be est imated from 
t h e  equat ions  t h a t  r e l a t e d  them t o  t h e  RMS e r r o r s  
of o t h e r  observed v a r i a b l e s .  

Our c a l c u l a t i o n s  r e v e a l  led  t h a t  t h e  
g e o p o t e n t i a l  he ight  is t h e  most a c c u r a t e l y  
observed v a r i a b l e  and then t h e  winds and t h e  
temperatures .  The developmental components of t h e  
l o c a l  v e l o c i t y  tendencies  are es t imated  t o  be t h e  
l e a s t  a c c u r a t e l y  determined v a r i a b l e s .  These 
va lues  are of course estimates of t h e  a c t u a l  
weights because they are developed from mean 
o b s e r v a t i o n a l  e r r o r s  and do not n e c e s s a r i l y  
r e p r e s e n t  t h e  a c t u a l  observa t iona l  e r r o r  f o r  t h i s  
case  s tudy.  Fur ther ,  t h e  est imated e r r o r s  f o r  
non-observed q u a n t i t i e s  obtained through 
approximations do n o t  n e c e s s a r i l y  s t r i c t l y  obey 
t h e  assumptions made i n  t h e i r  d e r i v a t i o n s .  
Therefore .  we  ad jus ted  t h e  p r e c i s i o n  moduli so 
t h a t  t h e  h e i g h t s .  winds, and temperatures  were 
approximately equal ly  weighted. 

Adjusted v a r i a b l e s  a t  two success ive  c y c l e s  
were averaged and re in t roduced  i n t o  t h e  dynamic 
c o n s t r a i n t s .  Residuals  were computed a s  
remainders of a l g e b r a i c  sums of i n d i v i d u a l  terms 
of each c o n s t r a i n t .  The RMS e r r o r  (Glahn and 
Lowry. 1972) f o r  each l e v e l  was then found. 
Residuals  vanish  ( c o n s t r a i n t  s a t i s f a c t i o n )  when 
v a r i a b l e s  a t  two success ive  cyc les  a r e  unchanged. 
A measure of t h e  convergence of t h e  v a r i a t i o n a l  
method t o  c o n s t r a i n t  s a t i s f a c t i o n  i s  t h e  
d i f f e r e n c e  between t h e  i n i t i a l  RMS e r r o r  of t h e  
r e s i d u a l s  of t h e  unadjusted v a r i a b l e s  s u b s t i t u t e d  
d i r e c t l y  i n t o  t h e  dynamic equat ions  and t h e  RMS 
va lues  a t  each cyc le .  These d i f f e r e n c e s  a r e  
d iv ided  by t h e  i n i t i a l  RMS e r r o r s ,  converted t o  
percent  and expressed i n  Tables  1 and 2 as percent  
reduct ion  of t h e  i n i t i a l  RHS e r r o r .  

Table 1 shows how t h e  reduct ions  of t h e  
i n i t i a l  RMS e r r o r  f o r  t h e  two h o r i z o n t a l  momentum 
equat ions  v a r i e s  f o r  each pass  through t h e  
c y c l i c a l  s o l u t i o n  sequence f o r  t h e  e i g h t  
a d j u s t a b l e  l e v e l s  of t h e  Model. The e r r o r  is 
approximately c u t  i n  h a l f  wi th  each c y c l e  through 
t h e  f i f t h  cyc le .  The s o l u t i o n  s t a b i l i z e s  near  
90-95 percent  e r r o r  reduct ion  and t h e r e  is no 
f u r t h e r  s i g n i f  i c a n t  improvement i n  t h e  
a s s i m i l a t i o n  a f t e r  t h e  f i f t h  cyc le .  In f a c t  t h e  
a s s i m i l a t e d  f i e l d s  do not  s a t i s f y  t h e  c o n s t r a i n t s  
q u i t e  a s  w e l l  ou t  t o  t h e  e i g h t h  cyc le .  The 
percent  RMS e r r o r  reduct ions  behave s i m i l a r l y  f o r  
t h e  two equat ions  except  t h a t  t h e  f i n a l  e r r o r  
reduct ions  f o r  t h e  v-component equat ion a r e  one t o  
f o u r  percent  less than f o r  t h e  u-component 
equat ion.  

The percent  RMS e r r o r  reduct ions  f o r  t h e  
i n t e g r a t e d  c o n t i n u i t y  and h y d r o s t a t i c  equat ions  
a r e  shown i n  Table  2. The e r r o r s  f o r  t h e  

T a b l e  I 

P e r c e n t  NOSAT REIS e r r o r  r e d u c t i o n  w i t h  r e s p e c t  t o  i n i t i a l  
RNS r e s i d u a l s  for t h e  u- and v - h o r i z o n t a l  rnornentultl e q u a t i o n s .  

S = = I = S = = = S E E S I C E E P ~ = P P - E L e = E E I S C P C P E L E I P E ~ ~ ~ S ~ = ~ = ~ ~ ~ . ~ ~ ~  

LEVEL 
CYCLE 2 3 4 5 6 7 8 9 

u-com[)onrn t 

1 52 52 52 50 50 49 50 49 
2 7 8  7 1  7 6  7 3  7 3  7 3  7 5  7 5  
3 90 88 87 84  85 8 4  86 86 
4 95 93 91 90 90 90 91 90 
5 96 95 93  92 93 93 92 91 
6 9 5  9 5  93  93 9 4  9 4  93 91 
7 9 4  9 4  93 93 9 4  9 4  92 91 
8 92 9 4  92 92 93 93 92 90 

........................................................ 
0 0 0 0 0 0 0 0 0  

v-component 
0 0 0 0 0 0  
1 52 52 51 52 50 
2 7 5  7 8  7 6  7 8  76 
3 8 4  87 86 69 87 
4 8 8  90 89 91 90 
5 92 92 90 91 90 
6 94  93 90 91 90 
7 9 4  93 90 90 90 
8 90 93 90 90 90 ....................................... 

0 0 0  
50 50 49 
7 5  7 5  73  
86 86 83 
90 90 86 
91 90 87 
91 90 87 
90 90 87 
90 69 86 ----_____________ 

T a b l e  2 

P e r c e n t  NOSAT RMS e r r o r  r e d u c t i o n  w i t h  respccL t o  i n i L i n l  
RMS r e s i d u a l s  f o r  t h e  i n t e g r a t e d  c o n t i n u i t y  and h y d r o s t u t i c  
e q u a t i o n s ,  

e l l _ S S S P P E S L = P L Y P _ P = S = = ~ ~ ~ ~ - S = ~ - - ~ = = - S - - ~ = ~ . - ~ ~ - P - ~ ~ = = ~ -  

LEVEL 
CYCLE 2 3 4 5 6 7 8 9 ........................................................ 

I n t e g r a t e d  C o n t i n u i t y  
0 0 0 0 0 0 0 0 0  
1 50 50 50 50 50 50 50 50 
2 6 5  6 0  3 9  51 57 57 63  7 2  
3 7 0  6 5  43 56 6 2  6 0  67 7 8  
4 7 0  6 0  55 6 5  71 6 9  7 5  82 
5 7 0  6 9  66  7 4  7 9  7 8  82 84  
6 71 70  7 5  81 85 85 86 87 
7 7 0  6 9  82 87 90 90 90 89 
8 7 0  6 8  87 90 92 93 92 91 

0 0 0 0  
I 50 50 50 
2 7 5  7 5  7 5  
3 87 88 8 8  
4 93 9 4  9 4  
5 96 96 97 
6 9 8  9 8  9 8  
7 9 8  9 8  99  
8 9 8  9 8  100 _______________----------- 

I l y d r o s t a t  i c  
0 0 0  

50 50 50 
7 5  7 5  7 5  
87 87 87 
9 4  94  9 4  
97 97 97 
9 8  9 8  9 8  
99  99  99  

100 100 100 

0 
50 
7 5  
87 
9 4  
97 
9 8  
99  
100 __---- 

0 
50 
7 5  
87 
9 4  
97 
9 8  
99  
100 ------ 

i n t e g r a t e d  c o n t i n u i t y  equat ion  a r e  reduced 
approximately by 70 percent  by t h e  f o u r t h  c y c l e  
and remain r e l a t i v e l y  unchanged through t h e  e i g h t h  
c y c l e  a t  l e v e l s  2 and 3. The s o l u t i o n  f o r  t h e  s i x  
upper l e v e l s  improves t o  approximately 90 percent  
by t h e  e i g h t h  cycle .  These improvements a r e ,  of 
course.  dependent upon t h e  magnitudes of t h e  
i n i t i a l  RMS e r r o r s .  We f i r s t  c a l c u l a t e d  t h e  
v e r t i c a l  v e l o c i t y  by t h e  O’Brien (1970) method and 
then determined t h e  RMS e r r o r s  f o r  t h e  i n t e g r a t e d  
c o n t i n u i t y  equat ion.  Had we assumed t h a t  t h e  
i n i t i a l  v e r t i c a l  v e l o c i t y  was zero.  t h e  i n i t i a l  
RMS e r r o r s  would have been much l a r g e r  than t h e  
va lues  used i n  Table  2 and t h e  e r r o r  reduct ions  
would have been 100 percent  by t h e  f o u r t h  cyc le .  

The RMS e r r o r s  f o r  t h e  h y d r o s t a t i c  equat ion  
a r e  halved a t  each c y c l e  and t h e  percent  e r r o r  
reduct ion  i n c r e a s e s  monotonical ly  t o  near  100 
percent  by t h e  e i g h t h  cyc le .  
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The v a r i a t i o n a l  a s s i m i l a t i o n  produced 
s i g n i f i c a n t  adjustments  i n  h e i g h t ,  temperature .  
and wind v e l o c i t y  i n  o r d e r  t h a t  t h e  va lues  Of 
these  v a r i a b l e s  a r e  s o l u t i o n s  of t h e  dynamic 
c o n s t r a i n t s .  However. these  modif i c a t i o n a  can 
cause l a r g e  and phys ica l ly  u n r e a l i s t i c  changes i n  
o t h e r  important  v a r i a b l e s  such as v o r t i c i t y ,  
divergence.  and v e r t i c a l  v e l o c i t y  and o t h e r  
q u a n t i t i e s  t h a t  involve d e r i v a t i v e s  of t h e  b a s i c  
v a r i a b l e s .  In  addi t ion .  t h e  l o c a l  tendencies  of 
t h e  h o r i z o n t a l  v e l o c i t y  components a r e  s e n s i t i v e  
t o  small  e r r o r s  i n  t h e  b a s i c  v a r i a b l e s  when they 
a r e  determined from t h e  a r i t h m e t i c  sum of t h e  
o t h e r  terms of t h e  h o r i z o n t a l  momentum equat ions.  
The p a t t e r n s  of these  hypersens i t ive  v a r i a b l e s  
m u s t  be phys ica l ly  r e a l i s t i c  when compared with 
o t h e r  d a t a  s e t s  such a s  cloud f i e l d s ,  
p r e c i p i t a t i o n .  and independent measurements of t h e  
v a r i a b l e  i t s e l f .  Thus. t h e  hypersens i t ive  
v a r i a b l e s  provide a c r i t i c a l  tes t  of t h e  accuracy 
of t h e  MODEL I dynamic a s s i m i l a t i o n .  

lF igure  2 shows t h e  v e r t i c a l  v e l o c i t i e s  i n  cm 
sec- 
1979 a s  developed from t h e  kinematic  method of 
O'Brien (1970) appl ied  t o  t h e  o b j e c t i v e  ana lyses  
of t h e  i n i t i a l  observa t ions  and from t h e  more 
genera l  kinematic  method t h a t  is  p a r t  of MODEL I .  
The O'Brien kinematic method, which uses  gr idded 
wind d a t a  only.  produced a genera l  a r e a  of r i s i n g  
motion over  t h e  Rocky Mountain S t a t e s  and t h e  
p l a i n s  west of t h e  M i s s i s s i p p i  River  wi th in  t h e  
a r e a  of southwester ly  f low in advance of t h e  upper 
t ropospher ic  trough and behind t h e  preceding upper 
l e v e l  r i d g e  (Fig.  28). General subsidence is 
over  t h e  Eastern S t a t e s  i n  advance of t h e  r i d g e .  
Upon c l o s e r  inspec t ion .  it i s  seen t h a t  t h e  f i e l d  
of r i s i n g  motion breaks down i n t o  s e v e r a l  l a r g e  
v e r t i c a l  v e l o c i t y  c e n t e r s  (magnitudes g r e a t e r  than 
10 cm/sec) which a r e  loca ted  between rawinsonde 
s i t e s .  These s t r o n g  a s c e n t  c e n t e r s  a r e  separa ted  
by a r e a s  of weak v e r t i c a l  motion of e i t h e r  s ign .  
This  type of p a t t e r n  ( v e r t i c a l  v e l o c i t y  c e n t e r s  
loca ted  between d a t a  c o l l e c t i o n  s i t e s )  is  t y p i c a l  
of t h e  kinematic  technique when appl ied  t o  
u n i v a r i a t e  o b j e c t i v e  ana lyses  of t h e  components of 
t h e  h o r i z o n t a l  wind f i e l d .  Our wind d a t a  was 
gr idded with a success ive  c o r r e c t i o n s  method t h a t  
i s  an adapta t ion  of t h e  method developed by Barnes 
(1964). 

a t  l e v e l  6 (500 mb) f o r  1200 GMT 10 Apr i l  

The r e l a t i o n s h i p  between t h i s  v e r t i c a l  
v e l o c i t y  f i e l d  and t h e  p r e c i p i t a t i o n  a r e a s  a8 
observed by r a d a r  (shaded a r e a s )  within t h e  region 
of i n t e r e s t  f o r  t h i s  s tudy ,  namely, t h e  weak s h o r t  
wave trough over Kansas and Missouri .  is  n o t  q u i t e  
f o r t u i t o u s .  P r e  i p i t a t i o n  is  n o t  loca ted  wi th in  
t h e  1 0  cm sec-' v e r t i c a l  v e l o c i t y  c e n t e r  
loca ted  o y  southeas te rn  Colorado nor wi th in  t h e  
4 cm sec c e n t e r  over nor thern  Missouri. 
However. p r e c i p i t a t i o n  is  loca ted  along t h e  a x i s  
of upward motion t h a t  connects  t h e s e  two c e n t e r s .  
The p r e c i p i t a t i o n  a r e a  i n  Missouri  t u r n s  southward 
i n t o  Arkansas. a region of weak v e r t i c a l  v e l o c i t y  
of both s igns .  I t  is  a l s o  t y p i c a l  with t h e  
kinematic method t o  f i n d  area8 of p r e c i p i t a t i o n  
overlapping i n t o  reg ions  with downward v e r t i c a l  
motion. Severa l  i s o l a t e d  showers a r e  found wi th in  
an a r e a  i d e n t i f i e d  by t h e  GOES v i s i b l e  imagery a s  
conta in ing  f i e l d s  of swel l ing  cumulus, t h e  a r e s  
loca ted  over Oklahoma and n o r t h e a s t  Texas. The 
kinematic a n a l y s i s  p o s i t i o n s  a c e n t e r  of downward 
motion over  t h i s  a r e a .  

Fig. 2. 
(500 mb) a t  1200 GMT, 10 A p r i l  1979 from a )  t h e  
kinematic  method (O'Brien. 1970) appl ied  t o  t h e  
o b j e c t i v e  ana lyses  of t h e  i n i t i a l  wind f i e l d  and 
b )  from t h e  MODEL 1 adjus ted  wind f i e l d .  Hatching 
d e l i n e a t e s  a r e a s  of p r e c i p i t a t i o n .  

Vertical v e l o c i t i e s  (cm 8-l) on l e v e l  6 

The v e r t i c a l  motion f i e l d  developed by t h e  
SAT v a r i a t i o n a l  a n a l y s i s  (Fig.  2b) is 
r e p r e s e n t a t i v e  of both SAT and NOSAT analyses .  
This p a t t e r n  is s i m i l a r  t o  t h e  kinematic a n a l y s i s  
on t h e  l a r g e  s c a l e  i n  t h a t  t h e  ascent  a reas  a r e  
pos i t ioned  from t h e  M i s s i s s i p p i  River  westward 
i n t o  t h e  Rocky Mountain S t a t e s .  However t h e  
smal le r  s c a l e  p a t t e r n s  a r e  d i f f e r e n t .  Gone a r e  
t h e  la rge- fen ters  of upward v e r t i c a l  motion. The 
10 cm sec 
i n  t h e  kinematic  a n a l y s i s  is  n o t  found i n  t h e  
v a r i a t i o n a l  a n a l y s i s .  This reduct ion  was brought 
about by t h e  decrease  of convergence in the  lower 
t roposphere a s  t h e  h o r i z o n t a l  wind f i e l d  was made 
t o  more c i o s e l y  balance t h e  height  f i e l d .  The 10 
cm sec a s c e n t  c e n t e r  over southeas te rn  
Colorado has been reduced and s h i f t e d  i n t o  western 
Kansas i n  alignment with p r e c i p i t a t i o n  observed 
there. -The v a r i a t i o n a l  a n a l y s i s  a l s o  p laces  a 6 
cm nec c e n t e r  of upward motion over Oklahoma 
and n o r t h e a s t e r n  Texas as p a r t  of a zone of 
p o s i t i v e  v e r t i c a l  v e l o c i t y  t h a t  extends from 
western Kansas through e a s t e r n  Oklahoma and i n t o  
Louis iana.  This p a t t e r n  compares favorably with 
t h e  convect ive showers over  Oklahoma and Texas but  
is loca ted  behind t h e  p o s i t i o n  of t h e  s h o r t  wave 
trough (Fig.  1 ) .  I t  is o r i e n t e d  along t h e  main 
p r e c i p i t a t i o n  band but is g e n e r a l l y  located t o  f a r  
t o  t h e  southwest of i t .  We n o t e  t h a t  t h e  

p o s i t i v e  motion c e n t e r  over Montana 



observa t ions  were taken approximately one hour 
before  t h e  p r e c i p i t a t i o n  p a t t e r n s  and t h a t ,  g iven 
t h e  r a p i d  northeastward movement of t h e  s h o r t  wave 
t rough,  could account f o r  about 50 km of t h e  
displacement between t h e  two p a t t e r n s .  

The s o l u t i o n  sequence of t h e  v a r i a t i o n a l  
a s s i m i l a t i o n  r e q u i r e s  t h a t  t h e  developmental 
components of t h e  l o c a l  tendencies  of u and v be 
found from t h e  a r i t h m e t i c  sum of t h e  o t h e r  terms 
of t h e  h o r i z o n t a l  momentum equat ions.  The 
developmental components a r e  recombined wi th  t h e  
advec t ive  components, redimensional ized,  and 
expressed as 3-hr chmges .  These tendencies  a r e  
compared with t h e  observed 3-hr tendencies  of u 
and v c a l c u l a t e d  from t h e  high frequency 
rawinsonde d a t a  c o l l e c t e d  over t h e  c e n t r a l  p a r t  of 
t h e  U. S. as p a r t  of t h e  NASA-AVE SESAME p r o j e c t  
and with t h e  3-hr tendencies  c a l c u l a t e d  with 
va lues  from t h e  i n i t i a l  gr idded f i e l d s  s u b s t i t u t e d  
i n  p lace  of t h e  ad jus ted  f i e l d s  i n  t h e  h o r i z o n t a l  
momentum equat ions.  In making these  comparisons, 
we assume t h a t  t h e  observed 3-hr tendencies  
r e p r e s e n t  ''ground t r u t h "  s u b j e c t  t o  t h e  fol lowing 
q u a l i f i c a t i o n s .  F i r s t .  i n  keeping with t h e  
synopt ic  s c a l e  of t h e  a n a l y s i s ,  we have gr idded 
only 3-hr tendencies  taken from d a t a  c o l l e c t e d  a t  
s tandard  NWS observing s i tes .  Second, t h e  ground 
t r u t h  tendencies  a r e  c a l c u l a t e d  over t h e  3-hr 
i n t e r v a l  from 1200-1500 GMT and a r e  t h e r e f o r e  
centered  a t  1330 GMT. The tendencies  found from 
MODEL I a r e  centered  a t  1200 GMT. Therefore ,  some 
phase s h i f t  should be observed between t h e  
p a t t e r n s .  Third,  t o  t h e  e x t e n t  t h a t  t h e  
tendencies  c a l c u l a t e d  from t h e  SESAME d a t a  s u f f e r  
from mesoscale "noise", t h e  p a t t e r n s  w i l l  n o t  
a c c u r a t e l y  r e p r e s e n t  t h e  t r u e  p a t t e r n  of synopt ic  
scale tendencies .  

S t ronges t  j e t  stream winds were loca ted  a t  
l e v e l  8 (300 mb). Large magnitudes and g r a d i e n t s  
of t h e  v e l o c i t y  can combine t o  c r e a t e  l a r g e  
tendencies  i f  t h e  terms of t h e  h o r i z o n t a l  momentum 
equat ions  do n o t  compensate. The 3-h tendency 
f i e l d  obtained from t h e  i n i t i a l  d a t a  (Fig.  3 a )  is  
a p a t t e r n  of l a r g e  magnitude c e n t e r s  of 
a l t e r n a t i n g  s ign  spaced a t  approximately t h e  
average observa t ion  separa t ion .  These c e n t e r s  
imply u n r e a l i s t i c a l l y  l a r g e  changes i n  v over 
t h r e e  hours. With allowances f o r  h o r i z o n t a l  
displacement  of t h e  p a t t e r n  over  1.5 h, t h e  only 
correspondence wi th  t h e  observed 3-h tendency 
f i e l d  i s  t h e  s ign  of t h e  p a t t e r n  along t h e  e a s t e r n  
p a r t  of t h e  domain. The SAT a n a l y s i s  (Fig.  3c)  
reproduces most of t h e  f e a t u r e s  of t h e  observed 
3-h tendencies .  The p o s i t i v e  tendency c e n t e r  near  
t h e  lower boundary of t h e  g r i d  (Texas-New Mexico 
border )  i n  t h e  SAT a n a l y s i s  appears  over t h e  Texas 
panhandle a t  1330 GMT in t h e  observed tendencies  
(Pig.  3b). Furthermore, t h e  r e l a t i v e  minimum 
over Oklahoma is  moved i n t o  southeas te rn  Kansas. 
These displacements  a r e  i n  accord wi th  t h e  r a p i d  
northeastward movement of t h e  weather systems 
through t h e  a rea .  Re l a  t ive  horizon t a l  
displacements  were smal le r  wi th in  t h e  weaker flow 
n e a r  t h e  long wave r i d g e  over t h e  e a s t e r n  p a r t  of 
t h e  domain. Here t h e  SAT a n a l y s i s  preserved t h e  
a r e a  of l a r g e r  p o s i t i v e  v- tendencies  but  loca ted  
t h e  maximum over  I l l i n o i s  r a t h e r  than over 
M i s s i s s i p p i  as found i n  t h e  observed tendencies .  

Fig. 3. F i e l d s  of a )  i n i t i a l .  b)  observed. and c )  
SAT v-tendencies f o r  l e v e l  8 (300 mb) f o r  t h e  
c e n t r a l  reg ion  of t h e  U. S. roughly covered by t h e  
SE AME-A E rawinsonde network. Units  a r e  i n  m 
E-' 3h-'. 

4. DISCUSSION 

Now, does t h i s  v a r i a t i o n a l  a s s i m i l a t i o n  
method produce b e t t e r  hybrid d a t a  f i e l d s  than 
o t h e r  methods? Since no intercomparison s t u d i e s  
have been performed, we cannot o f f e r  d e f i n i t i v e  
answers t o  t h e  ques t ion .  However, we  b e l i e v e  t h a t  
t h e  v a r i a t i o n a l  model should provide q u a l i t y  
ana lyses  if t h e  fol lowing two c r i t e r i a  a r e  
s a t i s f i e d .  F i r s t .  t h e  v a r i a t i o n a l  a s s i m i l a t i o n  
method we have developed is a phys ica l  model. 
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Four of t h e  b a s i c  p r i m i t i v e  equat ions t h a t  govern 
flow i n  f r e e  atmosphere s u b j e c t  t o  t h e  assumptions 
t h a t  apply t o  h y d r o s t a t i c  and synopt ic  condi t ions  
have been used  i n  t h e  model d e r i v a t i o n .  Since the  
r e a l  atmosphere obeys these  equat ions ,  i t  i s  
expected t h a t  t h e  t h r e e  dimensional f i e l d s  of 
meteorological  v a r i a b l e s  should be reasonable  
approximations t o  t h e  t r u e  atmosphere i f  they a r e  
s o l u t i o n s  of t h e  dynamic equat ions.  Furthermore, 
advanced v e r s i o n s  of t h i s  model t h a t  include the  
energy equat ion a s  a f i f t h  c o n s t r a i n t  should 
provide analyses  t h a t  a r e  super ior  t o  the r e s u l t s  
presented here .  

Second, t h e  dynamical equat ions permit  many 
s o l u t i o n s .  Therefore ,  t h e  e r r o r  c h a r a c t e r i s t i c s  
of t h e  observa t ions  and t h e  h o r i z o n t a l  
d i s t r i b u t i o n s  of t h e  G-function t h a t  make up t h e  
p r e c i s i o n  moduli should be known with accuracy. 
The s e n s i t i v i t y  of t h e  v a r i a t i o n a l  model t o  t h e  
va lues  given t o  t h e s e  weights is c u r r e n t l y  not  
f u l l y  known and i s  t h e  s u b j e c t  of i n v e s t i g a t i o n  i n  
t h e  ongoing model development. 

F i n a l l y ,  w e  n o t e  from t h e  r e s u l t s  of t h e  
p a t t e r n  recogni t ion  t h a t  t h e  v a r i a t i o n a l  a n a l y s i s  
produced phys ica l ly  reasonable  f i e l d s  of the  
hypersens i t ive  v a r i a b l e s .  Model I produced t h e  
f i r a t  r e l a t i v e l y  accura te  d i a g n o s t i c  f i e l d s  of 
l o c a l  tendencies  of the  v e l o c i t y  components a p a r t  
from i n i t i a l i z a t i o n  schemes f o r  numerical 
p r e d i c t  ion models. Our continued model 
developments should improve upon t h e s e  r e s u l t s .  
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1. JMTRODUCTION 

An objective analysjs system for inter- 
polating randomly spaced observations to a 
regular grid is a key ingredient in the pro- 
cessing of temperature and moisture retrievals 
from satellite measured radiances. For exam- 
ple, surface data (temperature and moisture) 
have been shown (Lee et al., 1983) to be 
crucial to the accuracy of lower atmospheric 
profiles obtained from satellites. To include 
these data in the retrieval processing it js 
convenient to represent them as a regular 
gridded array. Similarly, for amalgamating the 
measurements of different instruments (e.g. the 
infrared and microwave instruments of the N O M  
polar orbiting satellites) it js convenient to 
represent one set as a gridded array. In 
another phase of the processing, objective 
analysis becomes important for objective 
quality control which ultimately involves the 
comparison of individual datum with an estimate 
derived from a field of values. Finally, 
objective analysis is required for the presen- 
tation of contoured fields of meteorological 
parameters. In the utilization of VAS data, 
grids are prepared for image overlays to aid 
the forecaster using an image graphics device. 
In this application, cosmetics are at least as 
important as "fit" to the input observations, 
and this changes the requirements placed on the 
objective analysis system. 

the properties of a recursive filter (RF) 
analysis system which has been developed on the 
University of Wisconsin McIDAS system for 
processing and display of VAS data. The system 
has two features which make it particularly 
appropriate for these tasks. First, It is 
practical because it is simple and fast. 
Second, it is highly tunable. The latter might 
seem on first blush to be a disadvantage, and 
all would agree that it is desjrable to have a 
fixed system which works well under any situa- 
tion. However, experience suggests that fiuch a 
paragon exists only in the city of O z .  Given a 
finite number of tasks, presumably on a repeat- 
ing basis (e.g. the daily editing of a certain 
parameter over a certain area), it is not too 
burdensome to have an equivalent number of sets 
of tuning parameters for the analysis system. 
It is the business of thp researcher to define 
these. 

The object of this paper is to present 

Tn the next section, the RF trchnique ib: 
described. T h j s  1 s  followed by a section where 
synthetic fjelds of known amplitude and period 
are sampled and recomposed by the RF using 
several variations of the tuning factors and 
varied data configurations. Although by no 
means exhaustive, this section reveals some o f  
the personality of the system. A fourth 
section deals briefly with appljcations of the 
RF in VAS retrieval processing, giving examples 
of surface fields and the editing capability 
achieved with the RF. 

2. THE RECURSIVE FILTER ANAJ.YSIS SYSTEM 

The RF analysis system is adapted from a 
version developed at the Brjtish Meteoroloplcal 
Office (Purser and McOulgg, 1982). We shall 
first discuss the basic properties of the 
recursive filter and then describe how it is 
incorporated into a complete analysis model. 

The fundamental algorithm js disarmingly 
simple (and therefore very fast on the compu- 
ter). For any row or column of the grid, a new 
estjmate B at gridpoint n is obtained from a 
previous estimate A and the new estimate at the 
preceding gridpoint according to the relation- 
ship: 

Rn = a R + (1-a) An n>l n- 1 

The smoothing parameter a controls the 
spatial scale of the fjlter. The recursion of 
( I )  can be expanded to give 

R~ = (I=~)(A~ + a A + ... + am ) (7.) n-1 An-m 

which may be symbolically represcnted as 

R = E*A 
E = ( 1 4 )  an 

( 3 )  

E is the convolution kernel which acts on the 
field of prior estlmates A.  A continuous 
analogue to ( 3 )  gives 

where X is a charactertstic scale related to 
the smoothing parameter. Thus, the filter i s  



exponential with a shape dependent on the 
smoothing parameter a. 

across a row cr  column in alternating direc- 
tions to rnsure symmetry. This affects the 
smoothinc properties inasmuch as the aggregate 
attains equivalenre to convolving the field 
with a Gaussian filter whose stavdard deviation 
is given by 

Tn practice, (1) is applied repeatedly 

0 =rnA (5) 

where L is the number of jterations of the 
symmetric pair and the units arr grid inter- 
vals. For details, see Purser and McQnjgg 
(1982). It is interesting to notr that in this 
sense thr RF i s  revealed to be closely analo- 
ROUS to the Barnes (1963) system which employs 
a Gaussian filter directly. 

analysis gridlength 6 explicitly by expressing 
A In terms of a character?stic wavelength R .  
Let 

O 2  = ( R / b ) 2  = 71h2 

It i s  advantapeous to introduce the 

( 6 )  

and from ( 4 )  

A 2  = ( R / 6 )  ? / 2 ~  - a / ( ~ - n ) ~  ( 7 )  

Thus, the smoothing parameter is defined hv the 
eridlength and a charnrteristfc wavelength a n d  
the number of iterations which are the option 
of the aniilyst. 

ly aswmes convolutions extending over an 
unlimited number of point on each line. In 
reality, boundaries intervene. However, by 
selecting sujtable startjng conditions for each 
application of the elementary filter ( I ) ,  it is 
possible to simulate the effect of an infinite 
continuation of the grid, therehy reducing 
spurlous boundary effects in the analysis. The 
starting conditlons for filter E depend on the 
number of preceding applications of thr oppos- 
ing filter, whirh we call W. If there has been 
no previous application, then the starting 
condition is simply: 

The formalism developed so far lmplicit- 

( B * A ) ]  = B1 = ( 1 4 )  (8) 

When W has been applied once, the 
starting condition should acknowledge the 
presence of an exponential "tail" for the 
rontinuation of both A and J3 beyond the boun- 
dary. Or: 

From (9) and (1) at n = l :  

B = a n  
E: = aB1 + ( l a ) A I  

and eliminating B gives the appropriate 
starting condj tiog: 

( 9 )  

Corresponding scartine, conditions can be 
obtained in thc case of N1 previous applica- 

tions of the opposing filter W to yield formulas 
for R involving AI,. . . A  . 

Thr preceding des:r-lbes how we may 
specify a filtering procedurr to control the 
scales represented in the gridded analysis. 
Rut before we may proceed to this stage. it is 
necessary to assign values to the gridpoints 
from random observations, in order to form the 
field A .  Tn the RF, two fields are defined. 
The first is the "observation residual" repre- 
senting thr difference between the observations 
and a previous estimate. For each observation, 
the rrsidunl is  calculated at the location of 
the observatjon. This value, weighted bv a 
quality estimate for that observation, is spread 
to the four surrounding gridpoints using bi- 
linear weighting. The second grid is  the 
"weights'', or observation nuality, distributed 
in the same manner. The recursive filter, 
described bv ( I )  i s  used to smooth both grids. 
It is  passed repeatedly over both rows and 
columns for N T  jterations. The updated analysis 
i s  formed bv adding the smoothed "observational 
residuals'', divided by the smoothed weights, to 
the previous estimate. 

As mentioned at the beginning of this 
section, the complete RF is a successive 
approximation method. This i s  accomplished by 
making several (VA) of the passes descrihed i n  
the previous paragraph, successively introducing 
finer scale bv successively decreasinp the 
characteristic wavelength R. A large wavelength 
( R O )  i s  defined on the initial pass and reduced 
exponentially to RL for the final p a s s .  An 
additional "filter factor" (RF) is included to 
arbitrarily modify the width of the Gaussian 
filtrr on all passes as a control over the 
closeness of fit to the observations. Note that 
the characteristic wavelength, according to ( 7 ) .  
defines a smoothinga for the entire grld. In 
the RF analysis, however, after the initial 
pass, thea i s  modified to vary spatially 
according to the "weight" grid of the previous 
pass. This has the desirable feature that finer 
scale is introduced only where observation 
density and quality are appropriatr. 

analysis systems t o  use an initial guess derived 
from a previous analysis or forecast. Tn the RF 
framework, this rould be done bv using the guess 
as the initial estimate for determining "obser- 
vation residuals" on the first pass .  However, 
to increase the flexibility of the system, we 
have chosen a different option. Values selected 
from the first guess are treated as pseudo 
ohservations. These are selected at a uniform, 
hilt optional density ( G T N C ) .  Yet another 
analvsis parameter (WGS) assigns a quality to 
these pseudo observations which i s  processed 
cxactlv as the quality indicator for observa- 
tions (currentlv fixed at l . ) ,  except for the 
final pass whrn it i s  set to zero. 

It is conventional in meteorological 

3 .  APPI.1 CATTONS TO SYNTHETIC FIELDS 

A synthetic field of 500 mb temperature 
w a ~  constructed over the eastern U.S. and 
Atlantic. It represents the sum of three fields 
derived u s i n g  the equation: 

- 
T(i,j) =s T + S ( ! )  - A SIN flnNi/Lx + Uy) ( I ? )  

8 3 



where i and .i are-the east-west, no r th - sou tb  
g r i d  d i r e c t i o n s ,  T is a mean t e m p e r a t u r e  
(25OK). D is a nor th - sou th  t i l t  f a c t o r  (~r /2Ly) 
and L , L are t h e  number of  g r i d p o i n t p  i n  t h e  
i andXj  d l r e c t i o n s ,  r e s p e c t i v e l y .  
pa rame te r s  and t h e i r  v a l u e s  f o r  t h e  t h r e e  
f i e l d s  are 

The o t h e r  

S: no r th - sou th  s l o p e  (4,2,1)  
A: ampl i tude  (8 ,2 ,1)  
N :  wave number (1 ,3 ,5)  

The p rocedure  r e p o r t e d  i n  t h i s  s e c t i o n  
w a s  t o  sample t h i s  g r i d ;  r e c o n s t r u c t  t h e  f i e l d  
u s i n g  RF; and f o u r i e r  a n a l y z e  t h e  r e s u l t .  T h i s  
p e r m i t s  us  t o  e m p i r i c a l l y  examine t h e  f i l t e r  
p r o p e r t i e s .  

d a t a  d e n s i t v .  For t h e s e ,  pseudo d a t a  were 
t aken  w i t h  a un i fo rm d i s t r i h u t i o n ,  though 
v a r i a b l e  d e n s i t y ,  o v e r  t h e  complete  g r i d  of  
51*101 g r i d p o i n t s  c o v e r i n g  t h e  area shown i n  
F ig .  1. These d a t a  were ana lyzed  w i t h  t h e  KF 
u s i n g  no f i r s t  g u e s s  and a f i x e d  set of  f i l t e r  
pa rame te r s  (RF=l. ,  RO=500, RL=10). Tab le  I 
p r e s e n t s  t h e  a m p l i t u d e s  of t h e  f i r s t  s i x  wave 
numbers a c r o s s  t h e  midd le  and t o p  rows o f  t h e  
g r i d  f o r  t h e  o r i g i n a l  f i e l d  and a n a l y s e s  u s i n g  
seven  d i f f e r e n t  d a t a  d e n s i t i e s .  The t a b l e  
shows t h a t  t h e  a n a l y s i s  pe r fo rms  as  expec ted .  
Cons ide r  f i r s t  t h e  midd le  row which is l ea s t  
plagued by boundary problems. 
scale (wave number 1)  i s  r e t a i n e d  r e a s o n a b l y  
f a j t h f u l l y  down t o  a d e n s t t y  o f  162 observa-  
t i o n s .  Below t h i s  i t  b e g i n s  t o  deg rade  r a p i d -  
l y .  Wave number 2 i s  h e l d  o n l y  t o  a d e n s i t y  of  
280 o b s e r v a t i o n s  and wave number 5 t o  650 
o b s e r v a t i o n s .  A s  t h e  s i g n a l  i s  smoothed, i t  is  
i n c r e a s i n g l y  a l i a s e d  j n t o  t h e  a d j a c e n t  wave 
numbers, b u t  o n l y  u n t i l  t h e  immediately l a r g e r  
wavenumber i s  " l o s t "  ( i . e .  a t  a d e n s i t y  o f  42 
f o r  wave number 2 and 72 f o r  wave number 4 ) .  
The l a t t e r  f a c t  a t t e s t s  t h a t  t h e  RF does  n o t  
i n t r o d u c e  scale below t h a t  a v a i l a b l e  from t h e  
o b s e r v a t i o n s .  

s t ra te  t h a t  t h e  b o u n d a r i e s  behave somewhat 
d i f f e r e n t l y  f rom t h e  i n t e r i o r .  Wave number 1 i s  
n o t  smoothed. Wave numbers 3 ond 5 are  more 
s l o w l y  smoothed. The a l i a s i n g  t o  o t h e r  wave 
numbers i s  s imi la r ,  b u t  more r a p i d  and t o  a 
h i g h e r  level. 

pa rame te r s  RF o r  RL on t h e  s y n t h e t i c  d a t a  sets 
are  shown i n  Tab le  2. Only t h e  i n t e r i o r  row i s  
shown; re la t ive d i f f e r e n c e s  a t  t h e  boundarv of  
t h e  g r i d  are comparable  t o  t h o s e  shown i n  Tab le  
1. For  t h e s e  expe r imen t s ,  a d a t a  d e n s i t y  of  162 
o b s e r v a t i o n s  was s e l e c t e d .  It  i s  a p p a r e n t  from 
t h e  t a b l e  t h a t  t h e  two pa rame te r s  e f f e c t  much 
t h e  same changes.  With e i t h e r ,  t h e  smoothing 
increases as t h e  pa rame te r  i s  i n c r e a s e d ,  and t h e  
a l i a s i n g  i s  w e l l  c o n t r o l l e d .  Note t h a t  n e a r l y  
i d e n t i c a l  r e s u l t s  are o b t a i n e d  f o r  (RF=I.O, 
RL340) and (RFz1.5, P.L=20). However, t h e y  are  
n o t  r edundan t  i n  t h a t  t h e  a l i a s i n g  i n t o  low wave 
numbers is  c o n t r o l l e d  when RL i s  v a r i e d .  Also, 
two d e g r e e s  of  freedom are v e r y  u s e f u l .  Fo r  
example,  i t  a p p e a r s  (as w i l l  be  shown l a t e r )  
t h a t  t h e  b o u n d a r i e s  are  somewhat b e t t e r  behaved 
w i t h  a low v a l u e  o f  RF. 
i n t r o d u c e  s p u r i o u s  d e t a i l  i n  t h e  i n t e r i o r ,  

A f i r s t  s e t  of expe r imen t s  c o n s i d e r s  

The l a r g e s t  

The numherfi shown f o r  t h e  t o p  row demon- 

R e s u l t s  o b t a i n e d  by v a r y i n g  t h e  smoothing 

But t h e  low v a l u e  may 

Tab le  1 

F o u r i e r  a n a l y s i s  of  middle  and t o p  rows of g r i d s  
ana lvzed  w i t h  varyjnp; uvi forn i  d e n s i t y  N .  WNI 
t h rough  WN6 are ampitudes of  wave numbers 1-6. 
Tnput s i g n a l  a t  WN1, WN3, and wN5 as show by 
O R I G .  

N 

ORJC 
650 
280 
162 
110 

72 
56 
42 
33 

OR1 C, 
650 
280 
1 6 2  
110 

7 1  
56 
4 2  
33 

WNI 

8.00 
8.00 
7.99 
7.93 
7.86 
7.61 
7.38 
6.93 
6.61 

8.00 
8.05 
8.09 
8.14 
8.21 
8.26 
8.34 
8.19 
8.32 

EN2 

. 00 . 00 

.08 

. I 9  

.44 

.56 

.68 

.00 

. I 9  

.33 

.47 

.44 

.37 

.70 

.99 

. n i  

.70 

. ns 

F.W 3 

1.99 
1.99 
1.98 
1.89 
1.70 
1.39 
1.11 

. 7 7  

.57 

1.99 
2.02 
2.03 
2.03 
1.98 
1.82 
I .67 
1.49 
I .37 

WN4 

. 00 

.O1 

.O1  

.07 

.14 

. ? l  

. l h  

. l l  

. I 3  

. 00 

. lf! 

.31 

.45 

.63 

.62 

.80 

.86 

.n9 

WN5 

.99 

.98 

.92 

. 7 4  

.50 

.31 

. 2 1  
a13 
.14 

.99 

.99 

.96 

.88 

.75 

.78 

.69 

.71  

.69 

WN6 

. 00 

.01 

.01 

.02 

.03 
a02  
.07 
.05 
. I 1  

.oo 

.09 

. 2 2  

.35 

. 4 4  

.55 

.51 

.57 

.58 

Tab le  2 

F o u r i e r  a n a l y s l s  of  midd le  row ana lyzed  w l t h  
v a r i a b l e  t u n i n g  f a r t o r s .  D e f a u l t  v a l u e s  a r e  RI, 
= 10, RP = 1.0,  N = 167. 

RF WN1 WN2 WN3 WN4 kW5 WN6 

0 .3  7.96 .04 1.94 .04 .89 .04 
0.5 7.96 .04 1.95 .04 .89 .04 
1.0 7.93 .011 1.89 .07 . 7 4  .02 
1.5 7.73 .33 1.48 .14 .35 .03 
2.0 7 . 1 2  .55 .Rf(  .04 .16 .05 

RL 

5 7.93 .07 1.89 .07 .75 .02 
10 7.93 .OR 1.89 .07 . 7 4  .02 
70 7.93 .08 1.R6 .Oh .69 .02 
30 7.93 .09 1.73 .01 .50 .06 
40 7.82 .09 1.39 .10 .32 .10 

p a r t i c u l a r l y  w i t h  n o i s y  d a t a .  
valuc. o f  R L  can he  used t o  avo id  t h e  d e t a i l .  

A f i n a l  experiment  w i t h  t h e  s y n t h e t i r  
d a t a  is p r e s e n t e d  t o  demons t r a t e  t h a t  t h e  Pr i s  
( w j t h i n  r e a s o n )  i n s e n s i t i v e  t o  t h e  g r i d  mrsh. 
F i p u r e  1 shows t h e  162 o b s e r v a t i o n  a n a l y s i s  a t  
101x51 and i t s  d i f f e r e n c e  from an a n l a y s i s  a t  a 
r c s o l u t i o n  of 51x26. The o n l y  d i f f e r e n c e  i s  i n  
a v e r v  h igh  f r equency  harmonic of n e a r l y  z e r o  
ampl i tude  o v e r  t h e  r i d g e  l i n e .  

The p r e c e e d i n g  d i s c u s s i o n  has  d e a l t  w i th  
uniform d a t a  d i s t r i b u t i o n s .  These a r e  g e n e r a l -  
l y  n o t  t h e  c a s e  i n  me teo ro logy ,  owing t o  t h e  
expense of ocean-launched r a d i o s o n d e s  and c loud  
i n t e r f e r e n c e  w i t h  remote s a t e l l i t e  soundings.  
It h a s  a l s o  n o t  t r e a t e d  t h e  q u e s t i o n  o f  u s i n g  
an i n i t i a l  guess, n o r  t h e  d i f f i c u l t y  of 

A compensat ing 
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Fig .  1 .  
and i t s  d i f f e r e p c e  from one a t  51x26. 

a c c o u n t i n g  for v n r j a b l e  o b s e r v a t t o n  e r r o r s .  
A l l .  of  t h e s e  can be i n v e s t t g p t e d  a s  e n s l l y  as  
t h e  q u e s t i o r  of  d a t a  d e n s i t y .  However, space  
l i m i t a t i o n s  f o r  t h i s  a r t i c l e  and t h e  r e a d e r ' s  
p a t i e n c e  p e r m i t  o u r  o f f c r j n g  h e r c  on ly  an  h o r s  
d I oeuvre .  

From t h e  a n a l y t i c a l  f i e l d ,  o b s e r v a t i o n s  
were e x t r a c t e d  a t  t h e  l o c a t i o n s  of t h e  s t a n d a r d  
r ad iosondes .  The a n a l y s i s  ob tn fned  from t h e s e  
w i t h  RF=0.5 (which w e  now c x p r c t  t o  he h e t t e r  
t h a n  d e f a u l t  f o r  t h j s  c a s e )  and no i n i t i a l  
guess IS shown a s  F i g .  2a. The e r r o r  
a s s o c j n t e d  w l t h  t h i s  a n a l y s l s  I s  g j v e n  a s  r i g .  
2b. 
d e n s i t y  ( approx ima te ly  e q u i v a l e n t  t o  t h e  57 

A n a l y s i s  performed o v e r  101x51 g r i d  

P a r t  of t h e  c r r o r  i s  due t o  t h e  r ad iosonde  

o b s e r v a t i o n  s y n t h e t t c  experiment  d i s c u s s e d  
p r e v i o u s l y ) ,  b u t  t h e  much l a r g e r  p a r t  i s  due t o  
d a t a  v o i d s  i n  areas of h i g h  g r a d i e n t .  
h e r e  t h a t  j u d i c i o u s  e p p l i c a t i o n  of a f i r s t  guess  
f j e l d  shou ld  p r o v i d e  r e l i e f .  
let us assume t h a t  a n a l y s i s  produced by t h e  
uniform d l s t r i b u t j o n  of 52 o b s e r v a t i o n s  j s  
a v a i l a b l e  t o  s e r v e  as a f i r s t  guess .  
o F s o c i a t e d  w i t h  t h a t  f i e l d  i s  g iven  in Fig. 38 
and t h e  e r r o r  of t h e  a n a l y s i s  u s i n g  t h a t  guess  
i s  shown i n  F ig .  3b. The f i n a l  a n a l y s i s  now 
h a s  t h e  a t t r i b u t e s  of  t h e  f i r s t  g u e s s  tn t h e  
d a t a  vn id  a r e a s ,  and ,  a l though  i t  is b a r e l y  
d i s c e r n j b l e  i n  t h e  f i g u r e s ,  is s l i g h t l v  improved 
o v e r  t h r  guess where t h e r e  are rad iosondes .  
s h o r t ,  t h e  RF a p p e a r s  t o  i n c o r p o r a t e  t h e  guess 
an  a p p r o p r i a t e  manner. 

To t h i s  p o i n t  we have c o n s i d e r e d  on ly  t h e  
" p r r f e c t "  o b s e r v a t i o n .  
e € f e c t  of i n t r o d u c i n p  r e a l j s t j c  e r r o r .  For  
t h i s  pu rpose ,  we  have d e r t v e d  a pseudo s a t e l l i t e  
r e t r i e v a l  d i s t r i b u t i o n ,  l e a v i n g  gaps  in t h e  
covernge where we would e x p e c t  them f o r  an  
atmosphere w j t h  t h e  c h a r a c t e r i s t i c s  of  t h e  
s imula t ed  f j e l d .  
t h e  p e r f e c t  f j e l d ,  add ing  random e r r o r  g e n e r a t e d  
from a Gaussian d i s t r i b u t j o n  w i t h  2 s t a n d a r d  
d e v i a t i o n  of 1.RK ( t h e  approximate e r r o r  of 
s a t e l l i t e  r e t r i e v a l s  a t  500 mb). 
b i a s  e r r o r s  of + 1  or -1 were added o v e r  broad 
a r e a s ,  p o s i t i v e  ahead of t h e  r i d g e  and n e g a t i v e  
beh ind .  
(w i thou t  a f i r s t  guess )  v a r y i n g  t h e  f i l t e r i n g  
pa rame te r s  RF and RL. 
a n a l y s i s  e r r o r  f o r  RL-10 and RF=1.5 ( t o p )  and 
1.0 (bot tom).  

I t  is 

A s  one example,  

The e r r o r  

I n  

We can  now look a t  t h e  

Data v a l u e s  were p icked  from 

In a d d i t i o n ,  

From t h e s e  d a t a ,  a n a l v s e s  were made 

F i g u r e  4 p r e s e n t s  t h e  

Two c o n c l u s i o n s  can be drawn from 

~ c. - 
( t o p ) ;  no ~ U F S S .  A n a l y s i s  e r r o r  (bot tom).  
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First, RFsl.0 draws too closely to the data. 
RF-1.5 appears to be epproximately correct 
since, apart from the boundaries, only the 
large scale bias error remains. In fact, the 
data fit for this analysis was 1.7K, very close 
t o  the input error, whereas the data fit for the 
RF=1.0 analysis was 1.2K. This shows empirical- 
ly what is intuitively obvious, that the filter- 
ing parameters should be selected to fit no 
closer than the observation error. The second 
conclusion to be drawn from Fig. 4 is that the 
boundaries are better behaved when RF is small. 
We are not sure why this is the case, but we 
can take advantage of it by tightening the RF 
and controlling the scale wj.th RL. An example 
of this is shown in Fig. 5 which shows the 
analysis and data fit obtained with RF4.5 and 
Rt=30. This is a very good analysis, indeed, 
with an error deviation of 0.8K (less than half 
the observation error) when compared to the 
perfect field (excluding the boundaries). One 
should be advised, however, that as usual, 
simulation is painting too rosy a picture since 
a Gaussian error analyzed with what is essen- 
tially a Gaussian filter is somewhat of a scam. 

Fig. 4.  Analysis error from satellite distri- 
bution (with random error). Top: RF=1.5. 
Bottom: RFL1.0. 

4 .  APPLICATIONS TO REAL FIELDS 

The recursive filter analysis is used in 
three ways i n  processing VAS data. 
to provide estimates of surface temperature and 
dewpoint which are used to modify the lower 
levels of the guess temperature and moisture 
profiles. 

It is used 

It is used t o  objectively edit VAS 

retrievals which are processed over the Eastern 
Pacific for the National Meteorologfcal Center 
(NMC). It is used to provide gridded fields of 
geopotential for the estimate of gradient winds 
to accompany the temperature moisture retriev- 
a l s .  Here we shall give examples of the first 
two, but leave the last for a more complete 
treatment elsewhere. 

Fig. 5. Same as Fig. 4 ,  but R P 0 . 5 ,  RL=30. 
Data fit is also shown. 

Figure 6 is an example of what can happen 
when the quality of the surface grids is not 
carefully controlled. The figure shows tempera- 
ture mojsture profiles over the Atlantic at the 
same location, processed three hours apart in 
support of the Genesis of Atlant€c Lows Experj- 
ment (GALE). Each Skew-T shows first guess and 
final. profiles, and in both rases the radiance 
data has had little impact on the guess. More 
importantly, the soundings indicate a stabiliza- 
tion of the atmosphere over the three hour 
period with the Lifted Index increasing from 
-12 to -2. This nonsense was perpetrated by 
the surface analyses at the earlier time period 
which were erroneously warm and moist due to 
poor extrapolation by the RF into a data void 
area. No guess field for the RF was being used 
at the time. The moral j s  that the RP should 
not have been used so carelessly. Jt is well 
to remember that stability indices are one of 
the prime requirements given by NMC for the 
operational geostationary sounders on GOES- 
NEXT. 

tions for a typical GAJ4E case. Solid blocks in 
the ffgure indicate that the retrieval was 
edited. The top of the figure is from a manual 
editing using an experienced operator; the 
bottom is from an automatic editor uoing the 
RF. In the automatic editor, a parameter is 
analyzed using data and first guess. The data 
are screened against the analysis, and rejected 
if they deviate by a pre-determined amount. 
The most noteworthy djfference resulting from 
the editing procedures is that the operator has 
excised large block8 of retrievals (note 
especiallv the Maryland, Pennsylvania, New 
York, Ohio corridor, and the area south of 
Labrador). In doing this, he must suspect 
systematic error (i.e., rloud contaminatjon) 
which cannot be detected by the RF procedure. 
Figure 8 portrays the difference between 500 mb 
geopotential analyses derived from the uned€ted 
and manually edited retrtevals. The large 

Figure 7 shows the VAS retrieval loca- 
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Fig. 6 .  
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centers previously referred to are not present 
in the comparable comparison wlth the automatic 
editor. This caFe is typical, and we must 
therefore conclude that the RF cannot provide 
the auto-editing capabilfty which operations SO 

much desires; at least not until the retrieval 
algorithm can detect and avoid causes of syste- 
matic error. 

VAS retrievals over GALE; three hours 

5. SUMMARY 

We have described an analysis system 
which we have found to be extremelv useful in a 
man-computcr interactive environment. It 
contafns most of the featuree which are gener- 
ically desirable, is computationally efficient, 
and is very flexible with tunlng parameters 
whose effects arc easily understood. Several 
examples with synthetic datA have been included 
to elucidate thcse features, In applicnrlons 
wlth real VAS data we have given, perverst'ly, 
two examples where the RF system fails, or is 
at best wanting. 
interesting and Informative cases. 
majority of applications the RF works very 
well. 

These, of course, are the 
In the vast 

. -..-. .... ,. * . - - -  . . . .  ..- 

....... * .. 
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, * . .=. .= . .  
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Fig. 7. Manually (top) and objectively 
(bottom) edited VAS. 

Fig. 8. 
analyses: edited vs. unedited. 

Difference of 500 mb geopotentid 
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3 . 6  

I A I SESAME I OBSERVED 
RADIOSONDES 

INITIALIZATION OF A HESOSCRLE HODEL U I T H  SATELLITE 
OERIUED TEUPERATURE PROFILES 

I STATIC 

Michael U. Kalb 

I B I TIROS-N 
SATELLITE 

U n i u e r s l t ~ e s  Space  Resea rch  A s s o c i a t i o n  
M a r s h a l l  Space r l i y h t  Cen te r  

H u n t s u i l l e .  AL 35812 

I STATIC I OBSERVED 

I n  tr o d u c t i  ori 

D 

A n e s o a c a l e  model s i m u l a t i o n  by Kalb 
(lq85) u h i c h  used  mandatory l e v e l  SLSAME- 
RUL I rduinsur ide  d a t a  t o  d e s c r i b e  t h e  
i n i t i a l  s ta te ,  s u g g e s t e d  t h a t  t h e  low 
ue r tAca1  r e s o l u t i o n  o f  s a t e l l i t e  d a t a  may 
n o t  be a s e r i o u s  problem i f  i t  is c o n s i s -  
t e n t  u i t h  t h e  u e r t i c a l  r e s o l u t i o n  a f f o r d e d  
by d p a r t i c u l a r  numer i ca l  p r e d i c t i o n  model. 
I h d t  s i m u l d t i o n  shoued t h a t  h o r i z o n t a l  

m e b o s c a l e  m a s s  f i e l d  s t r u c t u r e  d i s c e r n e d  by 
SLSRHE-RUE rad1  ubonde d a t a  w a s  i m p o r t a n t  t o  
t h e  model " f o r e c a s t "  and  w a s  s u p p o r t e d  
i n i t i a l l y  by mass bd lanced  winds.  Those 
f i n d i n g s  m o t i u a t e d  t h e  p r e s e n t  s t u d y  u h i c h  
examines  t h e  r e l a t i u e  pe r fo rmances  of t h a t  
r a d i o s o n d e  d a t a  a n d  TIROS-N sa t e l l i t e  
d e r i v e d  t e m p e r a t u r e  p r o f i l e  d a t a  i n  meso- 
bcdle model s i m u l a t i o n s  f o r  t h e  s a m e  cabe 
of  1 0  A p r i l .  1979. 

The purpose  of t h i s  paper  is  t o  e x p l o r e  
t h e  p o t e n t i a l  c a p a b i l i t y  t h a t  s a t e l l i t e  
based  t e m p e r a t u r e  p r o f i l i n g  sys t em5  might  
haue  on mesosca le  numer i ca l  u e a t h e r  p r e d i c -  
t i o n ,  e> t h e r  i n d e p e n d e n t l y  o r  i n  corijunc- 
t i o n  u i t h  ground based  i n f o r m a t i o n .  The 
p r imary  f o c u s  15 on t h e  impac t  of  s a t e l l i t e  
t e m p e r d t u r e  p r o f i l e  d a t a  on model mesosca le  
preci p i  tsti on a c c u m u l a t i  on f 1 e l  d f i e l  d s .  

TIROS-N OBSERVED DYNAMIC 
SATELLITE 

2. Experiment Des ign  

T h i s  s t u d y  is  based  on f o u r  f i e s o s c a l e  
model s i m u l a t i o n s  i n i t i a l i z e d  a t  2100 GMT 
10 A p r i l  and  e n d i n g  at 0600 GMT 11  A p r i l ,  
1979 (9  h o u r s > .  These employ u a r i o u s  
c o m b i n a t i o n s  of sa t e l l i t e  v e r s u s  r a u i n s o n d e  
t e m p e r a t u r e .  obse rued  u c r s u 6  b a l a n c e d  l o u  
l e u e l  winds.  and  s ta t ic  v e r s u s  dynamic 
i n i t i a l i z a t i o n  of l o u  l e v e l  u i n d s  (see r i g .  
1 >. Tljese s i m u l a t i o n s  examine t h e  per form-  
a n c e  of  s a t e l l i t e  t e m p e r a t u r e  p r o f i l e  d a t a  
i n  a m e s o s c a l e  model a n d  t h e  d e g r e e  t o  
u t i ich  l o u  l e v e l  u i n d  i n f o r m a t i o n  d e r i v e d  
from t h e  U.S. h o u r l y  su r  face n e t u o r k  might  
c;omplemerit a - s y n o p t i c  s a t e l l i t e  t e m p e r a t u r e  
tlato i n  p r e s c r i b i n g  m a s s  f i e l d s  and  m a s s -  
b a l a n c e d  winds  f o r  a model i n i t i a l  s ta te .  

S i m u l a t i o n s  A and  B are t h e  p r imary  
e x p e r i m e n t s  u t i ich  provide  l l ie mobt d i r - e c t  
compar ison  b e t u e e n  s a t e l l i t e  a n d  r a u i n s o n d e  
t e m p e r a t u r e  d a t a .  Both i n i t i a l  s ta tes  haue 
t h e  bane s u r f a c e  p r e s s u r e .  m o i s t u r e  d i s t r i -  
b u t i o n  and  u s e  t h e  s a m e  s ta t ic  i n i t i a l i z a -  
t i o n  for- a l l  p r o g n o s t i c  model u a r i a b l e s .  
Both haue  l o u  l e u e l  w inds  s p e c i f i e d  from 
obse rued  s u r f a c e  u i n d  a n a l y s e s .  D i f f e r e n c e s  

b e t u e e n  s i m u l a t i o n s  A end  B can  be l i n k e d  
t o  d i f f e r e n c e s  i n  t h e  i n i t i a l  r a d i o s o n d e  
and s a t e l l i t e  t e m p e r a t u r e  f i e l d s .  

S i m u l a t i o n  C d i f f e r s  from 6 i n  t h a t  it 
u s e s  ba l anced  u i n d s  f o r  t h e  l o u  l e u e l s  
r a t h e r  t h a n  i n c o r p o r a t i n g  obse rued  s u r f a c e  
u indb .  T h i s  s i m u l a t i o n  assumes  t h a t  o n l y  
temper-a ture  a n d  m o i s t u r e  d a t a  are a u a i l a b l e  
< e . g . ,  o u e r  o c e a n s ) ,  t h u s  r e q u i r i n g  t h a t  
w inds  be  computed from t h e  sa te l l i te  m a s s  
f i e l d  a t  a l l  l e u e l s .  T h i s  s i m u l a t i o n  w a s  
conce ived  by r e c o g n i z i n g  t h a t  t h e  h o u r l y  
a u r f a c e  n e t u o r k  is p e r h a p s  t h e  o n l y  s o u r c e  
of i n f o r m a t i o n  u h i c h  is a l w a y s  a u a i l a b l e  t o  
c:omplement a - s y n o p t i c  m a s s  and  mass 
b a l a n c e d  u i n d  f i e l d s  p r e s c r i b e d  from setel-  
l i t e  t e m p e r a t u r e  d a t a  a l o n e .  

The i n c l u s i o n  of  a r ea l i s t i c  low l e v e l  
d i v e r g e n t  u i n d  f i e l d  is t h o u g h t  t o  be 
i m p o r t a n t  s i n c e  t h e  f o r m a t i o n  of m o i s t  
c o n u e c t i o n  a t  a l o c a t i o n  i s  o f t e n  p receded  
by i n t e n s e  l o c a l  m o i s t u r e  conuergence .  Such 
o c o r r e l a t i o n  u a s  found by Homan and  
Uincen t  (1982) a n d  Moore <1982> f o r  conuec- 
t . iue  p r e c i p i t a t i o n  u h i c h  o c c u r r e d  on 10 
A p r i l ,  1979 u i  t h i n  t h e  domain c o n s i d e r e d  i n  
t h e  p r e s e n t  s t u d y .  Cumulus c o n v e c t i o n  may 
be  i n i t i a t e d  i n  t h e  model t h r o u g h  t h e  
release of  p o t e n t i a l  i n s t a b i l i t y  u h i c h  can  
be enhanced  u i a  l o u  l e v e l  mo i s t en ing .  
T h e r e f o r e .  local l o u  l e v e l  a c c u m u l a t i o n  o f  
m o i s t u r e  i n  t h e  model by a d v e c t i o n  and  
d i u e r g e n t  p r o p e r t i e s  o f  t h e  l o u  l e v e l  u i n d  
f i e l d  c o u l d  be  i m p o r t a n t  i n  t h e  model. as 
i n  n a t u r e ,  f o r  d e t e r m i n i n g  uhen  and  where 
c o n u e c t i o n  may begin .  S i n c e  u e r i f i c a t i o n  i n  
t h i s  st.udy f o c u s e s  on p r e c i p i t a t i o n ,  expe r -  
i m e n t s  u h i c h  examine t h e  r o l e  of  t h e  low 
l e u e l  u i n d  f i e l d  assume g r e a t e r  s i g n i f i -  

I ::rP:!Y DATA LOW LEVEL INITIALIZATION OF 
LOW LEVEL WINDS I I I I WINDS 

I STATIC I I c I TIRoS-N SATELLITE I BALANCED 

Fig. 1 Exper iment  d e s i g n .  
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cance. The obserued su r face  diuergence and 
s t reaml ines  a r e  shown i n  F ig .  2. The area 
o f  maximum conuergence near t h e  Texas 
Panhandle is a l s o  a maximum o f  mo is tu re  
conuergence’ 

E n  s i m u l a t i o n  0 .  a s imple dynamic 
i n i t i a l i z a t i o n  uas used t o  f o r c e  t h e  same 
i n i t i a l  obserued l o u  l e v e l  u i n d  f i e l d  i n t o  
t h e  model. u h i l e  upper l e v e l  u i n d s  ad jus t .  
This p e r i o d  o f  cont inuous i n s e r t i o n  uas 
chosen t o  be approx imate ly  equal  t o  t h e  1 -  
1/2 h i n i t i a l i z a t i o n  / adjustment p e r i o d  
u h i c h  c h a r a c t e r i z e d  t h e  f o u r  LAMPS sinula- 
t i o n s .  Experiment D uas performed t o  
p rec lude  e l i m i n a t i o n  (due t o  adsjustment 
processes) o f  any ua luab le  i n f o r m a t i o n  
con ta ined  i n  t h e  i n i t i a l  low l e v e l  u i n d  
obseruat ions.  

I I I n r  I 1  

Fig. 2 2100 GMT su r face  u i n d s  used i n  t h e  
model i n i t i a l  s t a t e .  a) diuergence. 1 0  s. 
b) st reaml ines.  

3. D a t a  A c q u i s i t i o n  and Ana lys i s  

To take  eduantage of b o t h  rauinsonde 
data from t h e  SESAME-RUE r e g i o n a l  sca le  
obseru ing network and s i m u l  taneouslY 
obserued s a t e l l i t e  temperature p r o f i l e s .  
t h e  t ime  p e r i o d  2100 t O  0600 GMT 1 0 - 1 1  
A p r i l ,  1979 uas s e l e c t e d  f o r  t h i s  study. 
This p e r i o d  c o i n c i d e s  w i t h  t h e  most severe 
Weather p e r i o d  assoc ia ted  u i t h  t h e  U i c h i t a  
F a l l s  tornado outbreak. 

The a v a i l a b i l i t y  o f  TIROS-N temperature 
soundings over t h e  same domain a t  n e a r l y  
t h e  same t ime as t h e  SESAME rauinsonde data 
Presented a unique o p p o r t u n i t y  t o  exp lo re  
t h e i r  r e l a t i v e  impacts on a mesoscale 
num’ericel s imu la t i on .  D i f f e r e n c e s  i n  t h e  
r e p r e s e n t a t i o n  of t h e  model i n i t i a l  

b 1 
rig.  3 Mesoscale model domain < i n n e r  r e c t -  
angle)  and d i s t r i b u t i o n  o f  rauinsonde < e  ) 
and s a t e l l i t e  da ta  < 0 > a t  about 2100 GMT. 

temperature s t r u c t u r e  p rou ide  t h e  b a s i s  f o r  
comparing s a t e l l i t e  versus rauinsondelbased 
s imu la t i ons .  Exper imental  c o n t r o l  uas 
echieued by ensu r ing  b o t h  i n i t i a l  s t a t e s  
had t h e  same mo is tu re  d i s t r i b u t i o n  as u e l l  
as u i n d s  diagnosed from t h e  mass f i e l d .  

The s a t e l l i t e  data s e t  cons i s ted  o f  89 
u e r t i c a l  temperature p r o f i l e s  a t  ZO4C1 GMT 
u i  t h  ualues a t  mandat-ory pressure 1 euels.  
These ue re  d e r i v e d  from T I R O S - N  s a t e l l i t e  
rad iance measurcnentn nethods desc r ibed  by 
S m i t h  (1978) and processed a t  the  
U n i u e r s i t y  o f  U iscons in  u s i n g  i n t e r a c t i u e  
computer techniques i n  u h i c h  an opera to r  
s e l e c t s  c loud - f ree  f i e l d s  o f  v iew f o r  
nak i ng t empe r a  t ur e ret .  r i e u a l  s . 

‘The a r e a l  coverage o f  s a t e l l i t e  and 
radiosonde d a t a  f o r  t h e  i n i t i a l  s t a t e s  a t  
2100 GMT a r e  shown i n  F ig.  3. The s a t e l l i t e  
da ta  had seuera l  data uoids.  A l a r g e  c loud  
s h i e l d  over Oklahoma assoc ia ted  u i  t h  heauy 
r a i n f a l l  preuented s a t e l l i t e  soundings from 
be ing  made t h e r e  <see F ig .  4>.  A s a t e l -  
l i t e  da ta  u o i d  i n  southwest Texas 
demarcates t h e  western edge o f  t h e  TIROS-N 
o r b i t a l  suath. To h e l p  u i t h  t h e  o b j e c t i u e  
s n a l y s i s  a l o n g  t h e  western edge o f  t h e  
model domain i n  t h e  da ta  u o i d  r e g i o n  i n  
C.01 orado, t u o  SESRME raui naonde soundings 
ue re  i n c l u d e d  as i n d i c a t e d  i n  F i g .  3. 
Except f o r  these two obseruat ions.  i n  a l l  
s a t e l l i t e  model s imu la t i ons .  da ta  i n  t h e  
domain i n t e r i o r  was prouided o n l y  by t h e  
s a t e l l i t e  and w i t h o u t  b e n e f i t  o f  a f i r s t  
guess f i e l d .  13utside t h e  model domain con- 
v e n t i o n a l  12 h o u r l y  synop t i c  rauinsonde 
nbseruat ions u e r e  t ime i n t e r p o l a t e d  t u  2100 
G t l T  and i n c l u d e d  i n  b o t h  t h e  rawinsonde and 
s a t e l l i t e  da ta  seta.  l h e  o b j e c t i u e  a n a l y s i s  
and i n t e r p o l a t i o n  procedures for -  t r a n s f e r -  
r i n g  s t a t i o n  da ta  t o  t h e  model g r i d  mesh i s  
desc r ibed  i n  Ka lb  <1983> . ’  

I n  cxper imenta R -  f3. and 11, otrserued 
su r face  u i n d s  ue re  used t o  c o n a t r u c i  a l o u  
l e u e l  d i v e r g e n t  u i n d  f i e l d  a f f r c i i n g  t h e  
l o u e s t  f i u e  l e u e l s  o f  t h e  node l  <U. t o  1.2s 
km). In these cases u i n d s  a t  n o d e l  l e u e l s  2 
through 5 uere  computed by l i n e a r  i n t e r p o l -  
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fig. 4 S a t e l l i t e  i n f r a r e d  c l o u d  Image a t  
2100 GMl j .  10 A p r i l ,  1979. Indye tids brei i  

e n h a n c e d  t o  s h o u  d o m i n a n t  s t r u c t u r e s .  

a t i o n  o f  u a n d  u components  b e t u e e n  t h e  
o b s e r u e d  s u r f a c e  u a l u e s  a n d  b a l a n c e d  u a l u e s  
at  l e u e l  6 g i v i n g  a n  Ekman t y p e  t u r n i n g  o f  
t h e  l o w  l e v e l  w i n d s  u i t h  h e i g h t .  

Only m a n d a t o r y  p r e s s u r e  l e v e l s  w e r e  
u s e d  f rom t h e  SESRME-RUE r a w i n s o n d e s .  T h i s  
was d o n e  s o  t h a t  v e r t i c a l  s a m p l i n g  
< r e s o l u t i o n >  u o u l d  b e  l e s s  o f  a factor i n  
t h e  c o m p a r i s o n  o f  s a t e l l i t e  a n d  r a w i n s o n d e  
t e m p e r a t u r e  p r o f i l e s .  a n d  t h u s .  e m p h a s i z e  
d i f f e r e n c e s  d u e  t o  h o r i z o n t a l  s a m p l i n g  a n d  
t h e  v o l u m e t r i c  n a t u r e  o f  t h e  s a t e l l i t e  
n e a s u r e n e n t s .  

The i n i t i a l  u i n d  f i e l d s  w e r e  computed  
f r o m  b o t h  t h e  s a t e l l i t e  a n d  r a w i n s o n d e  
g e o p o t e n t i a l  h e i g h t  a n a l y s e s  u s i n g  t h e  non- 
l i n e a r  b a l a n c e  e q u a t i o n  t o  e n s u r e  t h a t  t h e  
i n i t i a l  u i n d  f i e l d s  depended  o n l y  on  temp- 
e r a t u r e  s t r u c t u r e .  I n  r e g i o n s  w h e r e  t h e  
b a l a n c e  e q u a t i o n  uas n o n - e l l i p t i c .  w i n d s  
u e r e  c o n s t r a i n e d  t o  h a v e  z e r o  a b s o l u t e  
u o r t i c i t y  i n  o r d e r  t h a t  g e o p o t e n t i a l  h e i g h t  
( a n d  t e m p e r a t u r e >  f i e l d s  n o t  b e  a l t e r e d  
a c c o r d i n g  t o  common p r a c t i c e .  D e t a i l s  may 
b e  f o u n d  i n  i n  Kalb  (1983) .  

To f u r t h e r  f a c i l i t a t e  t h e  c o m p a r i s o n  o f  
s a t e l l i t e  a n d  r a w i n s o n d e  model s i m u l a t i o n s  
on t h e  b a s i s  o f  t e m p e r a t u r e ,  i t  u a s  
n e c e s s a r y  t o  p r o u i d e  b o t h  i n i t i a l  states 
u i t h  e q u i v a l e n t  m o i s t u r e  i n f o r m a t i o n  t h e  
g o a l  b e i n g  t o  o b t a i n  a s a t e l l i t e  m o i s t u r e  
a n a l y s i s  r e p r e s e n t i n g  t h e  s a m e  p h y s i c a l  
d i s t r i b u t i o n  o f  m o i s t u r e  p e r c e i v e d  by  t h e  
r a u i n s o n d e  n e t w o r k ,  b u t  s a m p l e d  a t  
i n d e p e n d e n t  sa t.el1 i t e 1 oca t i o n s .  S a t  e l  1 i t e  
d e r  i u e d  m o i s t u r e s  w e r e  n o t  u s e d .  I n s t e a d ,  
"bogus"  s p e c i f i c  humi d i  t y  u a l u e s  u e r e  
d e r i u e d  a t  s a t e l l i t e  d a h  l o c a t i o n s  w h i c h  
u h e n  o b j e c t i v e 1  y a n a l y z e d  g a v e  e s s e n t i a l l y  
t h e  s a m e  m o i s t u r e  d i s t r i b u t i o n  as t h e  
SESAME r a w i n s o n d e  d a t a .  T h e s e  m o i s t u r e  
v a l u e s  u e r e  o b t a i n e d  by t h e  f o l l o u i n a  p r o -  
c e d u r e :  

1. 

2. 

3. 

4. 

5. 

0. 

1. 

8. 

ANALYZE RAOBq. 

INTERPOLATE RAOB ANALYSIS T O  SAT LOCATIONS T O  CREATE SATELLITE 
OBSERVATIONS 4. 

ANALYZE SAT OBSERVATIONSq. 

SUBTRACT SAT ANALYSIS FROM RAOB ANALYSIS TO CREATE A DIFFERENCE FIELD. 

DIFFERENCES SMALL ? -YES -STOP 

I 
1 

N O  

INTERPOLATE DIFFERENCES TO SAT LOCATIONS A N 0  A 0 0  THEM TO THE O L D  SAT 
OBSERVATIONS T O  GENERATE NEW SAT OBSERVATIONS. 

ANALYZE NEW SAT q OBSERVATIONS. 

00 TO STEP 4. 

S a t e l l i t e  a n d  r a u i n s o n d e  s p e c i f i c  h u m i d i t y  
f i e l d s  uere  u e r y  c lose as s e e n  i n  F i g .  5 .  
b u t  c o u l d  n e v e r  b e  t h e  s a m e  by t h i s  
p r o c e d u r e  d u e  t.o d i f f e r e n c e s  i n  d a t a  
s a m p l i n g  l o c a t i o n s  a n d  d e n s i t i e s .  

S i n c e  i n i t i a l  s a t e l l i t e  a n d  r a u i n s o n d e  
s p e c i f i c  h u m i d i t y  a n a l y s e s  u e r e  e s s e n t i a l l y  
t h e  s a m e ,  t h e i r  r e l a t i v e  h u m i d i t i e s  u o u l d  
b e  d i f f e r e n t  a n d  c o u l d  a f fec t  t h e  outcome 
o f  t h e  model p r e c i p i t a t i o n  s i m u l a t i o n s .  
Houeuer ,  i f  t h e  s a t e l l i t e  d a t a  uere t o  b e  
t r u l y  i n d e p e n d e n t  of r a u i n s o n d e  i n f o r m a -  
t i o n ,  t h e n  a n  a b s o l u t e  m e a s u r e  of m o i s t u r e  
h a d  t o  b e  used .  R u a i l i s b l e  SESAME r e l a t i v e  
humidi  t i e s  imp1 i c i  t l  y c o n t a i n  i nf  o r n a t i o n  
a b o u t  r a u i n s o n d e  t e m p e r a t u r e .  

Fig. 5 I n i t i a l  r a u i n s o n d e  a n d  s a t e l l i t e  
s p e c i f i c  h u m i d i t y  a n a l y s e s  a t  700 mb a n d  
a t  t h e  s u r f a c e  <2100 GMT>. 

4. Model O e s c r i  p t i o n  

The model employed fo r  t h i s  s t u d y  u a s  
t h e  D r e x e l  U n i u e r s i t y  LAUPS < L i m i t e d  A r e a  
~ ~ 6 0 s c a J e  P r e d i c t i o n  Systen> mesoscale 
n o d e l .  The r e a d e r  s h o u l d  c o n s u l t  P e r k e y  
(1976) f o r  d e t a i l s  as o n l y  a c u r l i o r y  
d e s c r i p t . i o n  o f  t.he model is p r o v i d e d  h e r e .  
LAUPS i.s a 15 l e u e l .  f u l l y  m o i s t .  p r i m i t i u e  
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equa t ion  model u i t h  t e r r a i n  f o l l o w i n g  
h e i g h t  coord inates.  The t.op o f  the model i 5  

at 16 km. P rognos t i c  model u a r i a b l e o  iii- 

d u d e  h o r i z o n t a l  u i n d  components. u i r t u a l  
p o t e n t i a l  temperature, r a i n  water,  c loud  
water, s p e c i f i c  humid i ty .  W m o d i f i e d  Exrier 
f u n c t i o n  i s  p r e d i c t e d  a t  t h e  model t u p  and 
diagnosed h y d r o s t a t i c a l l y  at. e l l  l o u e r  
l e u e l s .  U e r t i c a l  u e l o c i t y  <dz,'dt> i s  a l s o  
diagnosed. 

Boundary c o n d i t i o n e  a r e  t ime  uarljriny 
based on obserued rawinsonde da ta  as 
descr ibed i n  Ka lb  11985). The pli.hnctary 
boundary l a y e r  i s  modeled u i t h  K-t.lieor-y. 
f - luxes iif :,+a+= ~ i u x s t u r e  and momentum 
through t h e  sur face l a y e r  a r e  handled w i t h  
Monin-Obukhou s i m i l a r i t y .  P r e c i p i t a t i o n  i s  
p a r t i t i o n e d  i n t o  g r i d - reoo lued  and paramet- 
e r i z e d  <conuect iue> modes b o t h  o f  w h i c h  
i n c o r p o r a t e  Kess ler  type m ic rophys i ca l  con-- 
ye rs ions  betueen i h e  u a r i o u s  s t a t e s  o f  
atmospher ic water.  

The model s i m u l a t i o n s  i n  t h i s  s i l ldy  
Mere performed on a 35 k m  r e s o l u t i o n  44  by 
50 g r i d  as shoun i n  F ig .  3. 

5. I n i t i a l  F i e l d s  

850 mb h e i g h t  and temperature f i e l d s  a t  
2100 GHT i n  F ig .  6 show that  t h e  s a t e l l i t e  
t.emperature da ta  were a b l e  t o  d e p i c t  much 
of t h e  b a s i c  s t r u c t u r e  i n  t h e  SCSHMC rawin-  
Sonde sonde data. Regional  temperature 
b iases  i n  excebs o f  3 K a r e  found and 
b iaaes i n  t h e  h e i g h t  f i e l d s  exceed 25 m i n  
n o r t h e a s t  Colorado (a s a t e l l i t e  data spar-se 
area>. The s a t e l l i t e  data depict.ed 
observed s h o r t  uaue f e a t u r e s  through 
Oklahoma, Texas and Nebraska. a l t hough  
t h e i r  ampl i tudes were sma l le r  than f o r  t he  
Same waves i n  t h e  rawinsonde data. 

H t  ZOO mb (Fig.  7) r e g i o n a l  b i a s e s  i n  
t h e  temperature f i e l d s  a r e  l a r g e r .  He igh t  
d i f f e r e n c e s  a r e  g r e a t e s t  over Oklahoma (-64 
m >  and t h e  d i f f e r e n c e  p a t t e r n s  correspond 
w e l l  u i t h  t h e  t h e  data v o i d  t h e r e  caused by 
c l o u d  cover <see Fig.  4>.  I s o t a c h s  i n  t h e  
c r o s s  s e c t i o n  o f  F ig .  8 i l l u s t r a t e  s i g n i f i -  
can t  d i f f e rences  between rawinsonde and 
S a t e l l i t e  balanced momentum f i e l d s .  
S a t e l l i t e  winds show f a s t e r  j e t .  u i n d s  
l o c a t e d  lower  i n  t h e  t roposphere r e l . a t i u e  
t o  t h e  rawinsonde. I sen t ropea  i n  F i g .  8 
a l s o  i n d i c a t e  d i f f e r e n c e s  i n  s t a t i c  
s t a b i l i t y  over t h e  c e n t r a l  part  o f  t h e  
cross-sect ion,  a f a c t o r  which c o u l d  be 
impor tan t  t o  t h e  i n i t i a t i o n  o f  p r e c i p i t a -  
t i o n  i n  t h e  model. Thus. u h i l e  t h e  s a t e l -  
l i t e  w a s  a b l e  t o  reproduce b a s i c  pa ' t terns.  
s i g n i f i c a n t  d i f f e r e n c e s  e x i  s t e d  betueen the  
s a t e l l i t e  and rawinsonde d e p i c t i o n s  o f  t h e  
i n i t i a l  s t a t e  due t o  s p a t i a l  sampl ing and 
t o  t h e  n a t u r e  o f  t h e  measurements 
themselues. These d i f f e r e n c e s  a r e  r e f l e c t e d  
i n  t h e  r e s u l t s  o f  t h e  model s imu la t i ons .  

6. Model R e s u l t s  

The model p r e c i p i t a t i o n  response may be 
l i n k e d  t o  s a t e l l i t e  o r  rawinsonde tempera- 
t u r e  through a >  changes i n  s t a t i c  
s t a b i l i t y ,  b >  r e l a t i v e  h u m i d i t y  < s i n c e  t h e  
abso lu te  m o i s t u r e  f i e l d s  were h e l d  n e a r l y  
cons tan t  w h i l e  s a t e l l i t e  temperat-urea were 

Fig. 6 S a t e l l l t e  and rauinsonde R 5 0  mb 
temperature < K )  and h e l y h t  f i e l d s  < m >  a t  
t h e  x n l t i a l  t i n c .  Top panel&: rauinaondc. 
N i d d l e  panels: s u t e l l i t e .  Bottom paiiels: 
d i  f f e r  ence < si) t e l  1 i t e -raui n:.onde >. f 1 e 1 ds : 

Fig. 7 200 mb temperature and h e i g h t  d l f  
ference f i e l d s  ( s a t e l l i t e  -rawinsonde>. 

d l f f c r e n t ) .  o r  c) through d i f f e r e n c e s  l n  
t h e  u i n d  f i e l d .  I n  a d d i t l o n  model 
p r e c i p i t a t i o n  may be i n l t i a t e d  L I I  CI 

parameter ized conuect iue mode o r  by g r i d  
sca le  m o i s t  processes. These c o m p l e x i t i e s  
render  n e a r l y  imposs lh le  t h e  i s o l a t i c m  of 
cause and e f f e c t  r e l a t l o n s h l p s  be tu ren  
model p r e c i p i t a t l o n  response end eo1-h of 
the aboue induced 01 t e r a t i o n a  t o  t h e  
i n i t i a l  s ta tes .  Houever ,the i n t e n t  a f  t h l s  
paper i s  n o t  t o  exp lo re  tt iesp d e t a l l a ,  but  
mere ly  t o  examlne t h e  performance o f  a 
mesoscale model i f  i n i t i a l i z e d  u i t h  
i n f o r m a t i o n  de r iued  o n l y  f rom satellite 
temperature soundings. I h e  importance o f  
t h i s  s tudy i s  t h a t  I t  s e t s  performance 
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Fig. 8 Uertical c r o s s - s e c t i o n s  a t  2100 
GHT fo r  u i n d  s p e e d  < m / s >  and  p o t e n t i a l  
t e m p e r a t u r e  < K > .  C r o s s - s e c t i o n  c o r r e s p o n d s  
t o  l i n e  AB i n  F i g .  4. 

l i m i t s  on t h e  a b i l i t y  o f  s a t e l l i t e  
t e m p e r a t u r e  p r o f i l e  d a t a  t o  s u b s t i t u t e  f o r  
a large m e s o s c a l e  a - s y n o p t i c  m a s s  f i e l d  
u n o b t a i n a b l e  f r o m  c o n v e n t i o n a l  o p e r a t i o n a l  
o b s e r v a t i o n  n e t u o r k s .  

T o t a l  9-h p r e c i p i t a t i o n  a c c u m u l a t i o n s  
f o r  t h e  f o u r  model s i m u l a t i o n s  i n  F ig .  9 
are t o  be  compared t o  t h e  obse rved  9-h 
a c c u m u l a t i o n s  i n  F ig .  10  based  on h o u r l y  
s u r f a c e  r e p o r t s .  S a t  e l  1 i t e  based  
s i m u l a t i o n s  d e p i c t e d  mesosca le  p r e c i p i t a -  
t i o n  p a t t e r n s  b e t t e r  t h a n  d i d  t h e  
rawinsonde  s i m u l a t i o n  A by p r o d u c i n g  t u o  
d i s t i n c t  v e r i f i a b l e  p r e c i p i t a t i o n  areas: 1 > 
a "main" area e x t e n d i n g  n o r t h e a s t u a r d  from 
c e n t r a l  Texas  to c e n t r a l  M i s s o u r i .  2) a 
"secondary"  area e x t e n d i n g  from t h e  
e a s t e r n  t i p  of t h e  Texas  Panhandle  n o r t h -  
e a s t u a r d  i n t o  Kansas. The r awinsonde  
s i m u l a t i o n  a c c u m u l a t i o n  d i d  n o t  e x h i b i t  
t h e s e  v e r i f i a b l e  f e a t u r e s .  b u t  g a v e  a 
p r e c i p i t a t i o n  maximum i n  t h e  area of  
U i c h i t a  F a l l s .  s i m i l a r  t o  t h a t  obse rued .  
The b road  area of  p r e c i p i t a t i o n  e x t e n d i n g  
f r o m  Colorado  t o  t l i s s o u r i  i n  s i m u l a t i o n  A 
ua5 a s s o c i a t e d  u i t h  a n o r t h u a r d  p r o p a g a t i n g  
low l e v e l  s h o r t  uave  as d i s c u s s e d  i n  Kalb 
(1985). A s i m i l a r  s h o r t  uaue  i n  t h e  
s a t e l l i t e  s i m u l a t i o n s  u a s  n o t  as d i s t i n c t l y  
a s s o c i a t e d  u i t h  model p r e c i p i t a t i o n  as i n  
t h e  r a u i n s o n d e  s i m u l a t i o n .  For  t h e  model 
domain as a u h o l e .  a l m o s t  a l l  of t h e  
p r e c i p i t a t i o n  i n  t h e  s a t e l l i t e  S i m u l a t i o n s  
uas i n  t h e  c o n v e c t i v e  mode. u h i l e  
p r e c i p i t a t i o n  uas a b o u t  e q u a l l y  p a r t i t i o n e d  
b e t u e e n  c o n v e c t i v e  a n d  r e s o l v e d  modes i n  
t h e  r a u i n s o n d e  s i m u l a t i o n .  T h i s  nay  r e s u l t  
from t h e  r e s p o n s e  o f  t h e  model c o n v e c t i v e  
p a r a m e t e r i z a t i o n  t o  d i f f e r e n t  r e p r e s e n t a -  
t i o n s  o f  t h e  s ta t ic  s t a b i l i t y  d i s t r i b u t i o n .  

Con t inuous  i n s e r t i o n  of  o b s e r v e d  l o u  
l e u e l  u i n d s  produced  s i m i l a r  a c c u m u l a t i o n  
p a t t e r n s  as s i m u l a t i o n  0,  e x c e p t  t h a t  t h e  
o r i e n t a t i o n  of  t h e  main p r e c i p i t a t i o n  area 
u a s  m o r e  o b v i o u s l y  a n d  d i s t i n c t l y  a l i g n e d  
a l o n g  a s o u t h u e s t  t o  n o r t h e a s t  a x i s  as i n  
t h e  obse rved  a c c u m u l a t i o n  f i e l d .  The 
p h y s i c a l  mechanism beh ind  t h i s  p o s i t i v e  
i m p a c t  is n o t  unde r s tood .  b u t  l i n k a g e  
b e t u e e n  t h e  i n i t i a l  u i n d  f i e l d  a n d  t o t a l  
p r e c i p i t a t i o n  a c c u m u l a t i o n  many h o u r s  l a te r  
must  be ve ry  complex s i n c e  t h e  c o n t i n u o u s  
i n s e r t i o n  a l so  had  i m p a c t s  on t h e  e v o l u t i o n  
o f  t h e  mass a n d  u i n d  f i e l d s  <See Kalb ,  

: ,. ' ......... , . 
'\ ,.... '.D. 

. . . . .  :'"'.: 

fig. 9 Model s i m u l a t e d  9-h p r e c i p i t a t i o n  
a c c u m u l a t i o n s  (nn). Let ters  i n  l o u e r  r i g h t  
c o r n e r  of pmnels  i d e n t i f y  t h e  S i m u l a t i o n .  
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Fig. 10 Obserued 9-h p r e c i p i t a t i o n  accumu- 
. l a t i o n s  <mm) f o r  same p e r i o d  as  s imulated.  

1983) which c o u l d  a c t u a l l y  haue been 
respons ib le  f o r  these changes i n  t h e  
p r e c i  p i  t a t i  on s i m u l a t i  on. 

Neglect  of r e a l i s t i c  l o u  l e u e l  u i n d s  
<.simulation C >  r e s u l t e d  i n  more b i g n i f  i c a n t  
changes t o  t h e  p r e c i p i t a t i o n  accumulat ions.  
Tn p a r t i c u l a r ,  t h e  accumulat ion m a x i m u m  i n  
c r n t r a l  Kansas was e l i n i n a t e d .  I t  can be 
concludcd thal t h e  i n c l u s i o n  ot  more 
r e a l i s t i c  l o u  l e u e l  wind i n f o r m a t i o n  may 
had a b e n e f i c i a l  impact on a model 
p r e c i p i t a t i o n  s imu la t i on .  Houeuer _. t h e  
hypothes ized r e l a t i o n s h l p  between low 
l e u e l  mo is tu re  conuergence u i a  t h e  i n i t i a l  
w ind f i e l d  and p r e c i p i t a t i o n  was n o t  
eu ident  i n  t h e  r e s u l t s  o f  t h i s  study, s ince  
the arc=a where inposed mo is tu re  conuergence 
uas g r e a t e s t  i n  s i m u l a t i o n s  8 and U <near 
the Oklahoma/Tt=xas bordPl-) d i d  n o t  
correspond t o  t h e  most s i g n i f i c a n t  changes 
1 n p r e c i p i t a t i o n  accumulat ior is caused by 
the e x c l u s i o n  o f  obserued l o u  l e u e l  winds. 

I n  i h e  s a t e l l i t e  s imu la t i ons . the  m a i n  
p r e c i p i t a t i o n  area was l o c a t e d  about 100 
r ? i I r s  t o o  fa r  to the ecjst r e l a t i v e  t o  
obserued p r e c i p i t a t i o n .  C e r t a i n  o the r  
aspects  o f  t h e  obserued accumulat ions such 
as d maximum in southeast Rrkansas  do no t  
appear i n  any o f  t h e  model s imu la t i ons .  
IJespi t e  such shortcomings, when these 
s i m u l a t i o n s  a r e  compared t o  t h e  o p e r a t i o n a l  
L f f l  f o r e c a s t  accumulat ions f o r  about the  
same p e r i o d  < G - h  ouer lap.  F i g .  11) i t  i s  
Seen that t h e  LAHPS model. euen i n i t i a l i z e d  
w i t h  s a t e l l i t e  temperature data and mass 
winds, p rov ided  a much s u p e r i o r  d e p i c t i o n  
of obserued p r e c i p i t a t i o n  accumulat ion.  

7. Conclusion 

The apparent  success o f  t h e  s a t e l l i t e  
P r e c i p i t a t i o n  s i m u l a t i o n s  may haue been due 
as much t o  t h e  SESAHE m o i s t u r e  a n a l y s i s  
and LAMPS model m o i s t  phys i cs  and 
r e s o l u t i o n  as  t o  t h e  r e p r e s e n t a t i o n  o f  t h e  
temperature f i e l d .  Yet, t h e  f a c t  t h a t  a 
reasonable p r e c i p i  tat  1 on s i m u l a t i  on 
r e s u l t e d ,  s t i l l  speaks f o r  t h e  q u a l i t y  o f  
t h e  s a t e l l i t e  temperature da ta  s e t  ob ta ined  
f o r  t h i s  case study. It i s  c l e a r  that. a t  
l e a s t  f o r  t h i s  case, t he  use of s a t e l l i t e  

Fig. 11 LFM 12-h f o r e c a s t  p r e c i p i t a t i o n  
accumulat ions f o r  0000 GHT t o  1200 GHT 11 
A p r i l .  Contour i n t e r v a l  i s  0.5 inches. 

temperature p r o f i l e s  produced a b e t t e r  
mesoscale p r e c i p i  t a t i a n  accumulat ion 
forecast  than e i t h e r  t h e  LFH or t h e  LAHPS 
mesoscale model i n i t i a l i z e d  u i t h  SESAME 
rnuinsonde temperature data. These 
exper iments 11 1 u s t r a t e  t h a t  a c a r e f u l  l y  
processed s a t e l l i t e  temperature p r o f i l e  
da ta  u i t h  f a i r l y  un i fo rm domain coverage 
can g lue  a reasonable d e p i c t i o n  o f  t h e  
l a r g e  meso-alpha d i s t r i b u t i o n  o f  mass may 
p e r m i t  c o n s t r u c t i o n  o f  a-synopt ic  meteor- 
o l o g i c a l  data s e t s  o f  e u f f l c i e n t  q u a l i t y  
f o r  use i n  meso-alpha sca le  numt.rica1 
ueather  p r e d i c t i o n .  
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3 . 7  

COUPLING OF VAS DATA ANALYSIS 
WITH MODELING AT THE MESOSCALE 

Alan E. Lip ton  
Thomas H. Vonder Haar 

Department of Atmospheric Science 
Colorado S t a t e  U n i v e r s i t y  
F o r t  C o l l i n s ,  CO 80523 

1.0 INTRODUCTION 

S a t e l l i t e - b a s e d  remote sounders and 
mesoscale numerical  models have both been used 
e x t e n s i v e l y  f o r  analyzing t h e  atmosphere. A 
coupl ing of t h e s e  two t o o l s  h a s  p o t e n t i a l  f o r  
producing b e t t e r  ana lyses  of water  vapor 
c o n c e n t r a t i o n  and o t h e r  mesoscale v a r i a b l e s  than  
e i t h e r  could produce alone.  By coupl ing we mean 
t h a t  in format ion  from t h e  model atmosphere a i d s  
i n t e r p r e t a t i o n  of s a t e l l i t e  d a t a ,  and s a t e l l i t e -  
based r e t r i e v a l s  i n f l u e n c e  the  c h a r a c t e r i s t i c s  of 
t h e  model atmosphere. Kre i tzberg  (1976) proposed 
a merger of technologies  such a s  t h i s .  The 
f e a s i b i l i t y  of coupled water  vapor a n a l y s i s  i s  t h e  
s u b j e c t  of t h i s  paper.  

H i l l g e r  and Vonder Haar (1981) and 
Chesters ,  e t  a l .  (1982) have demonstrated t h a t  
s a t e l l i t e - b a s e d  sounders  a r e  u s e f u l  t o o l s  f o r  
measuring the  p o t e n t i a l  f o r  development of deep 
convect ion.  The g r e a t e s t  s t r e n g t h s  of s a t e l l i t e  
sounders  a r e  t h e i r  a b i l i t y  t o  d e t e c t  g r a d i e n t s  of 
temperature  and water  vapor i n  t h e  h o r i z o n t a l  a t  
t h e  mesoscale,  and t h e i r  high temporal r e s o l u t i o n .  
Two major weaknesses of present-day s a t e l l i t e  
sounders  a r e  t h e  mediocre a b s o l u t e  accuracy and 
t h e  poor v e r t i c a l  r e s o l u t i o n  of r e t r i e v e d  
parameters .  These problems a r e  p a r t i c u l a r l y  
accute  i n  r e t r i e v a l  of water  vapor concent ra t ion ,  
and can be s u b s t a n t i a l l y  a l l e v i a t e d  only by using 
informat ion  from n o n - s a t e l l i t e  sources  t o  guide 
the  r e t r i e v a l  process .  

The use of a n c i l l a r y  d a t a  i n  r e t r i e v a l  of 
water  vapor parameters  has  g e n e r a l l y  been l i m i t e d  
t o  i n c o r p o r a t i o n  of s u r f a c e  observa t ions  (e.g., 
Hayden, e t  a l . ,  1981).  nearby radiosonde 
observa t ions  (e.g., H i l l g e r  and Vonder Maar, 
1981) ,  o r  s t a t i s t i c s  from h i s t o r i c a l  radiosonde 
d a t a  (e.g., Lipton,  e t  a l . ,  1986) .  Mesoscale 
models can c o n t r i b u t e  a n c i l l a r y  d a t a  a t  a much 
g r e a t e r  d e t a i l  than  i s  a v a i l a b l e  from s tandard  
observa t ions .  

A mesoscale model can be used a s  an  
e l a b o r a t e  and powerful interpolater/extrapolater 
i n  space and time. However, a model 's  d e p i c t i o n  
of water  vapor  i s  l i m i t e d  by the  accuracy and 
completeness of t h e  d a t a  used f o r  t h e  
i n i t i a l i z a t i o n .  Standard synopt ic  o b s e r v a t i o n s  
a r e  not  adequate  t o  d e t e c t  mesoscale v a r i a t i o n s .  

Soundings r e t r i e v e d  from VISSR Atmospheric Sounder 
(VAS) d a t a  a r e  a v a i l a b l e  a t  the  mesoscale and have 
been used i n  model i n i t i a l i z a t i o n  by C r a m  and 
Kaplan (1985) .  They found t h a t  t h e  water  vapor 
p r o f i l e s  were counterproduct ive  because they were 
i n c o n s i s t e n t  with o t h e r  f e a t u r e s  of the  model 
atmosphere. The i n c o n s i s t e n c i e s  seem t o  have 
stemmed from the  f a c t  t h a t  t h e i r  p r o f i l e s  were 
r e t r i e v e d  independent of model feedback. 

Coupling t h e  i n t e r p r e t a t i o n  of s a t e l l i t e  
sounder d a t a  w i t h  implementation of a mesoscale 
model i s  a means t o  avoid  some of t h e  h indrances  
encountered when the  two technologies  a r e  d c a l t  
with a s  s e p a r a t e  e n t i t i e s .  Accuracy of r e t r i e v a l s  
can be improved s ince  coupl ing al lows s a t e l l i t e  
d a t a  from s e v e r a l  consecut ive  measurement t imes t o  
be analyzed toge ther .  The t ime i n t e r v a l s  between 
s a t e l l i t e  views ( t y p i c a l y  one t o  t h r e e  hours )  can 
be br idged by a model t h a t  accounts  f o r  the 
t r a n s p o r t  of water  vapor during t h e  i n t e r v a l s .  

Coupled a n a l y s i s  of water  vapor  has  
p a r t i c u l a r  p o t e n t i a l  for success  a t  t h e  mesoscale,  
s i n c e  concent ra t ions  can vary  g r e a t l y  over s h o r t  
s c a l e s  of space and time. Some of the  v a r i a t i o n s  
r e s u l t  from c i r c u l a t i o n s  induced by l o c a l  t e r r a i n  
v a r i a t i o n s ,  such a s  land/water  c o n t r a s t s ,  s o i l  
c h a r a c t e r i s t i c s ,  and s u r f a c e  e l e v a t i o n  
i r r e g u l a r i t i e s .  Mesoscale models a r e  capable  of 
s imula t ing  t h e s e  e f f e c t s  (Mahrer and P i e l k e ,  
1977) .  Modeling of flow near  t h e  Front  Range of 
n o r t h e a s t e r n  Colorado h a s  shown t h a t  l o c a l l y -  
induced c i r c u l a t i o n s  can have a s i g n i f i c a n t  impact 
on water  vapor d i s t r i b u t i o n s  dur ing  one d i u r n a l  
c y c l e  (D. J. Abbs, personal  communication). It i s  
y e t  t o  be seen  how the  p o t e n t i a l  f o r  deep 
convect ion may be inf luenced  by the  i n t e r a c t i o n  of 
l o c a l  c i r c u l a t i o n s  wi th  prev ious ly  e x i s t i n g  
synopt ic  and mesoscale g r a d i e n t s  i n  water  vapor 
concent ra t ion .  

2.0 FEASIBILITY STUDY 

2.1 I d e a l i z e d  Simulat ion 

We chose t o  t e s t  t h e  f e a s i b i l i t y  of 
coupled a n a l y s i s  by means of i d e a l i z e d  s t u d i e s ,  i n  
which the  model i s  assumed t o  p e r f e c t l y  s imula te  
a tmospheric  flow. The employed model i s  a v e r s i o n  
of t h e  Colorado S t a t e  U n i v e r s i t y  Regional 

94 



Atmospheric Mesoscale Modeling System (RAMMS) 
(Mahrer and P i e l k e ,  1977; Mahrer and P i e l k e ,  1978; 
McNider and P i e l k e ,  1981). F i g u r e  1 shows t h e  
s imple  topography used f o r  two-dimensional 
s i m u l a t i o n s ,  which i s  a rough appro r ima t ion  of an  
east-west c r o s s  s e c t i o n  through n o r t h e a s t e r n  
Colorado. The h o r i z o n t a l  g r i d  coverod 705 km a t  a 
spac ing  of  15 km, and t h e r e  were 26 l e v e l s  i n  t h e  
v e r t i c a l  from 10 t o  13,500 m above ground l e v e l .  
S imula t ions  were i n i t i a t e d  a t  s u n r i s e  ( 0 5  LST) 
wi th  a mid-summer t empera tu re  sounding from 
Denver, Colorado and a uniform g e o s t r o p h i c  wind of 
3 m/s from t h e  e a s t .  

F i g u r e s  1, 2 and 3 d e p i c t  some f e a t u r e s  of 
t h e  i n f l u e n c e  of a l o c a l  c i r c u l a t i o n  on w a t e r  
vapor c o n c e n t r a t i o n s .  The i n i t i a l  wa te r  vapor  
d i s t r i b u t i o n  (F ig .  1) i nc luded  anomalously h igh  
v a l u e s  i n  t h e  lower e a s t e r n  p o r t i o n  of t h e  domain. 
A f t e r  e i g h t  hour s  of i n t e g r a t i o n ,  d i a b a t i c  e f f e c t s  
had superimposd an  east-west  c i r c u l a t i o n  on t h e  
background f low ( F i e .  2 ) .  The w a t e r  vapor  
d i s t r i b u t i o n  a f t e r  e i g h t  hour s  (F ig .  3) r o f l c c t s  
t h e  mesoscale  and s y n o p t i c  f lows,  a long wi th  t h e  
devolopment of a well-mixed l a y e r .  
t o  coupled a n a l y s i s  i s  t o  reproduce t h e  wa te r  
vapor  f i e l d s  us ing  on ly  i n d i r e c t  i n fo rma t ion :  
r a d i a n c e s  t h a t  would bo obse rved  i f  a s a t e l l i t e  
viewod t h e  i d e a l i z e d  atmosphere,  and t h e  advec t ion  
and f l u x e s  implied by t h e  model s imula t ion .  

The c h a l l e n g e  
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WEST DISTANCE (km) EAST 

Fig .  1. A v e r t i c a l  c r o s s  s o c t i o n  of modeled 
s p e c i f i c  humid i ty  (g/kg)  a t  s u n r i s e  (05 LST). 
Contours a r e  a t  i n t e r v a l s  of 1 g/kg.  V e r t i c a l  
h a t c h i n g  deno tes  t h e  t e r r a i n .  H o r i z o n t a l  d i s t a n c e  
i s  r e l a t i v e  t o  t h e  wes te rn  boundary of t h e  model 
doma i n  . 

2.2 Couulinn S t r a t e n v  

Coupled a n a l y s i s  r o q u i r o s  a mechanism f o r  
communication between t h e  w a t e r  vapor  r o t r i e v a l  
a l g o r i t h m  and t h e  model atmosphere.  Tho model- 
t o - s a t e l l i t e  guidanco can o o n s i s t  of u s ing  model- 
gene ra t ed  p r o f i l e s  of teniperaturo and wa te r  vapor  
a s  i n i t i a l  guesses  i n  an  i t e r a t i v e  r e t r i o v a l  
Procedure (e .g . ,  Smith,  1970). The impact of t h e  
i n i t i a l  guess  on t h e  shape of t h e  f i n a l  r e t r i e v e d  
P r o f i l e  can be e x p l o i t e d  t o  improvo t h e  v e r t i c a l  
r e s o l u t i o n  of s a t e l l i t e - b a s e d  soundings.  I f ,  f o r  
example, t ho  model d e p i c t s  subs idence  over  a 
r e g i o n ,  t h e n  t h e  e f f e c t  of t h e  flow on t ho  w a t e r  
vapor d i s t r i b u t i o n  can be communicated t o  t h e  
i n t e r p r e t a t i o n  of s a t e l l i t e  r a d i a n c e s .  
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Fig .  2 .  
w e s t e r l y  wind component (m/s) a t  e i g h t  hour s  a f t e r  
s u n r i s e  (13 LST). Dashed con tour s  i n d i c a t e  
e a s t e r l y  ( n e g a t i v e )  v e l o c i t i e s ,  and a r e  drawn a t  
i n t e r v a l s  of 1 m / s .  

A v e r t i c a l  c r o s s  s e c t i o n  of modeled 
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Fig.  3. As i n  F ig .  1, bu t  f o r  e i g h t  hour s  a f t e r  
s u n r i s e  (13 LST). 

It i s  s t r a i g h t f o r w a r d ,  from a t e c h n i c a l  
s t a n d p o i n t ,  t o  i n t r o d u c e  wa to r  vapor  d a t a  i n t o  a 
model domain. D i r e c t  i n s e r t i o n  i s  p o s s i b l e  s i n c e  
wa te r  vapor  h a s  o n l y  a minor e f f e c t  on a tmospher i c  
flow. I n s e r t i o n  can be done a t  i n i t i l i z a t i o n  and 
a g a i n  a t  subsequent  t imes a s  f r e s h  s a t e l l i t e  d a t a  
become a v a i l a b l e .  The i n s e r t e d  p r o f i l e s  a r e  
r e t r i e v o d  from s a t e l l i t o  d a t a  us ing  model 
pa rame te r s  from t h e  p r e v i o u s  t ime s t e p  a s  i n i t i a l  
guess  d a t a ,  Thus, t he  a n a l y s i s  i s  both coupled 
and t ime-continuous.  

3 .O CONCLUSION 

Mososcale numerical  model s i m u l a t i o n s  have 
been used t o  demonstrate  t h a t  a local ly- induced 
c i r c u l a t i o n  can g i v e  r i s e  t o  d i u r n a l  changes i n  
t h e  d i s t r i b u t i o n  of w a t e r  vapor  on t h e  mesoscale .  
The a b i l i t y  of a model t o  d e p i c t  t h e s e  changes 
e n a b l e s  t h e  water-mass c o n t i n u i t y  law t o  p l a y  a 
r o l e  i n  r o t r i c v i n g  wator  vapor  c o n c e n t r a t i o n s  from 
a s e r i e s  of s a t e l l i t e  measurements. 
Demonstrat ions of oouplcd s a t e l l i t e / m o d e l  wa te r  
vapor  a n a l y s e s  w i l l  be p r e s e n t e d  a t  t h e  
conf erencc.  
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P 4 . 1  

THE NIMBUS 7 LIMS MAP ARCHIVAL TAPE 

1. INTROOUCTION 

K. V .  Haggard, E. E. Remsberg, J .  M .  Russell I11 
Atmospheric Sciences Division 

NASA Langley Research Center 
Hampton, Virginia 

The Limb Infrared Monitor of the 
Stratosphere (LIMS) experiment used a thermal 
infrared l i m b  scanning radiometer to measure 
radiances i n  selected regions from 6.2 Dm t o  15 llm 
see Russell and Gi l l e ,  1978; Gille e t  a l .  1980, 
a n d  Gi l le  and Russell,  1984. The measurements 
obtained were l a t e r  processed to in fe r  middle 
atmospheric temperature and trace species prof i 1 e s  
for  ozone ( 0  1, water vapor (H20), nitrogen 
dioxide ( N O 2 ] ,  and n i t r i c  acid ( H N O , ) .  These 
prof i les  were calculated a t  approximately 4" 
l a t i t ude  increments from 64" south to 83.5" north, 
for  the period from October 24, 1978, through May 
28, 1979. This data s e t  has been archived on 
magnetic tape a t  the National Space Sciences Data 
Center (NSSDC) under the name Langley Inverted 
Prof i le  Archival Tape (LAIPAT). 

To study the propagation cha rac t e r i s t i c s  
of planetary waves and the transport  of trace gas 
species,  i t  i s  necessary to  represent accurately 
not only the time mean s t a t e ,  b u t  also the 
t rans ien t  wave motions of temperature, geo- 
potential height, and trace gas concentrations. 
The observed wave motions i n  the stratosphere are 
mainly planetary waves of wave number 3 and l e s s ,  
with temporal scales of the order of a few days to 
about 4 weeks. T h u s ,  these waves are eas i ly  
detectable with the LIMS sampling pattern,  which 
makes as many a s  28 measurements per day a t  each 
l a t i t ude .  
best handled by calculating synoptic f i e lds  from 
the d a t a .  
appropriate procedure for estimating these 
f i e lds .  
described i n  Rodgers (1976, 1977) a n d  Kohri (1981) 
was used to ca lcu la te  the noon GMT synoptic f i e lds  
for the LAIPAT data. In addition, the result ing 
synoptic temperature f i e lds  were used with the NMC 
50 mb heights to calculate height f i e lds  tha t  a re  
in hydrostatic balance w i t h  the LAMAT 
temperatures. These synoptic fie1 ds  have been 
archived a t  NSSDC under the name Langley Map 
Archival Tape (LAMAT) .  The de ta i l s  of the 
calculations for the LAMAT are described i n  the 
papers by Haggard e t  a l .  (1986 a,b) and Remsberg 
e t  a l .  (1986). 

T h i s  paper br ie f ly  outlines some of the 
steps used to produce the LAMAT data, and shows 
examples and discusses some par t icu lar  features of 
the data. 

Attempts to observe these waves are 

The Kalman f i l t e r  technique is  an 

An approach very similar to that 

2.  NIMBUS 7 ORBIT CHARACTERISTICS 

The o rb i t  cha rac t e r i s t i c s  of the 
Nimbus 7 spacecraft play an important role in 
the analysis and in te rpre ta t ion  of the LAMAT 
data. The spacecraft is  i n  a Sun-synchronous 
o r b i t  and the LIMS tangent point (central  point 
of the measurement) is  a closed loop on a 
lati tude--local so la r  time grid ( f igure  1). 
The tangent point track has been divided in to  
two segments, or nodes. The ascending node, 
node 1, i s  t h a t  portion of the track where the 
tangent point mves from south to north. The 
descending node, node 2 ,  is  that portion where 
the tangent point moves from north t o  south. 
The en t i r e  track, 1.e. node 1 plus node 2 ,  i s  
referred to as the combined node or node 3 .  
The second curve on f igure  1 shows the 
terminator on December 21 a t  30 km.  Note tha t  
while the node 1 and 2 measurements a re  
generally made i n  sunlight and darkness, 
respectively,  the region near the poles may be 

0600 1200 1800 
L O C A L  SOLAR TlMk 

Figure 1.- LIMS tangent polnt track and 
teriminator f o r  Dec. 2 1  and 30 KM 
vs. local so la r  time. 

i n  sunlight ( o r  darkness) fo r  bo th  nodes. 
common feature of node 1 (o r  node 2 )  is tha t  
a t  each l a t i t ude ,  a l l  measurements were taken 

The 
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a t  the same l o c a l  s o l a r  t ime. The LAMAT maps have 
been c a l c u l a t e d  f o r  each c o n s t i t u e n t  and each 
node, w i t h  the  except ion o f  NO , which was 
c a l c u l a t e d  f o r  on l y  nodes 1 an8 2, and he igh t ,  
which was done f o r  on l y  node 3.  The pressure 
l e v e l s ,  i n  mb, f o r  which t h e  LAMAT maps were 
c a l c u l a t e d  a re  100, 70, 50, 30, 16, 10, 7, 5, 3, 
2, 1.5, 1, 0.7, 0.5, 0.4, 0.2, 0.1, 0.05. The 
pressure and approximate h e i g h t  range o f  maps by 
c o n s t i t u e n t  i s  shown i n  t a b l e  1. 

Pressure Ranqe He iah t  
1 

Parameter (MB) ( K i )  Nodes 
Temperature 100 . - 0.05 16-70 1.2.3 * ,  

H2O 100. - 0.05 16-70 1,2,3 
NO2 100. - 1.0 16-48 1,2, 
HNO, 100. - 2.0 16-43 1,2,3 
He igh t  100. - 0.05 16-70 3 

Table 1.- Pressure range and nodes o f  LAMAT 
c o n s t i  t u t e n t s .  

3. THE FIELD MODEL 

A t  each pressure and l a t i t u d e  the  
synop t i c  f i e l d  has been modeled as a F o u r i e r  
s e r i e s  i n  l o n g i t u d e  w i t h  t ime dependent 
c o e f f i c i e n t s .  Thus, the f i e l d  i s  g iven by: 

Bm , e ,  s i n  ( m x  1 ( 1 )  
where 

A and B are the  t ime dependent 

x = l o n g i t u d e  
e = l a t i t u d e  
t = t ime  
p = pressure 
m = wave number 

c o e f f i c i e n t s .  

( <  6 f o r  node 3 
<-4 f o r  nodes 1 and 2 )  - 

When the re  were n o t  enough data p o i n t s  per  day t o  
suppor t  t he  c a l c u l a t i o n  o f  the des i red  number o f  
F o u r i e r  components, t he  number o f  terms ( o r  wave 
numbers) i n  the s e r i e s  were reduced. Th is  
s e l e c t i o n  o f  the o rde r  o f  the s e r i e s  was done on 
a monthly bas is .  Thus, f o r  a g iven month ( n o t  a 
ca lendar  month) the  order  o f  the s e r i e s  was 
c a l c u l a t e d  as (number o f  p o i n t s l d a y  - l ) / Z .  
r e s u l t ,  the c o e f f i c i e n t s  o f  the s e r i e s  have some 
d i s c o n t i n u i t i e s  i n  t h e i r  h i s t o r y .  

As a 

4. EXAMPLES OF LAMAT MAPS AND DATA FITS 

The maps i n  f i g u r e  2 show t h e  10 mb, node 
3 LAMAT temperature f i e l d s  f o r  February 1, and 
9 ,  1979. These maps b racke t  a p e r i o d  o f  r a p i d  
i nc rease  i n  t h e  p o l a r  temperature du r ing  a sudden 
s t r a t o s p h e r i c  warming and i l l u s t r a t e  
the sharp l o n g i t u d i n a l  and mer id iona l  g rad ien ts  
p resen t  i n  the  data t h a t  can be reso lved  by the 
Kalman f i l t e r .  On February 1, the re  i s  a l a r g e  
mer id iona l  temperature g rad ien t .  While i t  cannot 
be seen from these two f i g u r e s  alone, the complete 
data s e t  shows t h a t  as the temperature maximum a t  
50' east  moves eastward and toward the pole, t h i s  
r e g i o n  o f  s t rong  g rad ien ts  i s  r o t a t e d  and swept 
over the  pole,  producing the r a p i d  increase i n  t h e  
p o l a r  temperature. 

One method o f  e v a l u a t i n g  the accuracy 
o f  t h e  LAMAT f i e l d s  i s  t o  c a l c u l a t e  the 
s tandard d e v i a t i o n  o f  the d i f f e r e n c e s  between 
the c a l c u l a t e d  synopt ic  f i e l d  and the asynop t i c  
LAIPAT data. Th is  c a l c u l a t i o n  has been made 
and inc luded  on t h e  LAMAT. However, t h i s  
d e v i a t i o n  must be used w i t h  some caut ion.  I t  
was c a l c u l a t e d  by a d i r e c t  comparison between 
the  f i e l d  and the measurements f o r  each day 
w i t h o u t  any c o n s i d e r a t i o n  o f  the t ime v a r i a t i o n  

.Figure 2.- Nor thern Hemisphere temperature maps. 
[ a )  Feb. 1, 1979 
( b )  Feb. 9 ,  1979 

w i t h i n  the day. Thus, the c a l c u l a t i o n  f o r  t he  
maps i n  f i g u r e  2 was made by n e g l e c t i n g  the 
r a p i d  temperature changes w i t h i n  the day. The 
e f f e c t s  o f  c a l c u l a t i n g  the standard d e v i a t i o n  
i n  t h i s  way can be seen i n  f i g u r e  3.  The 
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Figure 3 . -  LAMAT temperature for Feb. 4 ,  1979, 5 

measured data a re  5 mb, node 3 temperatures a t  
83.5' north for  February 3, 4 ,  and 5, 1979. The 
f i rs t  data for  each dqy are marked with a + sign, 
and the time order of the data for each day is 
l e f t  to r i g h t  ( e a s t  to west). The solid l i ne  i s  
the LAMAT f i e l d  for  noon GMT on February 4 .  The 
noontime measurements were taken a t  about 80' e a s t  
where the f i t  between the synoptic f i e l d  and the 
data i s  excellent.  As the time difference between 
the map and the data increases, the f i t  becomes 
less  accurate. B u t  this is as i t  shou ld  be. The 
f i t  is estimating the value tha t  the measurement 
would have been for  t ha t  longitude as though the 
measurement had been made a t  noon GMT on 
February 4 .  However, i n  calculating the standard 
deviation fo r  this day, the time variation i n  the 
data was neglected. Thus, th i s  deviation 
represents the quali ty of the LAMAT data only when 
there was l i t t l e  temporal variation i n  the data. 
T h i s  deviation should only be taken as an 
indication of the quali ty of the maps. I f  i t  i s  
close to the precision of the LIMS data,  the map 
provides a good f i t  to the measurements. 
much la rger  than the data precision, i t  only 
indicates there may be a problem, possibly w i t h  
the estimate, and the data should be examined to 
determine the cause. 

mb, 83.5'N and LAIPAT data for  
Feb. 3-5. 

If  i t  i s  lo-' 

2 -  

4 -  

A n  overall i c tu re  of the f i t  between the 
LAIPAT data and the PAMAT maps can be obtained by 
comparing averaged zonal mean f i e lds  and the 
standard deviations discussed above. 
of this comparison i s  shown i n  f igures 4 and 5. 
The January mean of the zonal mean ozone i s  shown 
in figure 4 ,  and the mean percent standard 
deviation of the f i t  between the LAMAT and LAIPAT 
i s  given in figure 5. 
and south of 30' south, the percent s t a n d a r d  
deviation i s  l e s s  than 2.5. In the Northern 
Hemisphere, where there are more ac t ive  waves, the 
standard deviation i s  la rger ,  due i n  par t  to the 
e f f ec t  of the temporal variations.  Of course, the  
percent deviation increases i n  regions o f  low 
mixing  r a t io .  In general, i t  has  been found t h a t  
h i g h  absolute standard deviations are well 
correlated w i t h  regions of h i g h  wave variation. 

measure of the present agreement between the 
synoptic data and the calculated synoptic maps has 
been provided as an aid to  examining the 

An example 

Between about 2 and 10 mb 

I t  i s  important to remember tha t  this 

- 

f i e lds ,  not as an absolute measure of the 
quali ty of the map. 

5. DIURNAL VARIATIONS 

Since the LIMS sampling pattern does 
not allow for a detailed mapping of the diurnal 

LATITUDE, deg 

Figure 4 . -  January zonal mean ozone for  ascending 
node. 

-60 -30 0 30 60 90 
LATITUDE. deg 

Figure 5.- Percent standard deviation o f  January 
zonal mean ozone for  ascending node. 



v a r i a t i o n ,  no at tempt  was made t o  i nc lude  such an 
est imate i n  the model. However, a l l  o f  t he  LAIPAT 
c o n s t i t u e n t s  have some d i u r n a l  v a r i a t i o n s  i n  a t  
l e a s t  some p r e s s u r e - l a t i t u d e  reg ions,  and the 
mapping f o r  nodes 1 and 2 was ca l cu la ted ,  i n  pa r t ,  
t o  he lp one determine the e f f e c t s  o f  d i u r n a l  
v a r i a t i o n s .  The presence o f  a s t rong  d i u r n a l  
component can have an adverse e f f e c t  on the  
c a l c u l a t i o n  o f  the combined node (node 3 )  maps. 
For  example, i f  the re  i s  a s t rong  d i u r n a l  
v a r i a t i o n  i n  a f i e l d  and i f  a s e r i e s  o f  measure- 
ments o f  one node (node 2) i s  miss ing,  the zonal 
mean est imate w i l l  become b iased toward the o t h e r  
node (node 1). Such an e f f e c t  shows up n o t  on l y  
i n  the zonal mean, b u t  a l so  i n  the  wave components 
o f  the F o u r i e r  se r ies .  I f  the re  i s  any doubt 
about the presence o f  a d i u r n a l  wave, the node 1 
and 2 r e s u l t s  should be examined separate ly .  

v a r i a t i o n  i n  the  LIMS data i s ,  o f  course, f o r  NO,, 
where no at tempt  was made t o  f i t  a combined node 
f i e l d .  However, the node 1 and 2 f i e l d s  used up 
f o u r  wave numbers t o  f i t  the data. 
produced i n  t h i s  way cannot be considered synop t i c  
maps. Nevertheless, the use o f  the wave 
components i s  e s s e n t i a l  t o  o b t a i n i n g  a good 
est imate f o r  t he  "zonal"  mean va lue f o r  each 
node. O f  course, i t  i s  n o t  c o r r e c t  t o  r e f e r  t o  
the f i r s t  term ( t h e  m = 0 term) i n  equat ion (1) as 
a zonal mean f o r  e i t h e r  NO node. Th is  f i r s t  term 
i s  j u s t  the mean va lue o f  t h e  measurement f o r  the 
l o c a l  s o l a r  t ime f o r  which data were taken. Thus, 
i ns tead  o f  be ing a zonal mean, smoothed over the 
response t ime o f  the f i l t e r ,  i t  i s  the mean f o r  a 
p a r t i c u l a r  t ime i n  the d i r u n a l  cyc le ,  smoothed 
over  the response t ime o f  the f i l t e r .  The use o f  
the non-zero components (m g rea te r  than zero)  i n  
equat ion (1) a l l ows  one t o  est imate the e f f e c t s  o f  
the dynamic f i e l d  and, thus, keep those e f f e c t s  
from be ing  erroneously  i n t e r p r e t e d  as changes i n  
the "meail" value. When "maps" o f  t he  NO, f i e l d  
are examined, the  e f f e c t s  o f  the dynamic f i e l d  can 
be seen, demonstrat ing t h a t  the use o f  t he  
components i s  j u s t i f i e d .  

The most dramatic i ns tance  o f  a d i u r n a l  

The "maps" 

6. AVERAGING AND DATA SMOOTHING 

The Kalman f i l t e r  produces a c e r t a i n  
degree o f  smoothing o f  t he  data, b u t  every e f f o r t  
was made t o  keep t h i s  smoothing t o  a minimum. It 
was f e l t  one cou ld  always do a d d i t i o n a l  smoothing 
i f  necessary, b u t  once the f i e l d  i s  smoothed i t  i s  
impossib le  t o  go backward. There are fea tu res  o f  
t he  f i e l d s  t h a t  need t o  be considered when 
averaging o r  smoothing. Some c o e f f i c i e n t s  f o r  the 
F o u r i e r  s e r i e s  have n o t  been ca l cu la ted ,  b u t  have 
been s e t  t o  zero. I f  a l l  o f  the c o e f f i c i e n t s  p a s t  
a c e r t a i n  o rde r  a re  zero, they were n o t  
ca l cu la ted .  Reca l l  t h a t  these zeros were s e t  f o r  
the extended p e r i o d  o f  each Kalman f i l t e r  run, 
i.e., about 1 month. J u s t  because these values 
were s e t  t o  zero does n o t  mean they were a l s o  
zero i n  t h e  data.  Rather, i t  i n d i c a t e s  t h a t  t he re  
were n o t  enough data t o  c a l c u l a t e  those 
c o e f f i c i e n t s .  Fo r  example, t he re  i s  a l a r g e  
amount o f  data from t h e  LAIPAT i n  t h e  100 and 70 
mb e q u a t o r i a l  reg ions  t h a t  was de le ted  because o f  
c loud  contaminat ion.  I n  some cases the re  were n o t  
enough data t o  make any c a l c u l a t i o n s ;  i n  o thers,  
on l y  a zonal mean o r  perhaps a mean and one wave 
was ca l cu la ted .  Conversely, a l a c k  o f  h i g h e r  
order  c o e f f i c i e n t s  does n o t  mean t h a t  no 
e q u a t o r i a l  waves were absent i n  the s t ra tosphere,  

100 

o n l y  t h a t  t he re  was i n s u f f i c i e n t  i n f o r m a t i o n  t o  
make a determinat ion.  

The same care descr ibed i n  the preceding 
paragraph f o r  t ime smoothing a1 so a p p l i e s  t o  
s p a t i a l  smoothing. I t  i s  recommended t h a t  
s p a t i a l  smoothing be done by smoothing the  
F o u r i e r  c o e f f i c i e n t s  l o c a l l y ,  i.e., over narrow 
l a t i t u d e  ranges.' The use o f  a g loba l  smoothing 
technique, such as spher i ca l  harmonics, can 
produce waves where no waves were ca l cu la ted ,  
and such techniques should be considered w i t h  
cau t ion .  Furthermore, the LAMAT f i e l d s  p rov ide  
a n a l y t i c  expansions i n  l ong i tude .  T h i s  
c h a r a c t e r i s t i c  can be used t o  advantage i n  
smoothing because one on ly  needs t o  reduce the 
approp r ia te  h i g h e r  order  F o u r i e r  c o e f f i c i e n t s  
i n  order  t o  o b t a i n  f u r t h e r  l o n g i t u d i n a l  
smoothing. 

7.  SUMMARY 

The LAMAT con ta ins  c a l c u l a t i o n s  o f  
synop t i c  maps f o r  t he  LIWS temperature, 
c o n s t i t u e n t s ,  and geopo ten t ia l  h e i g h t  f i e l d s  
f o r  the d u r a t i o n  o f  t he  LIMS experiment. These 
f i e l d s  have a l ready  proven use fu l  i n  the study 
o f  wave propagat ion and t race  species t r a n s p o r t  
i n  the middle atmosphere. The data have a l so  
been used t o  c a l c u l a t e  de r i ved  q u a n t i t i e s  such 
as wind f i e l d s ,  p o t e n t i a l  v o r t i c i t y ,  and eddy 
t r a n s p o r t  o f  t race  gases. 
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1.0 INTRODUCTION 

Structure function analysis is a means of 
interpreting both the noise level and gradient 
information in a set of measurements. Structure 
values, or mean-squared differences, are 
calculated for pairs of earth-located satellite- 
based measurements as a function of their relative 
locations, and by considering all possible 
combinations of satellite fields-of-view (Hillger 
and Vonder Haar, 1979).  In the simplest case 
homogeneity and isotropy are assumed and the 
structure is calculated as a function of pair- 
separation distance only. One result of the 
structure analysis is an estimation of the 
magnitude of noise in the analyzed data. This is 
accomplished by extrapolation of the structure to 
zero separation distance. Comparison with a 
separate set of independent measurements is not 
required. Another result of structure analysis is 
the mean gradient of the analyzed data. The 
potential horizontal resolution of satellite 
measurements depends on both of these results of 
structure analysis: the noise level in the 
measurements and the available gradient 
information in the analyzed field (as measured by 
the standard deviation of the measurements). For 
example, in cases where the natural variability of 
the measurements is low (the mean gradient is a 
measure of this), the noise level of the 
measurements must be low enough to avoid masking 
horizontal variations at scales comparable to the 
resolution provided by the satellite instrument. 
This can be interpreted by means of a signal-to- 
noise ratio obtained by structure analysis of the 
analyzed fields. 

on brightness temperatures derived from the VISSR 
Atmospheric Sounder (VAS). Both real and 
simulated data are analyzed in order to aid in 
interpretation of the results. Initial 
indications show that the noise levels as 
estimated by structure analysis are greater 
(worse) than the required accuarcy of the VAS 
data. VAS data used in this study, however, were 
not averaged spatially, so higher noise levels can 
be expected than for temporally and spatially 
averaged measurements. The goal was to determine 
the extent to which the VAS measurements must be 
spatially averaged in order to obtain the desired 

In this study structure analysis is performed 

pre-launch noise specifications. The amount of 
averaging is dependent on the VAS channel being 
considered and results were interpreted in terms 
of the potential (useful) resolution that can be 
obtained from each channel. This has an impact on 
how each channel is used experimentally or 
operationally in the retrieval of atmospheric 
temperatures and water vapor. 

2.0 STRUCTURE ANALYSIS 

The structure function is defined as the 
mean-squared difference between measurements as a 
function of the vector separation between the 
measurement earth-locations. The structure 
function of temperature measurements at points r 
and r2 separated by vector r = r 1 - r is 1 2  

STR(r) = <T(rl - T(r2 ) >  ( 1 )  

where < and > represent the (time) mean (Gandin, 
1963) .  

The vector separation contains both distance 
and direction information. The complexity of the 
analysis is reduced by the assumptions of 
homogeneity and isotropy. The homogeneous 
assumption is  satisfied if the structure function 
is independent of translation of the vector r. 
This means that the structure is a function of the 
vector orientation only. The isotropic assumption 
is satisfied if the structure function is 
independent of the vector orientation. The allows 
the structure to be reduced to a function of 
separation distance only. Both assumptions taken 
together result in a structure analysis as a 
simple function of distance, STR(d), where d-/r/. 

set of satellite measurements, the structurc 
function is computed as a spatial mean, rather 
than as a time mean. This is accomplished by 
considering all possible combinations of pairs of 
satellite measurements within a single analysis 
region. For example, the measurement at the first 
field-of-view (FOV) is compared to the 
measurements at all other FOVs. Then the 
measurement at the second FOV is compared to the 
measurements at all but the first FOV. (The first 
FOV is avoided in order to avoid duplication of 
combinations.) The process is continued until all 
possible combinations of FOVs are considered. The 

In order to apply the structure analysis to a 
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number of combina t ions  r e s u l t i n g  from g iven  
numbers of FOVs is i l l u s t r a t e d  i n  Tab le  1 .  For a 
20 by 20 a r r a y  of s a t e l l i t e  d a t a  t h e  number of 
combina t ions  of p a i r e d  FOVs is 79 800. Even wi th  
r e l a t i v e l y  few FOVs t h e  s t a t i s t i c a l  base  of 
combina t ions  is q u i t e  l a r g e .  

T h i s  s t a t i s t i c a l  base  is d i v i d e d  J n t o  ‘ b i n s ’  
depending  on t h e  s e p a r a t i o n  d i s t a n c e  L,etween t h e  
FOVs. The s i z e  of t h e  b i n s  is  b e s t  de t e rmined  by 
t h e  i n h e r e n t  s p a c i n g  of t h e  i n d i v i d u a l  FOVs i n  t h e  
s a t e l l i t e  d a t a .  For t h e  VAS d a t a  used i n  t h i s  
s t u d y  t h e  mean s e p a r a t i o n  between a d j a c e n t  FOVs is 
abou t  1 4  km between e l emen t s  ( a l o n g  t h e  s c a n  l i n e )  
and 24 km bctween s c a n  l i n e s .  F i g u r e s  1 ( a  and b )  
show t h e  number of p a i r s  of measurements a3 a 
f u n c t i o n  of d i s t a n c e  i n  t h e  l i n e  and e l emen t  
d i r e c t i o n s ,  r e s p e c t i v e l y ,  f o r  a 1 9 - l i n e  by 
20-element a r r a y  of VAS d a t a .  The f i g u r e s  show 
t h e  r e g u l a r  s p a c i n g  of p a i r e d  measurements i n  each  
d i r e c t i o n .  The f i r s t  peak i n  each  f i g u r e  
r e p r e s e n t s  a l l  p a i r s  of measuremcnts from a d j a c e n t  
FOVs. The second  peak r e p r e s e n t s  p a i r e d  
measurements s e p a r a t e d  by 2 FOVs, e t c .  

F i g u r e  I C  shows a s i m i l a r  f r equency  
d i s t r i b u t i o n  of p a i r s  of measurements i n  a l l  
d i r e c t i o n s .  Because of t h e  m u l t i t u d e  of d i s t a n c e  
and a n g l e  cornbina t ions  t h i s  f i g u r e  does  n o t  show 
t h e  r e g u l a r  p a t t e r n  of F i g u r e s  l a  and l b .  I t  
would be ha rd  t o  choose  a s u i t a b l e  b i n  s i z e  f o r  
s t r u c t u r e  computa t ion  based  on t h i s  f i g u r e .  
T h e r e f o r e ,  a b i n  s i z e  of approx ima te ly  1 4  km, 
e q u a l  t o  t h a t  i n  t h e  c l emen t  d i r e c t i o n ,  was used 
f o r  i s o t r o p i c  computa t tons .  

2.1 Noise  E s t i m a t l o n  By S t r u c t u r e  A n a l y s i s  

One f e a t u r e  of s t r u c t u r e  a n a l y s i s  is  t h e  
a b i l i t y  t o  e s t i m a t e  t h e  n o i s e  l e v e l  i n  a set of  
measurements.  I f  a s i n g l e  t e m p e r a t u r e  measurement 
h a s  a random e r r o r  comnovcnt (5 , t h e n  t h e  
m e a s u r e m ~ n t  T can  be  d i v i d c d  i n t o  its real  and 
n o i s e  components.  

T - t + 6  (2) 

I t  can be  shown t h a t  t h e  s t r u c t u r e  f u n c t i o n  
of n o i s y  measurements 

STR - st r  t 2 “2  ( 3 )  

is e q u a l  t o  t h e  s t r u c t u r e  of t h e  real  measurements 
P l u s  t w i c e  t h c  mean-squared random e r r o r  o 2  = ?. 

Tab le  1 

Number of Combina t ions  of FOV3 
Taken 2 a t  a Time ( P a i r e d ) .  

Number of FOVs Number of Unique P a i r s  

2 1 

4 ( 2 x 2 )  6 

9 ( 3 x 3 )  36 

16 

25 

100 

400 

900 

4x4)  

5 x 5 )  

10x10)  

20x20) 

30x30 1 

120 

300 

4 950 

79 800 

404 550 
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a l o n g - l i n e  a n a l y s i s ,  b )  a long-e lement  
a n a l y s i s ,  and c )  i s o t r o p i c  a n a l y s i s .  
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Random noise therefore increases the structure by 
a fixed value independent of separation distance. 
This allows the error to be determined by 
extrapolating the structure to zero separation 
distance where normally str(d-0) = O., since by 
definition t(r 1 - t(r ) - 0. 

simulating ideal measurements, with and without 
added noise. In this case, measurements were 
simulated at the spacing of VAS FOVs. Simple 
linear gradients were generated along each scan 
line and the structure was computed in the same 
orientation. Figure 2a shows the structure of the 
simulated measurements without noise. The y = x 2  
appearance is due to the mean-squared nature of 
the structure function of a linear gradient. 
Notice that the structure (or mean-squared 
difference) at closely-spaced or adjacent FOVs is 
nearly zero. Figures 2 (b and c )  are the 
structure functions of the same simulated linear 
gradient with normally-distributed random noise of 
0 = 0 . 3  and 0.5, respectively. The structure for 
adjacent FOVs is now 0.18 and 0.5, respectively, 
twice the mean-squared random error. Increased 
noise is also evident by the small-scale 
variations in the structure as a function of 
distance. 

In analyzing our data we based noise 
estimates on the structure at the minimum 
separation of the data rather than extrapolating 
the structure to zero separation distance. This 
was done because of the multitude of results which 
can be obtained by various extrapolations. The 
effect of using the structure at minimum 
separation was an overestimation of the random 
error component, but in most cases the 
overestimation was minimal. 

Noise estimation 13 best illustrated by 
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2.2 Spatial Scales in Structure Analysis 
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The gradient information in a set of satellite 
measurements is also best illustrated by simulated 
measurements. Whereas Figure 2a is the structure 
function of a simulated linear gradient, Figure 3a 
is the structure of a simulated sine wave of 
wavelength approximately 350  km. By combining the 
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structure is shown in Figure 3 b .  Figure 3c show3 
a similar sine wave and linear gradient 
Combination, this time the sine wave has a 
wavelength of approximately 200 km. 

These figures illustrate how various spatial 
scales are manifest in the structure function. 
Since real data contains many such spatial scales 
of various amplitudes, the results may not be as 
clearly defined, but some of the predominant 
spatial scales may be evident. 

3.0 STRUCTURE RESULTS FROM VAS 
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Structure analysis was performed on a sample 

Of VAS measurements for 7 September 1983 at 
approximately 1348 UTC and Figures 4 (a, b, and c) 
show the structure of channels 4 ,  8, and 9 ,  
respectively. The analysis was performed in a. 
cloud-free region as determined by the visible 
channel and infrared window channel. 

Figure )+a shows the rather flat structure and 
high noise level for VAS channel 4 which measures 
temperatures peaking at approximately 50 kPa. The 
noise level is estimated to be 0.74 K for this 
channel. Not much variation or gradient is  shown 
Over small distances, but larger structure values 
bcyond 300 km show that a larger-scale gradient 
exists. 

Figure 4b shows the structure for VAS channel 
8, which is an infrared window channel. The 
estimated noise level of 0.43 K is about half that 
Of VAS channel 4 .  A much larger gradient a130 
exists beyond 300 km, and the small hump from 5 0  
to 100 km shows evidence of spatial structure of 
approximately 150 km wavelength. This was also 
evident in channel 4 (Figure 4a). 

channel 9, an H20 channel with a weighting 
function peak at about 60 kPa. The estimated 
n o i s e  level is 0.83 K, which is larger than VAS 
channel 4 ,  but there is more gradient information 
in this channel. The structure is almost linear 
to 400 km, which shows evidence of more structure 
at shorter rather than longer wavelengths (by 
comparison to the structure of a linear gradient 
in Figure 2b). 

Table 2 summarizes the results of the noise 
estimation for 1 1  of the 12 VAS channels. 
(Channel 1 1  was missing from the data that were 
used). Two adjacent areas were analyzcd, and are 
designated Areas 1 and 2. The structure-estimated 
noise levels should be compared to the observed 
single sample noise (SSN) values which were 
Obtained by temporal averaging of each channel 
during calibration sequences (this is the right- 
hand column under the SSN heading). Results arc 
similar fo r  the two noise  estimates, from 
structure and observed calibration sequcnces. The 
channels with the highest noise levels ( 1 ,  2, and 
9 )  were similarly identified by both methods. 

One way to interpret. the estimated noise 
level in a given channel is to compare i t  to the 
variability of the measurements in that channel. 
This is donc by a signal-to-noise (STN) ratio. 
The STN 13 the ratio of the variability of the 
data sample, as quantified by the standard 
deviation of the measurements, to the estimated 
’lolse. Therefore, the STN is  a measure of t h e  
4ibility of a channel to detect gradient 
information above the noise in that channel. SOmC 
Of the channels with low STN ratios are channels 1 
through 4. This is not only becausc these 
channels are noisy, but because there is less  
natural variability higher in the atmosphere 

Figure 4c is the structure functions for VAS 

- 
N 
t 

Y 
v 

W 
K 
3 
t- 
0 
3 
lY 
t- cn 

E 

I 

.- 
u 

- 

A 

N 

Y 
v 

W 
lY 
7 
t- 
0 
3 
lY 
t- 
cn 

E 

I 

.- 
U 

.- 

- 
N 

* 
Y 
v 

W 
LY 

3 
E 
t- m 

E 

I 

._  
D 

r 

Fig 

A 
G O E S - 5  V A S  
c h - 4  1 4 . 0  urn 

1 4 . 0  km 3 7 8  
i s o t r o  I C  

8 3 2 5 &  1 3 4 8 0 0  

’ . .’ 
.I 

” 

0. 
0.  50. 100. 1 5 0 .  200. 2 5 0 .  3 0 0 .  3 5 0 .  400. 

D I S T A N C E  ( k r n )  

’ .  L* I 1 I ’ I ’ I 1 I ’ I I 1 

2 0 .  1 C O F S - 5  V A S  

14. 

8. 

6.  

I 

I’ 

* ’ .’ . .’ . . . 

I 
0 . -  1 1 1 , 1 1 , 1 , , , ~ 1 ~ 1 ~  

0 .  5 0 .  100. 1 5 0 .  2 0 0 .  2 5 0 .  3 0 0 .  3 5 0 .  400 

D I S T A N C E  ( k r n )  

20. -l P A C  

18 .  4 c L , ,  

14JO k’n 

u u i S - 5  V A S  4 - r h - 0  7.3 u r n  
n 3 8 0  

is-otro I C  
3 2 5 6  1 3 4 8 0 0  4 

16. --/ 
14. 

6. 

’ 
I.- ’’. ..’ 

I . 
’ . 

0 50 100 150 2 0 0  2 5 0  300  3 5 0  400 

D I S T A N C E  ( k r n )  

uro 4. Structure analysis of VAS infrared data 
for 7 September 1983 at approximately 
1348 UTC for channels a) 4 (COz), b) 8, 
(window), and c) 9 (H20).  The channels 
Show different noise levels and 
different spatial scales. 
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Table 2 

Structure function analysls of noise levels 
for VAS brlghtness temperatures. 

(Nolse 1s glven In Kelvlns. signal-to-nolse 1s a ratlo.) 
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14.7 

14.5 

14.3 

14.0 

13.3 

4.5 

12.7 
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4.4 

3.9 

Nolse level (Slgnal-to-Nolse) 

2.91 (1 .1 )  

0.84 (1 .4 )  

0.56 (1.2) 

0.74 (1.4) 

0 .51  ( 2 . 4 )  

0.34 (3.2) 

0.53 (2 .9 )  

0.43 (3.2) 

0.83 (2.0) 

0.68 (3.0) 

NA 

0.36 (3.4) 

Area 2 
7561 FOVa) 

2.71 (1 .1 )  

0.80 (1 .3 )  

0.53 (1 .2 )  

0.49 (1.6) 

0.41 (3 .1 )  

0.33 (3 .7 )  

0.38 (4 .2 )  

0.38 ( 4 . 4 )  

0.80 (2 .5 )  

0.66 (3.1) 

NA 

0.53 (3 .5 )  

SSN* 
Pre Ob= 

5.3 3.0 

2 .2  1.7 

1.8 1 . 1  

1.2 0.8 

1.0 0.6 

1.6 0.6 

1.0 0.6 

0.1 0.13 

3.4 1.6 

1.6 1.0 

6.7 2 . 1  

0.8 0.3 

SFOV - 
0.3 

0.3 

0.3 

0.2 

0 .2  

0.1 

0.2 

0.2  

0.4 

0.5 

0.3 

0.1 

Requlred 
Number of 

FOVs 

82 (9x9) 

7 (3x31 

3 (2x2 )  

6 (3x3) 

4 (2x2) 

1 1  (3x3) 

4 ( 2 x 2 )  

4 (2x2,  

4  (2x2) 

2 (rxzl 
NA 

13 (3x3) 

Slngle-Sample Nolse (Chestera and Aoblnson, 1983) 

Pre - Pre-launch before temporal or spatlal averaglng. 
Ob8 - Observed (COES-5) ulth temporal averaglng during callbratlon 

+ Requlred SOundlng FOV accuracy ulth temporal and apatlal averaglng 

(mainly the stratosphere) where these channels 
have their peak emission. Channels with low STN 
ratios need to be averaged spatially in order to 
improve the STN in those channels. The STN, 
therefore, is an inverse measure of the necessary 
averaging. 

second from the last column in Table 2, is an 
indication of the accuracy necessary for each 
channel to be used in the retrieval process. By 
employing some spatial averaging, random noise is 
reduced by the square root of the number of 
samples in the average. For example, by averaging 
4 FOVs the noise should be reduced by a factor Of 
2, or by averaging 9 FOVS the noise should be 
reduced by a factor of 3. The last column in 
Table 2 is a measure of the minimum averaging 
necessary to achieve the SFOV accuracy when 
starting with the structure-estimated noise. 
was obtained as the square of the ratio of the 
SFOV accuracy to the structure-estimated noise. A 
conclusion is that most channels must be spatially 
averaged in groups of at least 4 FOVs. From this 
measure, as well as the STN ratios, it is a130 
evident that the upper-tropospheric and 
stratospheric channels require more spatial 
averaging than the lower tropospheric channels. 

The sounding field-of-view (SFOV) accuracy, 

It 

3.1 Spatial-Scale Analysis With Orientation 

Variations in the structure functions with 
orientation for real VAS data are shown in Figures 
5 (a, b, and c). Figure 5a is the isotropic 
structure analysis of VAS Channel 7 ,  which is a 
water vapor channel with peak emission from near 
the surface. The structure function shows a 
relative maximum near 100 km, which is an 
indication of a spatial feature of about 200 km 
wavelength. 

the along-line and along-element components, the 
structure functions in Figures 5b and c were 
obtained. Figure 5b shows that the along-line 
(approximately east-west) analysis contains the 

By breaking down the isotropic analysis into 
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Figure 5. Structure analysis of VAS channel 7 

(near window) for 7 September 1983 at 
approximately 1348 UTC in the a) 
isotropic, b) along-line (east-west), 
and c) along-element (north-south) 
direct i ons .  
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Wave feature of approximately 200 to 250 km 
wavelength. On the other hand, the along-element 
analysis (approximately north-south) has little 
indication of this east-west wave. Rather, a more 
gradual Slope is evident at small structure 
distances. 

4.0 SUMMARY AND CONCLUSIONS 

Structure function analysis is an effective 
means of interpreting satellite data, to determine 
both the noise levels and the spatial scales or 
gradient information in a set of measurements. 
The structure analysis can be performed in an 
isotropic mode as well as either along or 
perpendicular to the scan lines. This allows the 
interpretation of spatial scales as a function of 
the orientation of the data. Simulated data at 
the spatial resolution of VAS data was used to aid 
in the spatial scale analysis. Results of the 
noise analysis indicate that the VAS channels have 
noise levels similar to those estimated during VAS 
Calibration sequences, However, to reduce noise 
levels to the required sounding FOV accuracy, 
Spatial averaging of VAS data must be employed. 
The amount of averaging necessary was determined 
by comparing the structure-estimated noise levels 
to the sounding FOV accuracy required for using 
VAS data in a temperatures and water vapor 
retrieval process . We conclude that most 
channels must be spatially averaged in groups of 
at least 4 FOV3, with upper-tropospheric and 
Stratospheric channels requiring more spatial 
averaging than lower tropospheric channels. 
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1. INTRODUCTION 

The Multispectral Atmospheric Mapping Sensor 
(MAMS) is a new jnstrument designed to produce high 
resolution imagery in eight visfble and three 
infrared spectral bands from an aircraft platform. 
Thermal emission from the earth's surface, cloudfi, 
and atmospheric water vapor is measured at 12.3. 
11.2, and 6.5 microns at up to 50 meter horizontal 
resolution. Similar infrared spectral bands are part 
of the VISSR Atmospheric Sounder (VAS) which is 
capable of 6.9 km horizontal resolution from its 
geostationary orbit. 
images have been used to track water vapor structures 
and to infer atmospheric motion vectors (Stewart et 
al., 1985). They have also been used to investigate 
small scale atmospheric moisture variability 
(Jedlovec, 1984).  The high resolution MAMS data give 
credence to the small scale variations in the VAS 
water vapor imagery. 

The purpose of this paper is two-fold. b7e 
shall (1) describe the VAMS instrument and the 
radiance characteristics, and ( 2 )  intercompare some 
VAS and MAMS radiances and images. 

Sequences of 6.7 micron VAS 

2. MAMS INSTRUMENT CHARACTERISTICS 

The MAMS i s  a modification of KASA's Airborne 
Thematic Mapper (Daedalus, 1982).  The W S  has two 
major components, the scan head and the spectrometer 
(Fig. I ) .  The scan head consists of the primary 
collecting telescope, a rotating scan mirror, a motor 
encoder assembly, and two controlled thermal sources. 
The field of view is defined by the aperture which is 
available in two different sizes, 2.5 mrad and 5.0 
mrad. The spectrometer consists of optical elements 
which spectrally separate the polychromatic input 
energy, lenses which focus the separated energy onto 
sensors, detectors which convert optical energy to an 
electrical signal, and pre-amplifiers which condition 
the signal. The energy collected by the spectrometer 
is separated into four distinct optical paths using 
dichroic filters; three paths for the infrared data 
(one for each spectral band) and one for the visible 

and near jnfrared data. 
detectors are silicon for the vtsible radiation 
and mercury cadmium telluride for the thermal 
infrared radiation. The vjsible detector is an 
eight element array which converts c~ptical 
energy to electrical energy. The spectral 
responsr of each band is determined by the 
dispersion charactrristics of the prism placed 
in the optical path and thc location of the 
arrav ir the dispersed beam. The thermal 
infrared detectors are each housed in a vacuum 
dewar which contains a cooled long wave filter 
which defines the particular spectral bard. 
Fach infrared detector has an associated pre- 
ampltfier to process the electrjral signal. The 
spectral bands are wmmarized in Table 1. 
The spectral response functfonfi for the three 
infrared charnels of the YAMS (Fig. 2 )  wcre 
specified t o  be similar to the 6.7,  l l . ? ,  and 
1 7 . 7  micron channels on VAS (also shown in Pig. 
2 ) .  

The spectrometer 

The MAMS produces high resolution jragery 
in these visible and infrared spectral bands 
from a high altitude aircraft at 20 km as shown 
in Fig. 3 .  The horizontal ground resolution, 
GR, of each individual field of view is 100 

Table 1 

Rangle of MAMS Spectral Rands 

8 visihle 3 infrared 
(microns) (microns) 

.42- .45 6.20- 6.85 (upper level wntrr vapor) 

.45- .52 10.32-12.02 (window) 

.52- .60 12.20-12.56 (lower level water vapor) 

.60- .62 

.63- .h9 

.69- .75 

.76- .90 

.90-1.05 
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Fig. 7 .  S p e c t r a l  response curves i n d i c a t i n g  t h e  
s e n s i t i v i t y  of the  MAMS and VAS instruments  i n  
t h e  1 2  micron, I 1  micron, and 6 micron regions.  

meters  (50 meters  if the  smal le r  2 . 5  mrad o p t i c s  
nre  used) .  The t o t a l  f i e l d  of view f o r  one scan 
is 86" which covers  t h e  wjdth,  w ,  of t h e  e n t i r e  
c r o s s  path of roughly 40 km. The scan r a t e  is 
6.25 r e v n l u t i o n s  per  second (12.50 when t h e  2.5 
mrad o p t i c s  a r e  used) and produces 61% over lap ,  
I-P, of eech scan l i n e  wi th  t h e  previrius one f o r  
nominal a l r c r a f t  speed (740 km/hr). On each 
scan l i n e  716 samples a r e  taken s o  t h a t  t h e r e  is 
52% over lap  of neighboring p i x e l s  a long a scan 
l i n e  (4% when t h e  2.5 mrad o p t i c s  a r e  used) .  
These over laps  can be used  t o  good advantage t o  
reduce t h e  n o i s e  i n  t h e  scene by s p a t i a l  
averaging. 

d a t a  i s  accomplished hv viewing two blackbody 
sources  and by assuming t h e  d e t e c t o r  response i s  
I-lnear with r e s p e c t  t o  rad iance  (a  f r a c t i o n a l  
n o n l i n e a r i t y  of less than  S X ~ O - ~  is observed). 
C a l i b r a t i o n  occurs  every scan l i n e  by viewing a 
warm and then a co ld  blackbody of known 
temperature. For  a given s p e c t r a l  band, t h e  
rad iance  1s determined from t h e  temperature 
through t h e  convolut ion of t h e  normalized 
spec t ra l .  response and t h e  Planck func t ion .  
c a l j h r a t e d  rad iances  a r e  transformed back i n t o  
temperatures  using t h e  inverse  PSanck r e l a t i o n  
w i t h  t h e  nominal s p e c t r a l  hand c e n t e r  wave- 
length .  

each s p e c t r a l  band a r e  ad jus ted  e l e c t r o n i c a l l y  
i n  order  t o  minimize t h e  l i k e l i h o o d  of sa tura-  
t i o n  over  hot  scenes and t o  maximize t h e  e f fec-  
t i v e  o p e r a t i n g  range. 
ad jus ted  t o  cover 210 t o  280°K. while  t h e  11 .2  
and 12.3 micron bands o p e r a t e  from 220 t o  340°K. 
An e i g h t  h i t  d i . g i t i z e r  i s  used so t h a t  f o r  t h e  
6.5 micron band t h e  ga in  i s  approximate~y -3% 
per  count ,  and f o r  t h e  remaining s u r f a c e  viewing 
bands i t  is approximately .5"K per  count. 

Radiometric c a l i b r a t i o n  of t h e  i n f r a r e d  

The 

P r i o r  t o  f l i g h t ,  t h e  ga in  and o f f s e t  f o r  

The 6 .5  micron band i s  
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Fig. 3a. A simplified schematic of the inflight 
configuration of the optical elements of the 
MAMS . 

I \  - v  

roVga6\ 

'/ 

Fig. 3b. Scanning geometry for the MAMS instru- 
ment onboard a NASA U2/ER2 aircraft. Lower 
insert shows position of the center of the nadir 
ifov for two adjacent scans. 

Truncation errors are assumed to be roughly half 
these values. 

some low frequency noise so that samples taken 
at 52 microsecond intervals for the spin rate of 
6.25 revolutions per second (26 microsecond 
sampling occurs at 12.5 rps) experience noise 
contributions with significant correlation. An 
analysis of covarianre (Menzel, 1980) of the 
noise with the 5 mrad aperture reveals that 
after averaging ten consecutive samples noise is 
reduced by a factor of .54, .52, and .37, 
respectively, in the three infrared spectral 
bands in order of increasing wavelength 
(uncorrelated noise would have a factor of ] / K O  
or .32). 

Inflight single sample noise values were 
determined from multiple samples over a uniform 
portion of the ocean. For a sample size of 100, 
the single sample noise values with the 5 mrad 

The infrared detectors on MAMS exhjbit 

aperture were found t o  be .2, . I ,  and .4"K, 
respectively, for the spectral bands in order of 
increasing wavelength (for the 2.5 mrad aperture 
the values were .5, .2, and .9'K). 

3. DATA INTERCOMPARISONS 

Radiances for the MAMS and VAS spectral 
responses were simulated for each band and 
sensor in a radiative transfer calculatlon. A 
representative atmospheric transmittance was 
computed using a band model and radiosonde 
temperature and moisture profiles. Table 2 
shows that the MAMS detects radiances within one 
to two mW/ster/m'/cm-' of the VAS detected 
radiances. The MAMS spectral responses are 
shlfted to shorter wavelengths (as shown in Ftg. 
2), hence less radiance is detected. This 
translates into brightness temperature 
differences of less  than a degree Kelvin. 

Table 2 

Intercomparison of Simulated Data 

6 micron 11 micron 12 micron 

R(MAMS) 7.86 96.5 109.5 
T(MAMS) 254.8 287.3 286.0 
R (VAS) 8.73 97.5 111.6 
T(VAS) 253.9 287.3 285.4 

0.9'K 0.0 0.6 ATMAMS-VAS 

radiances in mW/ster/m2/cm-', temperatures in OK 

Radiances from the MAMS and VAS were 
collected simultaneously over a relatively 
isothermal area of ocean off the California 
coast on 18 May 1985. Table 3 presents the 
comparison. After compensating for the inherent 
spectral differencee of the two instruments, the 
MAMS data is within .5. 2.5, and 1.5"K of the 
VAS data, respectively, for the spectral bands 
in order of increasing wavelength. The observed 
split window channel differences (11 micron less 
12 micron) are comparable, 7.5OK for MAMS and 
2.1"K for VAS and thus showing similar low level 
moisture concentrations. The observed water 
vapor channel data (6 micron) nhow MAMS 
detecting upper level moisture concentrations 
very much like VAS, with MAMS showing somewhat 
less attenuation than VAS. These comparisons 

Table 3 

Intercomperison of Observed Data 

6 micron I 1  mirron 12 micron 

R(MAMS) 6.01 99.9 111.1 
T(MAMS) 247.1 289.5 287.0 
R(VAS) 6.80 97.0 111.1 

.6'K 2.4 2.0 
T(VAS) 246.5 287.1 285.0 

ATMAMS-VAS 
radiances in mW/ster/rn2/cm-l, temperatures in OK 
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are quite reasonable, since the spatial resolu- 
tlon of each sensor is very different (VAS at 7 
km and MAMS at .05 km at nadjr), the navigation 
of the MAMS data is from visual siting of 
landmarks only, and non-nadir viewing of the 
MAMS has not yet been taken into account. 

Imagery from the MAMS and VAS were 
compared from flights over Oklahoma and Kansas 
on 12 May 1985. The goal of the intercomparison 
is to verify small scale features observed in 
the VAS water vapor images with the higher 
resolution MAMS data. 
genrities in the VAS data have been used to 
obtain motion vectors when several images nre 
considered in sequence. While the imagery is 
often too amorphous to track winds reliably with 
a correlation technique, it has produced good 
wind fields by single pixel tracking (Stewart et 
a]., 1985). The MAMS data tends to verify that 
small scale gradients (down to several single 
pixels) in the VAS data are real. Fip,. 4a shows 
the VAS 6.7 micron images with the MAMS flight 
track superimposed while Fig. 4b shows the 6 . 3  
micron MAMS data (at 400m resolution for dia- 
play) gathered in flight from C to H. These 
images were enhanced to delineate the moisture 
€eatures. Brighter (colder) regions represent 
cl.ouds or relntjvely high water vapor content 
and darker (warmer) areas represent drier air in 
the middle layer of the atmosphere. The MAMS 
images are not limb corrected and, therefore, 
images appear brighter (colder) toward the 
edges. The moisture features compare very 
nicely; starting at G, MAMS shows a dry tongue 
giving way to R moist ridge which becomes less 
moist at H. Fig. 5a shows single pjxel resolu- 
tion of the VAS image covering the MAMS track 
from E to F of Fig. 4a; Fig. 5b displays the 
MAMS data covering the hoxed region of Fig. 5e. 
The temperatures from brightest to darkest 
pixels within the boxed-in area differ by S0K 
indicating that these fluctuations are not 
instrument noise, but real atmospheric features. 
Six of the VAS features are corroborated nicely 
by the MAMS image. This lends credence to the 
assertion that the VAS distinguishes moisture 
features which are small enough to represent a 
wind vector, yet largc enough to exjst in 
several successive images. The features we are 
examining werc discernible for at least two 
hours in the VAS images. 

These water vapor inhomo- 

4 .  CONCLUSION 

The MAMS measures thermal emission from 
the earth atmosphere system in eight visible and 
three infrared spectral bands (12.3, 11.2, and 
6 . 5  microns) at up to 50m horizontal resolution. 
These infrared bands are very similar to three 
of the VAS jnfrared spectral bands. The instru- 
ment was flown aboard a NASA U-2 in May-June 
1985 and corresponding VAS data was collected. 
MAMS radiometric performance is comparnhle to 
that of VAS. The MAMS exhiblts somewhat less 
attenuation from watcr vapor than VAS because 
its spectral bands are shifted to shorter wave- 
lengths away from the ahsorption band center. 
Intercomparisons of these images give credence 
to small scale variations in the VAS water vapor 
!magery. Attempts are underway to identify the 
scales of which these featureR must be tracked 
to depict the preconvective environment. 

The MAMS has been developed to combine 
high resolution visible and infrared measure- 
ments to study small scale atmospheric moisture 
variability, to monitor and classify clouds, and 
to investigate the role of surface characteris- 
tics in the production of clouds, precipitation, 
and severe storms. As part of the Cooperative 
Huntsville Meteorological Experiment (COHMEX), 
the MAMP will be flying this summer to gather 
data for these studies. 
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Ffp. 4 a .  
Fig.  4b. 

Enhanced VAS w a t e r  vapor image with t h e  MAEIS f l i g h t  t r a c k  superimposed f o r  18 May 1985 a t  1701 GMT. 
Corresponding W S  6 . 3  micron enhanced inage gathered i n  f l i g h t  from G t o  H on 18 Hay 1985 a t  1707 GMT. 



Fig. 5a. 
Fig. 5b. 

Magnification of 4a showing s i n g l e  p ixe l  var iat ion along f l i g h t  track E t o  F .  
Corresponding MAMS data covering the boxed area of  5a. S i x  comparable water vppor gradient features are labeled.  
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1.0 Introduction 

Satellite derived global temperature 
and moisture soundings have been produced 
operationally from the TIROS-N series 
satellites at NOAA/NESDIS since 1979. The 
NOAA Polar orbiting satellites provide 
radiance measurements from a 20 channel High 
Resolution Infrared Radiation Sounder 
(HIRS/2), a 4 channel Microwave Sounding Unit 
(MSU) and a 3 channel Stratospheric Sounding 
Unit (ssu) . Vertical temperature profiles 
are produced by a statistical regression 
scheme which utilizes clear column radiances 
for the infrared channels and a coefficient 
data base. These sounding data consist of 
retrieval temperature at 40 pressure levels 
from 1000 mb to 0.1 mb, geopotential heights 
and water vapor mixing ratios. Various com- 
binations of HIRS/2, MSU and SSU sounding 
channels are used in the regression scheme to 
produce soundings for different meteorolo- 
gical conditions. For example, only the 4 
microwave, 3 stratospheric sounding unit, and 
3 stratospheric HIRS/2 channels are used for 
cloudy retrievals. The heavy emphasis placed 
on microwave data reflects the fact that they 
are relatively unaffected by cloud liquid 
water. The lowest two channels however, are 
the most affected and this effect may become 
significant in the presence of precipitating 
cloud. 

Various methods have been devised to 
minimize the effect of rain con tamination on 
the brightness temperatures and ultimately 
the quality of the final retrieved profile: 
The current TIROS Operational Vertical 
Sounder (TOVS) approach determines which 
microwave scan spots are precipitation 
contaminated and removes them from 
consideration for making a retrieval. This 
approach utilizes both infrared and microwave 
data, however, for cases of infrared instru- 
ment failure, as occurred on NOAA-6, a method 
dependent only upon mibrowave data is 
necessary. This has been developed and 
employs a median comparison filter which 
compares the limb-corrected brightness 
temperatures for a microwave scan spot with a 
median value computed from a surrounding 
field of data. This techniques has been 
teated on various types of meteorological 
cases and will become an operational 
algorithm. 

2.0 The TOVS Microwave Sounding Unit 

Measurements from the 4-channel microwave 
sounding instrument on board the NOAA Polar 
orbiting satellites are used in the 
operational retrieval algorithm. The sounder 
has radiometers which measure radiation in 
the oxygen band at 4 frequencies; 50.30, 
53.74, 54.96 and 57.95 GH,. There are 11 
scan spots or fields of view (FOV) per scan 
line. The size of the spots is approximately 
110 km. at nadir. The TOVS processing 
software further divides the data into fields 
of 10 lines by 11 spots, making the technique 
fairly simple. Figure 1 displays the 
weighting functions associated with each of 
the 4 microwave channels and indicates the 
contribution of temperature, at different 
pressure levels, to the brightness 
temperature. As previously stated, only the 
lowest 2 frequencies are adversely affected 
by cloud liquid water and that effect is most 
significant for the 53.74 GH, channel for 
precipitating clouds. Figure 1 indicates 
that the contribution from this channel 
peaks at about 700 mb and the other channels 
either peak too high in the atmosphere to be 
significantly affected by precipitation, or 
ar0 affected by the surface, as well as 
precipitation, GrOdy and Shen (1982), Grody 
(1983). 

MSU 1 P 50.30 Q H Z  

MSU 2 P 53.73 OH2 - 
MSU 3 I 14.98 Q t l Z  
MSU 4 P 87.98 OH2 - 

I .o 
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Over oceans, the current TOVS techni- que to 
identify precipitation contamination uses an 
algorithm which depends upon both the 53.74 
and 50.30 GH, window channel to obtain the 
amount of liquid water attenuation. However, 
due to the variable emissivity over land, 
Which renders the window channel unreliable, 
this approach is modified to use the 11 
micron window channel of the HIRS/2 
instrument instead for land areas. when no 
infrared data are available, as is the case 
for satellite NOAA-6, this approach falters 
and no determination of rainfall attenuation 
is possible over land. Since the 50.30 GH, 
channel is not usable, but the 53.74 GH, 
channel is essentially opaque to the surface, 
a technique was developed to use solely the 
53.74 GH, channel with the median filter 
approach. 

3,0 The Median Filter Approach 

The use of median filters in identifying 
discontinuities in data fields has been 
referred to by WU, et al. (1905) and Shultz 
(1985) and is well suited to the task of 
correcting for noise in the elements of an 
array. For a field of values, such as the 10 
by 1.1 array of MSU brightness temperatures, 
noise spikes can be easily isolated and the 
noise eliminated. One method of achieving 
this is to replace the noisy element with the 
median value for the array. Obviously, 
determination of what constitutes noise for a 
given set of numbers is crucial to the proper 
application of a median filter for those 
Values. A critical value must be determi- 
ned, to which the array elements are 
compared. ~f the critical value is exceeded, 
the noisy element is removed or replaced with 
the median value. This type of median filter 
is known as a comparison filter. An example 
Of this technique for a 3 x 3 filter for an 
array of brightness temperatures, degree 
Kelvin, might be as follows: 

252 252 253 
253 250 254 
253 254 255 

Comparison of the unfiltered central point, 
at 250°K, with the median of 253'K produces a 
difference of 3OK. If the critical value has 
been established to be 3% or less, this data 
Point is removed and the value of the median, 
253OK, may be inserted in its place in the 
array for use in further processing. 

The MSU grid pattern provides a readily 
available 2 dimensional array €or applying 
the above median filter technique.. The 
scales of motion involved in heavy 
Precipitation tend to approximate the size 
area encompassed by the 3 spot by 3 line 
filtering techniques with the 110 km MSU 
footprint. Also the validity of using a 3 x 
3 filter, versus a larger 5 x 5 filter, has 
been studied. The results indicated that 
while both successfully identify the median 
of the field, the 5 x 5 technique encompasses 
too much north-south distance (-550 km) and 
the effects of real temperature gradient 
information become smoothed while the 
determination of noise becomes imprecise. 

The meridional temperature contrast over- 
rides, in some cases, the local, 
precipitation driven anomaly and cause an 
unrepresentative median to be computed. 
Comparison with this value may cause 
unwarranted removal of valid data, or 
unintended inclusion of noisy measurements. 
Experiments using the 3 line by 3 spot median 
comparison filter, as well as previous work 
by Grody (1983) have indicated that 
attenuation due to rainfall affects the 
53.74 GH, microwave channel most severely and 
it appears that a decrease of greater than 
about 1°K in the limb corrected brightness 
temperature for that channel is a signature 
of significant rain contamination. This 
corresponds well with radar echoes of 
intensity 2 or higher (greater than 0.2 
inches/hour) and seems to be valid for squall 
line convective type precipitation over land 
or ocean. For these reasons, the comparison 
median filter technique which identifies 
contaminated data uses only 53.74 GH, 
channel, with a 3 x 3 filtering array and a 
critical threshold value of ~ O K .  Case 
studies using this approach are presented for 
both land and sea cases in the next section. 

4.0 Case Study Results 

TWO case studies are presented to 
illustrate the effect of rain contamination 
on microwave sounding unit data and the use 
of a median filter approach to attempt to 
lessen that effect. One case involves 
rainfall from a squall line over the United 
States, the other involves rainfall from a 
hurricane over both sea and land. 

The first case shown involves data 
from 12 September, 1984 during Hurricane 
Diana. This storm was bringing heavy rains 
to the North Carolina coast and the adjacent 
ocean area. A TOVS orbit passed over this 
area at about 1245 GMT 12 September. Figure 
2 presents NMC radar data contoured at 
intensity levels 1 and 3, at 1135 GMT and the 
contours of the 53.74 GH channel limb- 
corrected brightness temperaewes drawn every 
0.5OK. The effect of the precipitation is 
shown by the decrease of the brightness 
temperature over the area of strong radar 
echoes. A cold anomaly exists in the 
otherwise uniform field which might be 
expected with this type of tropical system. 
To further examine this effect, the 
brightness temperatures at individual scan 
spots around this system are given in Figure 
3. The hundreds digit is dropped for 
clarity. Once again, it is obvious that a 
cold anomaly exists in a fairly uniform field 
which even hints of a warm intrusion as 
evidenced by the southwest-northeast 
orientation of the 250.5 and 250.0 isotherms. 
The amount of decrease in temperature due to 
precipitation appears to be in excess of 
1.5OK. Figure 4 gives the median filtered 
field minus the measured one. The area of 
greater than ~ O K  temperature decrease is 
ehown and corresponds well with the heavy 
rain area, These values are typical of many 
of the cases examined. The filtering 
technique has isolated the region OF rain 
contamination quite well. Figure 5 
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represents the effect on the temperature 
field of adding the decrease detected by the 
filter to the original values. This 
resulting median corrected brightness 
temperature field indicates that the cold 
anomaly has been removed (compare figures 3 
and 5). The dashed line indicates the 
position of the filtered out cold anomaly. 
Notice that the overall structure of the 
field remains mostly unchanged, preserving 
the integrity of the synoptic-scale tempe- 
rature gradient information. 

Figure 2. NMC radar summary and 53.74 GH 
channel brightness temperature for 113s 
GMT 12 September, 1984. Temperature 
contour interval is 0.5'X. Radar echoes 
are contoured by intensity. Contour 
interval is 2. Shading indicates 
greater than level 3 echo. 

Figure 3. Limb corrected unfiltered 53.74 GH 
channel brightness temperature for 124g 
GMT 12 September, 1984. Hundreds digit 
is dropped for clarity. Contour 
interval is 0.5'K. 
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Figure 4. Median minus measured brightness 
temperature in OK for 1246 GMT 12 
September, 1984. Hundreds digit is 
dropped for clarity. Contour interval 
is 1.0 OK. 

258,5 50.3 58 .S  -.E 57. -  ( 5 0 . J  ,810 58.1 

258.0 268.0 258.0 

Figure 5. Median corrected brightness tem- 
perature in OK for 1246 GMT 12 
September, 1984. Hundreds digit is 
dropped for clarity. Contour interval 
is 0.5°X. 
The second case is presented in 

similar fashion as the first and involves a 
squall line studied by Grody (1983). Figure 
6 shows the radar echoes and 53.74 GH, limb- 
corrected brightness temperature contours 
every 2OX. The radar data is for 1935 GMT 11 
April 1979 and the satellite data is for 
approximately 2040 GMT. A much more dramatic 
example of the effect of rainfall can be 
seen, as a large decrease due to 
precipitation occurs in an area of a 
temperature ridge. A synoptic scale surface 
temperature gradient exists across the squall 
line but the heavy convective rainfall, often 
exceeding level 4 intensity (greater than 2.2 
inches/hour) appears to cause severe 
attenuation in the 53.74 GH channel. A more 
detailed view is provided gy figure 7 which 
shows a minimum spot value of 242.2'K 
surrounded by measurements in the 250-255OK 

,boL- 1935L APR 11, 1979 RADAR SUp(FIARV 

Figure 6. NMC radar summary and 53.74 GH 
channel brightness temperature for 1938 
GMT 11 April, 1979. Temperature contour 
interval is 2OK. Radar echoes are 
contoured by intensity. Contour 
interval is 2. Shading indicates 
greater than level 3 echo. 
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range. The field is severely contorted by 
the large decreases in temperature along the 
length of the squall line. Figure 8 depicts 
the median field minus the measured one. The 
Values approaching 9OK are by far the largest 
of any case studied. This case represents a 
worst case scenario for rain contamination. 
Notice that the attenuation is quite 
significant over large linear extent of about 
6 array elements. Figure 9 presents the 
median corrected brightness temperature. 
Though a rain induced temperature trough 
still exists, the severity of the effect is 
dramatically lessened (compare figures 7 and 
9). Brightness temperatures have increased 
by up to 8OK in the affected area. The 
dashed line indicates the extent of the 
affected area. Temperature retrievals made 
With this data should show much less effect 
due to precipitation. 

244  

Figure 7, Limb corrected unfiltered 53.74 
GH, channel temperatures for 2040 GMT 11 
April, 1979. Hundreds digit is dropped 
for clarity. Contour interval is 2'K. 

Figure 8. Median minus measured brightness 
temperature in OK for 2040 GMT 11 April, 
1979. Values greater than 2.OoK are 
contoured. Contour interval is 2. O'K. 

Figure 9. Median corrected brightness tempe- 
rature in OK for 2040 GMT 11 April, 
1979. Hundreds digit is drogped for 
clarity. Contour interval is 2 K. 

5.0 Conclusion 

It has been shown that liquid water in 
the form of rainfall produces attenuation in 
the 53.74 GHZ channel, limiting its 
usefulness in a retrieval scheme. This 
effect reduces the measurements by more than 

for moderate to heavy rain. TWO cases 
have been presented which graphically 
illustrate this rain effect and a new 
technique has been presented which attempts 
to remove the degradation. A comparison 
median filter approach has been developed for 
use by the TOVS system and a 3 x 3 filter is 
applied to the data to isolate rain induced 
noise which may lead to erroneous retrievals. 
Use of this filter for these cases 
reveals quite encouraging results. The 
effects of attenuation were removed in a 
typical case and greatly reduced in a worst 
case scenario. Currently the affected data 
as removed from consideration for making 
retrievals, although it should be possible to 
obtain retrievals using the median corrected 
brightness temperature field. Production of 
successful, accurate retrievals in rain areas 
will greatly enhance the contribution of the 
microwave instrument to making high quality 
global soundings. 
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TROPICAL SYNOPTIC INTERPRETATION OF INTER-CHANNEL CORRELATIONS FROM TIROS N 
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1. INTRODUCTION 

In t h e  t r o p i c a l  n o r t h e a s t  P a c i f i c ,  a 
synopt ic  event ,  c a l l e d  a "moisture b u r s t , "  occurs  
commonly (Smith e t  a l . ,  1986; McGuirk and Thompson, 
1984). The data-sparse  n a t u r e  of t h e  region pre- 
c ludes  a c c u r a t e  diagnoses  of t h e  s t r u c t u r e  of t h e s e  
events .  The most a p p r o p r i a t e  d a t a  set f o r  t h e  
s tudy of t h e s e  systems is q u a n t i t a t i v e  s a t e l l i t e  
d a t a ,  p a r t i c u l a r l y  i n d i v i d u a l  channel b r i g h t n e s s  
temperatures .  This  d a t a  format is p r e f e r a b l e  t o  
t h e  recons t ruc ted  temperature  and moisture  p r o f i l e s  
because t h e  r e c o n s t r u c t i o n s  have a tendency t o  
smooth in both t h e  h o r i z o n t a l  and t h e  v e r t i c a l .  

This  paper d e s c r i b e s  synopt ic  v a r i a b i l i t y  
contained in a set  of TIROS N b r i g h t n e s s  tempera- 
t u r e s  f o r  a nine-day per iod dur ing  January 1979, 
between t h e  d a t e l i n e  and 90°W and between 30°N and 
20"s. The s p a t i a l  coherence of each channel is 
descr ibed as func t ions  of in te rchannel  d i f f e r e n c e s  
and geographic and synopt ic  v a r i a t i o n s .  Second, 
h o r i z o n t a l  and v e r t i c a l  p a t t e r n s  of i n d i v i d u a l  
channels  are examined through empir ica l  or thogonal  
f u n c t i o n a l  (EOF) decomposition. F i n a l l y ,  response 
s u r f a c e  r e g r e s s i o n  models are developed t o  p r e d i c t  
missing TIROS N channels  from a v a i l a b l e  TIROS N 
and NOAA-5 d a t a .  

All t h r e e  ana lyses  present  cons iderable  
organized synopt ic  v a r i a b i l i t y  i n  t r o p i c a l  systems 
f o r  which t h e  synopt ic  thermodynamic s i g n a l  is 
normally weak. 

2.  SPATIAL COHERENCE 

To examine t h e  s p a t i a l  coherence of t h e  
b r i g h t n e s s  temperatures  in a given channel ,  t h e  
c o r r e l a t i o n  c o e f f i c i e n t  w a s  c a l c u l a t e d  f o r  each 
observa t ion  with r e s p e c t  t o  a l l  o t h e r  observa t ions  
during t h e  same synopt ic  time and throughout t h e  
domain. 
h o r i z o n t a l  s e p a r a t i o n  dis tance 'between p a i r s  of 
observa t ions .  Separa t ion  d i s t a n c e s  ranged between 
zero and 2500 km, i n  250 km increments. For n e a r l y  
a l l  channels  and n e a r l y  a l l  s e p a r a t i o n  d i s t a n c e s ,  
a t  least  150 p a i r s  of observa t ions  cont r ibu ted  t o  
t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  a given time 
period,  y i e l d i n g  a 95% confidence estimate of tO.1 
f o r  t h e  ampli tude of  t h e  c o r r e l a t i o n  c o e f f i c i e n t  
a t  any s p e c i f i c  s e p a r a t i o n  d i s t a n c e .  

The c o r r e l a t i o n s  were s t r a t i f i e d  by 

2 .1  Inter-Channel Di f fe rences  

A s i n g l e  t i m e  per iod ,  24 January 1979 a t  
12 GMT, w a s  selected t o  examine t h e  d i f f e r e n c e s  i n  
h o r i z o n t a l  coherence between t h e  d i f f e r e n t  TIROS N 
channels .  The channels  were divided i n t o  s i x  
groups, based on t h e  absorbing c h a r a c t e r i s t i c s  a t  

t h e  s p e c i f i c  wavelength of t h e  channel ,  a s  w e l l  
as t h e  shape of t h e  channel weight ing func t ion .  
The channels  of a given group possessed s i m i l a r  
coherence p r o p e r t i e s .  See Table 1 f o r  t h e s e  
groups and Smith e t  a l .  (1979) f o r  a d e t a i l e d  
d e s c r i p t i o n  of channel c h a r a c t e r i s t i c s .  

Table  1 

Channel groupings f o r  s p a t i a l  c o r r e l a t i o n s .  

Emission source  Channel numbers 

Tropospheric ( thermal)  13 ,  14 ,  15, 16 

Tropospheric ( thermal ,  
4 ,  5, 6 ,  7 

Water vapor 10 ,  11, 1 2  

S t r a t o s p h e r i c  1, 2, 3 

H2° s e n s i t i v e )  

Surface (window, boundary 
l a y e r )  8 , 1 3 , 1 4 , 1 8 , 1 9  

Microwave (MSU 1,2, 3 , 4 )  noted a s  2 1 ,  2 2 ,  23, 24 

By way of example, Fig.  . l a  shows t h e  
c o r r e l a t i o n  c o e f f i c i e n t  as a f u n c t i o n  of separa-  
t i o n  f o r  t h e  two t ropospher ic  thermal groups. For 
zero s e p a r a t i o n ,  t h e  c o r r e l a t i o n  is 1 . 0 ;  observa- 
t i o n s  c o r r e l a t e  p e r f e c t l y  with themselves. A s  t h e  
s e p a r a t i o n  d i s t a n c e  i n c r e a s e s ,  t h e  channel obser-  
v a t i o n s  become less c o r r e l a t e d ,  as expected. For 
d i s t a n c e s  g r e a t e r  than 750 km, t h e  c o r r e l a t i o n  in 
channels  more s e n s i t i v e  t o  water  vapor f a l l s  o f f  
much more r a p i d l y .  These c o r r e l a t i o n  p r o f i l e s  are 
compared most e a s i l y  through t h e  i n t e g r a l  l e n g t h  
s c a l e  ( t h e  a r e a  under t h e  c o r r e l a t i o n  curve t o  t h e  
l e f t  of t h e  f i r s t  zero c r o s s i n g ) .  This  s c a l e  pro: 
v i d e s  a s i n g l e  number es t imat ing  t h e  mean cor re-  
l a t i o n  d i s t a n c e ;  i t  should be r e l a t e d  t o  t h e  
l e n g t h  s c a l e  of atmospheric v a r i a t i o n .  The maxi- 
mum d i f f e r e n c e  in i n t e g r a l  l e n g t h  s c a l e s  i n  F ig .  
l a  (between Channels 4 and 14)  is 650 km (1820 km 
v s .  1170 km; t h e s e  a r e  t h e  approximate d i s t a n c e s  
a t  which two observa t ions  in t h e  same channel w i l l  
become u n c o r r e l a t e d ) .  

C o r r e l a t i o n s  f o r  a t y p i c a l  channel from 
each of t h e  s i x  groups of Table  1 a r e  shown in Fig. 
l b .  P r i o r  t o  i n t e r p r e t i n g  t h i s  f i g u r e ,  some ex- 
c e p t i o n s  a r e  f i r s t  noted. The s t r a t o s p h e r i c  
channels  v a r i e d  widely i n  l e n g t h  s c a l e ,  from about 
900 km t o  w e l l  over 2000 km, exceeding t h e  d e t e c t a -  
b l e  length  s c a l e  w i t h i n  t h e  observa t ion  domain. 
The same was t r u e  of t h e  microwave channels ,  in 
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SEPARATION DISTANCE (KM) 

F i g .  1. 
distance betoeen pairs of oboemations (abscissa).  
ent ire  region. b )  FOP six reprmentativc channets and for the entire region. 
equatorial s t r ip .  d) As i n  ( b ) ,  but for  a subtropicat s t r ip .  
an expZanation of t he  numbers labeling the scvcral curves. 

Individual channel brightness temperature correlation (ordinate) as a function of separation 
a)  For a l l  tropospheric infrared signats and for the 

c) A s  i n  (b ) ,  but foia nn 
See t e x t  for  de ta i l s  and see Table 1 f~ 

which u n r e a l i s t i c a l l y  small l e n g t h  s c a l e s  occurred 
i n  t h e  window and tropopause channels. 

h ighes t  s p a t i a l  coherence occurs  i n  s u r f a c e  
channels  with length  s c a l e s  exceeding 2000 km. 
Tropospheric s i g n a l s ,  i n s e n s i t i v e  t o  moisture ,  
possess  l e n g t h  s c a l e s  of about 1800 lan, but  a r e  
near ly  i d e n t i c a l  with s u r f a c e  c o r r e l a t i o n s  a t  d i s -  
t ances  less than 1300 km. F i n a l l y ,  t h e  s t r a t o -  
s p h e r i c  and moisture  s e n s i t i v e  t ropospher ic  
channels a r e  s i m i l a r ,  with length  s c a l e s  of about 
1000 km. 

is  t h a t  t h e  s c a l e  of t h e  atmospheric system is 
somewhat l a r g e r  than t h e  s c a l e  of imposed sea  sur-  
f a c e  temperature v a r i a t i o n  wi th in  t h i s  p a r t  of t h e  
t r o p i c s .  It is l i k e l y  then t h a t  s e a  s u r f a c e  pat-  
t e r n s  do not  d r i v e  d i r e c t l y  t h e  most a c t i v e  synop- 
t i c  systems over t h e  e a s t e r n  P a c i f i c  Ocean. 

Connecting the  second two r e s u l t s  l e a d s  t o  
t h e  impl ica t ion  t h a t  temperature and humidity 
v a r i a t i o n s  occur on two d i v e r s e  s c a l e s  over t h e  
t r o p i c a l  e a s t e r n  P a c i f i c .  

Three behaviors  appear i n  Pig. l b .  The 

The impl ica t ion  of t h e  f i r s t  two r e s u l t s  

2 . 2  Geographic D i f f  erences 

The c o r r e l a t i o n s  f o r  each channel were re-  
computed f o r  two zonal bands, one between 10"s and 
15'N ( t h e  e q u a t o r i a l  s e c t i o n ) ,  and t h e  o t h e r  be- 
tween 15'N and 30°N ( t h e  s u b t r o p i c a l  s e c t i o n ) .  
These s u b s e t s ,  shown i n  F i g s .  IC and I d ,  minimize 
t h e  meridional  temperature g r a d i e n t  i n  two ways: 
t h e  f i r s t  s e p a r a t e s  t h e  t r o p i c s  from t h e  sub- 
t r o p i c s ,  while  t h e  second a l i a s e s  out  t h e  north-  
south s e p a r a t i o n s  a t  s c a l e s  l a r g e r  than about 1000 

km f o r  each subse t .  
and 30'N i s  only about 1600 km, s o  most of t h e  
longer  s e p a r a t i o n  d i s t a n c e s  f o r  observa t ions  cor- 
t r i b u t i n g  t o  t h e  c o r r e l a t i o n  c o e f f i c i e n t  tend t o  
be o r i e n t e d  east-west) .  

l a t i t u d i n a l  d i f f e r e n c e s  t o  be i d e n t i f i e d .  Except 
f o r  w a t e r  vapor channels ,  t h e  apparent  s c a l e  of 
t r o p i c a l  systems is reduced i n  t h e  zonal s t r i p s .  
The i n t e g r a l  l ength  s c a l e s  of t h e  e q u a t o r i a l  s t r i p  
a r e  about 40% of t h e  s c a l e s  f o r  t h e  e n t i r e  region.  
Scales  f o r  t h e  s u b t r o p i c a l  s t r i p  are about 75% of  
s c a l e s  i n  Fig. l b .  Thus, f o r  t h e  f i v e  channels 
assoc ia ted  with temperature  v a r i a t i o n ,  t h e  domi- 
nant  v a r i a t i o n  appears  t o  be a s s o c i a t e d  with t h e  
mean meridional  temperature g r a d i e n t .  I n  t h e  
e q u a t o r i a l  reg ion  t h e  i n t e g r a l  l ength  s c a l e  f o r  
t ropospher ic  d i s turbances  i s  about 600 km. Length 
s c a l e s  a t  t h e  s u r f a c e  are longer ,  about 850 km. 
The i n f r a r e d  water  vapor channel possesses  an 
i n t e g r a l  s c a l e  of 1300 km i n  t h e  e q u a t o r i a l  b e l t ,  
the same as i t s  s c a l e  throughout t h e  region.  Not 
only is  mois ture ' s  coherence about twice as l a r g e  
a s  t h a t  f o r  temperature a long t h e  equator ,  i t  i s  
not  s e n s i t i v e  t o  meridional  v a r i a t i o n .  In  t h e  
s u b t r o p i c s ,  however, t h e  s c a l e  of moisture  v a r i a -  
t i o n  i s  about  750 km, much smaller than e q u a t o r i a l  
v a r i a t i o n .  F i n a l l y ,  t h e  s c a t t e r  i n  c o r r e l a t i o n  
behavior f o r  ind iv idua l  channels  wi th in  each group 
is  much g r e a t e r  i n  t h e  e q u a t o r i a l  zone than i n  t h e  
o ther  zones. 

v a r i a t i o n s  a r e  synopLic i n  n a t u r e ,  and not a re- 
s u l t  of a mean meridional  grad ien t  i n  moisture .  
The s c a l e  of moisture  v a r i a t i o n  is  domlnated by 

(The d i s t a n c e  between 15'N 

Comparison of  Figs .  l b ,  c and d a l low 

The f i r s t  conclusion i s  t h a t  moisture  

119 



F i g .  2. 
scales are channel nwnber ( l e f t )  and approximate peak i n  rnb of the weighting function ( r i g h t ) .  
eigenvector i s  a t  the l e f t  and the f i f t h  i s  a t  the r ight .  
triangles are moisture channels, and squares are microwave channels. 
the upper r ight  hand corner of each individual diagram. 

Eigenvectors of channel brightness temperatures f o r  23 January 1979 at- 00 GMT. The vert ical  
The f i r s t  

Asterisks are infrared thermal. channels, 
The explained variance appears i n  

30 

Ill0 1 

F i g .  3. EOF's, or spatial  patterns, f o r  the eigenvectors shown i n  F i g .  2. Areas shaded f o r  emphasis are 
explained i n  the t e x t .  The coordinates m e  lat i tude (from lOoS t o  30'N) and longitude (from 180' t o  9 O O W l .  
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F i g .  4a. Percent variance explained fo r  each TIROS 
N channeZ from microwcive and stratospheric channels 
for the same sateZZite sounding. 
Zinear regression terms; l i gh t  Zines for  quadratic 
regression terms. (* not predicted.) 

e q u a t o r i a l  v a r i a t i o n ,  no t  by t h a t  of t h e  s u b t r o p i c s .  
On t h e  o t h e r  hand, t empera tu re  v a r i a t i o n  i s  c o n t r o l -  
l e d  s t r o n g l y  by t h e  mean meridior la l  t empera tu re  con- 
t r a s t .  Th i s  c o n t r a s t  o c c u r s  p r i m a r i l y  i n  t h e  no r th -  
e r n  p o r t i o n  o f  t h e  domain. E q u a t o r i a l  thermal  
coherance is v e r y  s m a l l .  F i n a l l y ,  t h e  TIROS N 
moi s tu re  channe l s  a r e  t r u l y  s e n s i n g  m o i s t u r e  Sig-  
n a l s ,  which v a r y  d i s t i n c t l y  from thermal  s i g n a l s ,  
even i n  t h e  e q u a t o r i a l  and s u b t r o p i c a l  r e g i o n s .  

Ifeavy Zincs for  

2 . 3  Synoptic  D i f f e r e n c e s  

F i n a l l y  c o r r e l a t i o n s  were computed f o r  a 
c e n t r a l  P a c i f i c  s e c t o r  between l o n g i t u d e s  140"W 
and 180" f o r  two d i f f e r e n t  days s e p a r a t e d  by f i v e  
days.  One day expe r i enced  heavy convec t ion  a l o n g  
t h e  e q u a t o r i a l  s e c t i o n  and i n  t h e  no r thwes t  c o r n e r  
of t h e  r e g i o n .  The second day w a s  r e l a t i v e l y  
cloud- and convec t ion - f r ee .  I n  a l l  channe l s ,  i n t e -  
g r a l  l e n g t h  s c a l e s  were less f o r  t h e  day w i t h  weak 
s y n o p t i c  a c t i v i t y ,  approximately 25% o r  abou t  400 
km less f o r  t h e  f o u r  t r o p o s p h e r i c  channe l s  o f  F ig .  
l b ,  i n c l u d i n g  moi s tu re .  (The c o r r e l a t i o n  f i g u r e s  
a r e  n o t  shown.) The d e c r e a s e s  i n  s c a l e  f o r  t h e  
s u r f a c e  and s t r a t o s p h e r i c  channe l s  were n o t  s i g n i -  
f i c a n t .  The c o n c l u s i o n  is  t h a t  s y n o p t i c  a c t i v i t y  
makes t h e  h o r i z o n t a l  p a t t e r n s  more cohe ren t  and t h e  
s a t e l l i t e  can  d e t e c t  t h i s  o r g a n i z a t i o n .  The 
s t r a t o s p h e r e  and s u r f a c e  do n o t  appea r  t o  v a r y  
i m p o r t a n t l y  on t i m e  s c a l e s  of a few days .  

3 .  SPATIAL PATTERNS 

The h o r i z o n t a l  and v e r t i c a l  s y n o p t i c  pa t -  
terns i n  t h e  TIROS channel  d a t a  were examined 
through EOF a n a l y s i s .  For a g iven  s y n o p t i c  t i m e ,  
a l l  t h e  s a t e l l i t e  o b s e r v a t i o n s  ove r  t h e  t r o p i c a l  
P a c i f i c  r e g i o n  were merged i n t o  e i g e n v e c t o r s  
( v e r t i c a l l y - o r i e n t e d  channe l  b r i g h t n e s s  tempera- 
t u r e  p a t t e r n s )  and EOFs ( h o r i z o n t a l  ampl i tude  pat-  
t e r n s  of t h e  e i g e n v e c t o r s ) .  EOFs a r e  a l t e r n a t i v e l y  
c a l l e d  " p r i n c i p a l  components .I' T h i s  decomposi t ion 
was done f o r  each s y n o p t i c  t i m e  and t h e  f i r s t  f i v e  
e i g e n v e c t o r s  f o r  a t y p i c a l  t i m e  pe r iod  appea r  a s  
F ig .  2 .  Eigenvector  Numbers 3 ,  4 and 5 v a r i e d  from 
day t o  day,  b u t  Eigenvector  Numbers 1 and 2 remain- 
ed s t a b l e .  Due t o  a r e t r i v a l  e r r o r ,  t h e  "900 mb 
m o i s t u r e  s i g n a l "  is  a c t u a l l y  a low l e v e l  t he rma l  
s i g n a l .  Thus, t h e  f i r s t  e i g e n v e c t o r  is unambig- 
uously a mean t r o p o s p h e r i c  t empera tu re  s i g n a l ,  w i th  
n e a r  z e r o  weight  g iven  t o  t h e  s u r f a c e  microwave 
s i g n a l  and t h e  m o i s t u r e  s i g n a l s .  It t y p i c a l l y  
accoun t s  f o r  60% of  t h e  s p a t i a l  v a r i a b i l i t y  o f  t h e  
e n t i r e  s a t e l l i t e  channel  d a t a  s e t .  The second 

T I R O S - N  CHANNEL NUMBER 

F i g .  417. As i n  F i g .  ?a, cxccpt for  prcdzkt ion 
from co-Zocated NOAA-5 ITPR channels. 

e igenvec to r  is  p r i m a r i l y  a moi s tu re  s i g n a l ,  
accompanied by a weak s u r f a c e  thermal  s i g n a l ;  t h e  
s i g n s  a r e  such  t h a t  when t h e  t roposphe re  is  moi s t ,  
t h e  boundary l a y e r  is  warmer t h a n  normal. T h i s  
s i g n a l  t y p i c a l l y  e x p l a i n s  15% o f  t h e  v a r i a b i l i t y .  
The nex t  t h r e e  e i g e n v e c t o r s  a r e  more complex and 
less  p h y s i c a l l y  i n t e r p r e t a b l e ,  b u t  t y p i c a l l y  in -  
c l u d e  l a r g e  m o i s t u r e ,  microwave and s u r f a c e  s i g -  
n a l s .  They can b e  l i n k e d  t o  moi s tu re ,  c loud ,  pre- 
c i p i t a t i o n  and s u r f a c e  e f f e c t s ,  and t y p i c a l l y  
e x p l a i n  about  5% of  t h e  v a r i a b i l i t y  each. Thus, 
t h e  f i r s t  f i v e  EOFs e x p l a i n  ove r  90% of t h e  v a r i a -  
b i l i t y .  

The f i v e  EOFs, o r  p r i n c i p a l  components, 
a s s o c i a t e d  w i t h  e i g e n v c c t o r s  i n  F ig .  2 a r e  shown 
i n  F i g .  3 .  EOF 1 shows t h e  mer id iona l  t empera tu re  
g r a d i e n t  n o r t h  of IO'N and t h e  c o l d  t rough  ( co ld  
is  shaded)  a s s o c i a t e d  w i t h  a moi s tu re  b u r s t  bc- 
tween 150"W and 120"W. EOF 2 shows the moist  a x i s  
co r re spond ing  t o  t h e  m o i s t u r e  b u r s t  (w i th  t h e  
w e t t e s t  a r e a s  shaded)  and t h e  s t r o n g  moi s tu re  
g r a d i e n t  on t h e  no r thwes t  f l a n k .  Highs i n  EOF 3 
(shaded) g e n e r a l l y  show con tamina t ion  by heavy 
p r e c i p i t a t i o n  c o r e s  o r  a warm tropopause.  Over 
l and  a r e a s  s u r f a c e  e m i s s i v i t y  dominates  t h e  s i g -  
n a l .  Th i s  p a t t e r n  does no t  always correspond t o  
co ld  c loud  t o p  t empera tu res  from GOES imagery, 
s u g g e s t i n g  t h a t  t h e  GOES s i g n a l  i s  n o t  always a 
good p r e c i p i t a t i o n  i n d i c a t o r .  EOFs 4 and 5 are 
more d i f f i c u l t  t o  i n t e r p r e t .  They c a r r y  a non- 
m e t e o r o l o g i c a l  s i g n a l  a l o n g  t h e  s a t e l l i t e  t r a c k  
i n  channe l s  MSU 1 and 3 ,  p a r t i c u l a r l y  a l o n g  t h e  
e q u a t o r .  Th i s  s i g n a l  has  no t  been d i s c u s s e d  i n  
t h e  l i t e r a t u r e .  EOF 4 shows s e v e r a l  minima a l o n g  
t h e  b u r s t  ( shaded) ,  a d j u s t i n g  o b s e r v a t i o n s  i n  wet 
a r e a s  which do n o t  have a warm boundary l a y e r .  
EOF 5, w i t h  a warm t ropopause  and s u r f a c e ,  shows 
a weak maximum a l o n g  t h e  b u r s t  a x i s .  

Most EOF a n a l y s e s  of geophys ica l  d a t a  ex- 
h i b i t  a g r a d u a l l y  d e c r e a s i n g  s c a l e  i n  s p a t i a l  pa t -  
t e r n s .  Except f o r  t h e  f i r s t  ampl i tude  p a t t e r n  of 
mean t empera tu re ,  t h e  TIROS N d a t a  s e t  does n o t  
fo l low t h i s  t r e n d .  S t a r t i n g  w i t h  t h e  m o i s t u r e  
p a t t e r n ,  t h e  s p a t i a l  p a t t e r n s  show a s u r p r i s i n g  
complexi ty ,  a r e s u l t  of t h e  a tmosphe r i c  s t r u c t u r e  
of t h i s  p o r t i o n  of t h e  t r o p i c s .  I t  i s  n o t  s u r -  
p r i s i n g ,  t h e n ,  t h a t  t h e  i n t e g r a l  l e n g t h  sc i i l e s  o f  
t h e  p receed ing  s c c t i o n  rxh ib i t l t d  so  much v a r i a t i o n  
o r  s i g n a l .  

4 .  INTERCHANNEL COMPARISONS 

Because of r e g i o n s  of mis s ing  s a t e l l i t e  
o b s e r v a t i o n s ,  a t t e m p t s  were made t o  r e c o n s t r u c t  
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"bogus" TIROS N channel  b r i g h t n e s s  t empera tu res  
from two sources :  NOM-5 (VTPR) o b s e r v a t i o n s  
where no TIROS N o b s e r v a t i o n s  were a v a i l a b l e ;  and 
TIROS N microwave and s t r a t o s p h e r i c  channe l s  f o r  
c loudy /ove rcas t  c o n d i t i o n s  where t r o p o s p h e r i c  
i n f r a r e d  channe l s  were n o t  a v a i l a b l e .  The pro- 
cedure  was s t a t i s t i c a l ,  i n v o l v i n g  a f u l l  q u a d r a t i c  
r e sponse  s u r f a c e  r e g r e s s i o n  model. 

d a t a  i n  c loudy  r e g i o n s ,  t h e  t r o p o s p h e r i c  I R  
channe l s  were p r e d i c t e d  by r e g r e s s i o n ,  u s i n g  t h e  
a v a i l a b l e  TIROS d a t a  (MSU 1, 2, 3,  4 ;  SSU 1, 2;  
HIRS 1, 2, 3 ,  1 7 ) .  The model w a s  c o n s t r u c t e d  u s i n g  
ove r  2500 complete  soundings a v a i l a b l e  i n  c l e a r  sky 
c o n d i t i o n s .  The model was t h e n  a p p l i e d  t o  o v e r c a s t  
r eg ions .  

I n  an  analogous model, NOM-5 VTPR channel  
d a t a  w e r e  r e g r e s s e d  t o  p r e d i c t  TIROS N channel  
b r i g h t n e s s  t empera tu re .  The model was c o n s t r u c t e d  
w i t h  c l e a r  sky TIROS and NOAA soundings c o l o c a t e d  
w i t h i n  500 km i n  space ,  and 3 hours  i n  t i m e ;  on ly  
300 c o l o c a t e d  soundings were a v a i l a b l e  f o r  model 
c o n s t r u c t  i on .  

F i g s .  4a and b d e p i c t  t h e  pe rcen tage  v a r i -  
ance  p r e d i c t e d  i n  each channel  from t h e  TIROS N 
microwave and s t r a t o s p h e r i c  channe l s ,  and from t h e  
NOM-5 channe l s ,  r e s p e c t i v e l y .  The heavy l i n e s  
show t h e  l i n e a r  terms;  t h e  l i g h t  l i nes  g i v e  t h e  
improvement by i n c l u d i n g  q u a d r a t i c  terms. Improve- 
ments by q u a d r a t i c  terms i n  excess  of 10% were 
l i m i t e d  t o  on ly  a few channe l s  i n  t h e  NOM-5 model.  
NOM-5 p r e d i c t i o n s  were o n l y  s l i g h t l y  l e s s  a c c u r a t e  
due p r i m a r i l y  t o  t i m e  and space  e x t r a p o l a t i o n  and 
t o  t h e  degraded obse rv ing  c a p a b i l i t y  of t h e  
d e t e r i o r a t i n g  N O M  s a t e l l i t e .  Gene ra l ly  speak ing ,  
abou t  85% of t h e  v a r i a n c e  i n  each channe l  can  b e  
p r e d i c t e d  f o r  t h e  TIROS model, e x c e p t i n g  t h e  two 
t r o p o s p h e r i c  m o i s t u r e  channe l s ,  where p r e d i c t i o n  
i s  l e s s  s u c c e s s f u l .  About 80% of t h e  v a r i a n c e  i s  
recovered by t h e  N O M  model, excep t  f o r  t h e  micro- 
wave window channe l .  Because NOM-5 i n f r a r e d  
channe l s  a r e  s e n s i t i v e  t o  w a t e r  vapor ,  t h e i r  pre-  
d i c t i o n  o f  m o i s t u r e  i n  c l e a r  sky c o n d i t i o n s  was 
more s u c c e s s f u l ;  s i n c e  they  a r e ,  however, a l l  
i n f r a r e d ,  t hey  w i l l  p rov ide  no new m o i s t u r e  i n f o r -  
mat ion i n  c loudy r e g i o n s .  

For  t h e  bogus d a t a  gene ra t ed  from TIROS N 

5 .  SUMMARY 

I n d i v i d u a l  channe l s  of TIROS N v a r y  on 
t h e i r  own i n t e g r a l  l e n g t h  s c a l e s .  The v a r i a t i o n  
is s e n s i t i v e  t o  a b s o r b e r  ( p a r t i c u l a r l y  water vapor  
and p r e c i p i t a t i o n ) ,  t o  mean mer id iona l  a tmosphe r i c  
g r a d i e n t s ,  and t o  s y n o p t i c  s i g n a l .  T h i s  l e n g t h  
s c a l e  v a r i a t i o n ,  and t h e  s t r o n g  channel  i n t e r -  
dependence a l l o w  TIROS N channe l  b r i g h t n e s s  
t empera tu res  t o  be merged i n t o  a few v e r t i c a l /  
h o r i z o n t a l  s t r u c t u r e s  through EOF a n a l y s i s .  The 
v e r t i c a l  e i g e n f u n c t i o n s  and h o r i z o n t a l  EOFs can  b e  
i n t e r p r e t e d  s y n o p t i c a l l y .  F i n a l l y ,  t h e  s t r o n g  
channel  inter-dependence a l l o w s  "bogus" channe l  
d a t a  t o  b e  c o n s t r u c t e d  from p a r t i a l  channe l  sound- 
i n g s  o r  from d i f f e r e n t  s a t e l l i t e s  c a r r y i n g  d i f f e r -  
e n t  i n s t r u m e n t s ;  however, w a t e r  vapor  channe l s  
w i l l  remain poor ly  p r e d i c t e d  i n  c loudy r e g i o n s .  
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1 -. INTRODUCTION 

The e x i s t e n c e  of a t o t a l  ozone - weather  
r e l a t i o n s h i p  has  been known f o r  many y e a r s  (see 
e.g. Dobson e t  a l . ,  1946; Reed, 1950). However, 
i t  is  on ly  r e c e n t l y ,  t h rough  t h e  u s e  of satel-  
l i t e s ,  t h a t  t h e  s p a t i a l  and t empora l  d i s t r i b u t i o n  
of d a t a  has become s u f f i c i e n t  t o  a t t e m p t  a more 
comprehensive a n a l y s i s  of t h i s  r e l a t i o n s h i p  in-- 
vo lv ing  s p e c t r a l  decompos i t ions  i n  bo th  s p a c e  
and time. 

S e v e r a l  y e a r s  of h i g h  r e s o l u t i o n  t o t a l  
Ozone measurements have been ana lyzed  by Bowman 
and Kruegar  (1985). They p rov ide  a g l o b a l  clima- 
to logy  of t o t a l  ozone i n c l u d i n g  t h e  annua l  and 
Semiannual harmonics from 4 y e a r s  of NIMBUS-7 
t o t a l  ozone mapping s p e c t r o m e t e r  d a t a  area-aver-  
aged o n t o  a 5' by 5" g r i d .  M e t e o r o l o g i c a l  quan- 
t i t i e s  are a l so  be ing  made a v a i l a b l e  o n  a g l o b a l  
b a s i s .  With t h e  h e l p  of s a t e l l i t e  o b s e r v a t i o n s ,  
t h e  N a t i o n a l  M e t e o r o l o g i c a l  Cen te r  (NMC) now rou- 
t i n e l y  produces g l o b a l  a n a l y s e s  of s u r f a c e  pres-  
Su re ,  t empera tu re ,  winds and g e o p o t e n t i a l  h e i g h t s .  

I n  t h e  p r e s e n t  s tudy  w e  make use  of t h e s e  
d a t a  sets t o  s t u d y  t h e  g l o b a l  d i s t r i b u t i o n  of t h e  
ozone-weather r e l a t i o n s h i p  as i t  is r e f l e c t e d  i n  
t h e  t empora l  c o r r e l a t i o n  between t o t a l  ozone and 
t ropopause  p r e s s u r e .  T h i s  work i s  a n  e x t e n s i o n  
of t h e  s t u d y  by Munteanu, I982 which p r o v i d e s  a 
d e t a i l e d  case-s tudy a n a l y s i s  of ozone-tropopause 
C o r r e l a t i o n s  ove r  Europe. The Munteanu s t u d y  
a lso o u t l i n e s  a methodology f o r  a p p l y i n g  t h e  
observed tropopause-ozone r e l a t i o n s h i p  t o  improve 
t e m p e r a t u r e  r e t r i e v a l s  from s a t e l l i t e  measure- 
ments.  

2 .  RESULTS 

I n  t h i s  s e c t i o n  we dis ,cuss  some p r e l i m i n a r y  
r e s u l t s  conce rn ing  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n  
of t h e  c o r r e l a t i o n  between d a i l y  v a l u e s  of t o t a l  
Ozone and t ropopause  p r e s s u r e  f o r  t h e  t r a n s i t i o n  
Seasons of 1979-1982. We l i m i t  t h e  d i s c u s s i o n  t o  
s p a t i a l  scales normally a s s o c i a t e d  w i t h  wea the r  
sys t ems  (medium scale waves):  t h i s  is  accomplish- 
ed by performing a s p h e r i c a l  harmonic decomposi- 
t i o n  and removing t h e  l a r g e s t  scales d e f i n e d  h e r e  
as a l l  wave components w i t h  t o t a l  wave number less 
t h a n  or e q u a l  t o  5. 

F i g u r e  1 shows t h e  Nor the rn  Hemisphere 
Spr ing t ime  (MAM) c o r r e l a t i o n  f i e l d .  The most 
s t r i k i n g  f e a t u r e  of t h i s  f i e l d  i s  t h e  s t r o n g  
l a t i t u d i n a l  dependence w i t h  maximum c o r r e l a t i o n s  
o c c u r r i n g  i n  t h e  middle  l a t i t u d e s  of b o t h  

hemispheres  and a r a p i d  d rop  i n  the c o r r e l a t i o n s  
away from t h e s e  r e g i o n s .  C o r r e l a t i o n s  g r e a t e r  
t h a n  0.6 occur  th roughou t  t h e  l a t i t u d e  bands 30"- 
70"N and 3O0-5OoS. Values g r e a t e r  t h a n  0.7 occur  
ove r  t h e  North A t l a n t i c ,  c e n t r a l  Asia, o f f  t h e  
c o a s t  of Asia and t h e  e a s t e r n  hemisphere of t h e  
s o u t h e r n  hemisphere midd le  l a t i t u d e s .  
g e n e r a l l y  show ve ry  weak c o r r e l a t i o n s .  F i g u r e s  2 
and 3 show t h e  v a r i a n c e  of t h e  t ropopause  p r e s s u r e  
and t o t a l  ozone, r e s p e c t i v e l y .  A comparison of  
t h e s e  maps w i t h  f i g u r e  1 shows ve ry  c l e a r l y  t h e  
s t r o n g  co r re spondence  between maximum v a r i a b i l i t y  
a s s o c i a t e d  w i t h  t h e  medium scales and t h e  r e g i o n s  
of s t r o n g e s t  c o r r e l a t i o n .  

F i g u r e s  4 ,  5 and 6 show t h e  analogous 
f i e l d s  fo r  t h e  Nor the rn  Hemisphere f a l l  (SON). 
The g e n e r a l  f e a t u r e s  of t h e  c o r r e l a t i o n  f i e l d  
(F ig .  4 )  are similar t o  MAM, w i t h  maximum c o r r e -  
l a t i o n s  exceed ing  0.8 i n  t h e  North A t l a n t i c .  
However, t h e  band of h i g h  c o r r e l a t i o n s  in t h e  
N o r t h e r n  Hemisphere is g e n e r a l l y  narrower p a r t i c -  
u l a r l y  ove r  North America and t h e  North A t l a n t i c .  
Note a l s o  t h e  much s t r o n g e r  g r a d i e n t  i n  t h e  
c o r r e l a t i o n s  immediately t o  t h e  s o u t h .  F i g u r e  5 
shows t h a t  t h e  h i g h  c o r r e l a t i o n s  are a g a i n  s t r o n g -  
l y  t i e d  t o  t h e  r e g i o n s  of h igh  v a r i a n c e  i n  t h e  
t ropopause  p r e s s u r e  and t h a t  t h e  r e s t r i c t e d  d i s -  
t r i b u t i o n  i n  t h e  m e r i d i o n a l  d i r e c t i o n  and s t r o n g  
g r a d i e n t s  are a r e f l e c t i o n  of t h e  behav io r  of 
t h e  v a r i a n c e  f i e l d .  In c o n t r a s t ,  t h e  ozone va r -  
i a n c e  f i e l d  ( F i g .  6 )  does  not show as s t r o n g  a 
r e l a t i o n s h i p  w i t h  t h e  c o r r e l a t i o n  d i s t i b u t i o n .  
I n  fact  t h e  r e g i o n  of h i g h e s t  v a r i a n c e  ove r  t h e  
e a s t e r n  s e c t o r  of t h e  Sou the rn  Hemisphere l ies  
poleward o f  bo th  t h e  maximum c o r r e l a t i o n s  and 
t h e  maximum t ropopause  v a r i a n c e  i n  t h i s  r e g i o n .  

C o r r e l a t i o n s  have a l s o  been  computed f o r  
MAM of 1979 u s i n g  t ropopause  p r e s s u r e  d e r i v e d  
from r ad iosonde  d a t a  f o r  s t a t i o n s  l y i n g  between 
+/-30" l o n g i t u d e .  For t h i s  case on ly  122 d a t a  
was used t o  a c h i e v e  b e t t e r  c o l l o c a t i o n  i n  t i m e .  
The r e s u l t s  ( n o t  shown) are ve ry  similar t o  t h o s e  
based on t h e  NMC a n a l y s e s  v e r i f y i n g  t h e  dependence 
on l a t i t u d e  a s  well as t h e  magnitude of t h e  c o r r e -  
l a  t 1 ons . 

The t r o p i c s  

3 .  DISCUSSION 

A f a i r l y  s t r o n g  p o s i t i v e  c o r r e l a t i o n  
0 0 . 6 )  between t ropopause  p r e s s u r e  and t o t a l  ozone 
has  been found f o r  t h e  medium scale waves fo r  
t h e  t r a n s i t i o n  seasons  i n  t h e  middle  l a t i t u d e s  
of b o t h  hemispheres .  The r e g i o n s  of maximum 
c o r r e l a t i o n  are g e n e r a l l y  a s s o c i a t e d  w i t h  r e g i o n s  
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of maximum v a r i a n c e  i n  t h e  t ropopause  p r e s s u r e  
and appea r  t o  b e  a s s o c i a t e d  w i t h  t h e  major  middle  
l a t i t u d e  s to rm t r a c k s  i n  both hemispheres .  The 
v a r i a n c e  i n  t h e  t o t a l  ozone does  not a lways show 
a s t r o n g  co r re spondence  w i t h  t h e  c o r r e l a t i o n  
f i e l d .  T h i s  is p a r t i c u l a r l y  t r u e  f o r  t h e  SON 
f i e l d s  where t h e  maximum i n  t o t a l  ozone l i es  
poleward of t h e  c o r r e l a t i o n  maximum i n  t h e  South- 
e r n  Hemisphere. 

One must keep i n  mind t h a t  t h e  t ropopause  
d a t a  is t o  a c e r t a i n  ex tend  model dependent  par-  
t i c u l a r l y  over  t h e  t r o p i c s  and t h e  S o u t h e r n  H e m i s -  
phe re .  We have a t t empted  t o  de t e rmine  t h e  d e g r e e  
of model dependence by examining s t a t i o n  d a t a  f o r  
l i m i t e d  r e g i o n s  and t i m e  p e r i o d s .  These r e s u l t s  
t e n d  t o  conf i rm t h e  g e n e r a l  f e a t u r e s  w e  f i n d  u s i n g  
t h e  g r i d d e d  t ropopause  d a t a .  

We have a l s o  examine t h e  extreme seasons  
and g e n e r a l l y  f i n d  ve ry  similar r e s u l t s .  A some- 
what s u r p r i s i n g  r e s u l t  is t h a t  t h e  summer hemis- 
p h e r e s  show some of t h e  most e x t e n s i v e  areas of  
h i g h  c o r r e l a t i o n  w h i l e  t h e  w i n t e r  hemispheres  
g e n e r a l l y  e x h i b i t  t h e  weakest  c o r r e l a t i o n s .  The 
l a r g e - s c a l e  c o r r e l a t i o n  f i e l d s  are p r e s e n t l y  under  
i n v e s t i g a t i o n  and a f u r t h e r ,  more d e t a i l e d  spec-  
t r a l  a n a l y s i s  is also be ing  c a r r i e d  o u t  f o r  
s e l e c t e d  r e g i o n s  t o  de t e rmine  t h e  f r equency  de- 
pendence of t h e  c o r r e l a t i o n s .  
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Fig .  3.  Same as f i g .  1 excep t  f o r  v a r i a n c e  of t o t a l  ozone. 
Contour i n t e r v a l  is 300DU2 - 

Fig.  5. Same as f i g .  1 excep t  f o r  v a r i a n c e  of t h e  t r o  opause 
p r e s s u r e  and SON. Contour i n t e r v a l  i s  200 mb . s 

Fig.  4 .  Same as f i g .  1 except  f o r  September, October and 
November (SON). 

Fig.  6. Same as f i g .  
and SON. 

1 except  f o r  va r i ance  of t o t a l  ozone 
Contour i n t e r v a l  i s  300 DU2. 
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COMPARISONS BETUEEN PHYSICALLY RETRIEUED TEMPERATURES 
FROn NOAA-7 AND NORA-8 AND CONVENTIONAL ANALYSES 
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Ecole Polytechnique, 91120 Palaiseau Cedex, France 

Centre de MbtCorologie Spatiale / EERM 
22302 Lann i on, France 

1. INTRODUCTION 

The quality of the instruments aboard 
the present generation O P  operational 
meteorological satellites (The Tiros-N series) 
and the increasing capability of the so-called 
physical inversion methods to accurately 
retrieve atmospheric parameters from the multi- 
spectral radiative measurements, explain the 
increasing compatibility O P  these remote 
observations with the requirements oP most O P  
the present or planned meteorological or 
climatological programmes, as far as the 
atmospheric structure (temperature, moisture, 
cloudiness, etc. .>  is concerned. This 
essentially results from the actual taking 
account of the physical and statistical aspects 
of the phenomena - very often through a coupling 
O P  the various instruments (e.0. infrared and 
microwave sounders) - which leads : 
a) to enter the inversion process with an ini- 

tial guess close to the final solution, 
b) to acquire clear equivalent radiances through 

an appropriate cloud clearing algorithm, and 
c) correlativelu to derive high density retrie- 

vals even in case of heavy cloudiness. 

The 31 (Improued Initialization 
Inversion) procedure (Chedin et al., 1984 ; 
Chedin et al., 1985) offers modular answers to 
these essential points : 

a. Retrieval of the initial guess solution 
through a pattern-recognition type approach. The 
observed cleared radiances are first used to 
retrieve the "best" initial guess solution in a 
statistical sense. The procedure makes use of 
the "TIQR" (TOVS Initial Quess Retrieval ; see 
above rePerences) data set. The selected set O P  
observed brightness temperatures is "compar/ed" 
to each of the computed sets of brightness 
temperatures and the "closest" is retained. 

b. The use of the so-called "@-method" (see 
above references) relying on a coupling of the 
infrared and microwave channels, to obtain 
"equ iva 1 en t c I ear radiances " in c 1 oudy areas, 
preserves as far as possible the nominal 
vertical resolution O P  the instruments. 

C. The basis Por the retrieval of the 
"exact" solution is a maximum probability 
estimation procedure aimed at minimizing the 
differences between the brightness temperatures 
associated with the initial guess and the 
observed ones. Use is made OP the Jacobian 
associated with the retrieved initial guess, in 
the "TIQR" data set. 

Resulting from a compromise between the 
spatial resolutions of the two sounders HIRS-2 
CinPrared) and MSU Cmicrowaues) and from an 
oversampling along the sub-satellite track, the 
31 algorithm produces one retrieval every 100 x 
30 km2. 

Within the Prame OP the International 
TOVS Study Conference ITSC, I and 1 1 ,  I R C / I A W  

Table 1 TOVS case study sets 
~~~~~ 

Satel. Date Orbit Time 

1 
2 
3 
4 

5 

6 
7 
0 
9 

10 
11 
12 
13 
14 

NOAA-7 
NOAA-7 
NOAA-7 
NOAA-7 

Now-a 

NOAA-? 
NOAA-7 
NOAA-7 
NOAA-? 
NOAA-7 
NOAA-7 
NOAA-7 
NOW-7 
NOAA-'I 

3/04/02 
3/04/02 
3/05/02 
3/05/02 

7/06/04 

9/27/83 
9/29/03 

11 /26/03 
12/08/83 

12/27/83 
12/27/03 
12/28/83 

i 2/00/a3 

i 2/2a/03 

3506 
3507 
3594 
3595 

11664 
11692 
12512 
12601 
12682 
12949 
12950 
12963 
12964 

12:05 
13:45 
14:05 
15:45 

12: 

14:35 
14:11 
15:47 
15:00 
16:43 
14:29 
16:11 
14: 17 
15:50 

(a) ITSC I study cases time coincident with the 

Cb) ITSC 11  study case 
(c) Other TOVS study case corresponding to poor- 

ALPEX IOP 

ly Porecastad situations. 
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held in fkstria (Flugust 1983, February 1984). 
tho 31 method has already demonstrated its 
capability to produce accurate temperature 
soundings (Le Marshall, 1985). These first 
encouraging results must however be complemented 
by further systematic comparisons with either 
colocated rq3iosoundings data or operational 
analyses. Moreover, recent improvements brought 
to the 31 code (introduction of an air-mass 
classification scheme ; refinement of the 
lnitial guess rktrieval procedure) have led us 
to re-assess its accuracy. This has been done, 
or is in progress, for several sets of 
observations as given in Table 1. 

The five first sets in Table 1 are 
considered in the present work. They correspond 
to the Fllpex (Rlpine Experiment) IOP (Intensive 
Observing Period) of March 4-5, 1982 (cases 1 t o  
4) and to one pass of NOAA-8 over the United 
States and Qulf of Mexico. The remaining nine 
situations (NORA-7 observations) mostly corres- 
pond to rather poorly forecasted meteorological 
situations over Europe. In such cases, the 
differences between retrievals and operational 
analyses must be interpreted having in mind the 
forecast errors, the main purpose being to 
properly assess the real benefit brought by such 
remote observations. 

1000 - SO0 ME 111ICKNESSESlORMl . MARCH 9 .  I 962  12.022 I 2 P A S S E S l  

Figure 1 

31 retrieved 
thicknesses 
iso-lines for 
the layer 
1000-500 mb. 
Alpex case, 
March 4, 1982. 

statistics : 
bias = -1.6 dam ; 
rmo = 2.8 dam. 

31 - ECMWF 

Figure 2 

31 retrieved 
thicknesses 
iso-l ines 
for the layer 
850-700 mb. 
Rlpex case. 
March 4, 1982. 

statistics : 
bias = -0.4 dam ; 
rms = 0.9 dam. 

31 - ECMWF 
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11. COtlPARISONS BETWEEN ECtlUF, NtlC OR 
RADIOSONDE DATA AND THE 31 RESULTS 

The basic statistics (mean, rms) 
generated from the atmospheric soundings are 
given : a) for temperatures at the standard 
levels ; b) for geopotential thicknesses 
obtained from the retrieved temperatures by 
vertical integration. 

The observed sets are either M O B  data 
or analyses from ECMWF or NMC/LFM (Limited Fine 
Mesh model). 

The colocations between M O B  and 
satellite soundings are accepted within the 
following constraints : Cloxlo) latitude longi- 
tude distance ; 2 hours in time ; i f  the measure 
of the temperature is available up to 100 mb and 
the dew point temperature up to 400 mb. The 
colocations with the analyses are obtained 
through a spline interpolation procedure at the 
satellite sounding points. 

I I .1 Alpex case 

The quality of retrieved products 
(thermal structure from which geopotential 
thicknesses and thermal winds may be derived) 
has been estimated, for the ALPEX 1OP mentioned 
above, qualitatively and quantitatively. On a 
qualitative point o f  uiew, Figs. 1 and 2 which 
display, respectively, the 1000-500 mb thickness 
iso-lines and the 850-700 mb thickness isolines, 
for the two passes of March 4 (day) obtained 
from the 31 algorithm, may be compared to the 
corresponding ECMWF (European Centre for Medium 
Range Weather Forecasts) analyses. Corresponding 
biases and rms are also given on Figs. 1 and 2. 

The agreement is satisfactory. A 
quantitative assessment of the accuracy of thf 
retrieved products goes through a statistical 
analysis of the deviations between the 
retrievals and either radiosonde data or ECMWF 
thermal (or thickness) fields. The results OP 
this statistical evaluation are reported in 
Figure 3 which displays the biases and the rms 
errors obtained when comparing the retrievals to  
the two sources oP data mentioned above. Among 
the 170 radio-soundings considered covering the 
day and night passes, only 4.7% ( 8  items) were 
rejected and do not enter the statistics. 
Comparisons with analyses comprise about 2130 31 
boxes over a total available of 2235 boxes 
representing the day time passes, the closest in 
time from the 12:00Z ECMWF analyses. Table 2 
gives similar results for the geopotential 
heights. These results compare favourably with 
other similar approaches (see, for example Le 
Marshall, 1985) and effectively demonstrate the 
capability of the 31 code to provide accurate 
products. 

Io 

Figure 3 

Biases and rms of the deuiationr betueen either 
co-located radiosonde data (biases : ... ; 
rms : b b b  1 or ECMWF analyses (biases : --- ; 
rms : -) and the 31 retrieved terpcraturer. 

Table 2 

Biases and rms errors for geopotential helghts 
between the 31 retrievals and the ECMWF analy- 
ses as observed set. ‘1 2100 Items. Fllpex case 
(casus 1 and 2 of Table 1 ) .  

rms (m> Layer (mb) Mean (m) 

1000 - 850 - 3.50 6.95 
1000 - 700 - 7.70 14.50 
1000 - 500 - 16.50 28.20 

36.20 1000 - 400 - 23.00 
1000 - 300 - 21.25 30.40 
1000 - 250 - 19.00 35.80 
1000 - 200 - 21.28 32.50 
1000 - 150 - 28.00 36.30 
1000 - 100 - 42.50 49.30 
1000 - 70 - 51.30 5’7.50 
850 - 700 - 3.80 8.90 
700 - 500 - 9.20 16.40 
500 - 300 - 7.50 24.30 
300 - 100 - 18.00 37.30 
100 - 50 - 10.40 14.58 
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11.2 The NOAA-8 case <June 7, 1984) 

Fields of temperature and geopotential 
heights derived from the 31 algorithm have been 
compared to both colocated radiosonde data and 
NMC/LFM (Limited Fine Mesh) analyses. 
Comparisons with radiosonde data are shown on 
Fig. 4 (temperatures) or given in Table 3 
(geopotential heights). Comparisons with NMC 
analyses are shown on Fig. 5 (temperature) or 
given in Table 4 (geopotential heights). In both 
cases, these figures display the biases and the 
rms errors as a function o f  pressure. Two kinds 
o f  31 retrieved temperatures have been 
considered : the "standard" one as described in 
the references already iyuoted and another one 
referred to as "sate1 1 i te-only". Contrary to the 
former one for which use is made of operational 
forecasts of the temperature at 1000 mb and of 
the surface pressure for the retrieval of the 
tnitial guess solution (the forecasts are not 
assimilated within the retrieval scheme of the 
final solution itself), the later product, 
"satellite only", is obtained Prom the satellite 
observations only, with no inclusion o f  
operational forecasts in the initial guess 
solution retrieval scheme. Several comments come 
out Prom Figs. 4 and 5. First, the general 
agreement is satisfactory and the relatively 
large biases with the colocated radiosonde data 
seem to be mostly due to the smallness of the 
sample (about 40 items). 

Table 3 

Second, comparisons with analyses (about 
900 items) show a very small bias. The larger 
rms error at 850 mb on Fig. 5 seems to point out 
a difference between the two fields NMC and 31. 
This has been confirfled (Scott et al, 1986) and 
interpreted in the context of the particular 
meteorological situation involved. 

Third, the rapid increase o f  the error 
above 150 mb has also been observed by other 
authors working, within the frame of the 
activities o f  the International TOVS working 
group, on the same scene (Le Marshall. 1985). 
Fourth, 
of  the 
surface 
initial 
conclus 
since, 
field 
gradien 
areas. 

the impact of  the operational forecasts 
temperature at 1000 mb and of the 
pressure for the retrieval of the 

guess appears relatively modest. This 
on must however be taken with care, 
in the case considered, the temperature 
is rather smooth with no important 
s except for one or two restricted 

A similar work is in progress for the 
Alpex case. Results concerning the situations 
listed in Table 1 will be presented at the time 
o f  the conPerence. 

PIOfiA-8 case. Biases and rms e r ro r s  between 
retrieved geopotential thicknesses and colljsated 
radiosondes (= 40 items). 

Layer (mb) Mean Cm) rms (in) 

1000 - 850 
1000 - 700 
1000 - 500 
1000 - 400 
1000 - 300 
1000 - 250 
1000 - 200 
1000 - 150 
1000 - 100 
850 - 700 
700 - 500 
500 - 300 
300 - 100 

- 6.9 
- 9 .8  
- 6.5 
- 12.7 
- 20.1 
- 24 .4  
- 28.0 
- 27.1 
- 70.1 
- 2 .8  
- 0 .6  
- 12.6 
- 50.9 

11.1 
21.1 
22.2 
25.5 
35.0 
38.9 
39.1 
41.9 
78.5 
11.9 
10.3 
23.4 
57 .6  

2 0 0  

300 

400 

so0 

000 

700  

800 

900 

P (mb) 

'A- * ... 

*. , I /  

1 I 1000 

-2 - 1  0 1 2 3 T ( K )  

Figure 4 

Biases and rms errors for the deviations between 
31 retrieved temperatures and colocated radio- 
sonde data. Biases : ... for the "standard" so-  
lution :,,, for the "satellite-only" solution. 
rms : - for the "standard" solution ; --- for 
the "satellite-only" solution (= 40 items). 
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4 0 0  

5 0 0  

6 00  

7 0 0  

8 0 0  

QOC 

1 ooc 

Table 4 

Same as Table 3. The observed set is the NMC/LFM 
analyses (= 910 items). 

? 
:t 

I . ?  I L 1 %  

Figure 5 

Same as for Figure 4 for comparisons between 31 
retrieved temperatures and NMC/LFM analyses 
(= 40 items). 

I 1 I . CONCLUSION 

From these applications to various 
meteorological situations, the 31 algorithm has 
demonstrated its ability to retrieve quite 
accuratelg meteorological patterns at various 
scales including mesoscale Peatures. The spatial 
resolution of 31, combined with an original way 
of "de-clouding" the observations even Por 
overcast areas, lead to a high density O P  
retrieuals : for the cases considered here, the 
mean percentage oP bad retrievals automati- 
cally) rejected is around 6%. 

The coupling oP pure physics with an a 
priori knowledge of the medium observed 
extracted Prom an "educated" data set ("TIQR"), 
ensures a good spatial coherence. I t  is 
worthwile pointing out : a> the Pact that the 
gradients are oPten stronger on the 31 thickness 
charts than on the conventional charts, a 
characteristics confirming our present expe- 
rience of the 31 code ; b) the usefulness OP 
the chart related to the relatively thin layer 
1000-850 mb, a result demonstrating that a 
satisPactory vertical resolution may be obtained 
from the remote observations of the Tiros-N 
series. ( S c o t t  e t  a 1 , 1 9 8 6 ) .  

layer Cmb) mean Cm) rms Cm) 

1000 - 850 0.0 S.8 
1000 - 700 - 3.5 18.2 
1000 - 500 - 9.0 23.1 
850 - 700 - 3.5 11.1 
700 - 500 - 7.7 12.4 
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CONSTRUCTING A COHERENT LONG-TERM GLOBAL 
TOTAL OZONE CLIMATOLOGY FROM THE 
BUV, MFR, AND SBUV/TOMS DATA SETS 

J. S. Ellis and F. M. Luther 

Lawrence Livermore National Laboratory 
Livermore, California 94550 

1. INTRODUCTION 

The backscatter ultraviolet spectrometer (BUV) 
aboard the NIMBUS 4 satellite provided global ozone 
data-until mid-1977. The Total Ozone Mapping Spec- 
trometer (TOMS) and Solar Backscattered Ultraviolet 
(SBUV) instrument aboard the NIMBUS 7 satellite be- 
gan providing global ozone in November 1978. The only 
satellite derived global total ozone data available between 
the termination of the BUV data and the startup of the 
SBUV/TOMS data is that from the Multichannel Filter 
Radiometer (MFR) instrument aboard the Defense Mete- 
orological Satellite Program (DMSP) series of satellites. 

The MFR was a cross track scanning instrument 
that measured radiance from channels in the 9.6pm ozone 
bands, 15-pm carbon dioxide bands, 18- to 30-pm rota- 
tional water vapor band, and from the atmospheric "win- 
dow" near 12-gm. MFR data began in March 1977 and 
continued until mid-February 1980. Four MFR inatru- 
ments provided total ozone data over this period. The 
data from the F1 and F2 instruments span March 25, 
1977 through July 10, 1977 and July 10, 1977 through 
February 16, 1980, respectively. Data from the other two 
MFR instruments began and terminated within the time 
period of the MFR F2 data record and are not considered 
in this study. 

In this paper we intercompare the MFR and the 
SBUV/TOMS data during the data overlap period in or- 
der to determine how well the MFR data might be used 
to represent the SBUV/TOMS and BUV data during the 
data gap period. 

2. THE COMPARISON TECHNIQUE 

The DMSP satellite carrying the MFR F2 instru- 
ment WM in a near polar, sun-sychronous orbit with local 
daytime overpass time between 8 and 10 AM at the equa- 
tor on the ascending portion of its orbit. The NIMBUS 
satellites are also in near polar, sun-synchronous orbits 
but with a local noon ascending time. The MFR scans 
cross track BO that it produces total ozone measurements 
at 40 to 120 km resolution (Nichols, 1975). The TOMS 
also scans cross track to produce total ozone measure- 
ments at 60 to 160 km resolution, whereas the SBUV 
meaauree ozone in the nadir only at  a 200 km resolution 
(Heath et al., 1978). 

We have intercompared TOMS and SBUV ozone 
data that are within 0 hours of an MFR ozone sample, 
thus eliminating the MFR ozone data measured during 
the nighttime descending portion of the orbit from the 

comparison. We experimented with various limiting dis- 
tances between the MFR and the other data sample loca- 
tions extending from 20 km to 400 km and found no im- 
provement in the RMS differences at distances less than 
100 km. Our testing was done over various latitude zones 
and over hundreds of thousands of data points. This point 
is demonstrated in Fig. 1 for the latitude zone 35N-45N 
on January 1, 1979. Intercomparison is made between the 
MFR and the TOMS total ozone measurements at  dis- 
tances of 0-50 km, 50-100 km, 100-200 km, 200-300 km, 
and 300-400 km. We also compared the MFR data with 
itself, and the TOMS data with itself at various separation 
distances beginning with 50-100 km separation in order to 
see how the data vary with distancc for each sensor. Con- 
tributions to the RMS difference in thesc latter two cases 
come from random crror in the measurements, possible 
systematic error with cross track scan angle, and varia- 
tion of ozone. Both curves have similar slopes, increas- 
ing as separation distance increases, and they each show 
significantly less RMS difference than the MFR-TOMS 
intercompar ison. 

Fig. 2 shows the scatter of the 1103 MFR and 
TOMS ozone values at  the 100 km-or-less separation dis- 
tance. A wide range of values occurs within this zonal 
band. The correlation coefficient is 0.88 for the MFR and 
TOMS data. In Fig. 3 the average of the ozone values 
in 10 degree latitude-longitude bins for this same latitude 
zone shows no obvious phase differences at the larger scale 
or bias between the two data sets. Therefore we selected 
the 100 km-or-less separation distance for all intercom- 
parisons. 

3. THE MFR OZONE RETRIEVAL MODEL 

The theory and total ozone retrieval algorithm 
development for the MFR are discussed in Lovill el al. 
(1978) and updated in Luther and Weichel (1981). The 
retrieval algorithms were statistically derived using the 
method of multiple linear regression. The dependent data 
used in the statistical regression technique were vertically 
integrated total ozone from historical ozonesondes (cali- 
brated against the Dobson spectrophotometer), and sim- 
ulated MFR radiances calculated with a line-by-line ra- 
diation code as applird to the atmospheric vertical tem- 
perature, ozone, water vapor, cloud, and COz profiles. 
Retrieval algorithms were developed for each of 11 lat- 
itude bands and for each calendar month (132 different 
algorithms in total) by employing dependent data that 
were geographically located within each band and that 
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spanned a two month period centered on the month of 
interest. 

We haveselected four days of the MFR and TO.MS 
total ozone data (one day from each season) to evaluate 
how well the algorithms met their designed capability (Ta- 
ble l) .  The linear correlation coefficient as applied to the 
dependent data set, which gives a measure of the design 
capability of the algorithm and is the square root of the 
fractional variance explained by the algorithm, is repre- 
sented by r’ for each month within each of the 11 latitude 
bands. Linear correlations (r’) vary from as low as 0.28 in 
the tropics, where total ozone has only small temporal and 
spatial variation (small signal to noise ratio), to as high as 
0.90 in the higher latitudes, where total ozone generally 
shows large temporal and spatial variation (large signal 
to noise ratio). The percent standard deviation (s) of one 
day of TOMS total ozone data within each latitude band 
depicts the spatial variation of total ozone with latitude 
and with season. 

In latitude zones 15s-25s and 50s-70s there are 
no r’ values except in the zone 50s-70s during the month 
of July. This indicates that the algorithm used within 
that zone was interpolated from the algorithm in adja- 
cent bands north and south. Interpolation was required 
when there were insufficient ozonesonde data available in 
a latitude band for constructing an ozone retrieval algo- 
rithm. 

Also shown in Table 1 is the linear correlation co- 
efficient (r) between the MFR and the TOMS total ozone 
data for each of the four days. For the most part the 
r’ and the r values agree quite well. However, there are 
cases where the r’ values are much larger than the r val- 
ues. If the TOMS total ozone data are taken as a reference 
standard by which to measure the MFR total ozone algo- 
rithm accuracy, then the algorithms in the latitude bands 
marked with a star are performing below their design ca- 
pability. Since the objective of this work is to determine 
how well the MFR total ozone data might perform as 
a surrogate data set in place of the TOMS/SBUV data 
during the period between the BUV and SBUV/TOMS 
data, then using the TOMS data as a reference standard 
is appropriate. The correlation coefficient is not an abso- 
lute measure of how well the MFR and TOMS data sets 
agree since two data sets can show high correlation yet 
show large average difference and RMS difference due to 
biases and differences in wave amplitudes or scaling, re- 
spectively. In the next section we examine these latter 
two differences. 

4. INTERCOMPARISON OF THE MFR AND 
THE SBUV/TOMS OZONE DATA 

We have selected data for one month out of each 
season during the data overlap period of the MFR and 
SBUV/TOMS ozone data to demonstrate how well they 
intercompare. Average differences (d) and the standard 
deviation of the differences (sd), both in percent, for 5 
months of data in 10 degree latitude bands (except at the 
poles where they are 5 degree bands) are shown in Table 
2. There are more than 10,000 intercomparisons for each 
entry in the table except at the northernmost and south- 
ernmost entries, which can be as small as 600 intercom- 
parisons. The majority of the differences are negative in 

sign indicating that the TOMS average ozone is less than 
the MFR average. The reverse is true only in the north- 
ern middle latitudes in January 1979 and 1980 and in the 
southern tropical to middle latitudes in July and Novem- 
ber 1979. The fact that the average difference varies with 
latitude is undoubtedly partially caused by differences in 
the 11 MFR ozone retrieval algorithms. 

It is surprising that differences are not more nearly 
equivalent between the two January cases, since the same 
MFR retrieval algorithms have been used. In fact the dif- 
ferences in January 1980 are more positive by 3% in the 
southern high latitudes, by 1% in the southern tropics, 
and by more than 7% in the northern high latitudes than 
they are in corresponding latitudes in January 1979. The 
TOMS data increased by a larger amount in the South- 
ern Hemisphere from January 1979 to January 1980 than 
did the MFR data. In the northern high latitudes the 
MFR data actually decreased between the two Januaries, 
whereas the TOMS data increased. Bhartia et al. (1984) 
found that the TOMS data increased by 0.34 f 0 . 1 7 %  with 
respect to the Dobson data from the first to the second 
year of data, which would account for less than 0.5% of 
the difference. 

The standard deviation of the differences (% sd in 
Table 2) varies by less than 3% at Lhe equator to greater 
than 9% in the January northern high latitudes. These 
numbers are about 1.5 times greater than those Bhartia et 
al. (1984) observed between the TOMS and the Dobson 
spectrophotometer data. 

We have also compared the MFR data with the 
SBUV total ozone data and the TOMS data with the 
SBUV total ozone data using the same SBUV data points 
in both cases. The number of intercomparisons are 10 to 
20 times fewer than in the MFR-TOMS intercomparison 
because of the smaller number of measurements from the 
non-scanning, nadir looking SBUV instrument. We have 
elected to show the percent difference of the TOMS mi- 
nus the SBUV total ozone (Table 3) and use the TOMS 
data as a transfer standard between the MFR and the 
SBUV data. The differences in Table 3 vary from 0.4% 
in the northern tropical latitudes in April to 3% or less 
in the higher latitudes for all months. Taken together, 
these numbers do not disagree with the overall 1.7% dif- 
ference that Bhartia et al. (1984) found. However, there 
is some indication from Table 3 that this diffewnce is get- 
ting larger with time. 

Even though the number of intercomparisons in 
each entry of Table 2 differs by an order of magnitude 
from the number used in each entry in Table 3, the differ- 
ences between the MFR and TOMS ozone are essentially 
the same using either the MFR-TOMS or the MFR-SBUV 
data (not shown). Therefore, the entries in Table 3 can 
be subtracted from the entries in Table 2 to show approx- 
imately how the MFR and SBUV differ. The differences 
become smaller for all positive entries and larger for all 
negative entries in Table 2. Since most of the entries in 
Table 2 are negative, the MFR-SBUV differences are gen- 
erally greater than the MFR-TOMS differences. 
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Table 1. The linear correlation coefficient within latitude zones between MFR and 
TOMS total ozone on selected days (r), between the historical ozonesonde 
data and model calculations (r’), and the percent standard deviation 
of the TOMS total ozone within the latitude zones ( s ) .  

6 -  

4 -  

2 -  

Jan. 13, 1979 Apr. 15, 1979 July 14, 1979 Nov. 15, 1979 
Latitude r rl s r r 1  

( X I  

90N-70N 
70N-55N 0.89 
55N- 45N 0.93 
45N-35N 0.86 
35N-25N 0.78 
25N-15N 11.55 
15N-15s 0.44 
15s-25s 0.48 
25s-50s 0.90 
50s-70s 0.71 
70s - 90s 0.65 

5 : CONCLUSIONS 

’t 0.39 
0.79 17 0.77 
0.90 15 0.78 
0.87 10 0.80 
0.78 9 ’t 0.60 
0.51 5 ’k 0.36 
0.39 3 0.40 
- -  3 0.27 
0.83 8 0.78 
- -  6 0.55 
0.76 4 ’t 0.55 

0.76 
0.84 
0.86 
0.89 
0.82 
0.62 
0.28 

0.84 

0.87 

- -  

- -  

From the sample of five months studied, we see 
that the differences between the MFR total ozone and the 
TOMS or SBUV total ozone are latitudinally and monthly 
dependent. The average differences between the TOMS 
and the MFR ozone vary from -12.4 to +13.3?’6 with dif- 
ferences in the tropical to middle latitudes gcncrally be- 
tween + I%.  The standard deviation of the differences for 
the same intercomparison set vary from 2.5 to lo%, the 
largest values being in the high latitudes. 

There are latitude zones in which biases occur bc- 
tween the data sets which can bc removed by operating 
on the MFR ozone data with an appropriate algorithm. 
The latitude zones in which the standard deviation of the 
differences are large are more difficult to reconcile with 
the TOMS data. One possibility for correcting this type 
of difference is to reconstruct the MFR statistical retrieval 
algorithms by regressing the MFR radiance data on the 
TOMS or SBUV total ozone data. 
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Fig. 1. Variation of the RMS difference in percent of total 
ozone at  various separation distances in the latitude band 
35N-45N on January 1, 1979. 



Table 2. The average d i f fe rence  (d)  and the  standard deviation ( sd)  of the  d i f fe rences  of the  TOMS 
minus the  MFR t o t a l  ozone, both in  percent of the  MFR t o t a l  ozone, fo r  se lec ted  months. 
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Latitude 

90N-85N 
8 5 N -  75N 
75N-65N 
65N-55N 
55N-45N 
45N-35N 
35N-25N 
25N-15N 
15N- 5 N  

5 N -  55 
5s-15s 

15s-255 
255-35s 
35s-45s 
45s-55s 
55s-65s 
65s-75s 
75s-85s 
85s-90s 

Jan. 
d 

2.8 
4.1 

-0.8 
0.8 
0.0 

-6 .3 
-5.5 
-4.9 
-1.2 
-0.6 
0.7 

-1 .2  
-1.1 
-3.7 
-7.2 
-8.9 

-10.6 

79 
sd 

9.2 
9.3 
7.4 
6.5 
5 .8  
5.8 
3 . 5  
2.6 
3.2 
4.0 
3.4 
3.4 
4.1 
4.6 
4.0 
3.2 
2.8 

Apr. 79 
d sd 

-4.1 7.6 
-3.6 8.0 
0.2 6.6 

-1.0 5.8 
0.1 6 .3  

-2 .5 7.0 
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Fig. 2. Scatter plot of the MFR and TOMS total ozone 
(1103 points at 100 km separation distance) in latitude 
band 35N-45N on January 1, 1979. 
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Fig. 3. The 1-by-10 degree latitude-longitude average of 
the 1103 MFR (solid) and the TOMS (dashed) total ozone 
data a t  100 km separation distance inthe 35N-45N lati- 
tude zone on January 1, 1979. 
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Table 3. The average difference of the TOMS minus the SBW total ozone 
as a percent of the MFR total ozone for selected months. 

Latitude 

90N-85N 
85N-75N 
75N-65N 
65N-55N 
55N-45N 
45N-35N 
35NL25N 
25N-15N 
15N- 5N 
5N- 5s 
5s-15s 
15s-25s 
25s-35s 
35s-45s 
45s-55s 
55s-65s 
65s - 75s 
75s-85s 
85s-90s 

Jan. 79 Apr. 79 Jul. 79 Nov. 79 Jan. 80 

2.6 
1.8 
2.1 
1.8 
1.3 
1.0 
1.2 
1.2 
1.0 
1.1 
1.6 
2.2 
1.8 
2.0 
1.1 

2.6 
1.6 
1.6 
1.7 
1.7 
0.9 
0.4 
0.4 
1.4 
1.2 
1.2 
1.5 
1.8 
1.5 
1.5 
1.4 
1.7 

1.7 
1.8 
1.4 
1.8 
1.4 
0.8 
0.5 
1.4 
1.6 
1.4 
1.5 
1.8 
1.7 
1.7 
2.2 
4.2 

0.4 
2.2 
2.4 
2.2 
2.0 
2.1 
2.5 
2.3 
2.4 
2.1 
2.2 
2.6 
3.0 
3.0 
3 . 3  
1.7 

2.8 
2.4 
2.1 
2.0 
2.3 
2.0 
2.2 
2.6 
1.9 
2.0 
2.7 
3.0 
2.8 
2.8 
1.6 
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Over the years, a number of regional 
numerical weather prediction models have been 
developed in an attempt to forecast not only 
synoptic scale events, but the mesoscale 
phenomena that are associated with or even 
independent of synoptic scale systems. One 
problem with regional models, however, involves 
the forecast of precipitation, which is a 
mesoscale event itself. The onset of precipi- 
tation in model forecasts commonly lags behind 
the observations, even when precipitation is 
observed at the initial time. To understand 
the nature of precipitation forecast deficien- 
cies, two key related variables, namely mois- 
ture and vertical motion, their Initialization 
fn a model, and their evolution during the 
forecast must be examined. In this study, 
model simulations with modifications of the 
initial specifications of moisture and vertical 
motion will be examined to determine the 
relative impact of the mesoscale component of 
each parameter on the subsequent quantative 
precipitation forecast. 

2. MESOSCALE MODEL 

2.1 Analysis System 

The analysis system and the forecast 
model have a grid of 51 east-west rows and 61 
north-south columns on a Lambert conformal 
projection, with a horizontal grid increment of 
67 km at the standard latitudes of 20 and 50 
degrees north latitude. The domain is shown in 
Fig. 2 .  The principal characteristics of the 
analysis system are found in Table 1. 

The objective analysis scheme is a 
version of the analysis system which is used by 
the Australian Numerical Meteorology Research 
Centre (ANMRC). This research analysis system 
was developed from the analysis scheme used 
operationally by Australia's Bureau of Meteo- 
rology (Seaman et al., 1977). The scheme is a 
combination of the successive correction method 
(SCM) of Cressman (1959) and the variational 

Table 1 

Principal Characteristics of the Analysis 
System and Model 

Analysis System 

Combination of successive correction method and 
variational blending in three dimensions 

Ten pressure levelfi, p=1000, 850, 700, 500, 
400, 300, 250, 200, 150, and 100 mb 

Horizontal resolution: 67 km 

Fields,analyzed or derived at each pressure 
level : 
- geopotential height 
- temperature 
- dewpoint 
- horizontal wind components 
- streamfunction 

Forecast Model 

Primitive equations model in o-coordinates 
Ten vertical levels at o=o.O9, 0.19, 0.29, ..., 
Horizontal resolution: 67 km 
Staggered horizontal grid (Arakawa "C" grid) 
Semi-impl.ic1t time ddfferencing (dt=5 min) 
Similarity theory surface layer 
Stability-dependent vertical diffusion of 

0.99 

momentum, heat, moisture above surface layer 
through depth of boundary layer 

Surface shortwave and longwave flux modified by 
cloud ines s 

Surface energy balance equation 
Large-scale precipitation 
Kuo-type convective parameterization 
Updated boundary conditions 

blending technique of Sasaki (1958, 1970). The 
research version contains three-dimensional 
variational blending of geopotential. Mills 
(1981) presents a qualitative discussion of the 
analysis sequence. 
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Fig. 1. Schematic summary of experimental 
design. The duration for each simul.ation is 
indicated by horizontal arrows. 

2.2 Forecast Model 

The forecast model was developed from 
the Australian Region Primitive Equations 
(ARPE) model (McGregor et al., 1978). The 
subsynoptic Scale Model (SSM) of the Space 
Science and Engineering Center at the Univer- 
sity of Wisconsin-Madison used in this study is 
an adaptation of the ARPE model to the North 
American region. In this adaptation on Kuo- 
type convective parameterization (Kuo, 1965, 
1974) and a comprehensive planetary boundary 
layer scheme were incorporated into the model. 
Also, a finite differencing scheme discussed by 
Corby et al. (1972) which lessens truncation 
effects in regions of steep topography has been 
added. Further characteristjcs are found in 
Table 1. 

3 .  EXPERIMENTAL DESIGN 

Four simulations are made with the SSM 
to determine the impact of the initial moisture 
and vertical motion fields on the evolution of 
the precipitation forecasts. These are a 
control forecast 12-hour simulation that begins 
at 1200 GMT 6 March 1982 and three experiment 
simulations with modifications to the moisture 
and vertical motion fields incorporated at 1800 
GMT. 
are compared to the second half of the control 
forecast. The experimental design is given in 
Fig. 1. 

The experiment forecasts from 1800 GMT 

The 12-hour control simulation begins at 
1200 GMT 6 March 1982 and develops precipita- 
tion by 1300 GMT. The model is still producing 
precipitation at 1800 GMT the time a data set 
is extracted for use in the three experiments. 

Fig. 2. Mixing ratio from the control forecast 
at 1800 CMT for the sjgma level of 0.69; 
a) unsmoothed, h )  smoothed. Contour interval is 
1 g kg-l. 

Beginning at this time, changes in the precipi- 
tation rates and accumulations due to changes 
in the initial specifications will be most 
accentuated. The six-hour control forecast 
from 1800 GMT 6 March to 0000 CMT 7 March 1977 
provides the "ideal forerast"--one that contains 
mesoscale moisture and vertical motion informa- 
tion from beginning to end. 

Experiment 1 is run like the control 
forecast, except that at 1800 GMT, smoothed 
moisture fields replace the mesoscaje moisture 
fields in the model. The moisture fields are 
smoothed to make them representative of fields 
that would he obtained from analyzed radiosonde 
data, usually considered t o  he at the synoptic 
scale. Fig. 2 shows the original and the 
smoothed mixed ratio fields for the siRma level 
of 0.69. Fxperiment 1 provides the precipita- 
tion forecast for the initial state with onlv a 
synoptic scale mojsture field. 

Experiment 2 is like the control forecast 
except that the initial wind fields are con- 
strained to be nondivergent at 1800 GMT. The 
nondivergent wind compnncnts are derived from 
the model winds extracted from the control fore- 
cast data set and are inserted into the model. 
All of the other variables remajn unchanged. 
Recause the winds are nondivergent, the initial 
vertical motion is suppressed, particularly away 
from areas of signjficant topography (Fig. 3 ) .  
Experiment 2 shows the effect of a nondivergent 
initialization of winds on the subsequent 
quantitative precipitRtion forecast. 
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Fig. 3 .  Vertical motion & at 1800 GMT for 
sigma level of 0 . 4 9 ;  a) control, b) experiment 
2. Negative values (upward motion) are solid. 
Contour interval is 2x10-6 6-1. 

Experiment 3 is a combination of Experi- 
ments 1 and 2, containing both the initial 
smoothed moisture and nondivergent wind fields. 
This experiment is the most representative of a 
forecast beginning with synoptic analyses. 
It should be noted, however, that mesoscale and 
synoptic scale information from the six-hour 
control forecast remajned in the height and 
temperature fields. 

4 .  CONTROL CASE OF 6 MARCH 1982 

The purpose of this research to study the 
changes made to a precipitation forecast due to 
modifications of the initial moisture and 
vertical motion fields is achieved by compartng 
simulation of the three experfrnents to the 
control forecast. The performance of the 
control itself is discussed very briefly here, 
although its accuracy In terms of the observa- 
tions is not central to the analysis. 

The model performed well at 500-mb level, 
as shown in Fig. 4 .  The forecasted trough over 
the central U . S .  is slightly behind that of  the 
analysis, but the intensity is simulated well. 
The forecast, however, does not capture the 
short wave trough observed west of Florjda. The 
forecast of mean sea level pressure was 
excellent, with accurate placement and strength 
of the features (not shown). 

The precipjtation forerast from the model 
was not as satisfactory as the height and mean 
sea level pressure forecasts. 
placement of copious rainfall eaRt of Virginia 

The model's 

500-mb relative vorticity (conto;r interval 
40X10-6 s-', negative values dashed) at 0000 
GMT; a) observed, b) control. 

and North Carolina seems accurate, based upon 
comparing Figs. 5 and 6 with radar maps (not 
shown). Precipitation output from the model Is 
shown in hundredths of centimeters. The 
development of the precipitation area over Ohio 
and Pennsylvania lagged four hours behind the 
observations, yet the model greatly over- 
forecasted the amounts in this region, producing 
as much as 2.00 cm (0.75 in.) while the 
observations were all less than 0.25 in. The 
model's performance in the Gulf region compared 
much less favorably to the observations than did 
the forecast off the East Coast and over the 
northeastern United States. The precipitation 
band observed over Louisiana, Mississippi, and 
Alabama was not forecasted at all. No rainfall 
greater than 0.25 in. was forecasted over the 
land. Instead, the model generated precipita- 
tion out over the Gulf of Mexico, but not until 
1700 GMT. The validity of this feature is 
questionable because of the lack of verifica- 
tion data; however, satellite imagery did 
suggest that precipitation had developed here 
earljer before moving eastward. 
feature, however, remained stationary. 

The forecasted 

It is unfortunate that the precipitation 
forecast produced by the control simulation was 
not more accurate. The purpose of this study, 
however, is to discuss changes in the forecasts 
brought about by modifications to the initial 
conditions. It is expected that the compari- 
sons between the control and the experiments 
will be meaningful, regardless of the simula- 
tion deficiencies in the control forecast. 
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5. EXPERIMENTAL RESULTS AND COMPARISONS 

The six-hour precipitation forecasts 
from 1800 GMT to 0000 GMT of the control and 
the experiments are compared. To facilitate 
this comparison, three rectangular domain 
"boxes" encompassing the major precipitation 
areas of the control forecast were chosen for 
analysis (Fig. 7 ) .  Area-averaged accumulations, 
plotted in Fig. 8, were calculated in each box 
by summing the total accumulations and dlviding 

Fig. 5 .  Six-hour observed precipitation 
accumulations (in.) ending at (a) 1800 GMT, 

(hundredths of cm) from the control forecast 
ending at (a) 1800. (b) 0000 GMT. 

Fig. 7. 
calculations. 

Areas of precjpitation for statistical 

In Experiment 1, accumulations were much 
lower than those of the control, especially in 
boxes 2 and 3 ,  where moisture values at 1800 
GMT had been reduced by the smoothing process. 
Tn these two boxes, accumulations were only 
24-30% of the control values. One precipitation 
maximum was reduced by 50%, and two other maxima 
found in the control were not forecasted in 
Experiment 1. Precipitation rates lagged behind 
the control forecast. and areal coverage was 
reduced to 68-77% of the control. 

The reduced vertical motions of 
Experiment 2 resulted in lower accumulations 
that were 40-45% of the control values for the 
three boxes. 
expertment were positioned well when compared to 
the control, but most maxima were much lower. 
Area coverage was also reduced, while 
precipitation rates generally lagged behind the 
control. 

Precipitation maxima for this 

As would be expected, Experiment 3 ,  both 
lacking initial vertical motion and having 
lower initial moisture values than the control 
forecast in the preclpitation replons, produced 
the lowest precipitation accumulations of the 
three experiments. Fig. 8 reveals that Experi- 
ment 3 yielded much lower average accumulations 
and precipitation rates than the control, with 
Box 2 having the largest differences. Average 
accumulations at the end of the forecast were 
onlv 4-22% of those from the control forecast, 
and precipitation covered 6-43% of the control's 
area of precipitation. This.experiment missed 
completely the precipitation centers over the 
Atlantic and in the Gulf that were forecasted by 
the control (Fig. 6b). After beginning with 
primari ly "synoptic scale" conditions, the model 
was unable to recover in the six-hour period and 
regenerate the mesoscale fields necessary to 

139 



yield detailed precipitation features and higher 
levels of precipitation accumulation. 

An interexperimental precipitation 
comparison supports the results previously 
discussed. Comparing the precipitation fore- 
casts between Experiments 2 and 3 shows the 
effects of smoothj.ng the initial moisture 
fields, just as done by the comparison between 
Experiment 1 and the control. Fig. 8 shows 
that the average accumulations in Experiment 3 
were, at most, 50% of the accumulations in 
Experiment 2. Areas of precipitation were a l s o  
reduced in Experiment 3 .  Comparing Experi- 
ment 3 with Experiment 1 also showed the 
effects of suppressing the initial vertical 
velocities. Again, precipitation 
accumulations, rates, and areal coverage were 
reduced significantly. These comparisons are 
indeed consistent with the comparisons between 
the control and each experiment. 

6. CONCLUSIONS 

Four simulations were made with a 
numerical mesoscale model to determine the 
effects of suppressing the initial mesoscale 
information in the moisture and wind fields on 
the precipitation forecasts. 
a 12-hour control forecast represented an ideal 
forecast that was "initialized" with fields 
containing mesoscale as well as synoptic scale 
structure. The three experiments were degraded 
versions of this ideal initialization and their 
forecasts were compared to the control forecast 
during the period from 1800 GMT 6 March to 0000 
GMT 7 March 1982. 

The latter half of 

The characteristics of the precipitation 
forecasts of the experiments are not different 
enough to conclude that either mesoscale 
moisture or mesoscale vertical velocjty at the 
initial time is more important for producing a 
forecast closer to that of the control. For 
example, at the end of the forecast, the 
average precipitation accumulation over a land 
area in the smoothed moisture experiment was 
67% of the control forecast, while the non- 
divergent experiment produced accumulations that 
were 45% of the control. Over the oceans, 
however, the smoothed moisture experiment 
produced 24-30% of the control forecast, less 
than the nondivergent experiment, which produced 
40-44% of the control forecast. 
statements can be made about this study, there- 
fore, except to say that degrading one or both 
of these initial fields produces a drier fore- 
cast when compared to the control forecast. 
First of all, comparisons were made for only a 
six-hour period, and this may not have been 
sufficient time for the model to recover from 
the modifications made. Secondly, these experi- 
ments were performed on one case only, with just 
one model, and as such, generalizations regard- 
ing the relative worth of initial moisture and 
vertical velocities are inappropriate. 

No general 

This research points out the need for 
proper initialization of mesoscale moisture and 
vertical motion information so that more accu- 
rate precipitation forecasts may be obtained. 
Improvement of the data base that is analyzed 
should be very helpful. More detailed moisture 

BOX 3 

19 20 21 22 23 00 
Time (GMT) 

Fig. 8. Area-averaged precipitation accumula- 
tjons (hundredths of cm) as a function of time 
for the control forecast (c) and the experiment 
for (a) Box 1, (b) Box 2, (c) Box 3 .  
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information is available from high-resolution 
satellite data, satellite cloud and water vapor 
drift winds would improve the horizontal winds, 
and thus the vertical motion derived from the 
convergence/divergence of these winds. Consider- 
able research will be required to determine how 
to use a satellite mesoscale data to make 
short-term precipitation forecasts more accurate 
and timely. 
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1. INTRODUCTION 

The Man-computer Interactive Data Access 
System (McIDAS) (Suomi et al., 1983) has 
extensive capability to ingest conventional 
surface and upper air meteorological data, in 
addition to satellite-derived data which can be 
processed and edited in the McIDAS environment. 
These satellite products routinely consist of 
temperature and moisture profiles from both 
orbiting (Smith et al., 1979) and geostationary 
(Smith, 1983) satellites, as well as cloud drift 
and water vapor winds derived from geostationary 
satellite imagery (Mosher, 1979, Stewart et al., 
1985), and gradient winds estimated from VAS 
temperature soundings (Hayden, 1985). 

While large amounts of application 
software exists to analyze and process these 
data for specific case studies, including 
advanced objective analysis and numerical 
weather prediction models (Mills and Hayden, 
1983, LeMarshall et a ] . ,  1985), no formal 
mechanism has hitherto existed to perform 
routine assimilation of these mixed data types 
with the aim of producing four-dimensional 
gridded data sets of the primary atmospheric 
variables which can be used to periodically 
update limited area forecast models. While most 
national weather centers use global forecast 
model products to provide the first guess for 
the analyses used to initialize their limited 
area forecast models, there is no reason why an 
equivalent data assjmilation system should not 
be operated on a limited area domain, provided 
care is taken in the specification of the 
lateral boundary conditions. Mills (1981) has 
demonstrated a stable analysis/forecast cycling 
system using FGGE data sets over a limited area 
domain in the Australian region. 

scheme are a model forecast to the data 
insertion time, the correction of the forecast 
fields to fit the observed data (the analysis 
phase), and an initialization phase to balance 
the adjusted fields prior to the next forecast 
stage. Lorenc (1984) lists the following 
desirable principles of such a scheme: (1 )  the 

The essential phases of data assimilation 

analysis must fit the observations to within 
their estimated observatjonal errors; (2)  the 
analyzed fields must be internally consistent, 
matching the structure, scale, and balance of 
the atmosphere; and (3) the anlysis must be near 
the forecast based on earlier observations 
unless current observations indicate otherwise. 

Two further requirements were made. 
First, the system should be computationally 
efficient and geographically portable. Second, 
the system should be as robust as possible, 
without excessively compromising the quality of 
the output product. That is, minimal manual 
intervention should be needed in the operation 
of the system. This is, however, to some extent 
at the expense of maintaining maximum detail in 
the analysis, and a variety of options exist to 
relax these constraints in development and 
testing of this system. 

tion of this system on existing analysis and 
forecast modules, with which some experience and 
expertise was available, and to modify these 
pre-existing components to improve their suitabi- 
lity as assimilation vehicles. The basic 
modules which are used in the scheme are the 
three-dimensional variational analysis scheme of 
R. S .  Seaman (e.g. Mills, 1981) and the new 
Australian Region Primitive Equation (ARPE) 
model which has been extensively described by 
Leslie et al. (1985). The interface programs 
have been extensively modified so that the 
system should approach satisfying Lorenc's 
condition (3) above. The range of available 
options is summarized in Table 1. The basic and 
incremental assimilation cycles are schematical- 
ly represented in Figs. 1 and 2, respectively. 
The analysis scheme, the forecast model, the 
interface codes, and how they are linked togeth- 
er to perform an assimilation sequence in the 
McIDAS environment will be discussed in detail 
in a forthcoming paper. 

The assimilation system was initially 
tested in a case study mode using a mixture of 
VAS soundings and Rpecial network radiosonde 
data at 1430 and 1730 GMT on March 1982 (Diak, 
et al., 1986). To adequately test the 

It was decided to base the first genera- 
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Table 1 

DISPLAY 
ANALYSIS Options To Be Selected 

Data mix: 
Radiosonde 
Special network 
Satellite temperature retrievals/gradient winds 

(either/or) 
Cloud and water vapor drift winds 
SVCA/buoys 

AsRimilatfon type: 
Basic 
Incremental 

Analysis : 
Weight of geostrophic/gradient wind 
Rejection tolerance 
Minimum pass radii for first pass 

Pre-processor: 
Sigma level disposition 
Divergent or non-divergent winds 
Topography enhancement factor 

Model: 
Times t ep 
Boundary conditions - fixed 
Initialization - none 

- updated 
- free VMI 
- pressure constrained VMI 

Physics options - surface T, T prediction - convective pptn 
- large scale pptn 
- vertical diffusion 

D 

DISPLAY 
ANALYSIS 

NMC 
FIELDS 

GUESS 
FIELD 

LATERAL 
BOUJDARY 

BPECIFICATIDN MODEL 
HISTORY 

FILE 

PROGNOSIS 
MODEL 

POST- 
PROCESSOR 

DlAWOSlS 
DISPLAY 

Fig. 1. Basic (or cold start) case study 
configuration. 

assimilation system using data from more 
extended periods of time, advantage was taken of 
CIMSS support of the National Hurricane Center 
to assimilate radiosonde, buoy, VAS temperature 
and dewpoint (Smith, 1983) and gradient wind 
data (Hayden, 1985). and cloud drift and water 

FIELDS 9 
i LATERAL 

BOUNDARY 
SPECIFICATION 

PROCESSOR 

HISTORY 

PROGNOSIS 
MODEL 

DISPLAY 

3vEss 
FIELD 

Fig. 2. Incremental assimilation sequence 
configuration. 

vapor motion winds (Stewart, et a l . ,  1985). A 
12 hour assimilation interval run at 00 and 12 
GMT was performed in a quasi-real-time mode from 
12 GMT on 8 October 1985 to 12 GMT on 18 October 
1985. No VAS or cloud and water vapor drift 
winds were available during the weekend. For 
convenience, the domain was chosen to be the 
same as the March 6 assimilation: 26x31 grid 
with a 125 km grid spacing centered on longitude 
95W and between latitudes 20 and 50N. 

A significant amount of day-to-day 
fluctuation was noted during this period of time, 
and some interesting situations did occur. For 
example, at 12 GMT on dav 283, the initialization 
makes very large changes to almost all fields, 
and clearly there was considerable imbalance in 
the initial state, which was then followed by the 
largest 1000-500mb thickness errors in anv of the 
12-hour forecasts (Fig. 3). It was encouraging, 
at this stage of development of the system, to 
find that this did not destabilize the system. 
There is a considerable degree of oscillation In 
the skill of the 1000-5OOmb thickness forecasts 
based at 12 GMT and those based at 00 GMT. The 
cause of this may be due to the differing mixes 
of satellite and conventional data at the 
different times, or may be due to more subtle 

further !nvestigation. 

40 

ao 13 1 
1 1- 

181 3RA 386 3@8 auo 
Fig. 3. Root-mean-square fit of radiosonde dc 
1000-500 mb thickness to assimilation cycle 

1 

a 

anaI.yses, initialized fields, and 12 hour prog- 
noses at 12-hour interva1.s from 00 GMT 9 October 
1985 (day 282) to 12 GMT 18 October 1985 (day 
291). 
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When looking at the RMS vector errors in 
Fig. 4 ,  it must be remembered that the wind 
fields input to the prognosis model are non- 
divergent increments added to the model forecast 
wind fields, and thus the RMSVE statistics have 
a greater magnitude than would be expected from 
a scalar analysis of wind components. 
of the radiosonde data to these wind fields are 
also included for comparison, and are substan- 
tially lower than the statistics for the winds 
used for model initiation. 

The RMSVE 

11 

' O  1 
5001iE PROG OHEGR V l  OOGHI 16 OCl 1985 

Fig. 4 .  Root-mean-square vector error at 500 mb 
of 12-hour prognoses, analyses with non-divergent 
wind increments, analyses with divergent wind 
increments (triangles), initialized fields. and 
12-hour prognoses at 12-hour intervals from 00 
GMT 9 October 1985 (day 292) to 12 GMT 18 October 
1985 fday 291). 

To a large extent, Lorenc's condition (3) 
is met by correcting the first guess forecast in 
the anlysis. Of equal desirability is that 
information from the prognosis model which is 
not resolved by the observations or the analysis 
scheme be preserved through the analysis (correc- 
tion) and initialization phases of the asslmila- 
tion. One such field is the vertical motion 
structure. The 500 mb omega field (ap/at) were 
compared before the analysis and after initiali- 
zation at each data insertion time and, in 
general, the major features and structure were 
preserved which was very encouraging. Two 
examples for the 12-hour forecast vertical 
motion and the after initialization vertical 
motion at 00 GMT 10 October and 00 GMT 16 
October 1985 are shown in Fig. 5. In each case, 
it is clear that substantial continuity of these 
fields has been preserved, even though there has 
been significant changes to the prognosis fields 
during the analysis. These patterns are quite 
typical of the synoptic sequence during this 
period, with an area of upward vertical motion 
toward the northwest of the grid, associated 
with an advancing trough, and another weaker, 
alongated southwest-northeast area of upward 
motion which has propagated southeastward in 
association with the eastward passage of the 
preceeding middle latitude trough. 

This period was not synoptically very 
active. A powerful anticyclonic circulation 
covered the southeastern part of the U.S. 
throughout the entire period, with a sequence of 
advancing troughs which entered the analysis 
domain from the west and northwest and were 
forced northward by the anticyclone as they 
moved eastward. The assimilation sequence 
clearly demonstrates a synoptic continuity 

Fig. 5. Before analysis and after initializa- 
tion 500 mb vertical motion (ap/at) fields at 00 
GMT 16 October 1985 (units mb/hr). 

throughout the entire assimilation period for 
ell variables, as would be expected from a robuet 
analysis/prognosis system. Figure 6 shows an 
example of four assimilation analyses of 500 mb 
heights and winds for the two-day period 00 GMT 
15 October to 12 GMT 16 October 1985. 

assimilation system is being continued in a 
delayed real-time mode in association with the 
special GALE observing networks at 12 and 6 
hour analysis/prognosis assimilation cycles, and 
in a quasi-real-time mode on a 3 hour assimila- 
tion interval during the special observing 
periods. 

Development of a functional, stable 

2. ACKNOWLEDGEMENTS 

Much of the work on VAS and satellite 
wind assessment has been funded through the NASA 
Marshall Space Flight Center Contract 
NAS8-34732. 

144 



3. REFERENCES 

Diak, G., S .  Hejkkjnen and J. Bates, 1986: The 
influence of variations in surface 
treatment on 24-hour forecast with a 
Ijmited area model, includfng a comparison 
of modelled and satellite-measured surface 
temperatures. 

from VAS temperature soundings. Submjtted 

Accepted by =. %. Rev. 
Hayden, C. M., 1985: Estimating the wind field 

to J. w. AJ&. Meteor. 
LeMarshall, J. F., W. L. Smith and G. M. Callan. 

1985: Hurricane Debby - An illustration 
of the complementarv nature of VAS 
soundings and cloud and water vapor motion 
winds. 
268-263. 

Bull. Amer. Meteor. s., 66, 
Leslie, I.. M., G. A. Mills, 1,. W. Logan, D. J. 

Gauntlett, G. A. Kelly, J. I , .  McGregor and 
M. J. Manton, 1985. A hjgh resolution 
primitive equations NWP mwlel for 
operations and research. Aust. Meteor. w., March 1985. 

Jmrenc, A. C., 1984:  Data assimilation by 

Mills, 

Mills, 

repeated insertion into a forecast model - 
principles, practice, prohlems and plans. 
ECMWF Seminar/Workshop. Data assimilation 
systems and observing system experiments 
wjth particular emphasis on FGGE. Vol. 2, 
pp. 181-214. 
G. A., 1981: An objective Ijmited area 
analysis/prognosis experiment using FGGE 
data in the Australian region. &. e. - Rev., 109, 1898-1913. 
G. A.  and C. M. Hayden, 1983: The use of 
high horizon t a1 r eiolu t ion sat el li t e 
temperature and motsture profiles to 
initialize a mesoscale numerical weather 
prediction model - severe weather event 
case study. 2. E. AJ&. Meteor., 22, 
649-663. 

Mosher, F. R., 1979: Cloud drift winds from 
geostationary satellites. Atmos. Tech., 
IO, 53-60. 

Smith, E L., 1983: The retrieval of atmospheric 
profiles from VAS geostatjonary radiance 
observations. J. Atmos. g.. 40, 
2025-2035. 

Smith, W. L., H. M. Woolf, C. M. Hayden, D. Q .  
Wark, and I,. M. McMillin, 1979: The 
TIROS-N operational vertical sounder. 
Bull. Amer. Meteor. SOC., 60, 1177-1187. 

Stewart, T. R., C. M. Hayden and W. L. Smith, 
1985: A note on water vapor wind tracking 
using VAS data on McTDAS. B u l l .  Amer. 
Meteor. SOC., 66, 1111-1115. 

Smith, 1983: McTDAS IJI: A modern 
interactive data access and analysis 
svstem. J .  Clim. Appl. Meteor., 22, 
766-778. 

---- 

-- 
Suomi, V. E., R. Fox, S. S.  Limave and W. L. 

Fig. 6. 500 mb geopotential height/isotach 
patterns from 00 GMT 15 October 1985 to 12 GMT 
October 1985. 

145 



P4.13 

GLOBAL SURFACE W I N D  AND FLUX FIELDS FROM MODEL ASSIMILATION OF SEASAT DATA 

R. A t l a s l ,  A. J .  B u s a l a c c h i Z ,  E. Ka lnay l ,  S. Bloom3 

NASA/Goddard Space F l i g h t  Cen te r  
G r e e n b e l t ,  MD 20771 

and 

M. G h i l  
Department of  Atmospheric S c i e n c e s  and 

I n s t i t u t e  of Geophysics and P l a n e t a r y  P h y s i c s  
U n i v e r s i t y  of C a l i f o r n i a ,  Los Angeles ,  CA 90024 

1. INTRODUCTION 

S u r f a c e  f l u x e s  of h e a t ,  m o i s t u r e  and momen- 
tum between t h e  oceans  and atmosphere p l a y  a major  
r o l e  in t h e  f o r m a t i o n ,  movement and m o d i f i c a t i o n  
of water and a i r  masses, and in t h e  development 
and i n t e n s i f i c a t i o n  of s t o r m s  nea r  c o a s t s  and ove r  
t h e  open ocean. The d e t e r m i n a t i o n  of t h e s e  f l u x e s  
i s  ex t r eme ly  impor t an t  f o r  numer i ca l  modeling and 
d i a g n o s t i c  s t u d i e s  of t h e s e  and o t h e r  a tmosphe r i c  
and o c e a n i c  phenomena and f o r  numerical  p r e d i c t i o n  
on a v a r i e t y  of  t i m e  scales. However, such  d e t e r -  
m i n a t i o n s  have been  l i m i t e d  t o  a l a r g e  e x t e n t  by 
t h e  l a c k  of  adequa te  o b s e r v a t i o n s  of e v e n  t h e  most 
fundamental  m e t e o r o l o g i c a l  v a r i a b l e s  over  t h e  
oceans.  For example,  c o n v e n t i o n a l  r e p o r t s  of 
s u r f a c e  wind by s h i p s  are o f t e n p f  poor a c c u r a c y ,  
cove r  on ly  ve ry  l i m i t e d  r e g i o n s  of t h e  w o r l d ' s  
oceans  and occur  a t  i r r e g u l a r  i n t e r v a l s  in t i m e  
and space .  

Due t o  t h e s e  d e f i c i e n c i e s ,  a n a l y s e s  of 
s u r f a c e  wind o f t e n  m i s r e p r e s e n t  a tmosphe r i c  f l o w  
ove r  l a r g e  r e g i o n s  of t h e  g l o b a l  oceans and t h i s  
c o n t r i b u t e s  t o  t h e  poor c a l c u l a t i o n  of wind 
stress, and s e n s i b l e  and l a t e n t  h e a t  f l u x  in 
t h e s e  areas. A s  a r e s u l t ,  most d e t e r m i n a t i o n s  
of t h e s e  f i e l d s  have p r i m a r i l y  been concerned 
w i t h  long-term means. But e v e n  t h e  g e n e r a t i o n  
of t h e s e  c l i m a t o l o g i c a l  f i e l d s  r e q u i r e s  cons ide r -  
a b l e  smoothing and e x t r a p o l a t i o n  from data-dense 
t o  d a t a - s p a r s e  areas. 

With t h e  l aunch  of t h e  S e a s a t  s a t e l l i t e  in 
June  of 1978,  a new d a t a  s o u r c e  f o r  s u r f a c e  winds 
became a v a i l a b l e .  On board t h e  s a t e l l i t e  was a 
scatterometer, r e f e r r e d  t o  as  SASS, which measured 
r a d a r  b a c k s c a t t e r  from c e n t i m e t e r  scale c a p i l l a r y  
waves. By means of a g e o p h y s i c a l  a l g o r i t h m ,  t h e s e  
measurements were used t o  i n f e r  s u r f a c e  wind ve lo -  
c i t y .  T h i s  g e o p h y s i c a l  a l g o r i t h m  p rov ided  a uni-  
que wind speed b u t  up t o  f o u r  p o s s i b l e  wind d i r e c -  
t i o n s ,  c a l l e d  a l iases .  Thus b e f o r e  t h i s  d a t a  
could be  u t i l i z e d  in m e t e o r o l o g i c a l  a n a l y s i s  o r  
d i a g n o s t i c  o r  numer i ca l  s t u d i e s ,  t h i s  ambigui ty  
in wind d i r e c t i o n  had t o  be removed. 

Both o b j e c t i v e  and s u b j e c t i v e  methods have 
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been  developed t o  remove t h e  ambigui ty  in SASS 
winds ( i . e .  d e a l i a s  t h e  SASS d a t a ) .  A s  a j o i n t  
p r o j e c t  between t h e  Jet P r o p u l s i o n  Labora to ry  
(JPL),  t h e  Atmospheric Environment S e r v i c e  (AES) 
of Canada, t h e  U n i v e r s i t y  of C a l i f o r n i a  a t  Los 
Angeles (UCLA), and t h e  Goddard Labora to ry  f o r  
Atmospheres (GLA) , s u b j e c t i v e  d e a l i a s i n g  proce- 
d u r e s  were developed and used t o  g l o b a l l y  d e a l i a s  
SASS d a t a  f o r  a f i f t e e n  day p e r i o d  from 0000 GMT 
6 September t o  0000 GMT 20 September 1978 
( P e t e h e r y c h  et  a l . ,  1984).  In s u b j e c t i v e  dea l -  
l a s i n g ,  m e t e o r o l o g i c a l  a n a l y s t s  manual ly  choose 
t h e  c o r r e c t  wind d i r e c t i o n  in a n  i t e r a t i v e  proce- 
d u r e  u s i n g  p a t t e r n  r e c o g n i t i o n  t echn iques .  They 
a t t e m p t  t o  i n s u r e  k i n e m a t i c  c o n s i s t e n c y  and con- 
s i s t e n c y  w i t h  o t h e r  d a t a ,  such as s h i p  r e p o r t s  
and c loud  imagery. Such p rocedures  are d e s c r i b e d  
in more d e t a i l  by Wur te l e  e t  a l .  (1983) and Baker 
e t  a l .  (1984) .  S e v e r a l  a l t e r n a t i v e  methods f o r  
o b j e c t i v e  d e a l i a s i n g ,  d e s c r i b e d  by Hoffman (1982, 
1984) ,  Baker e t  a l .  (1984)  and Yu and McPherson 
(1984)  have been  developed.  These a l l  make u s e  
of a n  a tmosphe r i c  model f o r e c a s t  and c o n v e n t i o n a l  
and o t h e r  s a t e l l i t e  o b s e r v a t i o n s  t o  o b j e c t i v e l y  
remove t h e  ambigui ty  in t h e  SASS winds.  

A t  GLA, w e  have r e c e n t l y  a p p l i e d  a v e r s i o n  
of  t h e  o b j e c t i v e  scheme d e s c r i b e d  by Baker e t  a l .  
(1984)  t o  d e a l i a s  t h e  complete  96-day g l o b a l  SASS 
d a t a  from 0000 GMT 7 J u l y  1978 t o  0000 GMT 10 Oct- 
obe r  1978. T h i s  d a t a  has  been a s s i m i l a t e d  u s i n g  
t h e  GLA a n a l y s i s / f o r e c a s t  sys t em t o  produce glob- 
a l  g r i d d e d  s u r f a c e  wind f i e l d s  a t  6 h i n t e r v a l s .  
In a d d i t i o n ,  as a by-product of t h e  a s s i m i l a t i o n  
p r o c e s s ,  g l o b a l  g r i d d e d  f i e l d s  of wind stress and 
s e n s i b l e  and l a t e n t  h e a t  f l u x e s  were gene ra t ed .  
In t h i s  pape r ,  we p r e s e n t  t h e  methodology used 
t o  produce t h e s e  f i e l d s ,  and show some p r e l i m i w  
a r y  comparisons between t h e  f l u x  f i e l d s  o b t a i n e d  
h e r e  by model a s s i m i l a t i o n  of SASS d a t a  w i t h  pre-  
v i o u s l y  p u b l i s h e d  c l i m a t o l o g i c a l  f i e l d s .  The 
most impor t an t  f e a t u r e s  of t h e  f i e l d s ,  such  as 
l a r g e  areas of c o n s i s t e n t l y  h i g h  o r  low h e a t  
f l u x e s  and c y c l o n i c  o r  a n t i c y c l o n i c  wind stresses, 
are ana lyzed  f o r  t h e i r  p h y s i c a l  and s y n o p t i c  
agreement w i t h  a tmosphe r i c  c i r c u l a t i o n  f e a t u r e s  
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above and ocean c i r c u l a t i o n  f e a t u r e s  below. The 
e f f e c t  of SASS winds i s  e v a l u a t e d  th rough  compar- 
i s o n s  of model a s s i m i l a t i o n s  w i t h  and wi thou t  
t h e s e  d a t a .  

2. Da ta ,Ass imi l a t ion  System 

I n  t h i s  s t u d y ,  we used t h e  GLA a n a l y s i s /  
f o r e c a s t  system t o  o b j e c t i v e l y  d e a l i a s  t h e  SASS 
s u r f a c e  winds,  assimilate a l l  a v a i l a b l e  conven- 
t i o n a l  and s a t e l l i t e  d a t a ,  and g e n e r a t e  g l o b a l  
g r idded  f i e l d s  of s u r f a c e  wind, wind stress, and 
S e n s i b l e  and l a t e n t  h e a t  f l u x e s .  Th i s  system 
was o r i g i n a l l y  developed f o r  t h e  a s s i m i l a t i o n  of 
F i r s t  GARP Globa l  Experiment (FGGE) d a t a  and was 
p r e v i o u s l y  used i n  s t u d i e s  of the impact of FGGE 
d a t a  (Halem e t  a l . ,  1982) and of SASS d a t a  (Baker u., 1984) o n  l a r g e - s c a l e  a tmosphe r i c  a n a l y s i s  
and numerical  wea the r  p r e d i c t i o n .  It has  a l s o  
been used i n  a l i m i t e d  assessment  of g l o b a l  ocean  
s u r f a c e  wind and stress f i e l d s  f o r  a 15-day per- 
i od  (Kalnay and At las ,  1986). I n  t h i s  l a t te r  i n -  
v e s t i g a t i o n ,  t h e  p r e v i o u s l y  mentioned s u b j e c t i v e -  
l y  d e a l i a s e d  SASS d a t a  set from 6-20 September 
1978 was u t i l i z e d .  

The v e r s i o n  of t h e  GLA a n a l y s i s / f o r e c a s t  
System used i n  t h e  c u r r e n t  s t u d y  d i f f e r s  from t h a t  
of ea r l ie r  i n v e s t i g a t i o n s  i n  t h a t  i t  c o n t a i n s  a 
f u l l y  o b j e c t i v e  d e a l i a s i n g  p rocedure  (wi thou t  a n  
o p t i o n  f o r  s u b j e c t i v e  enhancement) and t h e r e  is  
no b a l a n c i n g  between t h e  sea l e v e l  p r e s s u r e  and 
Sur face  wind f i e l d s .  T h i s  system, l i k e  o t h e r  
fou r -d imens iona l  d a t a  a s s i m i l a t i o n  sys t ems  i n  u s e  
a t  o p e r a t i o n a l  c e n t e r s ,  u ses  a 6h a tmosphe r i c  
model f o r e c a s t  i n t e g r a t e d  from a p r e v i o u s  objec-  
t i v e  a n a l y s i s  as a f i r s t  guess  f o r  t h e  nex t  ana- 
l y s i s .  A l l  a v a i l a b l e  c o n v e n t i o n a l  and s a t e l l i t e  
d a t a  w i t h i n  +/- 3h of the a n a l y s i s  time are t h e n  
Wed t o  correct t h e  f i r s t  guess  a t  each  model 
g r i d  p o i n t .  The f o r e c a s t  model, o b j e c t i v e  analy-  
s i s  scheme and methods used t o  d e a l i a s  t h e  SASS 
d a t a  and compute s u r f a c e  f l u x e s  are d e s c r i b e d  
b r i e f l y  i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  

2.1 F o r e c a s t  Model 

The model used i n  t h e  d a t a  a s s i m i l a t i o n  
c y c l e  i s  t h e  GLA Fourth-Order Genera l  C i r c u l a t i o n  
Model (GCM) w i t h  a h o r i z o n t a l  r e s o l u t i o n  of 4" 
l a t i t u d e  by 5' l o n g i t u d e  and n ine  l e v e l s  i n  t h e  
v e r t i c a l .  T h i s  model has  been d e s c r i b e d  i n  d e t a i l  
by Kalnay e t  a l .  (1983) .  

S i x  p r o g n o s t i c  v a r i a b l e s  are used:  t h e  zon- 
a l  and m e r i d i o n a l  winds,  t empera tu re  and s p e c i f i c  
humidi ty  i n  t h e  f r e e  atmosphere,  s u r f a c e  p r e s s u r e  
and ground t empera tu re .  The gove rn ing  e q u a t i o n s  
f o r  a l l  of t h e  p r o g n o s t i c  v a r i a b l e s  are w r i t t e n  
i n  f l u x  form and are s o l v e d  by u s i n g  f o u r t h - o r d e r  
f i n i t e  d i f f e r e n c i n g  i n  s p a c e  and t h e  Matsuno 
(Ruler-backward) scheme f o r  i n t e g r a t i o n  i n  t i m e .  

A s i x t e e n t h - o r d e r  S h a p i r o  (1970) f i l t e r  is  
a p p l i e d  eve ry  2 h on t h e  sea l e v e l  p r e s s u r e ,  po- 
t e n t i a l  t e m p e r a t u r e ,  and wind f i e l d s .  I n  t h i s  
way, wavelengths  longe r  t h a n  f o u r  g r i d  l e n g t h s ,  
which would o t h e r w i s e  be g r o s s l y  m i s r e p r e s e n t e d  by 
t h e  f i n i t e  d i f f e r e n c e s ,  are f i l t e r e d  ou t  w h i l e  
they are still  i n f i n i t e s i m a l .  T h i s  f i l t e r i n g  a- 
vo ids  t h e  accumula t ion  of energy t h a t  would o t h e r -  
wise occur  a t  t h e  short-wave c u t o f f .  

Shal low water expe r imen t s  i n d i c a t e  t h a t  
t h i s  scheme conse rves  p o t e n t i a l  ens t rophy  t o  a 
h igh  d e g r e e  of accu racy  (Kalnay-Rivas and Hoitsma, 
l979)  and long i n t e g r a t i o n s  w i t h  t h e  GLA f o u r t h -  
o r d e r  model have demons t r a t ed  very good s k i l l  i n  

s i m u l a t i n g  Janua ry  and J u l y  c l ima to logy  (Kalnay 
e t  a l . ,  1983).  I n  a d d i t i o n ,  t h e  u s e  of t h e  E u l e r  
backward t i m e  scheme d u r i n g  t h e  model i n t e g r a t i o n  
damps most of t h e  g r a v i t y  waves, w i t h  t h e  r e s u l t  
t ha t  the v e r t i c a l  mo t ion  f i e l d s  are w e l l  c o r r e l a t -  
ed w i t h  s y n o p t i c  p a t t e r n s .  

The model c o n t a i n s  a complete  range of sub  
g r i d  scale p h y s i c a l  p a r a m e t e r i z a t i o n s .  The su r -  
f a c e  f l u x e s  of h e a t ,  m o i s t u r e  and momentum ove r  
t h e  ocean  are modeled u s i n g  bu lk  aerodynamic 
e q u a t i o n s :  

FH = P c p  DR (Tg - Ts) 

FL a P L DR (q*g - qs) 

where p is t h e  d e n s i t y ,  DR i s  a n  a i r f s u r f a c e  
i n t e r a c t i o n  c o e f f i c i e n t ,  cp  is t h e  s p e c i f i c  h e a t  
of a i r ,  L is t h e  l a t e n t  h e a t  of e v a p o r a t i o n ,  & 
is t h e  wind a t  t h e  t o p  of a s u r f a c e  s h e a r  l a y e r ,  
Ts and T are t h e  r e s p e c t i v e  t e m p e r a t u r e s  a t  t h e  
t o p  of t i e  s h e a r  l a y e r  and t h e  ocean  s u r f a c e ,  and 
qs and qXg are t h e  s p e c i f i c  humidi ty  a t  t h e  t o p  
of the s h e a r  l a y e r  and t h e  s a t u r a t i o n  s p e c i f i c  
humidi ty  a t  t h e  ocean s u r f a c e ,  r e s p e c t i v e l y .  For 
a n e u t r a l  a tmosphere,  t h e  d r a g  f a c t o r  DR is t h e  
p roduc t  of  a bulk d r a g  c o e f f i c i e n t  (CD) and t h e  
wind speed near  t h e  s u r f a c e  (W - l & l ) .  However, 
when t h e  e n t i r e  PBL becomes s t a b l e  o r  u n s t a b l e ,  
c o r r e c t i o n s  dependent  on t h e  t empera tu re  d i f f e r -  
ence  a c r o s s  t h e  s u r f a c e  l a y e r  (AT - Tg -Ts) are 
made t o  DR as f o l l o w s :  

CD (W + AT1/') , f o r  a n  u n s t a b l e  PBL. 

DR 
CDW3 , f o r  a s t a b l e  PBL. 

W2 - 7AT 

Note t h a t  t h e s e  c o r r e c t i o n s  enhance % f o r  un- 
s t a b l e  c o n d i t i o n s ,  w h i l e  t hey  d e c r e a s e  % f o r  
s t a b l e  c o n d i t i o n s .  

The v a l u e  of T (and t h e r e f o r e  q*g) ove r  
t h e  ocean is  specific! i n  t h i s  model u s i n g  c l i -  
m a t o l o g i c a l  v a l u e s ;  b u t  Ts is c a l c u l a t e d  th rough  
a p rocess  t h a t  i n v o l v e s  t h e  matching of f l u x e s  
a c r o s s  t h e  s h e a r  l a y e r  - mixed l a y e r  i n t e r f a c e .  
The d e t a i l s  of t h i s  computa t ion  are d i s c u s s e d  
a t  l e n g t h  i n  Kalnay et. (1983) .  A similar 
p r o c e s s  i s  fol lowed t o  o b t a i n  q,. J s  is  ca l cu -  
l a t e d  by t h e  e x t r a p o l a t i o n  of t h e  winds t o  t h e  
s u r f a c e  from t h e  bottom two l e v e l s  of t h e  model. 

2 .2  O b j e c t i v e  Ana lys i s  and D e a l i a s i n g  Scheme 

The o b j e c t i v e  a n a l y s i s  scheme d e s c r i b e d  by 
Baker et. (1984)  w a s  used i n  t h i s  s t u d y  t o  dea- 
l i as  t h e  SASS d a t a  and produce g r i d d e d  s u r f a c e  
wind f i e l d s .  I n  t h i s  scheme, z o n a l  and meridion-  
a l  wind components,  g e o p o t e n t i a l  h e i g h t  and rela- 
t i v e  humidi ty  are ana lyzed  on  mandatory p r e s s u r e  
s u r f a c e s .  The 6h model f o r e c a s t  p rov ides  a f i r s t  
guess  f o r  t h e s e  f i e l d s  a t  300 mb and a t  sea l e v e l ,  
where p r e s s u r e  and t empera tu re  a r e  a l s o  ana lyzed .  
The f i r s t  guess  f o r  t h e  o t h e r  l e v e l s  is  o b t a i n e d  
from t h e  model f i r s t  g u e s s ,  mod i f i ed  by a v e r t i -  
c a l  i n t e r p o l a t i o n  between t h e  two closest com- 
p l e t e d  a n a l y s e s .  Vertical c o n s i s t e n c y  is  main- 
t a i n e d  th rough  s t a t i c  s t a b i l i t y  c o n s t r a i n t s .  The 
a n a l y s i s  a t  e a c h  l e v e l  i s  performed w i t h  n succes -  
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s i v e  c o r r e c t i o n  method ( S C M )  modif ied t o  account  
f o r  d i f f e r e n c e s  i n  t h e  d a t a  d e n s i t y  and t h e  s t a -  
t i s t i c a l  estimates of t h e  e r r o r  s t r u c t u r e  of t h e  
obse rva t ions .  

SASS d a t a ,  ob ta ined  from t h e  Atmospheric 
Environment S e r v i c e  of Canada, were o b j e c t i v e l y  
d e a l l a s e d  as a p a r t  of t h e  o b j e c t i v e  a n a l y s i s  a t  
each s y n o p t i c  t i m e .  For t h i s  purpose,  a n  i tera- 
t i v e  procedure c o n s i s t i n g  of t h r e e  pas ses  through 
t h e  SASS d a t a  w a s  u t i l i z e d .  

In t h e  f i r s t  p a s s ,  t h e  l e a s t  ambiguous SASS 
r e p o r t s  ( t h o s e  w i t h  one o r  two a l i a s e s )  a r e  dea l -  
l a s e d ,  wh i l e  i n  t h e  second and t h i r d  pas ses  t h e  
more ambiguous t h r e e  o r  f o u r  a l i a s  r e p o r t s  a r e  
d e a l i a s e d .  The f i r s t  guess  f o r  t h e  f i r s t  pas s  is  
provided by t h e  GLA model 's  6 h f o r e c a s t  f o r  t h e  
s u r f a c e  wind which is  b i l i n e a r l y  i n t e r p o l a t e d  t o  
each SASS wind l o c a t i o n  from t h e  f o u r  model g r i d  
p o i n t s  surrounding i t .  One a l l a s  (1.e. unambig- 
uous) r e p o r t s ,  which occurred f i f t e e n  t imes dur-  
i n g  t h e  96 days p e r i o d ,  are accepted i f  t h e i r  
d i r e c t i o n s  a r e  w i t h i n  165' of t h e  f i r s t  guess .  
For two a l i a s  r e p o r t s  (compris ing 5.4% of t h e  
AES SASS d a t a ) ,  t h e  s o l u t i o n  c l o s e s t  t o  t h e  f i r s t  
guess  i s  chosen i f  i t  is  a l s o  w i t h i n  75" of t h e  
f i r s t  guess .  

A f t e r  t h e  f i r s t  pas s ,  t h e  d e a l i a s e d  SASS 
v e c t o r s  and a v a i l a b l e  s h i p  winds a r e  analyzed 
us ing  t h e  p rev ious ly  mentioned SCM. The r e s u l t i n g  
s u r f a c e  wind a n a l y s i s  is t h e n  used t o  p rov ide  
t h e  f i r s t  guess  f o r  t h e  second pass  through t h e  
SASS d a t a .  Three o r  f o u r  v e c t o r  s o l u t i o n s  (com- 
p r i s i n g  10.5% and 84.1% of t h e  t o t a l  SASS d a t a  
r e s p e c t i v e l y )  are considered i n  t h e  second p a s s  
i f  t h e  two c l o s e s t  a l i a s e s  t o  t h e  f i r s t  guess  
are w i t h i n  75' of one ano the r .  Of t h e s e ,  t h e  
s o l u t i o n  c l o s e s t  t o  t h e  f i r s t  guess  i s  chosen i f  
i t  i s  a l s o  w i t h i n  30' of i t .  The d e a l i a s e d  SASS 
winds from t h e  f i r s t  and second passes  and a v a i l -  
a b l e  s h i p  d a t a  are t h e n  reanalyzed us ing  t h e  SCM 
t o  p rov ide  a f i r s t  guess  f o r  t h e  t h i r d  pas s  
through a l l  remaining SASS r e p o r t s .  In t h i s  p a s s ,  
t h e  s o l u t i o n  w i t h i n  75' and c l o s e s t  t o  t h e  f i r s t  
guess  i s  s e l e c t e d .  A l l  of t h e  d e a l i a s e d  SASS 
and s h i p  s u r f a c e  wind o b s e r v a t i o n s  a r e  t h e n  in- 
cluded i n  t h e  f i n a l  s u r f a c e  wind a n a l y s i s  and 
i n f l u e n c e  t h e  model 's  next 6 h f o r e c a s t  and t h e  
computat ion of s u r f a c e  f l u x e s .  

3. EVALUATION OF DEALIASED W I N D  FIELDS 

A d e t a i l e d  e v a l u a t i o n  of d e a l i a s e d  SASS 
winds was performed i n  o r d e r  t o  a s s e s s  t h e  uncer- 
t a i n t y  i n  t h e  s e l e c t e d  wind d i r e c t i o n s .  To t h i s  
end,  comparisons were made among t h e  s u b j e c t i v e l y  
d e a l i a s e d  winds of Peteherych e t  a l .  (1984 ), t h e  
GLA o b j e c t i v e l y  d e a l i a s e d  winds,  which were gen- 
e r a t e d  us ing  t h e  method d e s c r i b e d  i n  t h e  p rev ious  
s e c t i o n ,  and o b j e c t i v e l y  d e a l i a s e d  winds which 
were a l s o  gene ra t ed  a t  GLA us ing  t h e  d i r e c t  mini-  
m i z a t i o n  method of Hoffman (1982, 1984). It 
should be  noted t h a t  none of t h e  d e a l i a s e d  f i e l d s  
c a n  be cons ide red  a s  ground t r u t h ,  as c o n s i d e r a b l e  
u n c e r t a i n t y  e x i s t s  i n  each  of t h e  methods. It i s  
a l s o  d i f f i c u l t  t o  v e r i f y  a g a i n s t  conven t iona l  ob- 
s e r v a t i o n s  because of d i f f e r e n c e s  i n  r e p r e s e n t a -  
t i v e n e s s  of t h e  conven t iona l  and s a t e l l i t e  d a t a  
and because t h e  SASS d e a l l a s i n g  methods make u s e  
of t h e s e  obse rva t ions .  The re fo re ,  i n  o r d e r  t o  
a c t u a l l y  v e r i f y  t h e  GLA o b j e c t i v e  method used i n  
t h i s  s t u d y ,  a l i m i t e d  d e a l i a s i n g  experiment us- 
i n g  s imula t ed  S e a s a t  d a t a  was a l s o  performed. 

3.1 Comparison of Ob jec t ive ly  and S u b j e c t i v e l y  
Deal iased Winds 

For t h e  pe r iod  from 0000 GMT 6 September 
t o  0000 GMT 20 September 1978, 340,686 SASS winds 
were s u b j e c t i v e l y  d e a l i a s e d  wh i l e  305,422 winds 
were o b j e c t i v e l y  d e a l i a s e d  us ing  t h e  GLA scheme. 
The dec reased  number of o b j e c t i v e  winds was due 
p r i m a r i l y  t o  t h e  coa r se  r e s o l u t i o n  of t h e  model 
used and t h e  d e c i s i o n  t o  not d e a l i a s  i n  s i t u a -  
t i o n s  where any model g r i d p o i n t s  su r round ing  a 
SASS r e p o r t  were l o c a t e d  over  land o r  ice. In 
a d d i t i o n ,  i n  some s i t u a t i o n s  none of t h e  a l i a s e s  
a r e  s u f f i c i e n t l y  c l o s e  t o  t h e  f i r s t  guess  t o  be 
s e l e c t e d .  266,769 r e p o r t s  were common t o  bo th  
t h e  s u b j e c t i v e  and GLA o b j e c t i v e  d a t a  s e t s ;  of 
t h e s e ,  t h e  chosen d i r e c t i o n s  agreed i n  73% of t h e  
cases .  A r e g i o n a l  breakdown of t h e  agreement be- 
tween t h e s e  f i e l d s  showed l i t t l e  d i f f e r e n c e  be- 
tween t h e  A t l a n t i c ,  I n d i a n  and P a c i f i c  Oceans. 
However, s i g n i f i c a n t  v a r i a t i o n s  between d i f f e r e n t  
l a t i t u d e  bands were observed. The b e s t  agreements 
were found i n  t h e  Southern Hemisphere t r o p i c s  
(78%) where f a i r l y  c o n s i s t e n t  s o u t h e a s t e r l y  t r a d e s  
predominate,  and i n  t h e  Northern Hemisphere e x t r a -  
t r o p i c s  (76%) where r e l a t i v e l y  l a r g e  amounts of 
conven t iona l  d a t a  a r e  a v a i l a b l e .  Somewhat poor- 
e r  agreement (69%) was found i n  t h e  Northern 
Hemisphere t r o p i c s  and middle  l a t i t u d e s  i n  t h e  
Sou the rn  Hemisphere. The lowest agreement (57%) 
occurred i n  high l a t i t u d e s  of  t h e  Southern Hemis- 
phe re ,  where both methods are probably p o o r e s t  
due t o  t h e  l a c k  of a u x i l i a r y  d a t a  and d i f f i c u l -  
t i es  i n  modeling and a n a l y s i s  over  and nea r  
A n t a r c t i c a .  

The g l o b a l  r e s u l t s  were a l s o  eva lua ted  i n  
terms of speed and d i r e c t i o n a l  d i f f e r e n c e s .  13% 
of t h e  s u b j e c t i v e  and GLA o b j e c t i v e  winds were 
found t o  d i f f e r  by more t h a n  60'. But t h e  v a s t  
m a j o r i t y  of t h e s e  were a t  r e l a t i v e l y  low wind 
speeds.  Only 3% of t h e  winds d i f f e r e d  by more 
t h a n  60' and had speeds g r e a t e r  t h a n  10 m sec-l. 

Comparisons between t h e  Hoffman ob jec t ive -  
l y  d e a l i a s e d  winds and t h e  s u b j e c t i v e  winds ( f o r  
a more l i m i t e d  sample of 21,995 c a s e s )  gave s i m -  
i l a r  r e s u l t s .  The g l o b a l  agreement was 71%; 15% 
of t h e  winds had d i r e c t i o n a l  d i f f e r e n c e s  g r e a t e r  
t h a n  60"; 4% had d i r e c t i o n a l  d i f f e r e n c e s  r e a t e r  

GLA o b j e c t i v e  and Hoffman o b j e c t i v e  winds ag reed  
88% of t h e  t i m e .  

A l i m i t e d  number of s u b j e c t i v e  comparisons 
of t h e  d e a l i a s e d  winds r evea led  g e n e r a l l y  good 
agreement bu t  a l s o  showed a tendency f o r  more 
s u b s t a n t i a l  d i f f e r e n c e s  near a tmospheric  f r o n t s  
and cyclone c e n t e r s .  In such  a r e a s ,  t h e  subjec-  
t i v e l y  d e a l i a s e d  winds appea r  t o  be s u p e r i o r ,  pro- 
bably because of i t s  use  of s a t e l l i t e  imagery. 

Fig.  1 p r e s e n t s  a n  example of s u b j e c t i v e  
and GLA o b j e c t i v e  w i n d s  near t h e  famous Queen 
E l i z a b e t h  I1 storm (Duffy and A t l a s ,  1986) on 
11 September 1978. In t h i s  c a s e ,  t h e r e  i s  excel-  
l e n t  agreement between t h e  d e a l i a s e d  f i e l d s  al-  
though d i f f e r e n c e s  a r e  e v i d e n t  i n  t h e  l o c a t i o n  
of t h e  wind shea r  l i n e  i n  t h e  n o r t h e a s t  p o r t i o n  
of t h e  SASS swath and t h e  o b j e c t i v e  scheme was 
not a b l e  t o  d e a l i a s  one SASS r e p o r t  near t h e  
cyclone c e n t e r .  For some c a s e s  and r e g i o n s  t h e  
agreement i s  s u b s t a n t i a l l y  poorer  t h a n  i n  t h i s  
ca se .  

t h a n  60" and speeds g r e a t e r  t h a n  10 m sec- f . The 

3.2 Comparison of Time-Averaged Analyses 

In a d d i t i o n  t o  t h e  i n s t a n t a n e o u s  compari- 
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Fig .  1 S u b j e c t i v e l y  d e a l i a s e d  ( a )  and o b j e c t i v e -  
l y  d e a l i a s e d  ( b )  SASS winds i n  t h e  v i c i n -  
i t y  nf t h e  Q E I I  s to rm a t  0215 GMT 11 Sep t .  
w a .  

s o n s  r,r . e a l i s e d  winds,  comparisons of t ime-aver- 
aged a n a l y s e s  u s i n g  t h e s e  d a t a ,  f o r  t h e  p e r i o d  
from 6-20 September 1978,  have been made. Fig.  2 
shows a n a l y s e s  of t h e  c u r l  of t h e  wind stress f o r  
t h e  t r o p i c a l  P a c i f i c ,  i n  which e t t h e r  s u b j e c t i v e  
o r  GLA o b j e c t i v e  d e a l i a s e d  winds were a s s i m i l a t e d .  
E x c e l l e n t  agreement  between t h e  a n a l y s e s  u s i n g  
e i t h e r  d e a l i a s e d  d a t a  se t  can be s e e n ,  w i t h  t h e  
l a r g e s t  d i f f e r e n c e s  l o c a t e d  n e a r  t h e  west c o a s t  
of  South America. These f i e l d s  are i n  good q u a l i -  
t a t i v e  agreement  w i t h  t h e  c l i m a t o l o g i c a l  f i e l d  
pub l i shed  by O'Brien and Goldenberg (1982)  f o r  
t h e  same reg ion .  

3.3 V e r i f i c a t i o n  Using Simulated S e a s a t  Data 

I n  a n  a t t e m p t  t o  v e r i f y  t h e  GLA o b j e c t i v e  
d e a l i a s i n g  p rocedure ,  ambiguous SASS winds and 
o t h e r  t y p e s  of c o n v e n t i o n a l  and s a t e l l i t e  d a t a  
were s imula t ed  u s i n g  t h e  advanced s i m u l a t i o n  
sys t em d e s c r i b e d  by Atlas e t  a l .  (1985) .  The 
SASS d a t a  were t h e n  o b j e c t i v e l y  d e a l i a s e d  u s i n g  
t h e  GLA a n a l y s i s / f o r e c a s t  system and v e r i f i e d  
a g a i n s t  t h e  known c o r r e c t  s o l u t i o n s .  

65,094 d e a l i a s e d  winds were v e r i f i e d  o v e r  
a four-day p e r i o d  under  t h e  c o n d i t i o n s  of t h i s  
p r e l i m i n a r y  s i m u l a t i o n  experiment .  84% of  t h e s e  
were found t o  be c o r r e c t ;  7% had d i r e c t i o n a l  
e r r o r s  g r e a t e r  t han  60". A r e g i o n a l  breakdown of 
t h e  v e r i f i c a t i o n s  showed t h e  d e a l i a s i n g  ove r  t h e  
A t l a n t i c  Ocean t o  be 89% c o r r e c t  w h i l e  t h e  I n d i a n  
and P a c i f i c  Oceans were somewhat less a c c u r a t e  

(83% c o r r e c t ) .  The p o o r e s t  r e s u l t s  (72% a c c u r a c y )  
were found i n  h i g h  l a t i t u d e s  of t h e  Southern Hem- 
i s p h e r e  i n  agreement w i t h  t h e  real  d a t a  compari- 
sons. 

4. GLOBAL FLUX FIELDS 

4.1 Wind S t r e s s  

Fig. 3 p r e s e n t s  t h e  monthly mean wind 
stress f i e l d s  f o r  July-September 1978 o b t a i n e d  
from t h e  GLA model a s s i m i l a t i o n  of  a l l  a v a i l a b l e  
d a t a ,  i n c l u d i n g  t h e  o b j e c t i v e l y  d e a l i a s e d  SASS 
s u r f a c e  winds.  Comparisons of t h e s e  f i e l d s  w i t h  
p r e v i o u s l y  p u b l i s h e d  c l i m a t o l o g i e s  (e .g .  Han and 
Lee, 1983) r e v e a l s  good g e n e r a l  agreement.  The 
GLA f i e l d s  show most of  t h e  l a r g e  ocean b a s i n  
f e a t u r e s .  But s u b s t a n t i a l  d i f f e r e n c e s  from t h e  
long-term c l i m a t o l o g i e s  are a l s o  p r e s e n t .  I n  
p a r t i c u l a r ,  t h e  GLA f i e l d s  show more s t r u c t u r e ;  
t h e  e x a c t  l o c a t i o n s  of  c e n t e r s  of  c y c l o n i c  and 
a n t i c y c l o n i c  wind stress are d i f f e r e n t  and t h e  
GLA f i e l d s  show areas of  c y c l o n i c  and a n t i c y c l o -  
n i c  wind stress which are no t  p r e s e n t  i n  t h e  
c l i m a t o l o g i e s .  

Some of t h e  d i f f e r e n c e s  are because t h e  
GLA f i e l d s  are f o r  a s i n g l e  y e a r  as opposed t o  
t h e  c l i m a t o l o g i e s ,  which are ave rages  o v e r  many 
yea r s .  O the r  d i f f e r e n c e s  are a lmos t  c e r t a i n l y  
due t o  t h e  unprecedented amount and coverage of 
s u r f a c e  wind d a t a  provided by t h e  S e a s a t  satel-  
l i t e .  

I n  o r d e r  Lo de te rmine  t h e  r e a s o n a b l e n e s s  
of t h e  GLA f i e l d s  where they  d i f f e r e d  from clima- 
t o l o g i e s ,  s u b j e c t i v e  compar i s ions  w i t h  s e a - l e v e l  
p r e s s u r e  anomaly f i e l d s  were performed. I n  eve ry  
case examined, t h e  s e a - l e v e l  p r e s s u r e  anomalies  
were i n  agreement w i t h  t h e  ana lyzed  anomal i e s  i n  
wind stress. 

4.2 S e n s i b l e  and L a t e n t  Heat F luxes  

F i g s .  4 and 5 p r e s e n t  t h e  monthly mean 
s e n s i b l e  and l a t e n t  h e a t  f l u x  f i e l d s  f o r  J u l y -  
September 1978, o b t a i n e d  from t h e  GLA model assim- 
i l a t i o n  u s i n g  S e a s a t  d a t a  . These have been 
compared w i t h  co r re spond ing  c l i m a t o l o g i c a l  f i e l d s  
d e r i v e d  by Esbensen and Kushnir  (1981).  The 
bas in - sca l e  d i s t r i b u t i o n  of t h e  model d e r i v e d  
s e n s i b l e  h e a t  f l u x  is similar t o  t h e  p a t t e r n  of 
t h e  sea-air t e m p e r a t u r e  d i f f e r e n c e  ( n o t  shown),  
t h a t  is i n f l u e n c e d  by t h e  g l o b a l  p a t t e r n  of sea- 
s u r f a c e  t empera tu re  (SST). The l a r g e - s c a l e  pat-  
t e r n  of s u r f a c e  wind speed s e r v e s  t o  modify 
t h e s e  p a t t e r n s  and t o g e t h e r  t hey  de te rmine  t h e  
magnitude s t r u c t u r e  of t h e  s e n s i b l e  h e a t  f l u x .  
For t h e  m a j o r i t y  of t h e  o c e a n i c  expanse,  t h e  sen- 
s i b l e  h e a t  f l u x  is b r o a d l y  p o s i t i v e ,  i . e . ,  a 
h e a t  f l u x  from ocean t o  atmosphere.  Reg iona l ly ,  
t h e  l a r g e s t  v a l u e s  are i n  t h e  t r o p i c s  and sub- 
t r o p i c s  of t h e  w i n t e r  hemisphere,  and are associ- 
a t e d  w i t h  s i g n i f i c a n t  sea-air t empera tu re  d i f f e r -  
ences  and wind speeds .  Negat ive o r  small p o s i t i v e  
s e n s i b l e  h e a t  € l u x e s  are p r e s e n t  i n  t h e  c o o l  
water regimes of h i g h  l a t i t u d e s  and t h e  c o a s t a l  
upwe l l ing  areas a long  t h e  west c o a s t  of c o n t i -  
nen t s .  The GLA s e n s i b l e  h e a t  f l u x e s  have s i g n i -  
f i c a n t  d i f f e r e n c e s  w i t h  c l i m a t o l o g i c a l  s e n s i b l e  
h e a t  f l u x e s  i n  bo th  magnitude and r e g i o n a l  s t r u c -  

l u r e .  
The s e n s i b l e  h e a t  f l u x e s  of t h e  P a c i f i c  

Ocean f o r  J u l y  t o  September,  1978 re f lec t  small 
p o s i t i v e  sea-air t empera tu re  d i f f e r e n c e s  o v e r  
most of t h e  ocean. The l a r g e r  v a l u e s  n o r t h e a s t  
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Fig.  2 Average w i n d  s t r e s s  c u r l  ( N  m-3) f o r  the period 0000 GMT 6 S e p t .  t o  0000 GMT 1 5  S e p t .  1978 
from GLA model a s s i m i l a t i o n  of ( a )  s u b j e c t i v e l y  deal iased winds, and ( b )  o b j e c t i v e l y  deal iased 
winds. 
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Fig. 3a Monthly mean wind s t r e s s  d i r e c t i o n s  from the CLA a s s i m i l a t i o n  using SASS winds f o r  July 1978. 
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Fig.  3b Same as Fig.  38 €or August 1978. 
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Fig. 3c Same a s  F ig .  3a f o r  September 1978. 
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MEAN XNSIBLE HEAT FLUX ( W  / Mw2) ( W  / MW2) MEAN LATENl HEAT FLUX 

Fig .  4 Monthly mean s e n s i b l e  heat  f l u x  (W m-2) 
f i e l d s  from GLA a s s i m i l a t i o n  us ing  SASS f i e l d s  from GLA a s s i m i l a t i o n  using SASS 
winds f o r  July-Sept. 1978 (a-c) .  winds f o r  July-Sept.  1978 (a -c ) .  

F ig .  5 Monthly mean l a t e n t  heat f l u x  (W m-2> 
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of A u s t r a l i a  and i n  t h e  c e n t r a l  Sou th  P a c i f i c  are 
induced  by 3-4°K t e m p e r a t u r e  d i f f e r e n c e s  and 
s t r o n g  w i n t e r  t r a d e  winds .  Low s e n s i b l e  h e a t  
f l u x e s  are p r e s e n t  in t h e  upwe l l ing  zones  o f  
w e s t e r n  Nor th  and Sou th  America where w a r m  c o n t i -  
n e n t a l  a i r  comes i n  c o n t a c t  w i t h  t h e  c o o l  waters 
of t h e  Oyashio o f f  n o r t h e a s t  Asia. The magni tude  
of t h e  f l u x e s  d e r i v e d  from t h e  model a s s i m l a t i o n  
u s i n g  SASS winds is s e v e r a l  times g r e a t e r  t h a n  
i n d i c a t e d  by t h e  c l i m a t o l o g y  f o r  t h e s e  months.  
In a d d i t i o n ,  t h e r e  i s  l i t t l e  i n d i c a t i o n  of reduc- 
e d  o r  n e g a t i v e  s e n s i b l e  h e a t  f l u x e s  in t h e  r e g i o n  
o f  t h e  c o l d  water e q u a t o r i a l  tongue  as i n  t h e  
c l i m a t o l o g y .  

The most n o t a b l e  f e a t u r e  of t h e  s e n s i b l e  
h e a t  f l u x  f i e l d s  f o r  t h e  I n d i a n  Ocean i s  t h e  a r e a  
of l a r g e  upward h e a t  t r a n s f e r  no r thwes t  of Aus t ra -  
l i a  t h a t  i s  i n f l u e n c e d  by s i g n i f i c a n t  t e m p e r a t u r e  
d i f f e r e n c e s  and sou thwes t  t r a d e s  p r e s e n t  d u r i n g  
t h e  a u s t r a l  w i n t e r .  The minimum h e a t  f l u x  sou th -  
east of t h e  Cape of Good Hope i s  t h e  r e s u l t  of a 
l o c a l i z e d ,  near -zero  t e m p e r a t u r e  d i f f e r e n c e .  Be- 
s i d e s  t h e  p r e v a l e n t  d i f f e r e n c e s  i n  magni tude  w i t h  
r e s p e c t  t o  c l i m a t o l o g y ,  one p a r t i c u l a r l y  s i g n i f i -  
c a n t  d i s c r e p a n c y  i s  t h e  i n c r e a s e  in s e n s i b l e  h e a t  
f l u x  no r thwes t  i n t o  t h e  Arab ian  Sea .  Normal ly ,  
t h i s  i s  a r e g i o n  of n e g a t i v e  sea-air t e m p e r a t u r e  
d i f f e r e n c e s  as a r e s u l t  of t h e  c o a s t a l  upwel led  
c o o l  water d r i v e n  by t h e  sou thwes t  monsoon of t h e  
summer months. In t h e  p r e s e n t  a n a l y s i s  t h e  temp- 
e r a t u r e  d i f f e r e n c e  is  a lways  p o s i t i v e  in t h e  
Arab ian  Sea.  

The l a r g e - s c a l e  s t r u c t u r e  of t h e  model 
d e r i v e d  l a t e n t  h e a t  f l u x  f i e l d s  i s  similar t o  t h c  
p a t t e r n s  o f  t h e  s e n s i b l e  h e a t  f l u x ,  b u t  w i t h  mag- 
n i t u d e s  s e v e r a l  times g r e a t e r .  The l a r g e s t  l a t -  
e n t  h e a t  f l u x e s  are in t h e  low l a t i t u d e s  of t h e  
S o u t h e r n  Hemisphere r e p r e s e n t a t i v e  of i n c r e a s e d  
e v a p o r a t i v e  h e a t  l o s s e s  d u r i n g  t h e  a u s t r a l  w i n t e r .  
G e n e r a l l y  lower v a l u e s  are  found poleward  in 
each  hemisphere .  Synop t i c - sca l e  s t r u c t u r e  o f t e n  
c o r r e s p o n d s  t o  s p e c i f i c  f e a t u r e s  i n  t h e  o c e a n  and  
wind f i e l d s .  The computed l a t e n t  h e a t  f l u x e s  are 
i n  much b e t t e r  agreement  w i t h  c l i m a t o l o g y ,  in 
terms of magni tude  and s p a t i a l  d i s t r i b u t i o n ,  is  
t h a n  are t h e  s e n s i b l e  h e a t  f l u x e s .  

The f i e l d s  of l a t e n t  h e a t  f l u x  f o r  t h e  
P a c i f i c  Ocean d u r i n g  J u l y  t o  September are cha r -  
a c t e r i z e d  by minima a t  h i g h  l a t i t u d e s  and i n  t h e  
upwe l l ing  r e g i o n s  o f f s h o r e  Nor th  America where  
t h e  v e r t i c a l  g r a d i e n t  of s p e c i f i c  humidi ty  i s  
small. High l a t e n t  h e a t  f l u x e s  are p r e s e n t  in 
t h e  t r o p i c s  where t h e  humid i ty  d i f f e r e n c e  i s  com- 
p a r a t i v e l y  l a r g e .  Extreme releases of l a t e n t  
h e a t  are i n d i c a t e d  n o r t h e a s t  of A u s t r a l i a ,  and 
are a s s o c i a t e d  w i t h  a s i g n i f i c a n t  humid i ty  d i f f e r -  
ence and l o c a l l y  s t r o n g  s o u t h e a s t  winds.  One 
d i s c r e p a n c y  w i t h  c l i m a t o l o g y ,  c o n s i s t e n t  w i t h  t h a t  
f o r  t h e  s e n s i b l e  h e a t  f l u x ,  i s  t h e  absence  of a 
d e p r e s s i o n  o f  t h e  l a t e n t  h e a t  f l u x  o v e r  t h e  c o l d  
water tongue  of t h e  e a s t e r n  e q u a t o r i a l  P a c i f i c .  

The d i s t r i b u t i o n  of l a t e n t  h e a t  f l u x e s  f o r  
t h e  A t l a n t i c  Ocean i s  similar t o  t h e  P a c i f i c  
Ocean i n  t h a t  l a r g e  f l u x e s  are c h a r a c t e r i s t i c  of 
t h e  t r o p i c s  and s u b t r o p i c s  in areas of s i g n i f i c a n t  
wind speed  a n d / o r  humidi ty  d i f f e r e n c e .  One s u c h  
area i s  t h e  t r o p i c a l  Sou th  A t l a n t i c  which i s  under  
t h e  i n f l u e n c e  of i n c r e a s e d .  
t r a l  w i n t e r .  Reduced l a t e n t  h e a t  f l u x e s  are pre-  
s e n t  a t  h i g h e r  l a t i t u d e s ,  and in p a r t i c u l a r  w i th -  
i n  t h e  c o l d  water r e g i o n s  of t h e  Labrador  and 
Benguela C u r r e n t s .  A l so  e v i d e n t  is  a n  i n c r e a s e  
i n  t h e  l a t e n t  h e a t  f l u x  o v e r  t h e  Gulf S t ream from 
June t o  September i n d i c a t i v e  of a n  i n c r e a s e  in 

Trades  d u r i n g  t h e  aus-  

e v a p o r a t i o n  as t h e  f a l l  season  approaches .  
Wi th in  t h e  I n d i a n  Ocean t h e  l a r g e s t  l a t e n t  

h e a t  f l u x  i s  l o c a t e d  no r thwes t  of A u s t r a l i a ,  c o i n -  
c i d e n t  w i t h  t h e  maximum of t h e  s e n s i b l e  h e a t  f l u x ,  
i n  a r e g i o n  of s e a s o n a l l y  s t r e n g t h e n e d  s o u t h e a s t  
t r a d e s .  An i n c r e a s e  of t h e  l a t e n t  h e a t  f l u x  i n t o  
t h e  Arabian  Sea is r e l a t e d  t o  t h e  sou thwes t  mow 
soon and t h e  concomi tan t  i n c r e a s e  in wind speed .  
The magni tude  of t h e  Arab ian  Sea l a t e n t  h e a t  f l u x  
i s  noted  t o  d e c r e a s e  from J u l y  t o  September con-  
s i s t e n t  w i t h  t h e  eas tward  advec ted  i n f l u x  of c o o l  
water from t h e  c o a s t a l  upwe l l ing  t o  t h e  west. 

4 . 3  E f f e c t  of Data 

An i m p o r t a n t  q u e s t i o n  w i t h  r e g a r d  t o  t h e  
model-derived a n a l y s e s  of  f l u x e s ,  p r e s e n t e d  in 
t h e  p r e c e d i n g  s u b s e c t i o n ,  i s  t o  what e x t e n t  are 
t h e s e  f i e l d s  be ing  de te rmined  by t h e  a v a i l a b l e  
d a t a ?  To answer t h i s  q u e s t i o n ,  a n  a s s i m i l a t i o n  
c y c l e  w i t h  no d a t a  ( i . e .  a long  model f o r e c a s t )  
w a s  g e n e r a t e d  f o r  J u l y  1978 and t h e n  compared 
w i t h  t h e  f i e l d s  de t e rmined  by model a s s i m i l a t i o n  
of SASS winds and a l l  o t h e r  c o n v e n t i o n a l  and 
s a t e l l i t e  d a t a .  

F igs .  6 and 7 show t h e  month ly  mean f o r e -  
cast  l a t e n t  h e a t  f l u x  f i e l d  f o r  J u l y  and t h e  
d i f f e r e n c e s  be tween t h i s  f i e l d  and t h a t  o b t a i n e d  
u s i n g  a l l  a v a i l a b l e  d a t a .  A s  c a n  be  seen,  d a t a  
h a s  had a l a r g e  e f f e c t  i n  c o n s t r a i n i n g  t h e  model 
i n t e g r a t i o n  and t h e  magni tude  o f  t h e  f l u x  maxima 
are  de te rmined  by d a t a .  On t h e  o t h e r  hand ,  t h e  
f o r e c a s t  f i e l d  (F ig .  6 )  is  in good q u a l i t a t i v e  
agreement  w i t h  t h e  a n a l y s i s  ( F i g .  5 a )  i n d i c a t i n g  
t h a t  models may p r o v i d e  a u s e f u l  means t o  f i l l  
i n  d a t a  gaps .  

The s p e c i f i c  e f f e c t  of SASS d a t a  ( n o t  
shown) was a l s o  e v a l u a t e d .  It was found t o  have  
a l a r g e  e f f e c t  on t h e  model -der ived  f l u x  f i e l d s .  

5. SUMMARY 

The e n t i r e  96-day p e r i o d  of S e a s a t  s c a t t e r -  
ometer d a t a  has  been  o b j e c t i v e l y  d e a l i a s e d  u s i n g  
t h e  GLA a n a l y s i s / f o r e c a s t  sys tem and g l o b a l  g r i d -  
ded f i e l d s  of wind stress and s e n s i b l e  and l a t e n t  
h e a t  f l u x e s  were produced as a by-product of t h e  
d a t a  a s s i m i l a t i o n  p r o c e s s .  

The GLA o b j e c t i v e l y  d e a l i a s e d  winds were 
compared w i t h  t h e  s u b j e c t i v e l y  d e a l i a s e d  winds of 
P e t e h e r y c h  e t  a l .  (1984)  and w i t h  o b j e c t i v e l y  
d e a l i a s e d  winds  u s i n g  t h e  method of Hoffman (1982 ,  
1984) .  The GLA o b j e c t i v e  method was a l s o  v e r i f i e d  
u s i n g  s i m u l a t e d  S e a s a t  d a t a .  Time-averaged a n a l -  
y s e s  of wind stress u s i n g  e i t h e r  s u b j e c t i v e l y  o r  
o b j e c t i v e l y  d e a l i a s e d  winds were found t o  be i n  
e x c e l l e n t  agreement  i n  most r e g i o n s .  

Monthly mean a n a l y s e s  of  wind s t r e s s  and 
l a t e n t  h e a t  f l u x  ag reed  r e a s o n a b l y  w e l l  w i t h  
c l i m a t o l o g i c a l  f i e l d s  and known a t m o s p h e r i c  and 
o c e a n i c  f e a t u r e s .  The s e n s i b l e  h e a t  f l u x  f i e l d s  
d i f f e r e d  s u b s t a n t i a l l y  from c l i m a t o l o g y .  But i n  
a l i m i t e d  number of s u b j e c t i v e  compar isons  w i t h  
observed  a t m o s p h e r i c  f e a t u r e s  ( n o t  shown h e r e  f o r  
r e a s o n s  of b r e v i t y ) ,  t h e  i n s t a n t a n e o u s  f i e l d s  were 
found t o  be  r e a s o n a b l e .  
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F i g .  6 Monthly mean l a t e n t  h e a t  f l u x  (W m-2) 
f i e l d  f o r  J u l y  from a GLA model f o r e c a s t .  

Fig.  7 E f f e c t  of d a t a  on GLA l a t e n t  h e a t  f l u x  
(W m-2) a n a l y s i s  f o r  J u l y  1978. 
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1 . INTRODUCTION 

A hybrid mesoscale v e r t i c a l  v e l o c i t y  
a lgori thm, which i s  a v a r i a t i o n a l  mesh of two 
independent methods. is  developed. The two 
methods used a r e  t h e  kinematic  and a d i a b a t i c  
methods ( P e t t e r s e n ,  1956). The r e l a t i v e  weights 
accorded t o  t h e  two schemes a r e  deduced from 
d i g i t a l  GOES da ta .  The cloud top  temperature d a t a  
a r e  used t o  determine cloud top he ights .  and the  
v i s i b l e  b r i g h t n e s s  d a t a  provide an e s t i m a t e  of 
c loud th ickness .  The a d i a b a t i c  method rece ives  
g r e a t e s t  weight in l a y e r s  no t  inf luenced by 
d i a b e t i c  heat ing:  c l e a r  reg ions  and above t h e  
tropopause. The kinematic  method is  assigned 
g r e a t e s t  weight near  t h e  s u r f a c e  and i n  cloudy 
regions.  This a lgori thm i s  t e s t e d  with the  SESAME 
1 case  per iod d a t a  set. 

2. KINEMATIC AND ADIABATIC METHODS: 
STRENGTHS AND WEAKNESSES 

The two methods s e l e c t e d  t o  be c o n s t i t u e n t s  
of t h e  v e r t i c a l  v e l o c i t y  a lgori thm a r e  the  
kinematic  and a d i a b a t i c  methods. Each method 
depends on d i f f e r e n t  atmospheric parameters and 
has  s t r e n g t h s  and weaknesses i n  var ious  l a y e r s  of 
t h e  atmosphere. 

The kinematic method i s  based on t h e  
conservat ion of mass p r i n c i p l e .  Solving f o r  W ,  
t h e  v e r t i c a l  component of v e l o c i t y  i n  pressure  
coordinates .  t h i s  becomes symbolical ly ,  SrdS. = - S P + ~ ~ / m + ~ y / o r )  P dp ( 1 )  
Here, u i s  t h e  zonal v e l o c i t y  component and v 18 

t h e  meridional  component. 
This  method v e r t i c a l l y  i n t e g r a t e s  divergence 

through the  domain. The e r r o r s  i n  t h e  h o r i z o n t a l  
divergence sum upward from t h e  bottom of a column 
and can become very l a r g e  a t  t h e  top. TO 
a l l e v i a t e  t h i s  problem, an O'Brien c o r r e c t i o n  
method can be u t i l i z e d  (O'Brien. 1970). This 
c o r r e c t i o n  technique uses  mass c o n t i n u i t y  and an 
es t imate  of v e r t i c a l  v e l o c i t y  a t  the  top of t h e  
c o l u m  a s  c o n s t r a i n t s .  From these  c o n s t r a i n t s  
weighted adjustments  a r e  determined and appl ied t o  
t h e  v e r t i c a l l y  i n t e g r a t e d  divergences.  This 
approach f o r c e s  t h e  v e l o c i t y  a t  t h e  top of t h e  
column t o  a p r e s e t  va lue  and can t r a n s f e r  e r r o r s  
from t h e  low troposphere 
t roposphere and s t r a t o s p h e r e .  
become u n r e a l i s t i c a l l y  l a r g e  
tropopause. 

The second method, t h e  
takes  i n t o  account o t h e r  
Mathematically, t h i e  method has 

aT/Ot -(-V.VT) 

9 
o =  

i n t o  t h e  upper 
These e r r o r s  can 
near and above the  

a d i a b a t i c  method, 
atmospheric da ta .  
t h e  form 

where aT/dt i s  the  temperature tendency, -v*vT i s  
t h e  h o r i z o n t a l  thermal advect ion.  and s i s  t h e  
s t a t i c  s t a b i l i t y  parameter. 

Advantages of the  kinematic method are t h a t  
1) i t  is  based on t h e  simple p r i n c i p l e  of mass 
c o n t i n u i t y ,  and 2) only knowledge of the  
hor izonta l  wind f i e l d  i s  requi red ,  i e .  no 
a d d i t i o n a l  processes  such as  hea t ing  a r e  involved. 
Disadvantages of t h e  kinematic  method a r e  t h a t  1 )  
t h e  method i s  very s e n s i t i v e  t o  d a t a  e r r o r s  and 
d a t a  i n t e r p o l a t i o n .  and 2) v e r t i c a l  i n t e g r a t i o n  
causes e r r o r s  t o  accumulate a t  t h e  top of a 
column. 

Advantages of the  a d i a b a t i c  method a r e  t h a t  
1 )  a d d i t i o n a l  information about t h e  atmosphere i s  
incorporated i n t o  the  c a l c u l a t i o n  and 2) t h e r e  is  
no need t o  impose boundary condi t ions .  
Disadvantages of t h e  a d i a b a t i c  method a r e  t h a t  1 )  
it can only be used where t h e  flow is  n e a r l y  
a d i a b a t i c ,  2)  i t  requi re8  f requent  temperature  
observa t ions  so t h a t  temperature  tendency can be 
a c c u r a t e l y  es t imated ,  and 3 )  i t  becomes una tab le  
f o r  n e a r l y  a d i a b a t i c  l a y e r s  where t h e  s t a t i c  
s t a b i l i t y  parameter approaches zero. 

From these  s t r e n g t h s  and weaknesses. i t  i s  
expected t h a t  t h e  a d i a b a t i c  method would g ive  
b e t t e r  r e s u l t s  i n  l a y e r s  away from t h e  s u r f a c e ,  i n  
c l e a r  a reas .  and near  and above t h e  tropopause. 
The kinematic  method would perform b e t t e r  i n  
l a y e r s  near  t h e  sur face  and i n  deep cloudy areas .  

The kinematic method i s  very s e n s i t i v e  t o  the  
scheme chosen t o  approximate t h e  h o r i z o n t a l  
divergence f i e l d .  To demonstrate t h a t  spur ious  
divergence values  a r e  introduced by numerical 
procedures. a' non-divergent, a n a l y t i c  s t ream 
funct ion  is employed. This func t ion  is  descr ibed 
on a Car tes ian  g r i d  by 

Q = By + Ae-" ,where ( 3 )  

a = a(x-xJ2 + b(y-yo)2 
The q u a n t i t i e s  A ,  B, a ,  and b a r e  cons tan ts .  and 
x, and yo a r e  t h e  coord ina tes  of t h e  c e n t e r  of t h e  
g r i d .  

The u- and v-components of h o r i z o n t a l  
v e l o c i t y  a r e  determined from d i f f e r e n t i a t i n g  t h e  
s t ream funct ion .  These expressions f o r  a 
Car tes ian  g r i d  a r e  

u = -"Q/oY = -B + 2bA(y-y0)e-" 
v = +/ax = -2aA(x-&)e-Q ( 4 )  

For t h e  work presented here ,  a square g r i d  i s  
chosen t o  be  t h i r t y  g r i d  space u n i t s  (gsu)  on each 
s i d e .  The va lues  f o r  t h e  cons tan ts  a r e  oelected 
a s  fol lows.  

A -166.7 a - b * 0.03125 
B = -10.0 xo- yo- 15 
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Divergence of t h e  h o r i z o n t a l  v e l o c i t y  f i e l d  
i s  approximated by using a second-order, f i n i t e  
d i f f e r e n c e  scheme on a s taggered g r i d .  Since t h e  
given a n a l y t i c  f i e l d  i s  non-divergent, t h e  va lues  
c a l c u l a t e d  wi th  t h e  f i n i t e  d i f f e r e n c e  scheme a r e  
a c t u a l l y  t h e  t runca t ion  e r r o r  of t h e  scheme. I f  
t h i s  non-zero va lue  of divergence is  assumed t o  
e x i s t  throughout a layer  i n  the  atmosphere, then 
from t h e  conservat ion of mass p r i n c i p l e ,  a 
corresponding v e r t i c a l  component of motion must be 
present .  Hence, erroneous va lues  of v e r t i c a l  
motion can be introduced from t h e  use of a f i n i t e  
d i f f e r e n c e  scheme t o  c a l c u l a t e  divergence. 

The r e s u l t  of o b j e c t i v e l y  analyzing -, u-, 
and v - f i e l d s  with a v a r i a t i o n  of t h e  Barnes (1973) 
scheme i s  demonstrated. The d a t a  p o i n t s  a r e  
provided i n  e i t h e r  a r e g u l a r  o r  random spacing. 
The Barnes scheme is  used t o  o b j e c t i v e l y  analyze 
observa t ions  onto  a 30 gsu by 30 gsu g r i d .  This 
v e r s i o n  involves  an exponent ia l  weighting of t h e  
twelve c l o s e s t  d a t a  p o i n t s  t o  perform t h e  
a n a l y s i s .  

From t h e  analyzed u- and v - f i e l d s ,  t h e  
divergence f i e l d  i s  c a l c u l a t e d .  The same f i n i t e  
d i f f e r e n c e  scheme a s  before  i s  employed. Again, 
i t  i s  c e r t a i n  t h a t  t h e  divergence f i e l d  i s  
i d e n t i c a l l y  zero. Thus, any non-zero va lues  a r e  
due t o  t h e  d a t a  i n t e r p o l a t i o n  and f i n i t e  
d i f f e r e n c e  approximations. In a l l  cases .  t h i s  
erroneous divergence is  assumed t o  be cons tan t  
over a 1 km l a y e r ,  and a corresponding w i s  
c a l c u l a t e d .  A s  a measure of t h e  inaccuracy i n  w,  
t h e  root-mean-square (RMS) e r r o r  is  determined f o r  
each case.  

E f f e c t s  of f i n i t e  d i f f e r e n c i n g  and 
o b j e c t i v e l y  analyzing a d a t a  f i e l d  a r e  
demonstrated by performing t h e s e  numerical 
manipulat ions on a known f i e l d .  Cases were run 
f o r  s i x  regular ly-spaced d a t a  meshes. The d a t a  
spacings range from 2 gsu (225 d a t a  p o i n t s )  t o  8 
gsu (16 d a t a  p o i n t s ) .  Only t h e  4 gsu d a t a  spacing 
is  presented here .  Four cases  were run using a 
randomly-spaced d a t a  mesh. Each case  has a 
d i f f e r e n t  d a t a  Doint 
conta ins  20 poin ts .  Only 
i n  t h i s  work. 

Fig.  1. Contour p l o t s  
a ) o r i g i n a l  f i e l d  and f o r  
analyzed f i e l d s .  

d i s t r i b u t i o n ,  bu t  each 
two cases  a r e  presented 

of stream funct ion ,  Ca f o r  
of L&Y stream funct ion ,  Ca f o r  

b ) ,  c ) ,  and d ) o b j e c t i v e l y  

A contoured p l o t  of t h e  non-divergent. 
a n a l y t i c  s t ream funct ion  is  shown i n  Fig. la .  A 
minimum is  present  near  t h e  c e n t e r  ( o r i g i n )  of t h e  
f i e l d ,  and t h e  f i e l d  is  symmetric with r e s p e c t  t o  
a v e r t i c a l  l i n e  (y-axis)  passing through t h e  
o r i g i n .  I f  1 gsu i s  allowed t o  equal  100 km, then 
t h e  u n i t s  f o r  p3 a r e  m 2  1 8 .  

Appearing i n  Figs .  l b ,  IC ,  and I d  a r e  
contoured p l o t s  of a f t e r  t h e  Barnes o b j e c t i v e  
a n a l y s i s  scheme i s  performed. Fig. l b  uses  a 
regular ly-spaced ( 4  gsu spacing)  d a t a  mesh 
c o n s i s t i n g  of 6 4  d a t a  poin ts .  Figs .  IC  and Id use  
randomly-spaced d a t a  meshes each made up of 20 
poin ts .  

The o b j e c t i v e  a n a l y s i s  produced from t h e  
regular ly-spaced d a t a  mesh shows an e x c e l l e n t  
r e c r e a t i o n  of t h e  @ contour  p a t t e r n .  The 
symmetry i s  maintained,  but  t h e  magnitude of t h e  
minimum has been reduced by about 6% and t h e  
contours  have been s l i g h t l y  d i s t o r t e d  near  t h e  
corners .  This d i s t o r t i o n  appears  s i n c e  t h e  
o b j e c t i v e  a n a l y s i s  r o u t i n e  must search  out  f a r t h e r  
t o  f i n d  t h e  12 c l o s e s t  d a t a  p o i n t s  f o r  a corner  
g r i d  poin t  than f o r  an i n t e r i o r  g r i d  p o i n t .  

The o b j e c t i v e  a n a l y s i s  u t i l i z i n g  t h e  
randomly-spaced d a t a  p o i n t s  does n o t  produce t h e  
high q u a l i t y  r e s u l t  a s  seen above. Here, t h e  
contour  p a t t e r n s  d i s p l s y  a t ilt  and have l o s t  
t h e i r  symmetrical s t r u c t u r e .  For both cases .  t h e  
magnitude of t h e  minimum has decreased by about 
12% t o  13%. 

Although n o t  shown, w-f ie lds  were cons t ruc ted  
f o r  each case.  These f i e l d s  were c a l c u l a t e d  by 
using t h e  analyzed u- and v - f i e l d s  and by applying 
a f i n i t e  d i f f e r e n c e  scheme t o  approximate t h e  
d e r i v a t i v e s .  Reca l l  t h a t  t h e  given stream 
funct ion  i s  non-divergent so t h a t  according t o  
mass c o n t i n u i t y ,  w should be i d e n t i c a l l y  zero. 

As a measure of e r r o r  of t h e  @ -  and 
w-f ie lds ,  bar  c h a r t s  of RMS e r r o r  a r e  shown i n  
Fig.  2. For a g r i d  spacing of 100 km, t h e  u n i t s  
of RMS e r r o r  f o r  @ a r e  m 2 / s  and f o r  w a r e  cmls. 

As expected,  Fig. l a  shows t h a t  t h e  RMS 
e r r o r s  i n  8 f o r  a regular ly-spaced d a t a  mesh 
increase  a s  t h e  d a t a  d e n s i t y  decreases .  For t h e  
randomly-spaced d a t a  mesh. t h e  RMS e r r o r s  in 9 
appear i n  Fig. 2b. These va lues  show t h a t  o t h e r  
f a c t o r s  such a s  d a t a  d i e t r i b u t i o n  must be 
s i g n i f i c a n t  when performing an o b j e c t i v e  a n a l y s i s .  
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Fig.  2. RMS e r r o r s  f o r  w (cm/s). 
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The RMS e r r o r s  in  w f o r  regular ly-spaced and 
randomly-spaced d a t a  meshes a r e  exhib i ted  i n  
Figs .  2c and 2d, r e s p e c t i v e l y .  Fig. 2c shows t h a t  
t h e  RMS e r r o r  va lues  increase  a s  t h e  d a t a  d e n s i t y  
decreases .  except f o r  t h e  8 gsu mesh. Here, t h e  
d a t a  spacing has approached t h e  s i z e  of t h e  
d i s turbance .  Therefore ,  t h e  o b j e c t i v e  a n a l y s i s  
scheme only r e c o n s t r u c t s  t h e  b a s i c  s t a t e  zonal 
flow which i s  cons tan t  and non-divergent. 

In  both f i g u r e s .  t h e  RMS e r r o r s  in  w a r e  
s i g n i f i c a n t  with va lues  up t o  0.22 cm/s f o r  a 
regular ly-spaced g r i d  and up t o  0.7 cm/s f o r  a 
randomly-spaced g r i d .  Considering t h e  w-f ie lds  
f o r  each case ,  extrema a s  l a r g e  as  2 t o  3 cmls a r e  
common. 

3. VARIATIONAL APPROACH 

The v a r i a t i o n a l  a lgori thm f o r  c a l c u l a t i n g  
v e r t i c a l  motion combines s a t e l l i t e  d a t a  with 
convent ional  da ta .  The convent ional  d a t a  a r e  
ass igned weights according t o  t h e i r  r e l a t i v e  
measurement accurac ies .  The R n t e l l i t e  d a t a  a r e  
used t o  determine weights assigned t o  t h e  
independent. a d i a b a t i c  es t imate  of v e r t i c a l  
motion. The d a t a  a r e  ad jus ted  by a l e a s t  squares  
approach t h a t  r e q u i r e s  mass c o n t i n u i t y  t o  be 
sa t i s f ied . (Achtemeier  g&. & , 1984) 

The q u a n t i t i e s  t o  be minimized a r e  contained 
i n  t h e  func t ion  I ,  w r i t t e n  f o r  a nonl inear ,  sigma 
v e r t i c a l  coord ina te .  

I = nl(u-un)2 + n,jv-V")' + I I ~ ( ~ - C P ) ~  + 2hm 
(5 )  

Here, ?J, and a r e  the  assigned weights. up and 
v e  a r e  observed d a t a ,  6" i s  t h e  a d i a b a t i c  
e s t i m a t e  of v e r t i c a l  motion, i s  t h e  Lagrange 
m u l t i p l i e r  and m is t h e  cons t ra in ing  c o n t i n u i t y  
equat ion i n  sigma coord ina tes .  Symbolically, 

where bo=6 a t  t h e  sur face  and F is  a func t ion  
including t h e  s u r f a c e  v e r t i c a l  v e l o c i t y  and 
f a c t o r s  t o  t ransform the  equat ion t o  a Lambert 
conformal map image pro jec t ion .  

Subject ing I t o  t h e  Euler-Lagrange opera t ions  
and s e t t i n g  t h e  r e s u l t s  t o  zero,  allows t h e  
q u a n t i t i e s  u, V .  and 6 t o  be minimized. 

I f  i t  is assumed t h a t  'ir, -n,(J) and h -x(*.Y), then 
Eqe. 7 and 8 can be d i f f e r e n t i a t e d  and combined 
with 9 t o  so lve  f o r  )I . Here, A is  expressed i n  
t h e  form of a Helmholtz equat ion:  

V2A - ah + H = 0 

a = (rI2JG~Jni'd~)-l 

(10) 
where H c o n t a i n s  f o r c i n g  terms and 

Under c e r t a i n  s i m p l i f i c a t i o n s ,  t h e  O'Brien 
method of c a l c u l a t i n g  cor rec ted  v e r t i c a l  
v e l o c i t i e s  i s  a s p e c i a l  case  of t h e  above 
formulat ion.  

To test t h i s  new v a r i a t i o n a l  a lgori thm d a t a  
i s  s e l e c t e d  from SESAME caae per iod I (122 10 
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A p r i l  1979 t o  122 11 Apr i l  1979). This d a t a  set 
is chosen because of i t s  three-hour frequency, i t s  
l a r g e  d a t a  d e n s i t y ,  and i t s  v a s t  documentation. 
The f requent  d a t a  c o l l e c t i o n  is h e l p f u l  i n  
obta in ing  accura te  es t imates  of temperature 
tendency. A l a r g e r  da ta  dens i ty  provides  more 
information t o  be suppl ied t o  .the o b j e c t i v e  
a n a l y s i s  scheme. And, good documentation allows 
r e s u l t s  of the  v e r t i c a l  v e l o c i t y  a lgori thm t o  be 
compared t o  s e v e r a l  o t h e r  published results. 

The d a t a  a r e  provided every t h r e e  hours by 
t h e  s tandard and supplemental rawinsonde s t a t i o n s  
within t h e  SESAME network. These d a t a  p o i n t s  a r e  
i n t e r p o l a t e d  a t  ten l e v e l s  onto a 24 gsu by 20 gsu 
gr idded,  Cartesian f i e l d  with one gsu equal  t o  100 
km. The ten l e v e l s  l i e  between t h e  sur face  and 
t h e  100 mb pressure  l e v e l  and a r e  o r i e n t e d  along a 
t e r r a i n  fol lowing coord ina te  system from t h e  
s u r f a c e  t o  t h e  700 mb l e v e l  and along pressure  
s u r f a c e  coord ina tes  above 700 mb. 

To serve  a s  i n i t i a l  f i e l d s  f o r  t h e  v e r t i c a l  
v e l o c i t y  a lgori thm, w-f i e l d s  a r e  c a l c u l a t e d  using 
each method, kinematic  o r  a d i a b a t i c ,  separa te ly .  
These w-f ie lds  a r e  determined a t  each three-hour 
i n t e r v a l .  The kinematic  w va lues  a r e  i n i t i a l l y  
ad jus ted  with t h e  O'Brien c o r r e c t i o n  technique t o  
r e q u i r e  the  v e r t i c a l  v e l o c i t y  t o  vanish a t  the  top 
of t h e  column. 

Examples of the  i n i t i a l  f i e l d s  of w a r e  
presented i n  Fig. 3. The f i e l d s  a r e  c a l c u l a t e d  
using e i t h e r  the  kinematic method (Figs .  3a and 
3c)  o r  t h e  a d i a b a t i c  method (Figs .  3b and 3d). 
Layers 6 and 9, corresponding t o  450 mb and 150 
mb, r e s p e c t i v e l y ,  a r e  d isp layed .  These l a y e r s  a r e  
chosen t o  g ive  examples of each method's 
a p p l i c a b i l i t y .  For re ference ,  a r e a s  of co ld  cloud 
tops  ind ica ted  by an i n f r a r e d  s a t e l l i t e  image a r e  
noted a s  wel l  as  p r e c i p i t a t i o n  a r e a s  determined 
from radar  echoes. 

According t o  Moore and Fuelberg (19811, t h e  
synopt ic  condi t ions  f o r  1 2  GMT 10 A p r i l  1979 a r e  
a s  fol lows.  A t  t h e  s u r f a c e ,  t h e  e a s t e r n  half  of 
t h e  U.S. i s  experiencing cool  and dry  condi t ions .  
A r i d g e  i s  pos i t ioned  over t h e  Great Lakes, and a 
deep low pressure  system i s  loca ted  a t  t h e  
Colorado-Wyoming border. There i s  warm, moist  a i r  
over southern Texas with a d r y  l i n e  developing i n  
western Texas. A t  700 mb, southwester ly  flow has 
brought d r y  a i r  t o  o v e r l i e  the  moist a i r  a t  the  
Red River Valley. An amplifying wave extending 
Erom Washington t o  New Mexico appears a t  300 mb 

Fig.  3. I n i t i a l  f i e l d s  of w (cm/s)  f o r  kinematic 
method a t  a1450 mb and c)150 mb and f o r  a d i a b a t i c  
method a t  l e v e l s  b1450 mb and dl150 mb. A l l  
fields for 122 10 April 1979. 



along wi th  a weakening s h o r t  wave over t h e  
Midwest. Also a t  300 mb, t h e r e  is  a j e t  s t r e a k  
over nor thern  Mexico. 

The kinematic w-field a t  450 mb i s  displayed 
i n  Fig. 3a. I t  shows a l a r g e  region of i n t e n s e ,  
upward v e r t i c a l  motion i n  t h e  western ha l f  of t h e  
g r i d ,  and s i g n i f i c a n t  s ink ing  motion i n  t h e  
M i s s i s s i p p i  Valley. This shows good agreement 
with t h e  synopt ic  p a t t e r n .  The i n f r a r e d  and 
v i s i b l e  s a t e l l i t e  images a t  1230 GMT show a n e a r l y  
c l e a r  a r e a  over t h e  n o r t h e a s t  corner  of Oklahoma 
and t h e  southeas t  corner  of Kansas. The w-field 
e x h i b i t s  va lues  between 0 and -2 cm/s in  t h i s  
region.  

Fig. 3b shows t h e  w-field a t  450 mb 
determined by the  a d i a b a t i c  method. This  f i e l d  
has an i n t e n s e  maximum over t h e  Red River Valley 
and minimum over southwest Texas. These extrema 
r e s u l t  from s t rong  thermal advect ion.  Warm a i r  
advect ion i s  p r e s e n t  a t  t h e  Red River Valley while  
cold a i r  advect ion i s  occurr ing  a t  southwest 
Texas. 

For t h e  150 mb l e v e l ,  t h e  kinematic  w-field 
and t h e  a d i a b a t i c  w-field appear i n  Figs .  3c and 
3d, r e s p e c t i v e l y .  This  l e v e l  i s  known t o  l i e  near  
o r  above t h e  tropopause where t h e  atmosphere i s  
s t a b l e .  I n  s t a b l e  l a y e r s ,  i t  is expected t h a t  t h e  
v e r t i c a l  motion is  n e a r l y  zero. Here, t h e  
a d i a b a t i c  w-f ie ld  produces a b e t t e r  r e p r e s e n t a t i o n  
of t h i s  property.  

4. SUMMARY 

Typica l ly ,  mesoscale v e r t i c a l  v e l o c i t i e s  a r e  
es t imated  by t h e  kinematic  method. This  i s  a 
simple method based on t h e  conserva t ion  of mass 
p r i n c i p l e .  I t  s t a t e s  t h a t  t h e  change i n  v e r t i c a l  
motion throughout a layer  i s  due t o  t h e  h o r i z o n t a l  
divergence i n  t h a t  l ayer .  Therefore ,  t o  
a c c u r a t e l y  c a l c u l a t e  v e r t i c a l  motion, a proper 
e s t i m a t e  of h o r i z o n t a l  divergence i s  requi red .  

Hor izonta l  divergence is  commonly found by 
using a f i n i t e  d i f f e r n c e  scheme on gr idded 
h o r i z o n t a l  v e l o c i t y  f i e l d s .  The wind v e l o c i t y  
d a t a  s u f f e r  from i n t r i n s i c  e r r o r s  due t o  
instruments  and t o  unreso lvable  phenomena whose 
s c a l e s  a r e  smal le r  than t h e  s t a t i o n  spacing.  The 
inaccurac ies  become compounded from e r r o r s  
introduced by o b j e c t i v e l y  analyzing t h e  s p a r s e ,  
i r regular ly-spaced  d a t a  onto a gr idded f i e l d .  
Fur ther  e r r o r  is  crea ted  from t h e  use of a f i n i t e  
d i f f e r e n c e  scheme on t h e  v e l o c i t y  f i e l d s .  

The use of the  new v a r i a t i o n a l  a lgor i thm 
helps  t o  reduce e r r o r s  introduced by numerical  
techniques u t i l i z e d  i n  t h e  kinematic  method. By 
combining t h i s  method with the  a d i a b a t i c  approach 
s o l e  r e l i a n c e  upon kinematic  method f o r  
determining v e r t i c a l  motions i s  removed. Resul t s  
from t h e  v a r i a t i o n a l  meshing of t h e  t h r e e  
dimensional v e l o c i t y  f i e l d s  w i l l  be presented a t  
t h e  conference.  
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PREPARATION OF SATELLITE SOUNDlNGS 

FOR INSERTION I N  A VARIATIONAL OBJECTIVE ANALYSIS MODEL 

Stanley Q. Kidder and Gary L. Achtemeier 

C l i m a t e  and Meteorology Sect ion 
I l l i n o i s  S t a t e  Water Survey 

Champaign, l l l i n o i s  

1. INTRODUCTION 

S a t e l l i t e  soundings have been a v a i l a b l e  f o r  
many years .  S t i l l  they are n o t  r o u t i n e l y  used 
over land areas l a r g e l y  because they have 
d i f f e r e n t  c h a r a c t e r  i s  t i c s  than rawinsonde 
soundings. A v a r i a t i o n a l  a n a l y s i s  model under 
development a t  t h e  I l l i n o i s  S t a t e  Water Survey 
(Achtemeier &., 1986) o f f e r s  a means f o r  
blending s a t e l l i t e  and convent ional  soundings i n  a 
way which preserves  the  information conten t  of 
both d a t a  sources .  However. model performance 
improves i f  the  input  d a t a  a r e  "prepared" before  
model i n s e r t i o n .  

We i n v e s t i g a t e d  f o u r  ways t o  prepare 
s a t e l l i t e  soundings f o r  i n s e r t i o n  i n t o  t h e  
v a r i a t i o n a l  a n a l y s i s  mQdel: (1) determining and 
removing b i a s e s .  ( 2 )  determining s tandard  e r r o r s  
of t h e  s a t e l l i t e  temperatures  t o  a s s i s t  i n  t h e  
ass igning  of weights i n  t h e  model, ( 3 )  convert ing 
l a y e r  mean temperatures ( t h e  form i n  which t h e  
s a t e l l i t e  soundings a r e  suppl ied  on t a p e )  t o  l e v e l  
temperatures  (which a r e  requi red  i n  t h e  
v a r i a t i o n a l  a n a l y s i s  model), and (4) determining 
what a c t i o n  t o  take  t o  c o r r e c t  f o r  t h e  non- 
synopt ic  n a t u r e  of t h e  s a t e l l i t e  da ta .  These a r e  
d iscussed  i n  t h e  fol lowing t h r e e  s e c t i o n s .  

2. BIASES AND WEIGHTS 

The accuracy of s a t e l l i t e  soundings from t h e  
T i r o s  Operat ional  V e r t i c a l  Sounder (TOVS) has been 
i n v e s t i g a t e d  s e v e r a l  t i m e s  (e.g. P h i l l i p s  & &, 
1979; S c h l a t t e r ,  1981; Gruber and Watkins, 
1982). However, t h e  comparisons change wi th  t i m e  
both because t h e  r e t r i e v a l  a lgori thms a r e  
occas iona l ly  updated and because t h e  r e t r i e v a l  
c o e f f i c i e n t s  are r e g u l a r l y  updated. In a d d i t i o n ,  
t h e r e  are a number of ways t o  compare s a t e l l i t e  
noundings wi th  " t ru th ."  Because gr idded d a t a  a r e  
requi red  a s  input  f o r  t h e  model, we needed t o  know 
t h e  b i a s  of TOVS temperaturea with r e s p e c t  t o  
object ively-analyzed rawinsonde da ta .  None of t h e  
previoua s t u d i e s  of TOVS b i a s e s  used p r e c i s e l y  
t h i s  sttmdard of comparison. S c h l a t t e r  compared 
t h e  Tiros-N soundings with NMC F i n a l  Analyses; 
o t h a r s  have compared t h e  s a t e l l i t e  soundings with 
"co-located" rawinsonde observa t ions .  We decided,  
t h a r e f o r e ,  t o  r e c a l c u l a t e  the  b i a s e s .  

The case study on which t h e  v a r i a t i o n a l  
a n a l y s i s  model was f i r s t  run i s  10-11 Apri l  1979. 
To do t h e  c a l i b r a t i o n  s tudy ,  we acquired 
o p e r a t i o n a l l y - r e t r i e v e d  Tiros-N TOVS soundings and 
rawinsonde d a t a  d a t a  f o r  t h e  per iod 26 March 
through 11 A p r i l  1979. This i s  t h e  same per iod 
( p l u s  t h r e e  days)  analyzed by S c h l a t t e r  (1981). 
Layer mean v i r t u a l  temperatures ,  der ived from 
rawinsonde th icknesses ,  each 12 h r  f o r  t h e  per iod 
0000 GMT 26 March through 1200 GMT 11 Apri l  1979 
were o b j e c t i v e l y  analyzed on a 21 x 21 g r i d  (260 
km g r i d  spacing a t  45'N) covering most of North 
America (F igure  I). Biases were est imated by 
c a l c u l a t i n g  t h e  d i f f e r e n c e  between s a t e l l i t e -  
es t imated mean v i r t u a l  temperatures  and rawinsonde 
va lues  i n t e r p o l a t e d  i n  both time and space from 
t h e  analyses  t o  t h e  s a t e l l i t e  da ta .  

Fig. 1. A s t e r i s k s  i n d i c a t e  t h e  loca t ion  of 
t h e  101 rewinsonde s t a t i o n s  used t o  c o n s t r u c t  
t h e  o b j e c t i v e  analyses  f o r  comparieon with 
s a t e l l i t e  soundings. ,The dashed l i n e  
enc loses  t h e  s a t e l l i t e  soundings ( t h i s  i s  t h e  
same a r e a  used by S c h l a t t e r ,  1981). Note 
t h a t  t h e  s a t e l l i t e  soundings a r e  w e l l  wi thin 
t h e  boundaries of t h e  rawinsonde o b j e c t i v e  
a n a l y e i s  a r e a ,  thus  edge e f f e c t s  should be 
minimal. 
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Figure  2 shows t h e  12-hr average b i a s e s  as a 
func t ion  of time f o r  each layer .  The dashed l i n e s  
r e p r e s e n t  t h e  mean b i a s e s  f o r  t h e  per iods  26 March 
through 8 A p r i l  and 10-11 Apr i l .  The t h r e e  
sounding types ( c l e a r ,  p a r t l y  cloudy, cloudy) were 
kept  s e p a r a t e .  The e r r o r  bars  r e p r e s e n t  95% 
confidence i n t e r v a l s  assuming t h a t  t h e  b i a s e s  a r e  
normally d i s t r i b u t e d  about t h e  12-hr mean, which 
proved t o  be a good assumption upon examination. 
Two aspec ts  a r e  d i s t u r b i n g :  ( 1 )  For a l a r g e  
number of p o i n t s  t h e  e r r o r  b a r s  do n o t  inc lude  t h e  
mean represented  by t h e  dashed l i n e .  Only one i n  
20 p o i n t s  should n o t  inc lude  t h e  mean i f  t h e  long 
term average i s  r e p r e s e n t a t i v e .  ( 2 )  There seems 
t o  be a 24-hr o s c i l l a t i o n ,  which i n d i c a t e s  t h a t  
daytime and n ight t ime b i a s e s  may be d i f f e r e n t .  
That t h i s  i s  t h e  case  is  n o t  s u r p r i s i n g  s i n c e  t h e  
atmosphere v a r i e s  d i u r n a l l y  but  t h e  o p e r a t i o n a l  
TOVS r e t r i e v a l  scheme is  e s s e n t i a l l y  t h e  same f o r  
both day and n i g h t  soundings. 

The next  s t e p  was t o  s e p a r a t e  day and n i g h t  
soundings and t o  c a l c u l a t e  t h e  mean b i a s e s  f o r  t h e  
per iod  26 March through 8 Apr i l .  These r e s u l t s  
a r e  p l o t t e d  i n  F igure  3 and l i s t e d  i n  Table  1. 
Again, t h e  e r r o r  b a r s  r e p r e s e n t  95% confidence 
i n t e r v a l s .  I t  is  c l e a r  t h a t  b i a s e s  f o r  day and 
n i g h t  soundings a r e  s t a t i s t i c a l l y  d i f f e r e n t  f o r  
c l e a r  and p a r t l y  cloudy soundings, and a t  most 
l e v e l s  f o r  cloudy soundings. S c h l a t t e r ' s  r e s u l t s  
are p l o t t e d  f o r  comparison. Because S c h l a t t e r  d id  
n o t  s e p a r a t e  day and n i g h t  soundings, h i s  b i a s e s  
tend t o  s p l i t  t h e  d i f f e r e n c e  between t h e  day and 
n i g h t  b i a s e s .  In t h e  upper t roposphere,  
S c h l a t t e r ' s  b i a s e s  t e n d ,  t o  be smal le r  than t h e  
b i a s e s  c a l c u l a t e d  wi th  r e s p e c t  t o  rawinsonde 
ana lyses .  & jmportanq g ~ . &  $hat  if & 
biases a r e  n o t  Drover.& remove4 & & & 
pounding obiect ively-analvzed f i e l d s  & 
g a t e l  lite &emu e r a t u r e s  have w i a t i o n q  nf 
s e v e r a l  degrees  d- so l e ly  &g biasek .  

An a d d i t i o n a l  kind of b i a s  was a l s o  
i n v e s t i g a t e d .  The o p e r a t i o n a l  TOVS r e t r i e v a l  
a lgor i thm i s  s t a t i s t i c a l .  I t  assumes t h a t  t h e  
bottom of t h e  sounding i s  a t  ( o r  n e a r )  1000 mb. 
This assumption is  n o t  v a l i d  over e leva ted  
t e r r a i n .  An at tempt  t o  c o r r e c t  t h i s  problem i s  
made i n  t h e  o p e r a t i o n a l  r e t r i e v a l  scheme, but  
t h e r e  remains t h e  p o s s i b i l i t y  t h a t  a b i a s  i n  the  
low l e v e l s  is  c r e a t e d  i n  t h e  processes .  
Discussions wi th  C. Hayden (NOAA/NESDIS, Madison, 
WI) i n d i c a t e d  t h a t  t h e  TOVS temperatures  would 
most l i k e l y  be too  cold.  We t h e r e f o r e  c o r r e l a t e d  
t h e  d e v i a t i o n s  of t h e  s a t e l l i t e  temperatures  from 
t h e  rawinsonde ana lyses  wi th  t e r r a i n  he ight .  No 
u s e f u l  c o r r e l a t i o n  was found. The co ld  b i a s  over 
e leva ted  t e r r a i n  seems t o  be a n e g l i g i b l e  in 
comparison wi th  o t h e r  e r r o r s  jn t h i s  a n a l y s i s .  

Also l i s t e d  in Table 1 a r e  t h e  s tandard 
d e v i a t i o n s  of t h e  b iases .  I f  t h e  b i a s e s  are 
proper ly  removed, t h e  s tandard  d e v i a t i o n s  become 
t h e  p o t e n t i a l  RMS e r r o r s .  These a r e  p l o t t e d  i n  
F igure  4 along with RMS e r r o r s  publ ished by 
S c h l a t t e r .  Note t h a t  h i s  RMS e r r o r s  tend t o  be 
l a r g e r  than t h e  p o t e n t i a l  RMS e r r o r s .  This  is due 
i n  p a r t  t o  t h e  f a c t  t h a t  S c h l a t t e r  t r e a t e d  day and 
n i g h t  soundings toge ther  and p a r t l y  because he d i d  
n o t  remove t h e  mean. The weights t o  be assigned 
t o  t h e  Tiros-N d a t a  are propor t iona l  t o  t h e  
s tandard  d e v i a t i o n  t o  t h e  -2  power. 
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Fig.  2. 1 2  h average b i a s e s  of s a t e l l i c e  
soundings: ( a )  c l e a r  soundings, ( b )  p a r t l y  
cloudy soundings, ( c )  cloudy soundings. The 
e r r o r  b a r s  r e p r e s e n t  t h e  95% confidence 
i n t e r v a l .  Dashed l i n e s  r e p r e s e n t  t h e  average 
of t h e  b i a s e s .  The temperature  s c a l e  on t h e  
r i g h t  is i n  ke lv in .  
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Fig. 3. Average b i a s e s  f o r  t h e  per iod 26 
March through 8 Apri l  1979: ( a )  c l e a r  
soundings, ( b )  p a r t l y  cloudy soundings, ( c )  
cloudy soundings. Day and n i g h t  b i a s e s  have 
been kept  separa te .  The b i a s e s  publ ished by 
S c h l a t t e r  (1981) are p l o t t e d  f o r  re ference .  
The e r r o r  b a r s  r e p r e s e n t  t h e  95% confidence 
i n t e r v a l .  
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Fig. 4. RMS e r r o r s  i n  t h e  s a t e l l i t e  
temperatures:  ( a )  c l e a r  soundings, ( b )  
p a r t l y  cloudy soundings, ( c )  cloudy 
soundings. Day and n i g h t  soundings a r e  
separa te .  Note t h a t  t h e  mean b i a s e s  were 
removed before  c a l c u l a t i o n  of t h e  RMS e r r o r s  
( s e e  t e x t ) .  S c h l a t t e r ' s  r e s u l t s  a r e  p l o t t e d  
f o r  comparison. 
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Table 1 

Biases and s tandard  d e v i a t i o n s  of Tiros-N 
l a y e r  mean v i r t u a l  temperatures  (K). 

4. NON-SYNOPTIC CORRECTION 

S a t e l l i t e  soundings a r e  n o t  made a t  synopt ic  
times. I f  one wants t o  use s a t e l l i t e  soundings in 
analyses  a t  synopt ic  t imes,  a c o r r e c t i o n  f o r  
atmospheric changes between t h e  time of s a t e l l i t e  
observa t ion  and synopt ic  t i m e  should be 
considered.  We decided t o  i n v e s t i g a t e  t h e  a b i l i t y  
of simple h o r i z o n t a l  temperature advect ion t o  
c o r r e c t  t h e  temperatures .  The idea  would be t o  
use t h e  winds and ob jec t ive ly-ana lyzed  rawinsonde 
temperatures  a t  t h e  synopt ic  t i m e  t o  c a l c u l a t e  t h e  
advec t ive  r a t e  of change of temperature. This 
r a t e  could be appl ied  t o  t h e  s a t e l l i t e  temperature  
f o r  t h e  t i m e  per iod between t h e  s a t e l l i t e  sounding 
and t h e  synopt ic  t i m e .  We checked t h e  u t i l i t y  of 
t h i s  idea by c o r r e l a t i n g  t h e  3-hr temperature  
change with t h e  advec t ive  temperature  change f o r  
t h e  AVE/SESAME d a t a  f o r  10-11 A p r i l  1979. The 
c o r r e l a t i o n  c o e f f i c i e n t s .  as shown i n  Table  2, are 
low. 

A second at tempt  involved t h e  c a l c u l a t i o n  of 
geos t rophic  temperature  advect ion ( s e e  Wallace and 
Hobbs. 19771, i n  which t h e  change of wind with 
he ight  i s  assumed t o  be due t o  t h e  thermal wind 
( p r o p o r t i o n a l  t o  layer  mean temperature  g r a d i e n t ) .  
The l a y e r  mean temperature  advect ion is  simply t h e  
s c a l a r  product  of t h e  temperature  g r a d i e n t  and t h e  
l a y e r  mean wind. This approach avoids o b j e c t i v e l y  
analyzing t h e  temperature ,  and it e s t i m a t e s  t h e  
time rate  of change of t h e  l a y e r  mean temperature  
(which is more a p p l i c a b l e  t o  t h e  s a t e l l i t e  d a t a ) ,  
but  t h e  c o r r e l a t i o n  between observed and 
c a l c u l a t e d  3-hr temperature  change d id  not  
improve. 

Apparently a c o r r e c t i o n  t o  s a t e l l i t e  
temperatures  based on temperature  advect ion is too 
simple. This  is n o t  ent i re ly  s u r p r i s i n g  s i n c e  a 
r a t h e r  severe  storm system passed over t h e  
rawinsonde network during 10-11 A p r i l .  Processes  
o t h e r  then synopt ic -sca le  temperature  advect ion 
were probably important. A c o r r e c t i o n  f o r  t h e  
non-synoptic n a t u r e  of s a t e l l i t e  soundings w i l l  
have t o  be made with a more complicated scheme, 
such a s  t h a t  of Lewis a. (1983) i n  which 
p o t e n t i a l  v o r t i c i t y  is conserved. 

Biases 
200-100 -0.02 -0.05 0.54 0.19 0.18 0.51 
300-200 0 . 9 8  0.65 1.20 0.61 1.49 1.62 
400-300 -0.04 0.20 -0.41 0.41 0.26 -0.02 
500-400 -0.87 0.33 -1.14 0.14 -0.25 -1.11 
700-500 -0.90 0.29 -1.35 -0.10 -0.23 -1.37 
850-700 -0.16 0.67 -0.65 0.09 1.08 -0.31 

1000-850 0.32 1.03 1.87 -0.42 1.35 2.06 

200-100 1.29 
300-200 1.57 
400-300 1.50 
500-400 1.43 
700-500 1.62 
850-700 1 .84  

1000-850 2.11 ----------------_ 

Standard Deviat ions 
1.63 1.48 1.38 1.12 1.47 
1.40 1 .74  1 .18  1.34 1.45 
1.37 1.83 1.38 1.40 1.99 
1.43 1.70 1.59 1.30 1.89 
1.72 1.77 1.25 1.44 1.77 
2.42 2.31 1.84 2.28 2.60 
2.52 2.60 2.64 3.12 3.39 
.___-----3------------------------ 

3. LEVEL TEMPERATURES 

Opera t iona l ly- re t r ieved  TOVS soundings a r e  
suppl ied  on t ape  as l ayer  mean v i r t u a l  
temperatures .  The v a r i a t i o n a l  model r e q u i r e s  
v i r t u a l  temperatures  a t  s p e c i f i e d  l e v e l s .  Since 
t h e  l a y e r  mean temperatures  a r e  e s s e n t i a l l y  t h e  
a r i t h m e t i c  mean of t h e  temperature  a t  t h e  top and 
bottom of t h e  layer, t h e  l a y e r  mean temperatures  
can be converted t o  l e v e l  temperatures ,  i f  t h e  
femperaturg j& one k l  i s  known. We attempted 
t o  recover  t h e  400 mb temperature  by assuming t h a t  
t h e  lapse  r a t e  between 500 and 300 mb i s  cons tan t .  
Examination of t h e  rawinsonde d a t a  used above 
r e v e a l s  t h a t  t h i s  is  reasonable .  A t  f i r s t  we 
assumed t h a t  t h e  400 mb temperature  i s  simply t h e  
average of t h e  300-400 and t h e  400-500 mb mean 
l a y e r  temperatures .  A check wi th  rawinsonde d a t a  
revealed t h a t  t h e  400 mb temperatures  es t imated  i n  
t h i s  manner a r e  too co ld  on t h e  average by 0.65 K.  
A check using t h e  U.S. Standard Atmosphere (19621, 
a l s o  showed t h a t  t h e  400 mb temperature  es t imated 
in t h i s  way should be 0.65 K too  cold.  

To c o r r e c t  t h i s  problem, t h e  equat ions  which 
d e s c r i b e  a cons tan t  l a p s e  ra te  atmosphere ( H e a s ,  
1959) were incorporated i n  a subrout ine  which 
c a l c u l a t e s  a c o r r e c t e d  400 mb temperature ,  given 
t h e  average and t h e  d i f f e r e n c e  between t h e  l a y e r  
mean temperatures  f o r  t h e  300-400 and t h e  400-500 
mb l a y e r s .  When t h i s  method was t e s t e d  using t h e  
rawinsonde d a t a  from 26 March through 11 A p r i l  
(over  3200 o b s e r v a t i o n s )  t h e  mean of t h e  
d i f f e r e n c e  between t h e  c o r r e c t e d  and a c t u a l  400 mb 
temperatures  was 0.00 t o  within 2.77 K (95% 
confidence l e v e l ) .  Since t h i s  method proved t o  be 
a c c u r a t e ,  i t  was used t o  decompose t h e  Tiros-N 
mean layer  temperatures  i n t o  l e v e l  temperatures  
before  i n s e r t i o n  i n t o  t h e  v a r i a t i o n a l  a n a l y s i s  
model. 

Table 2 

C o r r e l a t i o n  c o e f f i c i e n t s  between 
advec t ive  temperature  change and 
observed temperature  change over 

a 3 h r  per iod.  

PPPPPPPPPPPEPEIII.IIIPPEPPPPPIPPIIIP.IIIE-- 

Level (mb) C o r r e l a t i o n  
C o e f f i c i e n t  
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5. DISCUSSION 

A s  a r e s u l t  of t h i s  work, a l l  of t h e  
s a t e l l i t e  soundings used i n  t h e  v a r i a t i o n a l  
a n a l y s i s  . ,mdel were deb ia sed  us ing  s e p a r a t e  b i a s e s  
f o r  day and n i g h t  soundings,  and s e p a r a t e  b i a s e s  
f o r  t h e  t h r e e  sounding types.  The c o r r e c t e d  mean 
l a y e r  t empera tu res  were converted t o  l e v e l  
temperatures  b e f o r e  i n s e r t i o n .  No c o r r e c t i o n s  
were made f o r  t e r r a i n  he igh t  o r  f o r  non-synoptic 
t iming.  The s t anda rd  d e v i a t i o n s  of t h e  
s a t e l l i t e - e s t i m a t e d  t empera tu res  were used i n  
a s s i g n i n g  we igh t s  i n  t h e  model. 
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EASTERN P A C I F I C  MODEL I M P A C T  STUDY (EPAC) AT THE NATIONAL METEOROLOGICAL CENTER 
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Na t iona l  Me teo ro log i ca l  Center 
Camp Springs, Maryland 

- NMC A c t i v i t i e s  - Eastern P a c i f i c  Exerc ise (EPAC) 1984-86 

1. INTRODUCTION 

The Na t iona l  Me teo ro log i ca l  Center (NMC) 
has conducted a mode l l i ng  s tudy f o r  t h e  past  
f o u r  years which has attempted t o  assess t h e  
impact o f  remote V I S S R  Atmospheric Sounder (VAS) 
r e t r i e v a l s  upon t h e  L i m i t e d  F i n e  Mesh (LFM) 
numerical model (O'Lenic ,  1984). The Eastern 
P a c i f i c  Model Impact Study (EPAC) was made 
p o s s i b l e  through t h e  i n s t a l l a t i o n  o f  a remote 
works ta t i on  1 inked t o  t h e  Man-computer I n t e r -  
a c t i v e  Data Access System (McIDAS) based a t  
t he  U n i v e r s i t y  o f  Wisconsin - Madison (Suomi 
e t  al. ,  1983). The purpose o f  t h e  NMC VAS 
assessment a c t i v i t i e s  i s  t o  p r o v i d e  qual i t y  
c o n t r o l  o f  t h e  s a t e l l i t e  r e t r i e v a l s  and t r a n s m i t  
t h e  VAS soundings t o  t h e  NMC data base on t h e  
NOAA Cen t ra l  Computer F a c i l i t y  i n  r e a l - t i m e ;  
and t o  develop i n i t i a l  analyses and model f o r e -  
cas ts  b o t h  w i t h  and w i t h o u t  VAS data t o  produce 
q u a n t i t a t i v e  comparisons and s u b j e c t i v e  eva l -  
ua t i ons  o f  t h e  w i t h  and w i t h o u t  VAS cases. 
The bas i c  concept of t h e  EPAC e f f o r t  seems 
l o g i c a l  and s t r a i g h t f o r w a r d ,  b u t  t h e  opera t i ona l  
implementat ion o f  t h e  experiment i s  another 
mat ter ,  as w i l l  be d i sp layed  a t  W i l l i amsburg  
and r e p o r t e d  here. The VAS r e t r i e v a l s  are 
centered over t h e  data v o i d  o f  t h e  eas te rn  
P a c i f i c  and a re  a v a i l a b l e  between December and 
e a r l y  March. For t h e  EPAC 1984-85 season, 
t h e  analyses and f o r e c a s t s  were done i n  r e a l -  
t ime  f o r  t h e  o p e r a t i o n a l  model runs and then 
f o r e c a s t s  and analyses were compared t o  those 
generated w i t h o u t  VAS data. However, as a r e s u l t  
o f  t h e  unforeseen events near the  end o f  t h e  
1984-85 season, t h e  1985-86 EPAC e f f o r t  r e v e r t e d  
back t o  a case s tudy  mode o f  operat ions.  T h i s  
r e p o r t  presents  t h e  f i n d i n g s  o f  both t h e  1984- 
85 and 1985-86 ( o n l y  i n i t i a l  r e s u l t s )  EPAC 
s tud ies .  For  i n f o r m a t i o n  on t h e  r e t r i e v a l  
a l g o r i t h m  t h e  reader  i s  r e f e r r e d  t o  Smith and 
Woolf, 1984 and Hayden and Schre iner ,  1984. 

2. EXPERIMENTAL D E S I G N  AND IMPLEMENTATION 

Dur ing t h e  1984-85 season, t h e  LFM, 
t h e  Regional Ana lys i s  and Forecast  System (RAFS) 
were r u n  o p e r a t i o n a l l y  f o r  se lec ted  cases. 
The remote soundings are analyzed t o  e s t a b l i s h  
whether VAS obse rva t i ons  can h e l p  f i l l  t h e  data 
v o i d  l e f t  by c u r r e n t  p o l a r  o r b i t t i n g  sounders 
o f  t h e  NOAA s e r i e s .  However, t h e  need f o r  VAS 
over t h e  eas te rn  P a c i f i c  a t  00 GMT i s  no longer  
a s t r o n g  requirement s ince  NOAA 9 d a t a  g e n e r a l l y  
a r r i v e s  i n  t ime  f o r  t h i s  a n a l y s i s  and model 

run. From 12 December 1984 through 8 March 
1985, VAS r e t r i e v a l s  f o r  EPAC were generated 
f o r  t h e  1200 GMT f o r e c a s t  r u n  and beginning 
i n  February r e t r i e v a l s  f o r  0000 GMT were a l s o  
prepared. Me teo ro log i s t s  f rom t h e  Heavy P rec ip -  
i t a t i o n  U n i t  (HPU) and t h e  Techniques Develop- 
ment Group (TDG) p rov ided  m o n i t o r i n g  and e d i t i n g  
o f  t h e  VAS r e t r i e v a l s  f o r  v e r t i c a l  and ho r i zon -  
t a l  cons is tency and f o r  agreement w i t h  west 
coast  radiosondes. The VAS f i e l d s  were compared 
w i t h  t h e  general synop t i c  p a t t e r n  as dep ic ted  
by t h e  LFM 12-hour f o r e c a s t  and by c loud  motions 
i n  t h e  s a t e l l i t e  imagery. The VAS r e t r i e v a l  
coverage extended f rom 55 t o  29 N l a t i t u d e  
composed o f  two dwe l l  sounding swaths (down 
f rom t h r e e  t h e  p rev ious  EPAC season). East/west 
coverage remained t h e  same extending ou t  t o  
155 W l o n g i t u d e  f rom t h e  west coast .  For EPAC 
1985-86, t h e  area was expanded south ( t o  24 
N l a t i t u d e )  and f u r t h e r  east  t o  p rov ide  some 
r e t r i e v a l s  over t h e  no r the rn  Gu l f  o f  Mexico. 
Many s i g n i f i c a n t  f e a t u r e s  were missed d u r i n g  
1984-85 w i t h  no data south o f  30 N, s i nce  a 
s t r o n g  no r th / sou th  j e t  stream was o f t e n  present  
along t h e  west coast which on occasion reached 
down t o  Baja C a l i f o r n i a .  D u p l i c a t e  runs o f  
t h e  LFM were done f o r  13 cases (1984-85) and 
f o r  10 cases (December 1985) when s i g n i f i c a n t  
changes occurred i n  t h e  i n i t i a l  a n a l y s i s  over  
t h e  P a c i f i c  as a r e s u l t  o f  t h e  s a t e l l i t e  
r e t r i e v a l s .  Several m iss ing  days (no VAS 
r e t r i e v a l s  a v a i l a b l e )  occurred d u r i n g  these 
l a s t  two seasons. M iss ing  data were g e n e r a l l y  
t h e  r e s u l t  o f  problems a t  Wallops I s l a n d  ground 
s t a t i o n ,  o r  when t h e  s a t e l l i t e  i s  scheduled 
f o r  r a p i d  scan operat ions,  o r  when communi- 
c a t i o n s  between t h e  U n i v e r s i t y  o f  Wisconsin, 
t h e  World Weather B u i l d i n g  and t h e  NOAA Cen t ra l  
Computing F a c i l i t y  (NCCF) were i n t e r r u p t e d .  

3. DATA UTILIZATION 

For t h e  l a s t  two EPAC seasons, h e i g h t  
data f rom t h e  VAS r e t r i e v a l s  were g e n e r a l l y  
o f  h i g h  enough q u a l i t y  f o r  o p e r a t i o n a l  use, 
a l though some e d i t i n g  (bo th  d e l e t i o n  o f  bad 
r e t r i e v a l s  and r e i n s e r t i o n  o f  de le ted  soundings) 
was requ i red .  E d i t i n g  seldom e l i m i n a t e d  more 
than approx imate ly  10-20% o f  t h e  observat ions.  
EPAC 1984-85 r a n  smoothly u n t i l  0000 GMT 
r e t r i e v a l s  began t o  be i n s e r t e d  i n t o  the  model 
runs.  On 13 February 1985, VAS r e t r i e v a l s  
o f  poor q u a l i t y  were i n s e r t e d  i n t o  t h e  LFM, 
which caused a spur ious c u t o f f  low t o  be gener- 
a ted i n  t h e  36- and 48-hour f o r e c a s t s  near 
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t h e  B a j a  C a l i f o r n i a  coas t  ( F i g .  1 ) .  For  t h e  
r e s t  o f  EPAC 1984-85, o n l y  one more model r u n  
was conducted i n  r e a l - t i m e  f o r  1200 GMT on 20 
February 1985, when another  spu r ious  wave was 
generated. The LFM f o r e c a s t s  were compared 
t o  t h e  LFM and RAFS which were r u n  w i t h o u t  VAS 
d a t a  and which d i d  n o t  generate t h e  unexpected 
wave. Pos t  p rocess ing  o f  s e v e r a l  LFM r u n s  i n  
l a t e  February and e a r l y  March 1985 d i d  n o t  r e v e a l  
any s e r i o u s  problems as i n d i c a t e d  by t h e  s t a t i s -  
t i c s  i n  Tab le  1. D e t a i l e d  analyses o f  t h e  e n t i r e  
VAS p rocess ing  procedure by Advanced S a t e l l i t e  
P roduc ts  Program (ASPF) r e v e a l e d  t h a t  a problem 
o c c u r r e d  w i t h  h e a t i n q  i n  t h e  f i l t e r  wheel o f  
t h e  VAS i ns t rumen t ,  which i n t r o d u c e d  a b i a s  
i n t o  t h e  VAS r e t r i e v a l  c a l c u l a t i o n s .  ASPP has 
p r o v i d e d  c o r r e c t i v e  measures i n  t h e  VAS r e t r i e v a l  
a l g o r i t h m  and changed t h e  schedu l i ng  o f  t h e  
VAS i n s t r u m e n t  t o  a l l e v i a t e  t h i s  problem. Never-  
t h e l e s s ,  EPAC 1985-86 was conducted under a 
case s t u d y  mode o f  o p e r a t i o n  t o  de te rm ine  n o t  
o n l y  whether t h e  VAS r e t r i e v a l  b i a s  problem 
has indeed been c o r r e c t e d  b u t  a l s o  t o  ensure 
t h a t  a l l  d a t a  p r o c e s s i n g  procedures were oper -  
a t i n g  i n  a r e l i a b l e  f a s h i o n  r e q u i r e d  by NMC 
o p e r a t i o n s .  I n i t i a l  r e s u l t s  f rom EPAC 1985-86 
i n d i c a t e  t h a t  t h e  b i a s  problems have n o t  been 
c o m p l e t e l y  e l i m i n a t e d .  A c o l d  b i a s  has been 
apparent  i n  t h e  700 t o  500 mb l a y e r  f o r  s e v e r a l  
cases, and seems t o  be i n c r e a s i n g  as t h e  EPAC 
season moves i n t o  l a t e  January and e a r l y  
February.  However, t h i s  c o l d  b i a s  does v a r y  
f r o m  one day t o  t h e  nex t ,  and does n o t  always 
show up. The ASPP group i s  m o n i t o r i n g  t h e  b i a s  
problem and a f u l l  r e p o r t  w i l l  be ready  by May. 
L a t e s t  i n d i c a t i o n s  a r e  t h a t  n o t  a l l  o f  t h e  VAS 
r e t r i e v a l  b i a s  can be a t t r i b u t e d  t o  t h e  GOES-6 
f i l t e r  wheel h e a t i n g  problem, and t h a t  some 
o f  t h e  d e v i a t i o n s  may be a f u n c t i o n  o f  t h e  VAS 
i n s t r u m e n t  i t s e l f .  

As opposed t o  t h e  p r e v i o u s  1983-84 EPAC 
season when h i g h  p r e s s u r e  dominated t h e  h e i g h t  
f i e l d  across lower  l a t i t u d e s ,  many s i g n i f i c a n t  
f e a t u r e s  were missed because r e t r i e v a l s  seldom 
reached 30 N l a t i t u d e  (due t o  t h e  sounding f i e l d -  
o f - v i e w  window o f  11 p i x e l s  b y  11 l i n e s  which 
r e s u l t s  i n  a gap a l o n  t h e  sou the rn  edge o f  
t h e  d w e l l  sounding swaths. The c r i t i c a l  r e s t r i c -  
t i o n  imposed b y  c l o u d s  which p r e v e n t  soundings 
e s p e c i a l l y  i n  a c t i v e  c y c l o n i c  systems w i l l  
remain.  However, many r e t r i e v a l s  can s t i l l  
be generated near  t h e  edge o f  t h e s e  systems 
even i n  p a r t l y  c l o u d y  areas. A new requ i remen t  
f o r  t h e  1985-86 season a l l o w s  t h e  NMC f o r e c a s t e r /  
a n a l y s t  t o  i n t e r a c t i v e l y  produce r e t r i e v a l s  
t o  f i l l  i n  gaps l e f t  by t h e  au tomat i c  sounding 
procedure e s p e c i a l l y  i n  those  areas o f  a c t i v e  
weather.  However, as a r e s u l t  o f  t h e  t i g h t  
t i m e  c o n s t r a i n t s  assoc ia ted  w i t h  e d i t i n g  and 
t r a n s m i t t i n g  t h e  VAS r e t r i e v a l s  i n  r e a l - t i m e ,  
o n l y  a few soundings have been generated a t  
NMC, m o s t l y  t o  genera te  VAS r e t r i e v a l s  over  
rad iosonde  s i t e s  f o r  comparison between VAS 
and rad iosonde.  

VAS d e r i v e d  winds, b o t h  c l o u d  and water  
vapor d r i f t ,  were n o t  i n t r o d u c e d  i n t o  t h e  models 
d u r i n g  t h e  1984-85 season. However, d u r i n g  
EPAC 1985-86 a two week t e s t  was conducted d u r i n g  
t h e  f i r s t  h a l f  o f  December t o  d e r i v e  s a t e l l i t e  
winds a t  0000 GMT which w i l l  be used i n  t h e  

RAFS t o  e v a l u a t e  t h e  impact  o f  h i g h  d e n s i t y  
c l o u d  and water  vapor winds over  t h e  e a s t e r n  
P a c i f i c  on t h e  a n a l y s i s  and f o r e c a s t  system. 
On t h e  two c r i t i c a l  f a i l u r e  days i n  February 
1985, t h e  LFM a n a l y s i s  system i g n o r e d  good 
a i r c r a f t  winds i n  f a v o r  o f  t h e  b i a s e d  VAS 
r e t r i e v a l  h e i g h t s  which i n  seve ra l  areas were 
90 degrees o u t  o f  phase. Therefore,  t h e  EPAC 
w ind  s t u d y  w i l l  f ocus  on t h e  RAFS. S a t e l l i t e  
winds w i l l  i n c l u d e  t racked ,  water  vapor t racked ,  
and p o s s i b l y  VAS g r a d i e n t  winds. R e s u l t s  o f  
case s t u d i e s  u s i n g  t h e  RAFS system a r e  expected 
b y  t h e  summer o f  1986. 

4. RESULTS 

The f i n d i n g s  o f  EPAC 1984-85 and 1985-86 
g e n e r a l l y  concur  w i t h  those  o f  t h e  p r e v i o u s  
seasons (O 'Len ic ,  1984), w i th  some n o t a b l e  
excep t ions .  VAS r e t r i e v a l  h e i g h t s  over  a 
l i m i t e d  area o f  t h e  e a s t e r n  P a c i f i c  do n o t  
c o n s i s t e n t l y  produce a s i g n i f i c a n t  p o s i t i v e  
impact  on t h e  f o r e c a s t  o f  t h e  LFM, even when 
t h e r e  was a change i n t r o d u c e d  i n t o  t h e  i n i t i a l  
a n a l y s i s  f i e l d  by t h e  VAS data.  I n  most cases 
d u r i n g  t h e  1984-85 season t h e  d i f f e r e n c e s  were 
t o o  sma l l  o r  any p o s i t i v e  impact  i n  one area 
o f  t h e  model domain was coun te rac ted  by j u s t  
as g r e a t  a n e g a t i v e  impact  i n  another  r e g i o n .  
However, d u r i n g  December 1985, 10 cases were 
r u n  u s i n g  t h e  LFM w i t h  and w i t h o u t  V A S  r e -  
t r i e v a l s  and s i g n i f i c a n t  impact  was r e a d i l y  
apparent  f r o m  most o f  t h e  cases. However, 
t h e  impact  was aga in  u n p r e d i c t a b l e  w i t h  j u s t  
as many n e g a t i v e  cases as p o s i t i v e  ( F i g s .  3 
and 4 ) .  Note how on t h e  6 December 1985 case 
( F i g .  4 )  t h e  NoVAS LFM a l r e a d y  generated an 
ex t reme ly  poor  f o r e c a s t ,  especi  a1 l y  over  t h e  
no r thwes te rn  U.S. However, t h e  a d d i t i o n  o f  
VAS d a t a  n o t  o n l y  d i d  n o t  improve t h e  f o r e c a s t ,  
b u t  a c t u a l l y  i nc reased  t h e  e r r o r s  a l r e a d y  
i n  t h e  model f o r e c a s t .  Then, on 17 December 
1985, t h e  o p p o s i t e  a f f e c t  was seen as t h e  LFM 
was d r a m a t i c a l l y  improved w i t h  t h e  a d d i t i o n  
o f  VAS d a t a  ( F i g .  4 ) .  

The s t a t i s t i c s  ( T a b l e  1 )  f o r  EPAC 1984- 
85 a r e  f o r  t h e  most p a r t  i n c o n c l u s i v e .  However, 
t h e  S I  and RMS d i f f e r e n c e s  between VAS and 
NoVAS a r e  i n  t h e  n o i s e  l e v e l  because t h e  NoVAS 
LFM scores a r e  a l r e a d y  v e r y  good, which makes 
improvement d i f f i c u l t .  I n  a d d i t i o n ,  t h e  12-hour 
g l o b a l  model f o r e c a s t ,  wh ich  i s  used as a f i r s t  
guess by t h e  r e t r i e v a l  a l g o r i t h m ,  a l r e a d y  
c o n t a i n s  s a t e l l i t e  r e t r i e v a l s  f r o m  t h e  NOAA 
p o l a r  o r b i t t e r s .  Comparisons o f  t h e  VAS 
r e t r i e v a l s  w i t h  t h e  p o l a r  o r b i t e r  soundings 
g e n e r a l l y  show t h e  VAS r e t r i e v a l s  b e i n g  a l i t t l e  
c o l d e r  a t  m i d d l e  l e v e l s ,  w i t h  g e n e r a l l y  good 
agreements a t  o t h e r  l e v e l s .  The ma jo r  e x c e p t i o n  
t o  t h e  i n c o n c l u s i v e  s t a t i s t i c s  found i n  Tab le  
1 occu rs  w i t h  t h e  17 January 1985 case when 
t h e  o v e r a l l  SI sco re  f o r  t h e  110 N o r t h  American 
s t a t i o n s  improved f r o m  34.5 f o r  NoVAS t o  29.5 
f o r  VAS. However, t h e  c o u n t e r a c t i n g  p a t t e r n  
was aga in  p r e s e n t  as t h e  s t r o n g  p o s i t i v e  impact  
across t h e  Eas t  73 s t a t i o n s  (33.5-NOVAS and 
26.3-VAS) was s l i g h t l y  o f f s e t  by t h e  West 37 
s t a t i o n s  (37.8-NOVAS and 39.1-VAS). However, 
i n  t h i s  one case t h e  p o s i t i v e  impact  was ove r -  
whelming. As shown by t h e  d i f f e r e n c e  p l o t  
i n  F i g u r e  4, t h e  48-hour LFM f o r e c a s t  w i t h  



VAS generated a much deeper t r o u g h  ove r  t h e  
e a s t e r n  h a l f  o f  N o r t h  America. The 90 meter  
d i f f e r e n c e s  produced b y  t h e  VAS d a t a  t h a t  were 
cen te red  ove r  I l l i n o i s  and I n d i a n a  were a l l  
i n  t h e  r i g h t  d i r e c t i o n  and v e r i f i e d  much c l o s e r  
t o  t h e  a c t u a l  a n a l y s i s  than  t h e  NoVAS f o r e c a s t .  
The changes i n  t h e  LFM f o r e c a s t  can be f o l l o w e d  
f r o m  12 th rough  48 hours  as a s t e a d i l y  p r o -  
g r e s s i n g  p a t t e r n  b e g i n n i n g  ove r  t h e  n o r t h e r n  
P l a i n s .  Th.i. case i s  s t i l l  q u i t e  p e r p l e x i n g  
s i n c e  t h e  changes i n  t h e  i n i t i a l  a n a l y s i s  a r e  
a l l  ove r  t h e  e a s t e r n  P a c i f i c  o f f  t h e  west coas t  
and do n o t  r e a d i l y  e x p l a i n  t h e  r e s u l t a n t  impact  
on t h e  f o r e c a s t s  downstream over  t h e  e a s t e r n  
h a l f  o f  N o r t h  America. Another  c o n f u s i n g  aspect  
a l s o  a r i s e s  s i n c e  t h e  RAFS w i t h  VAS d a t a  produced 
a s l i g h t l y  worse f o r e c a s t  t h a n  t h e  LFM w i t h  
NoVAS. (The a r c h i v e  t a p e  was l o s t  f o r  t h i s  
case and no r e r u n  was done f o r  t h e  RAFS.) T h i s  
s i t u a t i o n  c l e a r l y  p o i n t s  t o  t h e  need f o r  f u r t h e r  
d e t a i l e d  s t u d y  o f  t h e  RAFS. 

Other  m a j o r  f i n d i n g s  f r o m  b o t h  EPAC 
1984-85 and 1985-86: 

1 )  LFM can be impacted n e g a t i v e l y  
b y  bad h e i g h t  d a t a  as o c c u r r e d  w i t h  t h e  i n t r o -  
d u c t i o n  o f  b i a s e d  VAS r e t r i e v a l s  on 13 and 20 
Februa ry  1985 and aga in  f o r  f o u r  o f  t h e  cases 
i n  December 1985. 

2) t h e  LFM (Cressman) a n a l y s i s  w i l l  
draw f o r  h e i g h t  d a t a  ove r  w ind  d a t a  even when 
t h e  o b s e r v a t i o n s  a r e  i n c o n s i s t e n t .  

3 )  VAS d a t a  can be d i sp layed ,  e d i t e d  
and t r a n s m i t t e d  i n  t i m e  f o r  t h e  o p e r a t i o n a l  
model runs,  when EXPERIENCED f o r e c a s t e r s  and 
a n a l y s t s  a r e  a v a i l a b l e .  An a p p r o p r i a t e  combi- 
n a t i o n  o f  automated s t r i n g  commands a l l o w  f o r  
i nc reased  speed and e f f i c i e n c y  i n  t h e  d i s p l a y  
and e d i t i n g  f u n c t i o n s .  

4)  Communications between McIDAS 
and t h e  NOAA C e n t r a l  Computing f a c i l i t y  (NCCF) 
must be improved which i s  p lanned f o r  t h e  EPAC 
1986-87 when t h e  new VAS Data U t i l i z a t i o n  Center  
(VDUC) system w i l l  be i n s t a l l e d  a t  t h e  World 
Weather B u i l d i n g .  The VDUC w i l l  have d i r e c t  
access t o  t h e  NCCF v i a  a h igh-speed microwave 
l i n k .  

5 )  A l l  f u t u r e  model assessment e f f o r t s  
b o t h  f o r  VAS r e t r i e v a l s  and winds w i l l  f o c u s  
on t h e  NGM, wh ich  shou ld  be f u l l y  o p e r a t i o n a l  
b y  EPAC 1986-87. EPAC 1986-87 w i l l  a l s o  a c t  
as a benchmark f o r  e s t a b l i s h i n g  t h e  o p e r a t i o n a l  
c a p a b i l i t i e s  o f  t h e  new VDUC system. 

F u t u r e  p l a n s  beyond EPAC 1986-87 w i l l  
address t h e  f o l l o w i n g :  

1 )  Supp ly ing  t h e  RAFS w i t h  VAS t h i c k -  
ness and p r e c i p i t a b l e  wa te r  r e t r i e v a l s  ove r  
t h e  P a c i f i c ,  A t l a n t i c  and G u l f  o f  Mexico a t  
b o t h  0000 and 1200 GMT a l l  yea r  long.  Two GOES 
s a t e l l i t e s  shou ld  be a v a i l a b l e  t o  p r o v i d e  
extended coverage. An i n v e s t i g a t i o n  i s  underway 
t o  de te rm ine  whether  EPAC requ i remen ts  can be 
merged w i t h  s u p p o r t  p r o v i d e d  t o  t h e  N a t i o n a l  
Severe Storms and H u r r i c a n e  Centers .  

2)  One VAS d a t a  a s s i m i l a t i o n  i s  
c l e a r l y  n o t  enough as shown b y  s t u d i e s  such 
as Gal-Chen e t  a l . ,  1985. NMC i s  a l r e a d y  
deve lop ing  p l a n s  f o r  m u l t i p l e  s a t e l l i t e  d a t a  
a s s i m i l a t i o n  i n t o  t h e  model a n a l y s i s  and f o r e -  
c a s t i n g  systems. 

3 )  NMC i s  add ress ing  t h e  i s s u e  o f  
improved d a t a  a s s i m i l a t i o n  schemes f o r  t h e  
RAFS, i n c l u d i n g  a Newtonian nudging techn ique  
which shou ld  h e l p  i n c r e a s e  t h e  e f f i c i e n c y  o f  
i n c o r p o r a t i n g  t h e  s a t e l l i t e  data.  

We would l i k e  t o  thank t h e  s t a f f  a t  
t h e  U n i v e r s i t y  o f  Wisconsin and t h e  ASPP team, 
who were most c o o p e r a t i v e ,  and responded q u i c k l y  
t o  ou r  sugges t ions  and needs. I n  p a r t i c u l a r ,  
Anthony Schre ine r  was v e r y  h e l p f u l  and p r o v i d e d  
a s s i s t a n c e  on a d a i l y  b a s i s .  The automated 
r e t r i e v a l  and e d i t i n g  f u n c t i o n s  were enhanced 
and checked t o  p r o v i d e  a d d i t i o n a l  c a p a b i l i t i e s .  
The VAS r e t r i e v a l  d i s p l a y  f u n c t i o n  was r e v i s e d  
s e v e r a l  t imes  b y  Anthony S iebers  t o  meet t h e  
eve r  changing needs o f  t h e  World Weather 
B u i l d i n g  e d i t i n g  and m o n i t o r i n g  team. We would 
a l s o  l i k e  t o  thank Dennis Deaven f r o m  t h e  
Development D i v i s i o n  a t  NMC f o r  p r o v i d i n g  r e r u n s  
o f  t h e  LFM i n  a t i m e l y  f a s h i o n .  
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EPAC 84-85 
VAS-----NOVAS COMPARISON--48 H o u r  

500 MB HEIGHT F I E L D  (METERS) 

I N I T I A L  T I M E  NOVA! 

NA 110 DEC 17 23.0 
DEC 19 35 .O 
DEC 20 24.8 
DEC 21 21.4 
J A N  8 35.8 
J A N  16 36.2 
J A N  17 34.5 
FEB 8 38.3 
FED 27* 34.2 
FEB 28* 33.5 
MAR 1* 34.2 
MAR 3* 37.2 
MAR 8* 32.5 

WNA 37 DEC 17 27 .O 
DEC 19 40.7 
DEC 20 30.0 
DEC 21 33.0 
J A N  8 54.3 
J A N  16 41.9 
J A N  17 37.8 
FEB 8 31.2 
FEB 27* 45 .O 
FEB 28* 44.3 
MAR 1* 45.0 
MAR 3* 
MAR 8* 

ENA 73 DEC 17 21.5 
DEC 19 33.0 
DEC 20 22.7 
DEC 21 17.0 
J A N  8 28.5 
J A N  16 34.2 
J A N  17 33.5 
FEB 8 42.2 
FEU 27* 29.7 
FEB 28* 30.0 
MAR 1* 29.7 
MAR 3* 27.5 
MAR 8* 26.2 

ti:$ 

S 1  
VAS 

23.7 
35.9 
25.3 
21. .9 
35.8 
38.1 
29.5 
37.3 
36.6 
31.3 
36.6 
38.0 
34.6 

31.2 
42 .G 
29.2 
31.5 
50.7 
45.6 
39.1 
32.7 
43.7 
42.0 
43.7 

@ : Z  
21 .o 
33.6 
23.6 
18.3 
29.8 
35.3 
26.3 
39.8 
33.7 
27.9 
33.7 
26.9 
26.0 

MEAN 
NOVAS VAS 

.5.3 -30.8 

.5.0 - 4.8 
9.4 16.2 
11.1 38.4 
19.5 -14.8 

65.3 -75.9 

7.8 7.9 
29.9 29.0 

33:5 -4H 

24.2 -8.5 

11.0 -10.8 
0.0 10.3 
20.6 18.7 
13.2 -13.9 

NOVA! 

32.7 
36.2 
54 .8 
58.9 
41 .o 
46.0 
66 .8 
51 .8 
38.7 
45.3 
38.7 
50.4 
42.3 

32 .O 
39.7 
74.4 
86.9 
46.3 
47.5 
80.2 
37.7 
47.3 
64.3 
47.3 
75.2 
63.1 

33.0 
34.4 
41.6 
39.0 
37.9 
45.3 
59.1 
57.4 
34.0 
32 .8 
34.0 
32.9 
28.2 

__ 

M s 
VAS 

35.7 
41.4 
54.2 
66.4 
36.6 
51.2 
67.3 
47.6 
41.2 
44.7 
41.2 
50.1 
42.6 

39.5 
46.1 
71.4 
93.1 
37.7 
55.3 
93.3 
48.1 
45.9 
66.3 
45.9 
77.2 
60.1 

33.7 
38.9 
43.1 
48.7 
36.C 
49.c 

~ 47.3 
38.8 
29.5 

49.8 

38.8 
29 .a 
31 .G 

(36 H o u r )  

(36 Hour: 

(36 H o u r :  

*These cases were run i n  post rea l - t ime  mode. 

T a b l e  1 
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1. INTRODUCTION 

F o r e s t  f i r e s  can pose a s e r i o u s  threat 
t o  communities,  p r o p e r t y ,  and v a l u a b l e  t imber  
eve ry  y e a r .  I n  Canada, d u r i n g  t h e  pe r iod  1973- 
82 ,  t h e r e  w a s  a y e a r l y  ave rage  of 9 ,200 f i r e s  
which burned 2.1 m i l l i o n  h e c t a r e s  (ha )  (Ramsey 
and Higg ins ,  1985) and c o s t  $100 m i l l i o n  t o  
c o n t r o l .  During t h a t  10-year p e r i o d ,  f i r e s  t h a t  
were l a r g e r  t han  200 ha, which made up 3% of t h e  
t o t a l  number of f i r e s ,  were r e s p o n s i b l e  f o r  97% 
of  t h e  area burned. F i r e  c o n t r o l  a g e n c i e s  t r y  
to  d e t e c t  t h e  f i r e  as soon as p o s s i b l e  a f t e r  
i g n i t i o n  and t a k e  a p p r o p r i a t e  a c t i o n .  I f  the 
a c t i o n  r e q u i r e d  is t o  e x t i n g u i s h  t h e  f i r e ,  t h e  
smaller the f i r e  t h e  easier t h e  t a s k .  D e t e c t i o n  
is ach ieved  by a i r c r a f t  r e c o n n a i s s a n c e ,  observa-  
t i o n s  from manned f i r e  t owers ,  and by t h e  
g e n e r a l  p u b l i c .  

The a b i l i t y  t o  mon i to r  f o r e s t  f i r e s  by 
s a t e l l i t e  has  been p o s s i b l e  f o r  ove r  two decades 
now. LANDSAT imagery has  been used t o  c a l c u l a t e  
area burned i n  t h e  Northwest T e r r i t o r i e s ,  
Canada, at  t h e  end of a f i r e  s eason .  The 
LANDSAT sa te l l i t es  w i t h  a r e s o l u t i o n  of 30-80 m 
range would be i d e a l  f o r  f i r e  mon i to r ing  were i t  
n o t  f o r  the 18-day gap between p a s s e s  ove r  t h e  
same area. The G e o s t a t i o n a r y  O p e r a t i o n a l  
Environmental  S a t e l l i t e  (GOES) which has  exce l -  
l e n t  t empora l  r e s o l u t i o n ,  with imagery eve ry  
h a l f  hour ,  has some drawbacks.  F i r s t ,  t h e  
i n f r a r e d  r e s o l u t i o n  of 7 k i l o m e t e r s  (km) a t  t h e  
s u b s a t e l l i t e  p o i n t  makes i t  i m p o s s i b l e  t o  d e t e c t  
small f i r e s ;  s econd ,  GOES VISSR has on ly  one 
i n f r a r e d  channe l ,  t h e r e b y  e l i m i n a t i n g  the poss i -  
b i l i t y  of a m u l t i s p e c t r a l  approach.* It i s ,  
however,  p o s s i b l e  t o  d e t e c t  f i r e s  i n d i r e c t l y  by 
u s i n g  t h e  GOES v i s i b l e  channe l  t o  s p o t  smoke 
plumes from t h e  l a r g e r  f i r e s .  T h i s  is  because 
t h e  r e s o l u t i o n  of t h e  v i s i b l e  channe l  is 
c o n s i d e r a b l y  better (0.9 km a t  n a d i r ) .  The 

* F u t u r e  GOES-I,J,K s a t e l l i t e s  w i l l  have m u l t i -  
s p e c t r a l  c a p a b i l i t i e s  as does t h e  p r e s e n t  
V A S  expe r imen t  on GOES. 

N a t i o n a l  Oceanic  and Atmospheric A d m i n i s t r a t i o n  
(NOAA) s a t e l l i t e s ,  w i t h  a r e s o l u t i o n  of nea r  1 
km a t  n a d i r  a long  w i t h  a pass  eve ry  12 hours  
ove r  t h e  same l o c a t i o n ,  appea r  b e s t  equipped t o  
monitor  f o r e s t  f i r e s .  Also,  t h e  NOAA sa te l l i t es  
have m u l t i p l e  i n f r a r e d  channe l s  which f a c i l i t a t e  
m u l t i s p e c t r a l  t echn iques .  The N a t i o n a l  Weather 
S e r v i c e  has  used t h e  i n f r a r e d  channe l s  from t h e  
NOAA sa te l l i t es  s i n c e  1981 t o  h e l p  i d e n t i f y  
f o r e s t  f i r e s  i n  t h e  w e s t e r n  United S t a t e s  
(Matson et  a l . ,  1984).  

The t echn ique  of f i r e  mon i to r ing  
d e s c r i b e d  i n  t h i s  r e p o r t  u s e s  s a t e l l i t e  d a t a  t o  
monitor  f o r e s t  f i r e  l o c a t i o n  and s i z e  and cou ld  
be  used t o  complement e x i s t i n g  d e t e c t i o n  
systems.  Remote areas of North America, which 
i n c l u d e  l a r g e  segments of Canada's boreal f o r e s t ,  
are i d e a l l y  s u i t e d  f o r  f i r e  mon i to r ing  by 
s a t e l l i t e  because r e p o r t s  of f i r e  d e t e c t i o n  by 
c o n v e n t i o n a l  means are u s u a l l y  slow and scarce. 

2. THE ADVANCED VERY HIGH RESOLUTION 
RADIOMETER 

The Advanced Very High R e s o l u t i o n  
Radiometer (AVHRR) has  been on board NOAA satel-  
l i t e s  since 1979. The NOAA s a t e l l i t e s  were 
des igned  t o  o p e r a t e  i n  a n e a r  p o l a r ,  sun 
synchronous o r b i t  w i t h  a nominal a l t i t u d e  of 833 
km. The o r b i t a l  p e r i o d  is 104 minu tes ,  which 
r e s u l t s  i n  14.2 o r b i t s  p e r  day. The AVHRR 
p r o v i d e s  one v i s i b l e  channe l ,  one near- inf  r a r e d  
channe l ,  and two o r  t h r e e  i n f r a r e d  channelu.  
Tab le  1 from Kidwell  (1984) shows t h e  s p e c t r a l  
i n t e r v a l  and the I n s t a n t a n e o u s  F i e l d  of V i e w  
(IFOV) f o r  t h e  AVHRR channe l s .  The IFOV of each 
channe l  is  approx ima te ly  1.4 m i l l i r a d i a n s  
l e a d i n g  t o  a r e s o l u t i o n  of 1.1 km a t  t h e  
s u b s a t e l l i t e  p o i n t  f o r  an a l t i t u d e  of 833 km. 
The AVHRR is a c r o s s - t r a c k  scann ing  r ad iomete r  
w i t h  a s c a n  rate of 360 scam per  minute  
c o v e r i n g  an  a n g l e  of  255.4' from t h e  n a d i r ,  
e q u i v a l e n t  t o  a swath width of 2,600 km. Data 
is d i g i t i z e d  onboard t h e  s p a c e c r a f t  w i t h  a t o t a l  
of 2,048 samples  p e r  s c a n  p e r  channel .  A more 
complete  d e s c r i p t i o n  of t h e  NOAA s a t e l l i t e  

168 



series and t h e  AVHKR can be found i n  Scliwalh 
(1978,  1982) and Kidwel l  (1984) .  

T a b l e  1. Bandwidth and IFOV of t h e  AVHRR 

Bandwidth (mic romete r s )  IFOV 
Ch. # NOM-6, -8 NOM-7, -9 (mrad.) 

1 .58 - .68 .58 - .68 1.39 

2 .725 - 1.10 .725 - 1.10 1.41 

3 3.55 - 3.93 3.55 - 3.93 1.51 

4 10.5 - 11.5 10.5 - 11.3 1.41 

5 Ch. 4 Repea ted  11.5 - 12.5 1.3 

3. DATA 

The s a t e l l i t e  and f o r e s t r y  d a t a  were 
s e l e c t e d  f o r  t h e  S l a v e  Lake F o r e s t  Region f o r  
t h e  p e r i o d  J u n e  12 t o  J u n e  21 ,  1982 t o  t a k e  
advan tage  of a r a p i d l y  changing  f o r e s t  f i r e  
s i t u a t i o n .  On June  12 on ly  a few small f o r e s t  
f i r e s  were burn ing  i n  t h e  S l a v e  Lake F o r e s t  
Region. By J u n e  21, t h e r e  were o v e r  30 f i r e s  
bu rn ing  o u t  OP c o n t r o l ,  w i t h  some f i r e s  l a r g e r  
t h a n  20,000 ha .  The S l a v e  Lake F o r e s t  Region ,  
as shown i n  F i g u r e  1, e x t e n d s  from l a t i t u d e  
54.5"N t o  57.5"N and from l o n g i t u d e  113"W t o  
117OW. 

ALBERTA. CANAM 

I 1  

NOM-7 AVHKR d a t a  were o b t a i n e d  
th rough  t h e  Atmospheric Environment S e r v i c e  
( A E S )  from t h e  ground s t a t i o n  i n  Edmonton, 
A l b e r t a .  Data were r e t r i e v e d  from two p a s s e s  a 
day from June  12 t o  June  21, 1982 u n l e s s  t h e  
d a t a  were no t  saved  o r  were a t  a l a r g e  v iewing  
a n g l e  from n a d i r .  The a scend ing  o r b i t  ( n o r t h -  
bound e q u a t o r  c r o s s i n g )  f o r  NOM-7 is i n  t h e  
a f t e r n o o n ,  w h i l e  e a r l y  morning p a s s e s  are sou th -  
bound. The AVHRR d a t a  r eco rded  by t h e  Edmonton 
ground s t a t i o n  i n c l u d e d  channe l s  2 ,  3 ,  and 4 .  
The d a t a  has 2,048 samples  per  s c a n  pe r  c h a n n e l ,  
of which a few samples a t  t h e  heg inn ing  and end 
are f o r  c a l i b r a t i o n .  The d a t a  f o r  t h e  i n f r a r e d  
channe l s  were c a l i b r a t e d  a c c o r d i n g  t o  t o  t h e  
p rocedure  d e s c r i b e d  by L a u r i t s o n  e t  a l .  (1979) .  
The d a t a  has  f u l l  s p a t i a l  r e s o l u t i o n  of 1.1 km 
at  n a d i r .  

The f o r e s t  f i r e  d a t a  were s u p p l i e d  by 
t h e  A l b e r t a  F o r e s t r y  S e r v i c e  f o r  t h e  p e r i o d  June  
12-22, 1982. They are i n  t h e  form of d a i l y  
r e p o r t s  which, by f o r e s t  r e g i o n ,  l i s t  t h e  name, 
l o c a t i o n ,  s i z e  ( a c r e s ) ,  and s t a t u s  of t h e  f i r e .  
Almost a l l  f i r e s  i n  t h i s  ca se  s t u d y  were i g n i t e d  
by l i g h t n i n g .  The s i z e  of t h e  Eire was es t i -  
mated v i a  a i r c r a f t  r e c o n n a i s s a n c e ,  u s u a l l y  i n  
t h e  l a t e  a f t e r n o o n  o r  e a r l y  even ing .  

4. C T R E  MONITOKING TECHNIQUE 

Dozier  (1981) showed t h a t  i t  was 
p o s s i b l e  t o  use  a m u l t i s p e c t r a l  approach  t o  
d e t e c t  s u b p i c t u r e  e lement  ( p i x e l ) - s i z e d  e l e v a t e d  
h e a t  s o u r c e s .  He used d a t a  from AVHRR channe l s  
3 and 4 t o  t i u d  t h e  t e m p e r a t u r e  o t  t h e  e l e v a t e d  
h e a t  s o u r c e  and p e r c e n t a g e  of t h e  p i x e l  covered  
by t h e  h o t  t a r g e t .  Matson and Dozier  (1981)  
used  t h i s  approach  t o  d e t e c t  s teel  m i l l s  i n  t h e  
midwes tern  Uni ted  S t a t e s .  The m u l t i s p e c t r a l  
t e c h n i q u e  developed  by Dozier  was used i n  t h i s  
s t u d y  t o  t i n d  t h e  a r e a  and t empera tu re  of t h e  
f o r e s t  f i r e  w i t h i n  a p i x e l .  

The f i r e  mon i to r ing  t echn ique  is a 
r e s u l t  of t h e  d i E f e r e n c e s  i n  t h e  r a d i o m e t r i c  
r e sponse  of t h e  AVHRR Channels  3 and 4. AVHRR 
channe l  3 is very  s e n s i t i v e  t o  h i g h  t empera tu re  
s o u r c e s .  F i g u r e  2 shows t h a t ,  as t empera tu re  
i n c r e a s e s ,  t h e  wavelength  of t h e  moximum v a l u e  
of t h e  b lackbody r a d i a n c e  s h i f t s  toward s m a l l e r  
wave leng ths .  Using t h i s  f i g u r e ,  a f o r e s t  f i r e  
a t  500°K compared w i t h  t h e  uiihurned f o r e s t  a t  
300"K, w i l l  p roduce  a g r e a t e r  f r a c t i o n a l  c o n t r i -  
b u t i o n  t o  t h e  r a d i a n c e  sensed  f o r  Channel 3 t h a n  
f o r  Channel 4. F i g u r e  3 shows i n t e g r a t e d  Plaiick 
r a d i a n c e s  f o r  NOM-7 Channels  3 and 4. T h i s  
f i g u r e  shows t h e  Channel 3 curve  has  a g r e a t e r  
s l o p e  than  Channel 4 ;  t h u s ,  h igh  t e m p e r a t u r e s  
f o r  Channel 3 will make a g r e a t e r  c o n t r i b u t i o n  
t o  t h e  t o t a l  r a d i a n c e  sensed .  I t  f o l l o w s  t h a t  
f o r e s t  f i r e s  or any e l e v a t e d  h e a t  s o u r c e s  are 
easier t o  d e t e c t  on Channel 3 imagery. 

Fig.  1. S l a v e  Lake F o r e s t  Region 
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N3(T3) = pN,(Tf) + (1-P) Ng(Tb) 

N,(T,) = PN,(Tf) + (1-P) N+(Tb) 

( 1 )  

(2) 

where N3(T3)  and N,(T,) are known. I f  
Tb is  known, then  p and Tf can be found by 
s o l v i n g  t h e  two e q u a t i o n s .  Th i s  t e c h n i q u e  w i l l  
no t  de t e rmine  t h e  l o c a t i o n  of t h e  f i r e  w i t h i n  
t h e  p i x e l .  One l i m i t a t i o n  of t h i s  method i s  
t h a t  t h e  Channel 3 s e n s o r  w i l l  s a t u r a t e  a t  
322°K. F o r t u n a t e l y ,  s a t u r a t i o n  w i l l  on ly  o c c u r  
when t h e  f i r e  is  i n t e n s e  o r  cove r s  a s i g n i f i c a n t  
p o r t i o n  oE t h e  p i x e l .  

F i g u r e  4 shows a sample NOM-7 AVHRR 
Channel 3 image from June 19,  1982. 2110 GMT. 
The image cove r s  an area OF abou t  360,000 km* 
(600 km x 600 km). The enhancement scale is 
such t h a t  b l a c k  is ho t  and w h i t e  is  co ld .  

Wovelenqth ( p m )  

Fig.  2. P l anck  Radiances f o r  Temperatures  from 
200" t o  500°K. 

i 

t 

L 
r 

Fig.  4.  NOM-7 AVHRR Channel 3 ,  June  l Y ,  1Y82,  
2110 GMT. 

Fig.  3. I n t e g r a t e d  Planck r a d i a n c e s  f o r  NOM-7 
AVHRR Channels 3 and 4.  

To c a l c u l a t e  f i r e  s i z e  and t e m p e r a t u r e  
w i t h i n  a p i x e l ,  l e t  N,(T) and N,(T) r e p r e -  
s e n t  NOM-7 Channels  3 and 4 r a d i a n c e s  sensed  by 
t h e  s a t e l l i t e .  A p i x e l  may be composed of an 
e l e v a t e d  h e a t  s o u r c e ,  in t h i s  example a f o r e s t  
f i r e  a t  t empera tu re  Tf , which occup ies  p o r t i o n  
p of t h e  p i x e l  (where 0 5 p 5 1) .  
p o r t i o n  (1-p) of t h e  p i x e l  is covered by f o r e s t  
w i t h  a background t empera tu re  Tb. T h e r e f o r e ,  
t h e  r a d i a n c e s  sensed  by t h e  r ad iomete r  can he 
w r i t t e n  as f o l l o w s  f o r  Channel 3 and Channel 4: 

The r ema in ing  

T r a d i t i o n a l l y ,  Channel 3 imagery has  
n o t  been used d u r i n g  d a y l i g h t  hours  due t o  t h e  
r e f l e c t i o n  of s o l a r  r a d i a t i o n .  T h i s  s o l a r  
con tamina t ion  is e v i d e n t  in f i g u r e  4 as some 
c louds  appea r  ve ry  warm.  Even though t h e  
r e l a t i v e  i n t e n s i t y  of s o l a r  r a d i a t i o n  i n  t h e  
AVHRR channe l  3 range (3 .55 - 3.93pm) is small, 
t h e  r e f l e c t i o n  from c louds  can compare t o  t h e  
r a d i a t i o n  e m i t t e d  by cloud t o p s .  The r e f l e c t e d  
r a d i a t i o n  i s  dependent  upon t h e  a lbedo  of t h e  
i l l u m i n a t e d  s u r f a c e .  The a lbedo  of c louds  in 
t h e  3.5-4.0 ~ i m  r e g i o n  is h igh  and p i x e l s  w i t h  
some cloud are contaminated.  T h e r e f o r e ,  cloud- 
contaminated p i x e l s  were e l i m i n a t e d  through a 
cloud d i s c r i m i n a t i o n  t e c h n i q u e  based on t h e  
s p a t i a l  coherence method of Coakley and 
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B r e t h e r t o n  (1982) .  The r e f l e c t i v i t y  of a 
t y p i c a l  hardwood l e a f  i n  t h e  3.0-4.0 pm r ange  
was shown by Lee (1978) ,  based on d a t a  from 
Gates (1965) ,  t o  be ze ro .  Wong and B l e v i n  
(1967)  fouqd r e f l e c t a n c e 6  of p l a n t  l e a v e s  i n  t h e  
3.0-4.0 Iim r e g i o n  are less than  .05 f o r  t h e  
m a j o r i t y  of l e a v e s .  From t h e  above i n f o r m a t i o n  
t h e  amount of s o l a r  r a d i a t i o n  r e f l e c t e d  by t h e  
f o r e s t  was cons ide red  i n s i g n i f i c a n t .  T h e r e f o r e ,  
Channel 3 imagery was used d u r i n g  d a y l i g h t  hour s  
t o  monitor  t h e  f o r e s t .  

D e t e c t i n g  f i r e  i n  a p i x e l  was accom- 
p l i s h e d  through a t empera tu re  d i f f e r e n c i n g  tech- 
nique.  The e f f e c t i v e  i n f r a r e d  t empera tu re  of 
each c loud- f r ee  p i x e l  was c a l c u l a t e d  f o r  both 
Channels 3 and 4. I f  t h e  c a l c u l a t e d  t e m p e r a t u r e  
exceeded t h e  mean background t empera tu re  of t he  
f o r e s t  and i f  t h e  Channel 3 t empera tu re  w a s  
g r e a t e r  t han  t h a t  of Channel 4 by a c r i t i c a l  
v a l u e ,  it w a s  assumed t h a t  f i r e  was p r e s e n t .  
The t h r e s h o l d  v a l u e  of t h e  t empera tu re  d i f f e r -  
ence  was 8°K f o r  n i g h t  p a s s e s ,  and l O o K  f o r  day 
passes .  A f t e r  t h i s  t echn ique  w a s  a p p l i e d  t o  t h e  
r e g i o n  of i n t e r e s t  i n  t h e  image, con t iguous  
p i x e l s  w i th  f i r e  p r e s e n t  were grouped t o g e t h e r  
as one f i r e .  The f i r e  area i n  any g i v e n  p i x e l  
was c a l c u l a t e d  by t h e  m u l t i s p e c t r a l  approach 
(Doz ie r ,  1981) excep t  when a p i x e l  was 
surrounded by o t h e r  f i r e  p i x e l s .  I n  such a 
case it  was assumed t h e  p i x e l  was t o t a l l y  burned 
ove r .  

5. RESULTS 

V e r i f i c a t i o n  of f i r e  i d e n t i f i c a t i o n  
f o r  two class s i z e s  are shown: Class 1 inc luded  
f i r e s  40 ha o r  less,  and Class 2 was f o r  f i r e s  
o v e r  40 ha. During t h e  10-day p e r i o d  June 12 - 
June  21, a t o t a l  of 355 f i r e  o b s e r v a t i o n s  were 
r e p o r t e d  by t h e  A l b e r t a  F o r e s t  Se rv ice .  Many of 
t h e s e  were r e p e a t e d  o b s e r v a t i o n s  of t h e  same 
f i r e  i n  s e v e r a l  s a t e l l i t e  passes .  For example,  
i f  t h e  same f i r e  was p r e s e n t  f o r  t h r e e  p a s s e s  i t  
was counted as three f i r e  o b s e r v a t i o n s .  Tab le  2 
d i s p l a y s  t h e  t o t a l  f i r e  o b s e r v a t i o n s  f o r  c lass  
type  and f o r  day and n i g h t  cases, as w e l l  as 
u n o b s t r u c t e d  f i r e  o b s e r v a t i o n s .  Cloud and smoke 
were r e s p o n s i b l e  f o r  o b s t r u c t i n g  t h e  s a t e l l i t e  
view i n  many cases. Tab le  3 shows t h e  number of  
f i r e  i d e n t i f i c a t i o n s  made by s a t e l l i t e  f o r  t h o s e  
f i r e  o b s e r v a t i o n s  t h a t  were not  obscured.  

T a b l e  2. T o t a l  f i r e  o b s e r v a t i o n s  by class 
and t i m e  of pas s  

Class 1 Class 2 
(5 40 h a )  ( >  40 h a )  T o t a l  

Day 66 ( 1 6 )  117 (62 )  183 (78 )  

Night  73 (20)  99 (49 )  172 (69 )  

T o t a l  139 ( 3 6 )  216 (111)  355 (147)  

The ( ) number i n d i c a t e s  t h o s e  f i r e  obse r -  
v a t i o n s  which were u n o b s t r u c t e d  f o r  s a t e l l i t e  
viewing. 

Tab le  3. Unobstructed f i r e  o b s e r v a t i o n s  
i d e n t i f i e d  by s a t e l l i t e .  

Class 1 Class 3 
(5 40 ha )  (%) ( >  40 h a )  (%) T o t a l  

Day 9/16 (56 )  59/62 ( 9 5 )  68/78 ( 8 7 )  

41/49 ( 8 4 )  50/69 ( 7 3 )  Night 9 /20  ( 4 5 )  

T o t a l  18/36 ( 5 0 )  100/111 (90 )  118/147 ( 8 0 )  

The r e s u l t s  from t a b l e  3 show t h a t  80% 
(118/147)  of t h e  unobs t ruc t ed  f i r e  o b s e r v a t i o n s  
were i d e n t i f i e d .  However, on ly  33% (118/355)  of 
t o t a l  f i r e  o b s e r v a t i o n s  were i d e n t i f i e d ,  w i t h  
almost  59% (355-147/355) u n a v a i l a b l e  f o r  sa te l -  
l i t e  viewing due t o  o b s c u r a t i o n  by cloud o r  
smoke. The r e s u l t s  a l s o  show t h a t  a f t e r n o o n  
p a s s e s  had a h i g h e r  pe r  c e n t  of f i r e s  i d e n t i f i e d  
87% (68/78)  than  morning p a s s e s  73% (50 /69) .  
The b e t t e r  performance of f i r e  i d e n t i f i c a t i o n  
d u r i n g  a f t e r n o o n  p a s s e s  was no t  s u r p r i s i n g  as 
f i r e s  g e n e r a l l y  burn more v i g o r o u s l y  due t o  
lower r e l a t i v e  h u m i d i t i e s ,  h i g h e r  t e m p e r a t u r e s ,  
and s t r o n g e r  winds a t  t h a t  time of day. As one 
would e x p e c t ,  a h i g h e r  pe rcen tage  of l a r g e r  
f i r e s  ( C l a s s  2) were i d e n t i f i e d .  F i r e s  as small 
as 0.5 ha were a l s o  p r o p e r l y  i d e n t i f i e d  by t h i s  
t echn ique .  

A s  e v i d e n t  from t h e  r e s u l t s ,  a s i g n i -  
f i c a n t  number of f i r e s  were obscured by smoke 
a n d / o r  c loud.  During a major f o r e s t  f i r e  o u t -  
b reak  v a s t  q u a n t i t i e s  of smoke were t o  be a n t i -  
c i p a t e d .  Thus t h i s  f i r e  mon i to r ing  system was 
t e s t e d  under  d i f f i c u l t  c o n d i t i o n s .  On t h e  o t h e r  
hand, f i r e  mon i to r ing  would be most b e n e f i c i a l  
i n  t h i s  k ind  of s i t u a t i o n .  C loud iness  was a l s o  
a problem, p a r t i c u l a r l y  wi th  t h e  development of 
a f t e r n o o n  cumulus. 

F o r e s t  f i r e  area was c a l c u l a t e d  f o r  
each  f i r e  o b s e r v a t i o n .  The t echn ique  tended t o  
o v e r e s t i m a t e  t h e  s i z e  of small f i res  and under- 
estimate t h e  s i z e  of l a r g e  f i r e s .  A mre 
d e t a i l e d  account  of f o r e s t  f i re  a r e a  c a l c u l a t i o n  
is g iven  i n  F lann igan  (1985).  

6. DISCUSSION 

The automated f i r e  monitored system 
d e s c r i b e d  h e r e  has  two i n h e r e n t  weaknesses.  A 
f i r e  may go unde tec t ed  because ,  ( 1 )  t h e  temper- 
a t u r e  d i f f e r e n c e  between Channels 3 and 4 is  
below t h e  t h r e s h o l d ,  and ( 2 )  t h i n  cloud o r  smoke 
may be o b s c u r i n g  t h e  f i r e .  Automated moniLoring 
could be improved by v i s u a l  i n s p e c t i o n .  The 
image a n a l y s t  could v e r i f y  new f i r e s  and s c a n  
f o r  any unde tec t ed  f i r e s .  It would no t  be 
n e c e s s a r y  t o  monitor  a l l  f o r e s t e d  areas every 
day d u r i n g  t h e  f i re  season.  Using t h e  Canadian 
F o r e s t  F i r e  Danger Ra t ing  System (Canadian 
F o r e s t r y  S e r v i c e  1984, Van Wagner and P i c k e t t  
1985) which e v a l u a t e s  f i r e  danger  and p r e d i c t s  
f i r e  behav iour ,  c l o s e  f o r e s t  Eire mon i to r ing  is 
war ran ted  on ly  i n  f o r e s t e d  r e g i o n s  w i t h  a h igh  
Eire danger  r a t i n g .  
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Problems w i t h  f i r e  i d e n t i f i c a t i o n  can 
be dependent  on t h e  type  of f i r e .  A s u r f a c e  
f i r e  can be ve ry  d i f f i c u l t  t o  d e t e c t  as t h e  
f o r e s t  canopy can e f f e c t i v e l y  block t h e  view of  
t h e  sa te l l i t e .  We have assumed t h a t  an  e n t i r e  
p i x e l  was composed of a c o n s t a n t  background o r  
€ i r e  t empera tu re .  A c t u a l l y ,  t h e  p i x e l  could be 
composed of f i r e ,  smolde r ing  burned ove r  f o r e s t ,  
smoke, water, small c l o u d s ,  as w e l l  as unburned 
f o r e s t .  

7. CONCLUSIONS 

The f i r e  mon i to r ing  system d e s c r i b e d  
i n  t h i s  s t u d y  has some l i m i t a t i o n s ,  t h e  most 
s e r i o u s  be ing  o b s c u r a t i o n  of f i r e s  by smoke and 
c loud .  D e s p i t e  t h e s e  l i m i t a t i o n s ,  t h e  system 
i d e n t i f i e d  most unobs t ruc t ed  Eire o b s e r v a t i o n s  
i n  t h e  S l a v e  Lake F o r e s t  Region d u r i n g  a major 
f i r e  ou tb reak .  

F i r e  mon i to r ing  ove r  remote areas of  
t h e  f o r e s t  has  been h inde red  by t h e  c o s t  and 
l o g i s t i c s  of s p a t i a l  and temporal  coverage.  Use 
of  t h i s  f i r e  mon i to r ing  sys t em would e n a h l e  t h e  
d e t e c t i o n  of f i r e  l o c a t i o n  and s i z e  ove r  l a r g e  
areas of f o r e s t .  
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1. INTRODUCTION 

Snow cover is an important variable of the 
climate system. The accurate forecasting of 
local daily temperatures, regional climatic 
anomalies and the location and strength of 
cyclonic systems relies, in part, on knowledge 
of the distribution and state oE regional snow 
cover (Dewey, 1977; Kukla, 1979; Namias, 1981; 
Walsh &, 1982; Foster et al., 1983; 
Robinson, 1984a; Walsh and Ross, 1986). 
Snow-covered land exhibits major differences 
from snow-free ground due to snow's low heat 
conductivity, high thermal emissivity, low vapor 
pressure and high shortwave albedo. 

The high albedo of snow permits the 
recognition of snow-covered land in shortwave 
satellite imagery. This task is often 
difficult, however, as the albedo of 
snow-covered land varies considerably as a 
function of the type and density of vegetative 
cover, the physical properties and depth of snow 
and the continuity of snow cover. Automated 
analyses of multi-spectral satellite imagery 
have shown to be promising (Kunzi et al., 1982; 
Bunting and D'Entremont, 1982; Tsonis, 1984). 
Nevertheless, an interactive analysis of 
satellite data on  an image processor by an 
observer familiar with the studied area is still 
the optimal method of retrieving information on 
snow-covered regions. 

In the following, examples of albedo 
variations of both fresh and aging snow cover 
are examined using a combination of 
remotely-sensed aircraft and satellite data. 
For the purpose of this discussion, only 
clear-sky albedo values are discussed. 

2. DATA 

2.1. Aircraft measurements 
Surface albedo (0.28-2.84um) was measured 

over typical middle latitude surface types under 
a variety of snow-covered conditions. Data were 
gathered over southeastern New York and northern 
New Jersey from aircraft equipped with wingtip- 
mounted hemispheric pyranometers. At the flight 
altitude of approximately 200m, 90% of the 
reflected signal from an area of 
approximately 0. 50kmrmeThe conf idence limit of 
flight albedos is lc_4% of the calculated value 
(Robinson and Kukla, 1984). 

2.2. Satellites 
Surface albedo was estimated over full and 

partly snow-covered lands from Defense 
Meteorological Satellite Program (DMSP) and NOAA 
Advanced Very High Resolution Radiometer (AVHRR) 
imagery, having resolutions of 2.7km and l.lkm, 
rcspectf vely. Albedo was determined by 
analysing clear-sky scenes on a digital image 
processor. The brightness of the scene was 
converted to surface albedo by linear 
interpolation between bright and dark 
snow-covered or snow-free targets with known 
albedos. Shine and Henderson-Sellers (19831, 
uslng a radiative transfer scheme, have shown 
that this approach works well with DMSP imagery 
because of the wide spectral range (0.4-1. bum) 
of the DMSP sensor. 

Albedos s o  calculated from DMSP imagery may 
be up to 0.10 too low or 0.05 too high (Robinson 
and Kukla, 1985). The range is larger for the 
narrow band (0.6-0.7pm) AVHRR imagery. These 
error ranges are relatively small compared to 
the dramatic differences in surface albedo due 
to contrasting types and densities of vegetation 
and varying snow condltions. 

3. FRESH SNOW COVER 

The albedo of surfaces which are covered 
with fresh snow -varies due to the type and 
density of vegetative cover and the depth of 
snow. The latter is exemplified in table 1, 
which presents aerial albedo data gathered over 
fresh snow-cover on two days where only the snow 
depth differed. On February 10 only 10-15cm of 
snow covered the fields and foreats, while on 
the 14th of February 40-50cm of snow lay on the 
ground. Ground measurements of the albedo of 
pure snow on both dates were between 0.78 and 
0.83. Albedo on the 10th was from 0.03-0.12 
lower than on the 14th. Representative 
differences were 0.03-0.06 over forests, 0.05 
over grassy meadow, 0.06-0.08 over developed 
areas, and 0.12 over shrubby grassland and 
cultivated fields. These differences were due 
to the presence of grass, bushes, crop and 
forest litter, rocks, rooftops, etc., which were 
buried on the 14th, but protruded through the 
pack on the 10th. In general, differences 
caused by varying depth are significant when 
less than 15 to 20cm of snow covers the ground. 

The impact of vegetation on the surface 
albedo varies markedly over land covered by 
fresh snow. Figure 1 shows the potential 
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Fig.  1. Maximum s u r f a c e  a l b e d o  of  Northern Hemisphereo landowwith t h e  p o t e n t i a l  of 
deve lop ing  s e a s o n a l  snow cover .  Cells,  measuring 1 x 1 , are marked i n  0.10 
inc remen t s .  ( f rom Robinson and Kukla,  1985) 

Tab le  1. S u r f a c e  a l b e d o  w i t h  d i f f e r i n g  d e p t h s  of 
snow cove r  o v e r  s i tes r e p r e s e n t i n g  a v a r i e t y  of 
middle  l a t i t u d e  s u r f a c e s .  On Feb. 10, 1983 t h e  
snow c o v e r  was 3 d a y s  o l d  a n d  10-15cm d e e p .  
Over t h e  same si tes on Feb. 14, 1983 t h e  t o p  
30-40cm of t h e  c o v e r  was 2 d a y s  o l d  and  t h e  
e n t i r e  packvwas 40-50cm deep. The a l b e d o  of the  
snowpack  on b o t h  d a t e s  w a s  b e t w e e n  0 . 7 8  a n d  
0.83. For  a f u r t h e r  d e s c r i p t i o n  of sites see 
Robinson and Kukla (1984).  

S u r f a c e  A 1  bedo 
Feb. 10 Feb. 14 14th-10th -- 

mixed f o r e s t  0.16 0.19 0.03 

dec iduous  f o r e s t  0.25 0.31 0.06 

shrubby g r a s s l a n d  0.48 0.60 0.12 

g r a s s y  meadow 0.67 0.72 0.05 

c u l t i v a t e d  f i e l d s  0.68 0.80 0.12 

suburban r e s i d e n t i a l  0.40 0.48 0.08 

i n d u s t r i a l  0.51 0.57 0.06 

maximum s u r f a c e  a l b e d o  of s e a s o n a l l y  
snow-covered Nor the rn  Hemisphere l ands .  Data 
were g a t h e r e d  i n  s e l e c t e d  c l ea r - sky  s c e n e s  of 
DMSP imagery where v i s u a l  i n s p e c t i o n  showed t h e  
p r e s e n c e  o f  d e e p  and  s t a b l e  snow c o v e r  o v e r  
s e v e r a l  c o n s e c u t i v e  days.  I n  a r e a s  where deep 
snow was n o t  f o u n d  i n  t h e  s e v e r a l  y e a r s  o f  
Imagery a n a l y s e d ,  a l b e d o  was i n f e r r e d .  These 
areas were mos t ly  l o c a t e d  i n  p o r t i o n s  of a r i d  
and s e m i a r l d  s o u t h e r n  Asia, where a l b e d o  
i n f e r e n c e  is s i m p l i f i e d  by t h e  g e n e r a l  absence  
of t a l l  o r  dense  v e g e t a t i o n  (Robinson and Kukla, 
1985). 

The re  i s  a broad zone of r e l a t i v e l y  dense  
f o r e s t s  masking t h e  u n d e r l y i n g  snowpack i n  
E u r a s i a  a n d  N o r t h  America. In E u r a s i a ,  t h e  

a r e a l l y  ave raged  a l b e d o  is 0.36 ove r  t h e  b o r e a l  
f o r e s t  zone between 60' and 65'N. It rises t o  
0.76 o v e r  t h e  s h o r t  g r a s s y  t u n d r a  f u r t h e r  no r th .  

4. AGING SNOW COVER 

When a s s e s s i n g  t h e  a l b e d o  of  a n  a g i n g  o r  
d i s s i p a t i n g  snow cove r  o t h e r  f a c t o r s ,  i n  
a d d i t i o n  t o  v e g e t a t i o n  a n d  d e p t h ,  come i n t o  
play.  These i n c l u d e  t h e  p h y s i c a l  p r o p e r t i e s  of 
the snow and t h e  areal  c o n t i n u i t y  of the cover .  

A s  t h e  snowpack a g e s ,  t h e  g r a i n  s i z e  
I n c r e a s e s ,  t h e  s u r f a c e  g e t s  d i r t y  and e v e n t u a l l y  
t h e  pack becomes w e t .  A s  a r e s u l t ,  t h e  a l b e d o  
c o n t i n u a l l y  d e c r e a s e s .  A t  d e p t h s  l e s s  t h a n  
approx ima te ly  IOcm, t h e  u n d e r l y i n g  s u r f a c e  
b e g i n s  t o  i n f l u e n c e  t h e  r e f l e c t e d  s i g n a l .  
Ground measurements of a n  o r i g i n a l l y  50cm deep 
snowpack o v e r  a s h o r t  g r a s s y  f i e l d  showed a l b e d o  
f a l l i n g  by 0.29, f rom 0.83 t o  0.54, o v e r  a 13  
day p e r i o d  (Fig.  2). While t h e  snow was s l u s h y  
by t h e  1 3 t h  day,  no grass b l a d e s  had y e t  
p r o t r u d e d  th rough  t h e  pack. 

The p h y s i c a l  c o n d i t i o n  of t h e  snowpack 
impac t s  on t h e  a l b e d o  of a l l  snow-covered 
s u r f a c e s .  Aerial ly-measured a l b e d o s  from 25 
s i tes ,  i n c l u d i n g  f i e l d ,  f o r e s t  and developed 
areas, on a day w i t h  10-15cm deep 3 day o l d  snow 
(Feb. 10) were approx ima te ly  20% greater t h a n  a t  
t h e  same s i t e s  w i t h  i d e n t i c a l  snow d e p t h  b u t  
w i t h  t h e  snow 9 days  o l d  (Feb. 22)  (Fig.  3). 
The a l b e d o  of t h e  u n i n t e r r u p t e d  snowpack was 
approx ima te ly  0.80 on t h e  10th and 0.60 on t h e  
22nd. 

Over l i g h t l y - v e g e t a t e d  r e g i o n s  w i t h  snow 
p r e s e n t ,  t h e  l a r g e s t  d e c r e a s e s  i n  s u r f a c e  a l b e d o  
occur  not f rom p h y s i c a l  changes i n  t h e  snowpack 
b u t  f r o m  t h e  e x p o s u r e  of  b a r e  g r o u n d .  The 
l a t t e r  may r e s u l t  from m e l t  o r  d e f l a t i o n .  In 
f i g u r e  4, b r i g h t n e s s  h i s tog rams  measured from 
AVHRR images show t h e  chang ing  p r o p o r t i o n  of 

d i s s i p a t e d  o v e r  approx ima te ly  100,000km as 2sn: 
snow-covered and snow-f ree s u r f  aces 

fa rmland  i n  t h e  c e n t r a l  U.S.. 
H i s tog ram 1 shows t h e  area i n  March 1976, 

when a l l  of t h e  approx ima te ly  90 climate 
s t a t i o n s  i n  t h e  area measured o v e r  15cm of f r e s h  
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Fig.  2. Midday a l b e d o  of  a c o m p l e t e  snowpack 
o v e r  a s h o r t  p a s s y  f i e l d  a t  t h e  Lamont 
Obse rva to ry  (41  N) from Feb. 13-25, 1983. 
Albedo i s  shown w i t h  a diamond f o r  1-3 day o l d  
snow (open diamond: d r y ,  Feb. 1 3  and 141, 
s q u a r e s  4-6 days o l d ,  t r i a n g l e s  7 days o r  more 
old.  S o l i d  symbols i n d i c a t e  a w e t  snowpack. 
Datum from Feb. 20 is missing.  Arrows p o i n t  t o  
cases where g l o b a l  a tmosphe r i c  t r a n s m i s s i v i t y  
was below 40%. ( a f t e r  Robinson, 1984b) 
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Fig. 3. Snow depth-age-albedo r e l a t i o n s h i p s .  
The a l b e d o  of a s i t e  on Feb. 10, 1983 i s  p l o t t e d  
a g a i n s t  t h e  a lbedo  of t h e  i d e n t i c a l  s i t e  on Feb. 
22, 1983. Both days had clear s k i e o  and the 
same snow d e p t h s  a t  f o r e s t  and f i e l d  test sites. 
Snow on t h e  1 0 t h  was 3 days  o l d  and d r y  w i t h  an  
a l b e d o  of 0.78. Snow on t h e  22nd w a s  10 days 
o l d  a n d  wet w i t h  a n  a l b e d o  o f  0 .60 .  The 
r e g r e s s i o n  e q u a t i o n  has  a c o r r e l a t i o n  of 0.96. 
( a f t e r  Robinson and Kukla,  1984). 
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Fig.  4. B r i g h t n e s s  h i s tog rams  w i t h  d i f f e r e n t  
snow-cover c o n d i t i o n s  ove r  c e n t r a l  U.S. 
farmland.  Vertical  axis, shows t h e  number of 
p r o c e s s o r  p i x e l s  (x 10 ) w i t h  a p a r t i c u l a r  
b r i g h t n e s s  ( h o r i z o n t a l  a x i s ) .  ( a f t e r  Robinson 
and Kukla, 1982) 

snow cove r  on t h e  ground. A s i n g l e  h igh  
b r i g h t n e s s  peak corresponded t o  a n  a l b e d o  of 
abou t  0.70. The February 1,  1977 h i s tog ram ( 2 )  
q u a n t i f i e s  t h e  b r i g h t n e s s  d i s t r i b u t i o n  o v e r  t h e  
r e g i o n  when a snow cove r  was 7 days a l d .  Some 
b a r e  g r o u n d  had  begun t o  a p p e a r ,  g i v i n g  t h e  
h i s tog ram a bimodal c h a r a c t e r .  Regional  a lbedo  
was approx ima te ly  0.40. Compared t o  h i s tog ram 
1 ,  t h e  b r i g h t  peak is s h i f t e d  towards t h e  d a r k  
end,  p robab ly  due t o  a combinat ion of d e c r e a s i n g  
a l b e d o  of a g i n g  snow and s u b r e s o l u t i o n  p a t c h e s  
of ba re  ground. Some 80% of t h e  s t a t i o n s  i n  t h e  
r e g i o n  r e p o r t e d  snow cove r  on t h e  1 s t .  A t  t h e s e  
s t a t i o n s  t h e  ave rage  dep th  was 10cm. 

In s u b s e q u e n t  d a y s  ( h i s t o g r a m s  3 - 5 ) ,  t h e  
amount of snow-free ground began t o  exceed t h a t  
of snow-covered ground and r e g i o n a l  a l b e d o  
dec reased  from about  0.30 t o  0.20. By t h e  l o t h ,  
t h e  s i n g l e  d a r k  peak on t h e  h i s tog ram (5) 
i n d i c a t e s  t h a t  t h e  s u r f a c e  was mos t ly  snow f ree ,  
w i t h  on ly  s u b r e s o l u t i o n  snow p a t c h e s  probably 
p r e s e n t .  These broadened t h e  peak and skewed i t  
towards b r i g h t e r  va lues .  On t h i s  d a t e ,  50% of 
t h e  s t a t i o n s  r e p o r t e d  snow cove r ,  w i t h  t h e  dep th  
a v e r a g i n g  4cm. 

5. CONCLUSIONS 

Regions where snow i s  p r e s e n t  e x h i b i t  a wide 
r ange  of s u r f a c e  a l b e d o  due t o  v a r i a t i o n s  i n  t h e  
t y p e  and d e n s i t y  of v e g e t a t i o n  and t h e  dep th ,  
p h y s i c a l  p r o p e r t i e s  and c o n t i n u i t y  of t h e  
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snowpack. At present, the most accurate way to 
assess the winter surface albedo on regional to 
continental scales i s  through the analysis of 
shortwave satellite imagery i n  an interactive 
manner on an image processor by an observer 
familiar with the studied area. 
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THE EFFECT OF HURRICANE GLORIA ON SEA SURFACE TEMPERATURE PATTERNS 
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1. INTRODUCTION 

Hurricane Gloria, one of  the largest storms 
of the twentieth century, made successive land- 
falls at Hatteras Island, North Carolina and 
Long Island, New York on September 27, 1985. 
Gloria skirted the Atlantic seaboard and caused 
considerable damage on land, but also dramatically 
altered sea surface temperatures in the Middle 
Atlantic Bight, in the wake of the storm. The 
effects of hurricane Gloria on ocean surface 
conditions are assessed by analyzing changes 
in sea surface temperature patterns as depicted 
in (1) satellite infrared (IR) images and ( 2 )  
operational satellite-derived, multi-channel 
sea surface temperature (MCSST) analyses. 

2. HURRICANE GLORIA 

The National Hurricane Center's preliminary 
report on hurricane Gloria (Lawrence, 1985) is 
summarized below. As indicated in Fig. 1, this 
severe storm affected weather over a substan- 
tial portion of the North Atlantic Ocean during 
the last two weeks of September 1985. 

Gloria began as a low-level circulation 
on September 16, 1985 near the Cape Verde Islands. 
By September 22, the storm had crossed the 
Atlantic and reached hurricane strength. As 
Gloria passed to the north of the Bahama Islands 
on September 24, the hurricane's central pressure 
fell Lelow 950 mb and observed upper level winds 
exceeded 46 m/s. The next day, Gloria's central 
pressure dropped to a minimum of 919 mb, and 
based on reconnaissance aircraft data, the maximum 
sustained surface wind speed was estimated at 
65 m/s. Gloria then veered to the north and 
began to weaken. 

On September 27, the hurricane's center 
passed over Hatteras Island, North Carolina, 
then moved just offshore, skirting the coasts 
of Virginia, Maryland, Delaware and New Jersey. 
In a coincident infrared satellite image of 
this region (Fig. 2) Gloria is located just 
south of the entrance to Chesapeake Bay. During 
this period, the strongest winds (43-46 m/s), 
associated with the northeast quadrant of the 
hurricane, remained over open water. Wind speeds 

A )  

Figure 1. Track of hurricane Gloria: 1) over 
the North Atlantic Ocean, 17 September to 2 October 
1985, and b) over the Middle Atlantic Bight, 
27 September 1985. 
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observed at land stations and at coastal 
meteorological buoys were not as high. For 
example, at Cape Point, North Carolina, maximum 
sustained winds were approximately 33 m/s and 
reported hourly observations from the NDBC buoys 
(41001, 44009, CHLV2, see Fig. 1) did not exceed 
35 m/s. However, the automated station at Diamond 
Shoals Light reported sustained winds greater 
than 40 m/s (Lawrence, 1985). Colder sea surface 
temperatures (SST) were recorded at each of 
the coastal buoys after Gloria moved through 
the area. Although the absolute change in SST 
at each buoy was not large, it is worth noting 
that rapid decreases in SST (0.5OC to l.O°C) 
were observed at three of the four buoys after 
Gloria passed (Fig. 3). 

Hurricane Gloria made its second landfall 
on Long Island, approximately ten hours after 
the initial landfall in North Carolina. Gloria 
continued on a north-northeast track and became 
extratropical over Maine on September 28. 

From North Carolina to Massachusetts, storm 
surge tides ranged from two to four meters above 
predicted astronomical tides. Coastal flooding, 
although serious in the Outer Banks of North 
Carolina, was moderated by the coincidence of 
peak storm surge and low tide. Gloria was the 
largest storm tracked by the National Hurricane 
Center since it began monitoring hurricanes 
in the early 1950's. However, Gloria was not 
excessively devastating because (1) the main 
storm surge nearly coincided with low tide, 
(2) the northeast quadrant passed offshore, 
and (3) Gloria weakened as  it passed over colder 
water north of the Gulf Stream (Botzum and Garner, 
1985). 

3 .  SATELLITE DATA 

During the past three years, significant 
advances have been made in the methods used 
to derive ocean surface temperatures from oper- 
ational environmental satellites (Strong and 
McClain, 1984). These improvements have enabled 
the routine production of relatively high 
resolution and accurate satellite-derived SST 
analyses. The effects of hurricane Gloria on 
the ocean surface temperature structure can 
be assessed by using satellite thermal-infrared 
images and objective analyses of satellite-derived 
SST measurements. 

3.1 Satellite Imagery 

The satellite images (Fig. 2 and 6 )  are 
enhanced grey-scale representations of infrared- 
channel scanner data derived from the Advanced 
Very High Resolution Radiometer (AVHRR) carried 
on the TIROS-N series of NOAA polar-orbiting 
environmental satellites. The current satellite 
in the series is designated NOAA-9 and is the 
one used to derive the images and analyses 
depicted here. The AVHRR is a multi-spectral 
scanner, measuring visible and infrared radiation 
in five spectral bands at a ground resolution 
of 1.1 km (Schwalb, 1979; Schwalb, 1982). The 
images show the variation in the amount of  in- 
frared radiation upwelling from the earth's 
surface in the 10.3-11.3 um spectral bands. The 
amount of radiation observed is proportional 
to the temperature of the radiating surface, 
but is altered by absoption and reemission of  
radiation by atmospheric constituents, principally 
water vapor. 

I79 

Figure 2. NOAA-9 satellite infrared image of 
hurricane Gloria, shortly after landfall on 
Hatteras Island (September 27, 1985). The image 
depicts temperature as grey-shades, with the 
warmest regions shown in black and the coldest in 
white. The coldest clouds are located near the 
storm's center. 
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Figure 3 .  Time series of sea surface temperature 
at NDRC moored buoys 41001, 44009, 44012 and the 
Chesapeake Light C-MAN station. 



3 . 2  Multi-Channel SST 

To correct for atmospheric effects and 
derive (? quantitative measure of SST, two 
or more infrared channels are employed. 
Each channel is affected somewhat differently 
by the atmosphere, and the difference between 
the amount of radiation sensed in different 
channels is a measure of this atmospheric 
effect. To measure SST, theoretical 
multi-channel equations are derived using 
a seasonally and geographically diverse 
set of atmospheric temperature and moisture 
profiles, in conjunction with the 
spectral-response functions of the AVHRR 
channels (McClain, 1981). These equations 
are adjusted to minimize the differences 
between the SSTs calculated with the 
theoretical multi-channel equations and 
closely matched drifting buoy SST 
measurements. The resulting multi-channel 
SST (MCSST) equations, one for daytime 
data and one for nighttime data, are used 
operationally to calculate SST observations 
(i.e., time and location tagged SST 
measurements) of 8 km resolution in 
cloud-free areas. Visible channel 
thresholds, IR channel relationships, and 
data uniformity checks are employed to 
detect clouds before calculating SST. 
Details of the MCSST algorithms may be 
found in McClain et al. (1985). In general, 
the resulting satellite-derived MCSST 
observations have RMS differences between 
0.5OC and 0.7OC when compared to screened 
buoy observations (Strong and McClain, 
1984). 

3.3 SST Analysis Technique 

An automated objective analysis is 
used to produce the grid point SST fields 
shown in Fig. 4 and 5. The input to the 
analysis program is a set of 
satellite-derived MCSST observations covering 
a time period of 3 to 4 days. The output 
from the program is a mapped field of sea 
surface temperatures on a 14 km (1/8-degree 
latitude-longitude) rectangular grid for 
a particular geographic region. A single 
pass analysis scheme is used. Grid points 
are updated with new observations one at 
a time. 

Initially, a rectangular search area 
is defined which surrounds the grid point 
to be modified. The distance between the 
grid point and the boundary of the search 
area in any cardinal direction varies as 
a function of the thermal gradient in that 
direction. This distance varies from a 
minimum of 45 km for a gradient stronger 
than 3°C/100 km to a maximum of 75 km for 
a gradient weaker than loC/10O km. Each 
MCSST observation in the search area is 
given a weight, W, where W = 100/D2 and a 

D is the distance (expressed in grid units) 
between the observation and the grid point 
being updated. All observations within 
0 . 3 3  grid units (about 4.6 km) of the grid 
point are given the same weight. Computed 
weights vary from 3.43 for an observation 
which is 75 km away from the grid 

7:w 74w 71w 

Figure 4 .  Satellite-derived, 14 km grid, sea 
surface temperature (SST) analysis for the 
Middle Atlantic Bight, based on multi-channel 
data for September 24, 1985. 
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Figure 5. Satellite-derived, 14 km grid, sea 
surface temperature (SST) analysis for the 
Middle Atlantic Bight, based on multi-channel 
data for September 28, 1985. 
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point to 918.3 for an observation closer 
than 4.6 km. A weighted average SST is 
then calculated by using all observations 
within the search area. 

To complete the analysis procedure, 
the grid point temperature calculated in 
the previous analysis is replaced by a 
weighted average of this old grid point 
temperature and the weighted average of 
the new MCSST observations. If the sum 
of the weights of the new observations 
is greater than the weight of the old grid 
point temperature, the old grid point 

\ temperature is given a weight of zero. 
If no new observations occur within the 
search area, the o l d  grid point temperature 
is retained and its weight is halved. Recent 
comparisons (Strong, 1986, personal 
communication) indicate that when satellite 
observations are available to update the 
field, RMS differences between buoy 
temperatures and the nearest analyzed field 
grid point temperatures have the same 0.5OC 
to 0.7OC range as do the direct matches 
between individual satellite observations 
and buoy temperatures. 

4. SURFACE TEMPERATURE EFFECTS 

Patterns of SST as derived from 
satellite data prior to Gloria's passage 
through the Middle Atlantic Bight are shown 
for the region between North Carolina and 
Long Island in Fig. 4. The warm surface 
manifestation of the Gulf Stream can be 
seen east of Cape Hatteras as 27OC water 
located at approximately 36'N, 74OW. Surface 
thermal gradients north of the Gulf Stream 
are not notably strong; however, the 
temperatures decrease steadily to the north, 
reaching a minimum of 2OOC just to the 
south of Long Island. 

The hurricane's passage significantly 
altered the surface temperature patterns, 
which can be seen by comparing the SST 
patterns after Gloria's passage (Fig. 5) 
with those before (Fig. 4). An elongated 
pool of relatively cool, 18OC water appears 
east of Gloria's central track, in the 
region of maximum winds associated with 
the northeast quadrant of the storm. In 
a strip parallel to and 50 km to 100 km 
east of Gloria's central track, the surface 
temperature decreased by as much as hoc. 
A comparison of the analyzed SST field 
(Fig. 5) with the observed coastal buoy 
temperatures (Fig. 3) shows reasonable 
agreement (i.e., differences of approximately 
0.5OC) which suggests that the cold tongue 
and strong thermal gradients are real 
features induced by the passage of hurricane 
Gloria and not artifices of the MCSST 
retrieval algorithms or the analysis 
procedures. Further supporting evidence 
may be found in the few available expendable 
bathythermograph (XBT) profiles taken 
in this region before and after Gloria. 
These data (not shown) not only show a 
3'C decrease in SST, but a180 suggest that 
the entire water column from the surface 
to about 40 m cooled by as much AS 2OC. 

An enhanced, infrared image of the Middle 
Atlantic Bight (Fig. 6) taken after hurricane 
Gloria moved to the north clearly shows the 
"cold" features which are associated with 
the storm. In this image, the Gulf Stream 
is located in the lower right quadrant. 
Upwelled (mixed) cool water can be seen as 
a bright band stretching diagonally through 
the center of the image. In general, this 
image shows the same features as the SST 
analysis displayed in Fig. 5. However, the 
resolution of the image is greater than that 
of the analysis, and therefore, much finer 
structure can be seen. Regions associated 
with upwelling typically exhibit the filamentous 
patterns evident in this image. A warm-core 
eddy and apparent entrainment of cool water 
by the Gulf Stream are other features which 
can be seen in the image but which are not 
captured in the objective analysis. 

5. HISTORICAL COMPARISONS 

The surface temperature pattern which 
became evident after Gloria's passage is not 
substantially different from that seen during 
Octobers of previous years. Figure 7 shows 
time series of sea surface temperature at 
one location (39.5ON, 73.0'W) in 1983, 1984, 
and 1985, as derived from objective analyses 
of satellite SST observations. From September 
24 to October 24, the temperature decreased 
3°C in 1983 and 5OC in 1984. Both changes 
are comparable to the 4OC decrease evident 
on September 27, 1985. Of course, in previous 
years, the temperature decrease was spread 
out over a much longer period. 

Figure 6. NOM-9 satellite infrared image after 
the passage of hurricane Gloria (September 28, 
1985). 
shades with the warmest regions shown in black 
and the coldest in white. The area of coverage 
extends from Cape Hatteras to L o w  Island. 

The image depicts temperature as grey 
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Studies of other hurricanes show surface 
temperature effects similar to those observed 
during the passage of hurricane Gloria. 
Leipper (1967) found a l0C to 5OC decrease 
in SST in the Gulf of Mexico due to upwelling 
and mixing after hurricane Hilda in 1964. 
Bates and Smith (1985) found a l0C to 3OC 
decrease in SST to the right of the storm 
track in the Gulf of Mexico with the passage 
of hurricane Alicia in 1983. Our results 
are further corroborated by Stramma and 
Cornillon (1986, in press) who studied 
13 hurricanes in the western North Atlantic 
between 1981 and 19,94, and found maximum 
cooling (up to 3.5OC) well to the right 
of the storm track (approximately 70 km). 

6 .  CONCLUSIONS 
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Figure 7. Time series of sea surface temperature 
(SST) at 39.5ON, 73.0°W during September and 
October 1983, 1984, and 1985. Data were obtained 
from 14 km analyzed fields of MCSST observations. 

Operational SST analyses, which use satel- 
lite data, are now of sufficient accuracy and 
resolution that they can be used to monitor 
the detailed effects of a hurricane passage 
on sea surface temperature patterns. In the 
wake of hurricane Gloria, it is probable that 
significant upwelling and mixing cooled surface 
waters by as much as 4OC. The maximum cooling 
occurred 50 km to 100 km to the east of the 
track, associated with the maximum surface 
winds in the northeast quadrant of the storm. 
These surface temperature effects are readily 
observable in infrared satellite images and 
in 14 km analyses of satellite-derived 
multi-channel SST observations. 
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GLOBAL RADIATION ESTIMATION: A COMPARISON BETWEEN SATELLITE AND C O N V E N T I O N d  METHODS 

. ' - 1  
: * I  

-- 

L .  . I  . *  - 

I Id I Ill 1 1  I I L I I I 1 1 1  1 1  L I J J 1 1  1 1 1 1 1  ILI 1 I I 1  11 I L L I  I 1  I I ]  1 1  1 1 1 1  1 l L 1  

E l i s a b e t e  C a r i a  Moraes 
Faus to  Car los  de Almeida 

I n s t i t u t o  de Pesqu i sas  E s p a c i a i s  - INPE 
slao Pau lo ,  B r a z i l  

Three d i f f e r e n t  model c a t e g o r i e s  a r e  used 
The s o - c a l l e d  "semi-direct"  i n  t h i s  comparison. 

model, ca t egory  based  on sunsh ine  hour s  ( e .g . ,  
8ngs trom, 1924; Benne t t ,  1964) ; t h e  " i n d i r e c t -  
conven t iona l "  model, based on conven t iona l ,  no- 
r a d i a t i o n  m e t e o r o l o g i c a l  s u r f a c e  o b s e r v a t i o n s  
( e .  g. ,  Brooks, 1959; Archer ,  1964; Schulze,  19 76); 
and the  s a t e l l i t e  model (e .g . ,  G a u t i e r  e t  a l ,  
1980) .  

' , + ,  ;j 0 .  * *  .. L a  t h i s  paper .  They were chosen f o r  t h e  s tudy  16s L l L l t 7 1 , , l , , l , , l , ,  513 500 T;K,OE ':p ;40) 23G 460 1523 

The r e f e r e n c e d  models w i l l  b e  used i n  

S A T [  ILL I T f  
based on t h e i r  r e p r e s e n t a t i v e n e s s  f o r  each  model 

ca t egory  d e f i n e d ,  always keep ing  i n  mind a P Y R A N O M t l t R  D A Y  1 2 9  p o s s i b l e  o u e r a t i o n a l  use.  O the r  models could 

(b )  have been t e s t e d ,  b u t  t h e  i d e a  was t o  s a t  up 
and compare, r e s u l t s  from conven t iona l  and 
s a t e l l i t e  methodologies ,  t o  measure g l o b a l  s o l a r  F ig .  1. I n s t a n t a n e o u s  o b s e r v a t i o n .  (a) c l e a r  sky 
i n c i d e n t  r a d i a t i o n .  d u r i n g  a l l  day,  (b )  c loud cover  d u r i n g  a l l  day. 
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Figure l a  shows a t y p i c a l  r e s u l t  f o r  clear 
s k i e s .  The so  c a l l e d  " indirect-convent ional"  
model, used by Brooks (1959) f o r  the d i r e c t  
r a d i a t i o n  component and Archer (1964) f o r  the  
d i f f u s e  component of the g loba l  r a d i a t i o n ,  
c o r r e l a t e s  w e l l  wi th  the  pyranometer observations 
(r=0.98). Note t h a t  t h i s  good agreement depends 
upon the adjustment of the dus t  parameter on 
Brooks' (1959) d i r e c t  r a d i a t i o n  model. I n  our  
case,  the adjustment r e s u l t e d  i n  a value of 6 .1 ,  
which d i f f e r s  from Schulze 's  (1976) suggested 
maximum of 3.0. The l a r g e r  e r r o r  (about 50%) f o r  
the  d i f f u s e  component model does n o t  add 
s i g n i f i c a n t l y  t o  the  a c t u a l  g loba l  r a d i a t i o n  
r e s u l t ,  due to  its small  c o n t r i b u t i o n  (15%). 

The s a t e l l i t e  model overest imates  t h e  
pyranometer observat ions,  with l a r g e r  e r r o r s  f o r  
days with v a r i a b l e  cloud cover (Figure l b ) .  The 
probable cause of t h i s  overest imat ion i s  the 
d i s t i n c t  cloud coverage e x i s t e n t  i n  the  sun- 
pyranometer and the  sa te l l i t e -pyranometer  pa ths .  
Also, the morning/afternoon e r r o r  d i f fe rences  
presented f o r  both convent ional  and s a t e l l i t e  
models, i n  a l l  cases s t u d i e d  (Figure l a )  are a 
r e s u l t  of the rise of aerosol  concentrat ion 
during the day, due t o  the heavy i n d u s t r i a l  
a c t i v i t y  i n  the  region. Both models work with 
f ixed  s c a t t e r i n g  parameter izat ions.  

We found, as Taylor and Stowe (1984) a l s o  
v e r i f i e d ,  t h a t  f o r  angles  l a r g e r  then 60 degrees ,  
s a t e l l i t e  estimates should n o t  t o  be used. 

Note t h a t  i n  comparing s a t e l l i t e  estimates 
to  s u r f a c e  pyranometer observa t ions ,  a 
wavelength bandpass conversion has t o  be 
performed, i .e . ,  while  the v i s i b l e  channel of the 
GOES sa te l l i t e  "sees" the  0.55 t o  0 . 7 5 ~ ~ 1  window, 
the  shortwave pyranometer observat ion sees a 
much wider window (0.28 to  2.8pm). 

A top-of-the-atmosphere (no absorp t ion  o r  
s c a t t e r )  bandpass conversion had t o  be assumed 
f o r  the d a t a  used i n  t h i s  s tudy,  due t o  problems 
i n  t h e  d a t a  a c q u i s i t i o n  system. This conversion 
tends t o  overest imate  the  s a t e l l i t e  r e s u l t s ,  due 
t o  absorp t ion  and s c a t t e r i n g  o u t s i d e  the  v i s i b l e  
channel, which a f f e c t s  the pyranometer da ta ,  bu t  
i s  n o t  incorporated i n  the  broadband s imulated 
s a t e l l i t e  est imat ion.  
l b  ( j u l i a n  day 129) r e s u l t s  f o r  the conventional 
model are n o t  shown because Brooks' (1959) 
d i r e c t  component model i s  only v a l i d  f o r  c l e a r  
s k i e s .  

Also note  t h a t  i n  Figure 

3. INTEGRATED DAILY OBSERVATIONS 

Table 1 shows r e s u l t s  of applying the 
Bennett (1964) model t o  our  da ta .  
days 118 and 120, which were v a r i a b l e  cloudy 
days with clear s k i e s  near  noon, t h e  e r r o r s  
var ied  from +0.42 to  -8.90. 
suggests  t h a t  t h i s  model f o r  d a i l y  r a d i a t i o n  can 
be much improved, i f  hourly weights are used. 

Table 2 presents  r e s u l t s  showing small  

Except f o r  

Our a n a l y s i s  

e r r o r s  of the indirect-convent ional  model 
(Brooks, 1959; Archer, 1964). As previously 
mentioned, t h e s e  r e s u l t s  are heavi ly  dependent on 
the  d u s t  parameter adjustment of the Brooks' 
(1959) direct-component model. 

Table 1 

Semi-direct model, d a i l y  t o t a l s  of g loba l  s o l a r  
r a d i a t i o n  (experiment of April-May185) 

J u l i e n  Semi-direct  Pyranometer R e l a t i v e  error  
Dav l c a l  cmv2 dia-])  ( c a l  cmm2 die- ' )  (SD-P) /P % 

~~ 

118 350.51 218.71 +60 .26  

119 327.56 354.56 -7.62 

120 252 .60  191.80 +31 .70  

124 283.94 282.76 +0 .42  

125 351.73 349.40 + 0 . 6 6  

126 394.01 411 .28  -4.20 

127 394.65 401.36 - 1 . 6 7  

129 135.04 148.23 - 8 . 9 0  

Average r e l a t i v e  error  ( except  118 and 120) - 3.91% 
(I - 13 .30  

Table 2 

Indirect-convent ional  model, s o l a r  r a d i a t i o n  
i n t e g r a t e d  d a i l y  (experiment of April-Mayl85) 

GLOBAL 

J u l i a n  Estimated Pyranometer H e l a t i v e  error  
Day (calcm-2dia-1)  ( c a l  cm-2 (E-P) /P  

114 364.22 375.99 - 3 . 1 3  

117 139 .20  148.38 -6 .18  

118 145.21 145 .92  -0 .48  

119 163.45 168 .21  -2 .83  

124 234 .43  253.92 -7 .68  

125 212.83 209.70 1 . 4 9  

126 385.45 381.27 1 .10  

127 370.45 372.24 -0 .48  

128 223.93 220.53 1 . 5 4  

Average r e l a t i v e  error  - 2 . 7 7 %  
a - 6 . 5 4  

Table 3 presents  r e s u l t s  of the s a t e l l i t e  
model, f o r  zen i th  angles  smal le r  than 60 degrees .  
For clear s k i e s  o r  t h i n  c i r r u s  cover (day 118, 
126, 1 2 7  and 1281, the  average r e l a t i v e  e r r o r  
was less than 14%. For the  o t h e r  cases, where 
v a r i a b l e  cloud cover e x i s t e d ,  the  e r r o r  
increased t o  about 35%. Again, the need t o  take 
i n t o  cons idera t ion  the  p o s s i b l e  d i f fe rences  i n  
sky condi t ions f o r  i n d i v i d u a l  sa te l l i t e -  
pyranometer ( r e f l e c t e d )  and sun-pyranometer 
( inc ident )  pa ths ,  is  made c l e a r .  

By comparison, f o r  an independent se t  of 
d a t a ,  gathered i n  Balboa, Panama (Klein and 
Goldberg, 1978) during April-May, 1976, t h e  e r r o r  
i n  assuming top-of-the-atmosphere conversion 
va lues ,  when comparing s a t e l l i t e  and s u r f a c e  
pyranometer observa t ions ,  w a s  about 5%. 

Table 4 shows the r e l a t i v e  e r r o r s  f o r  the 
s a t e l l i t e  es t imates  versus  pyranometer 
observa t ions ,  applying t h i s  5% c o r r e c t i o n ,  f o r  
s i t u a t i o n s  of c l e a r  s k i e s  (af ternoon of day 125, 
day 126 from 10 am up and morning of day 127). 
I n  order  t o  check the t rend  of the  e r r o r ,  Table 
4 a l s o  shows r e s u l t s  f o r  cor rec t ions  appl ied  t o  
the d i r e c t  r e f l e c t i o n  c o e f f i c i e n t  of the 
s a t e l l i t e  model. We have t e s t e d  some values  of 
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the  c o e f f i c i e n t  which we f e e l  r e p r e s e n t  
c o n t i n e n t a l  regions b e t t e r  than the  ones 
determined f o r  oceanic  regions by P a l t r i d g e  
(1973). Each c o r r e c t i o n  i n d i c a t e s ,  by i t s e l f ,  
smal le r  e r r o r s  i n  the g loba l  r a d i a t i o n  est imat ion 
than by s a t e l l i t e  methods. 

Table 3 

Global s o l a r  r a d i a t i o n  i n  the  band of the  
s a t e l l i t e  excluding 8 > 60° 

J u l i n n  S n t e l l i t e  Model Pyrnnometer R e l n t i v e  Error 
Day ( c n l  cm-' din-') ( c n l  din-') ( s - p ) / p  x 

118 23 .455  20.745 13 .06  

11Y** 71 .319  5 9 . 9 5 5  18 .95  

-- 120* 5 . 7 7 5  4 .161  38 .79  
~ 

1;4** 6 7 . 2 1 5  5 2 . 2 2 7  28 .70  

125** 6 6 . 7 4 0  48 .075  38 .82  

126 76 .676  6 7 . 4 1 0  13 .75  
127 75 .015  66 .675  12 .51  
128 4 2 . 0 1 3  36 .345  15 .60  
129* 36 .S56 24 .720  4 7 . 8 8  

* 
** Per iod  w i t h  c loud  cover  

S i t u n t i o n  w i t h  c loud  cover  dur ing  day 

Table 4 

Daily t o t a l s  f o r  s i t u a t i o n  of c l e a r  sky obtained 
by the a n a l y s i s  wi th  the s a t e l l i t e  model 

(with and without  modi f ica t ions)  

R c l n t i v e  error o f  the n n a l y a i s  

J u l i n n  Wit,, 5X With m o d i f i c n t i o n  i n  
Dny O r i g i n n l  in the pyrnnometer the  pnrnmeter ( d i r e c t  

r e f l e c t i o n  c o c f  f i c i e n  t 
(n = 0.03)) ( X )  (') obacrvnt ion  ( X )  

125 18 .29  12 .66  14 .11  

126 18 .76  13 .11  1 5 . 0 3  

127 1 1 . 3 6  6 . 0 6  7 .46  

Figure 2 i l l u s t r a t e s  an intercomparison 
of the  three  e s t i m a t o r s ,  a g a i n s t  the  pyranome t e r  
observa t ions .  Note t h a t  t h e  i n d i r e c t -  
convent ional  model o f f e r s  the bes t r e s u l t s ,  
s u r e l y  due t o  the  dus t  f a c t o r  adjustment. The 
s a t e l l i t e  model overes t imates  t h e  r e s u l t s  by 
about  14X, and t h e  semi-direct  (sunshine type) 
model i s  n o t  c o n s i s t e n t  from day t o  day. 

A more complete d iscuss ion  can be  found 
i n  Moraes and Almeida (1986) and Moraes (1986). 

4 .  CONCLUSIONS 

Considering the  model ca tegor ies  t e s t e d ,  
the semi-direct  model was shown t o  be the  least  
d e s i r a b l e  of the t h r e e  models, although i t  i s  
widely used i n  meteorology, a g r i c u l t u r e  and 
r e l a t e d  areas. 

Fig. 2.  
( p a r t i a l  a- 
U- a- 
0-  

a r e a s ) .  

semi-direct  model 

i n d i r e c t  convent ional  model 

s a t e l l i t e  model 

d i r e c t  model 

The ind i rec t -convent iona l  model showed 
t h e  b e s t  r e s u l t ,  due t o  the  adjustment of the 
dus t  parameter t o  the  d a t a  base used. One of 
the  problems i n  using t h i s  methodology t o  
estimate g loba l  s o l a r  r a d i a t i o n  reaching the  
ground, i s  i t s  v a l i d i t y  f o r  only clear s k i e s ,  
and i t s  dependence on obta in ing  p r e s s u r e ,  
p r e c i p i t a b l e  water and "dust" concent ra t ion  on a 
r o u t i n e  b a s i s .  

Aerosol concent ra t ion  and gases  are the 
most important  f a c t o r s  def in ing  r a d i a t i o n  
v a r i a b i l i t y ,  f o r  c l e a r  s k i e s .  This  v a r i a b i l i t y  
dur ing  the  day is  ev ident  i n  t h e  ins tan taneous  
es t imat ions  obtained with the  s a t e l l i t e  
methodology (Figure 1) where i t  c l e a r l y  shows a 
l a r g e r  a t t e n u a t i o n  i n  the  a f te rnoon.  I t  is  a l s o  
i n t e r e s t i n g  t o  r e c a l l  t h a t  the  d u s t  f a c t o r  
adjustment has  shown c o n s i s t e n t l y  l a r g e r  values  
f o r  the a f te rnoon compared t o  the  morning hours .  

When using s a t e l l i t e s  t o  i n f e r  g loba l  s o l a r  
r a d i a t i o n  reaching t h e  ground, t h e  es t imat ions  
should involve zeni th  angles  less than 60 degrees. 

The d a t a  analyzed i n  our  s tudy have shown 
t h a t  the  most e f f i c i e n t  manner t o  estimate g loba l  
s o l a r  r a d i a t i o n ,  e i t h e r  inhtantaneous o r  
i n t e g r a t e d  d a i l y  values, i s  through t h e  use of 
s a t e l l i t e s .  Data from geos ta t ionary  s a t e l l i t e s  
o f f e r  good s p a t i a l  and temporal r e s o l u t i o n  and 
toge ther  w i t h  t h e  a v a i l a b l e  models work f o r  clear 
as w e l l  as cloudy sk iep .  

A b e t t e r  understanding of radiat ion-cloud 
i n t e r a c t i o n  processes  i n  t h e  atmosphere, toge ther  
with the a c q u i s i t i o n  and i n t e g r a t i o n  of a good 
d a t a  base,  where d i g i t a l  images and s p e c t r a l  
r a d i a t i o n  measurements are s imultaneously 
obtained,  w i l l  c e r t a i n l y  consol ida te  t h e  use of 
s a t e l l i t e s  as a r a d i a t i o n  monitoring "network" 
worldwide. 
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This study w i l l  continue extending i t s  
coverage t o  o t h e r  regions,  seasons and t i m e  
spans, t r y i n g  t o  tes t  i n t e g r a t e d  monthly d a t a .  

S tudies  of t h i s  type can a l s o  he lp  t o  
develop remote sens ing  techniques t o  a s c e r t a i n  
p o l l u t i o n  concent ra t ion  t rends  and sur face  
instrumentat ion c a l i b r a t i o n .  
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P4.23 
HAIL S I Z E  D I A G N O S I S  FROM HRPT DATA 

J.M. B u l l a s  

Specia l  P r o j e c t s  O f f i c e  
AES Western Region 

Edmonton, A1 b e r t a  

INTRODUCTION 

Research i n t o  r e l a t i o n s h i p s  between 
s a t e l l i t e  data and severe weather has been 
ongoing f o r  many years.  
c o r r e l  a t i  on e x i  s t s  between thunderstorm h e i g h t  as 
measured by rada r ,  t h e  tropopause and h a i l  
occurrence (Dona1 dson , 1960 and Bonner and 
Kemplar, 1971). Reynolds (1979) found a 
r e l a t i o n s h i p  between t h e  occurrence o f  1 arge h a i l  
and c l o u d  tops c o l d e r  than  t h e  tropopause, us ing  
GOES data. Several researchers,  i n c l u d i n g  Ad le r  
(1985) have i n v e s t i g a t e d  the  s t r u c t u r e  o f  severe 
storms u s i n g  GOES and NOAA HRPT imagery data. 

operated by AES, Western Region, which r e s u l t s  i n  
t h e  f u l l  AVHRR da tase t  be ing a v a i l a b l e  i n  1 km 
h o r i z o n t a l  r e s o l u t i o n .  A r o u t i n e  was w r i t t e n  t o  
c a l i b r a t e  t h e  11 u (Band 4 )  thermal data i n t o  
temperature and e x t r a c t  and contour  c loud - top  
temperatures. 

T h i s  data was c o r r e l a t e d  w i t h  ac tua l  
h a i l  data from t h e  A l b e r t a  H a i l  P r o j e c t  i n  an 
e f f o r t  t o  f i n d  an o p e r a t i o n a l l y  use fu l  warning 
mechanism f o r  h a i l  occurrence f rom the  HRPT data. 
T h i s  paper w i l l  desc r ibe  the  r e s u l t s .  

I t  i s  known t h a t  a 

An HRPT ground r e c e i v i n g  s t a t i o n  i s  

THUNDERSTORM - TOP TEMPERATURES 

The methodology o f  c a l i b r a t i n g  Band 4 
(11 u )  imagery i n t o  temperature i s  w e l l  known 
(Laur i t son ,  1979) and w i l l  n o t  be discussed here, 
except  t o  say t h a t  no mo is tu re  abso rp t i on  
c o r r e c t i o n  was attempted, as thunderstorm tops  
a re  w e l l  above the  s i g n i f i c a n t  mo is tu re  l a y e r s .  
The procedure f o r  l o c a t i n g  tops bears mention. 

The imagery data was s e c t o r i z e d  and 
rad iance data e x t r a c t e d  on a "coarse" g r i d  (25Km 
spacing) by t h e  nearest-neighbor technique. The 
h i g h e s t  rad iance va lues ( l owes t  temperatures) 
below -4OOC. were l oca ted .  
spac ing)  was centered on the  c o l d e s t  rad iance 
va lues and the  c o l d e s t  temperature va lue  was 
e x t r a c t e d  and l o c a t e d  f rom t h e  raw data. The 
data was a l s o  contoured ( F i g  11, and c o l d  cores 
were conf i rmed v i s u a l l y .  
moved t o  o t h e r  c o l d  cores and t h e  procedure 
repeated. I n  most cases, t h e  c o l d  cores were 
r e s t r i c t e d  t o  t h e  upwind s i d e  o f  t he  storm 
a l though o t h e r  c o l d  cores were accepted i n  
complex and merging storms. 
temperature data was e x t r a c t e d  o n l y  f rom a c t i v e  
u p d r a f t  areas. 

AVHRR imagery f o r  thunderstorms w i t h  i d e n t i f i a b l e  
u p d r a f t  areas. 

A fine-mesh g r i d  (2Km 

The fine-mesh g r i d  was 

I n  t h i s  way, 

The cases were p re -se lec ted  by scanning 

PIG. 1 Example o f  contoured thunderstorm - t o p  
temperature ou tpu t .  

HAIL DATA 
I n  general , data on h a i l  occurrence 

and e s p e c i a l l y  h a i l  s i z e  i s  d i f f i c u l t  t o  ob ta in .  
F o r t u n a t e l y  a network o f  vo lun tee r  observers i s  
ma in ta ined  by t h e  A l b e r t a  H a i l  P r o j e c t  as p a r t  o f  
t h e i r  summer f i e l d  program. 
network. I n  a d d i t i o n ,  data c o l l e c t e d  f rom t h e  
A l b e r t a  Weather Centre as p a r t  o f  t h e i r  severe 
weather program was used. Th is  data was ob ta ined  
p r i m a r i l y  f rom weather watcher c a l l  s ,  newspaper 
accounts, su r face  weather observat ions and the  
c l i m a t e  obse rva t i on  network. 

F i g  2 shows t h e  
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i v )  Hail size distribution 

FIG. 2 The Alberta Hail Project collection 
network. Reprinted with permission. 
(Alberta Research Council, 1984) 

In mapping the hail d a t a  t o  the 
particular updrafts from which the cloud-top 
temperatures were extracted, a number of 
uncertainties had to be overcome: 

i )  Hailswath time 

The d a t a  collected was n o t  
time- tagged. A1 though i t  i s  
possible that  two or more 
thunderstorms m i g h t  pass over a 
given location i n  the course of an 
afternoon/evening, i t  was assumed 
t h a t  any h a i l  reported was 
associated w i t h  the thunderstorm 
observed a t  analysis time a t  t h a t  
location. 

i f )  Errors i n  navigation of AVHRR data 

These errors were of the order 5 - 
10 km. 

iiilHailswath location 

I t  was assumed that  hailswaths were 
located close t o  the active updraft 
regions, b u t  could occur on any 
flank. This led t o  an uncertainty 
i n  position of the order 5 - 10 km 
on the average. This uncertainty 
when combined w i t h  i i )  above led t o  
a potential location error of 10 - 
20 km. Therefore, any hailswath 
w i t h i n  20 km o f  the location of a 
cold core was assumed t o  be the 
correct one. (For operational 
purposes th i s  would be sufficiently 
precise for a warning). 

HAIL  ZE 

I n  a given hailswath, a range of  
sizes i s  often reported. I n  
addition, the hail being supported 
by a given u p d r a f t  can remain i n  the 
storm for some time a n d  be 
deposited downstream of the cold 
core. Therefore, the fo l lowing  
a1 gori t h m  was used t o  determi ne 
"reported" h a i l  size: 

Isolated Report - Size reported 
used 

Range of sizes - Maximum size 
reported within 30 km o f  cold-core 
location was used i f  more t h a n  one 
report of t h a t  size was received; 
otherwise the average of t h a t  
report and  the next largest  size 
reported was used. 
t o  reduce overestimation of size 
due t o  one possibly exaggerated 
report) .  

(This was done 

ND TEMPERATURE GRADIENT 

Problems were encountered in defining a 
representative gradient, as the gradient was 
f o u n d  to  be highly variable around a cold core 
(Fig 3 ) .  
a t  tempted. 

Therefore, no correlations were 

FIG. 3 Temperature structure o f  the upwind side 
of a storm. 
a cold core. The gradient calculated i s  
highly dependent on grid length and 
direction. 

The grid boxes are centered on 
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COLD-CORE TEMPERATURE VS HAIL S IZE REPORTED 

CDEFFICIENl OF 
D L ' T W I N 3 T I M  IS 

.484381 

M F F I C I E N T  OF 
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14.447 
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FIG. 4 Plot of reported h a i l  size vs the m i n i m u m  temperature o f  the cold core. 

HAIL SIZE AND COLD-CORE TEMPERATURE 

Fig 4 shows the relationship between reported 
h a i l  s ize and cold core temperature. The 
correlation coefficient i s  .68, with a standard 
error of estimate of 14.5 mm. 

The fact  t h a t  the correlation i s  not  especially 
good i s  not surprising, as there i s  no unique 
re1 ationship between cloud t o p  temperature and 
u p d r a f t  energy due t o  variables such as 
tropopause height and the thermal structure of 
the troposphere. This i s  i l lustrated in Fig 5 

with the aid of a tephigram. Depending on the 
value of the parcel wet-bulb potential 
temperatures and the tropopause hei g h t  there are 
an u n l  imi ted number of u p d r a f t  energy curves 
which can result  in a particular updraft 
equ i 1 i b r i um tempera t u  re. 

From the graph ( F i g  4 )  however, i t  was noted 
t h a t  hail was reported i n  16 out of 18 cases of 
thunderstorm - t o p  - temperatures equal t o  or 
colder t h a n  -6DOC. On the other hand, hail was 
reported in only 1 o u t  of 6 cases where the 
thunderstorm - top - temperature was warmer t h a n  
-6OOC. (Climatologically, the tropopause 
temperature in Alberta i n  the sumner months i s  
above -60.C. Therefore storms w i t h  cold cores 
below -60.C are usually penetrating the 
tropopause and theref ore have an  appreci ab1 e 
updraft velocity.) ~ 

These s t a t i s t i c s  suggest a possible cold-core 
temperature threshold for h a i l  occurrence i n  
A1 berta. 

HAIL SIZE AND TROPOPAUSE PENETRATION 

F i g  6 shows the relationship found between h a i l  
s ize and tropopause penetration. Tropopause 
penetration i s  defined in terms of 
T ( trop) - T (cloud). 

where T (Trop) - Tropopause Temperature 
T (Cloud) - Thunderstorm-Top Temperature 

(cold cores) 

FIG. 5 Two stor$ updraft curves, energy balanced, 
with -75 C tops. 
has a much higher u p d r a f t  energy. 

The storm on the l e f t  
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TROPOPAUSE PENETRATION VQ HAIL SIZE REPORTED 

80 r I i - 1  

HAIL S I Z E  5 D  
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FIG. 6 Plot of reported hail  s i z e  v s  the tropopause penetration (OC). 

When the temperature of the tropopause i s  taken 
in to  account i n  th is  way, a be t t e r  cor re la t ion  t o  
hail s i z e  i s  observed b u t  the s t r a t i f i c a t i o n  
between hail/no hail  i s  removed. Large hail 
occurred a t  almost any value of penetration b u t  
tended to occur w i t h  higher values of T( t rop)  - 
T(c1oud). 

One possible explanation of the variance observed 
l i e s  i n  the s t ruc ture  of the upper atmosphere and 
t h e  way the  updraft energy i s  distributed 
ve r t i ca l ly  i n  the storm. Fig. 7 shows updraft 
curves w i t h  the  same updraft penetration b u t  
d i f f e ren t  updraft energy. Tropopause penetration 
does not, therefore ,  give a t rue  indication of 
updraft velocity a t  equilibrium. 

A second possible explanation fo r  the variance 
l i e s  i n  the energy d i s t r ibu t ion  i n  the storm 
i t s e l f .  When l a t e n t  heat i s  released below the 
hail growth region of a storm, a grea te r  updraft 
velocity will exist a t  t h a t  l eve l ,  than in storms 
where an equivalent amount of energy i s  released 
above i t .  Therefore, the temperature s t ruc ture  
of the lower troposphere i s  a l so  important. F i g .  
8 i l l u s t r a t e s  t h i s  re la t ionship .  

.:/ . . .. . I' 

FIG E 

FIG. 7 Two updraft curves w i t h  equal tropopause 
penetration (OC) .  The storm on the l e f t  
has much higher updraft energy. This 
energy i s  converted t o  potential  energy 
below the  tropopause due t o  the warm 
1 ayer just below the stratosphere.  

Two storms having the same tropopause 
penetration ( O C l ,  and the same overall 
t o t a l  l a t e n t  heat release.  The storm on 
the r igh t  should have a higher updraft 
velocity a t  -1OOC parcel temperature (Hail 
growth region).  
REF. Foster and  Bates (1976) 
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DIAGNOSED HAIL SIZE 

I n  an e f f o r t  t o  eliminate uncertainies in 
diagnosis and obtain a be t t e r  cor re la t ion ,  a 
simple parcel model was employed to  take in to  
account the variation in  tropospheric s t ruc ture .  
Using the nearest  radiosonde observation ( i n  time 
and space),  an updraft curve ( the t a  W )  was found 
by i t e r a t ion  which resulted in the observed 
col d-core top temperature when 1 a t en t  heat 
release was equated t o  potential  energy a t  the 
top of the storm (energy-balance). 
entrainment or  d i ss ipa t ion  terms were considered, 
as these terms were t o  be eliminated 
s t a t i s t i c a l l y ,  and not expl ic t ly .  T h i s  procedure 
resulted i n  a unique solution of updraft velocity 
fo r  the  energy and buoyancy d is t r ibu t ion .  Given 
the updraft curve, the method of Foster and Bates 
(1956) was used to  derive the hail  s i z e  which 
could be supported by the  given updraft. 
was given the term "Diagnosed Size". 

The relationship of Diagnosed Hail Size t o  actual 
hail  s i ze  reported i s  shown i n  F i g  9. 

No 

This 

The diagnosed hail s i ze  i s  smaller than 
reported s i ze ,  possibly due to turbulent energy 
d iss ipa t ion  i n  the upper troposphere. 
r e su l t s  in lower updraft ve loc i t ies  a t  
equilibrium, a n d  a higher value of cold-core 
temperature than a simple parcel model would 
predict .  Mixing of the  cold cores in the 
stratosphere with warm stratospheric a i r  i s  a l so  
a poss ib i l i t y  (Roach, 1967). 

This 

Potential  sources of dispersion i n  the 
d is t r ibu t ion  would be: 

( i )  Representativeness of radiosonde 
data.  

The upper-air data network i n  
Alberta i s  r e l a t ive ly  sparse,  and 
the sampling frequency i s  12-hourly. 
A nearest- neighbour technique would 
not, therefore,  necessarily give 
representative environmental data.  
A space-and-time interpol ation 
technique m i g h t  be be t t e r .  

- 

DIAGNOSED HAIL SIZE ve HAJL SIZE REPORTED 

FIG. 9 Plot of reported hail  s i z e  vs hail s i ze  diagnosed by the algorithm. 

The coef f ic ien t  of cor re la t ion  i s  .93, the 
co -e f f i c i e in t  of determination i s  .86, and the 
standard e r ro r  of estimate i s  7.33 mm. 

I n  a l l  of the cases where the algorithm diagnosed 
a "0" hail  s i z e ,  the  s i z e  reported was l e s s  than 
6mm. In a l l  cases of la rge  hail  diagnosis (>15 
m m l  , 1 arge hail  occurred. 

The l e a s t  squares l i nea r  regression equation 
(predic t ion  equation) y i e l  ds  : 

Hail s i ze  2.274 Diagnosed size - 5.345 

i i )  Errors in mapping ha i l  reported t o  
updrafts 

The algorithm used t o  reduce 
uncertainty i n  mapping hail  size 
reported to updrafts is  not rigorous 
or a l l -  inclusive.  

i i i Entrai nment and Energy D i  s s i  pati  on 

These e f f e c t s  may not be l i nea r  w i t h  
respect t o  updraft velocity . 
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( i v )  Sampling frequency 

A t  the time of observation, the  
cold cores may have been expanding 
( r i s i n g )  o r  collapsing (sinking).  
T h i s  would poten t ia l ly  give r i s e  
t o  random sampling e r ro r s  i n  
col d-core temperatures re1 a t i  ve t o  
updraft velocity.  

FUTURE WORK 

A t  the time of writ ing,  the diagnosis routine was 
being fu l ly  computerized. A test of the 

ed ic t ion  equation i s  planned f o r  the summer of 
86 using independent data i n  near-real time. 

SUMMARY AND CONCLUSIONS 

A good cor re la t ion  was found between, predicted 
hail  s i z e  by the model used and actual reports.  
Correlations w i t h  cloud-top temperature per se 
and tropopause penetration were not as good, 
although a poten t ia l ly  useful threshold of -60 C 
was suggested from the cloud-top Temperature/Hai 1 
Size p lo t .  
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OPEBZl!PIONAL ESTIMATIONS OF HAIL DIAMETEX FRDM 
VAS-DERIVED VEXI'ICAL SOUNDING DATA 

Preston W. Leftwich, Jr. 

National Severe S t o m  Forecast  Center 
National Wather Service,  NOAA 
Kansas City ,  Missouri 64106 

1. INTRODUCTION 

Severe l o c a l  storm watches are issued by 
t h e  National Severe Storms Forecast Center 
(NSSFC) located i n  Kansas City,  Missouri. 
tornado or severe thunderstorm watch descr ibes  
an area t h a t  w i l l  be threatened by these  
storms during its va l id  period. With t h e  
exception o f  watches issued i n  conjunction 
with t r o p i c a l  cyclones, each message w i l l  
conta in  an es t imate  of  t he  diameter o f  t h e  
l a r g e s t  ha i l s tones  expected t o  form i n  t h e  
watch area during t h e  va l id  period. 
exmple  of an abbreviated severe loca l  storm 
watch message, designed f o r  rapid 
dissemination, is shown i n  Figure 1. 

were devised t o  estimate h a i l  size from 
v e r t i c a l  sounding da ta .  A s  far back as 1953, 
Fawbush and Miller developed a nanogram t h a t  
r e l a t e d  t h e  dimensions of t tpos i t ive  areatt t o  
ha i l s tone  size. This work was later revised 
by Miller (1975). Fos te r  and Bates (1956) 
took a more physical approach by equating t h e  
terminal ve loc i ty  of a f a l l i n g  ha i l s tone  t o  
t h e  v e r t i c a l  ve loc i ty  of a r i s i n g  parcel 
derived from buoyancy. 
(1966) outlined a sounding ana lys i s  procedure 
designed for an e l ec t ron ic  computer. 
procedure, which included a h a i l  size estimate 
obtained v i a  t h e  Foster and Bates method, was 
used rou t ine ly  for severa l  years  at  t h e  NSSFC 
with rowinsonde d a t a  at 0000 and 1200 CMT. 
However, Doswell e t  a l .  (1982) docunented 
t h a t  t h i s  procedure ex ih ib i ted  l i t t l e  skill i n  
d i s t inguish ing  a " sma l l  ha i l "  fran a " la rge  
ha i l "  environment, and it r a r e l y  predicted a 
h a i l  po ten t i a l  l a r g e r  than one inch. 
rou t ine  success of such a technique was mainly 
a t t r i b u t e d  t o  t h e  o f t en  unrepresentative 
na ture  of rawinsonde soundings t h a t  d i f f e r  
g r e a t l y  i n  time and/or space f r o m  t h e  
developnent o f  thunderstorms t h a t  produce 
h a i l .  

A 

An 

In  t h e  past, severa l  ob jec t ive  techniques 

Prosser and Fos te r  

This 

Lack o f  

I n  an earlier study, Leftwich ( 1984) 
docmented t h a t  useful pred ic t ive  information 
resided i n  the  t r a d i t i o n a l  parameters 
ext rac ted  from rawinsonde soundings , provided 
d a t a  were c lose  i n  space (wi th in  100 Ian) and 
time (wi th in  2h) o f  t h e  h a i l  event.  

Although some biases  have been observed 
i n  direct canparison o f  V I S S R  Atmospheric 
Sounder (VAS) d a t a  with conventional 
rawinsonde d a t a  (Jedlovec , 1984), prospects of 
increased time and space reso lu t ion  (uccellini 
et  a l . ,  1982) supported attempts to u t i l i z e  
these  d a t a  f o r  opera t iona l  sounding ana lys i s  
and estimation of ha i l s tone  s i ze .  
cur ren t  s tudy ,  h a i l  s i z e  es t imates  were 
computed v i a  a one-dimensional model for 
parce l  l i f t i n g  from both VAS- derived v e r t i c a l  
soundings and conventional rawinsonde 
soundings. The following sec t ions  descr ibe  
t h e  preliminary experiments. 

2. HAIL SIZE ESTIMATION 

I n  t h e  

A one-dimensional model f o r  parcel 
l i f t i n g  provides t h e  bas ic  objec t ive  procedure 
f o r  h a i l s i z e  estimation. 
o r i g i n a l l y  formulated for t h e  McIdas canputer 
system for u t i l i z a t i o n  i n  rawinsonde sounding 
ana lys i s .  Recently, this model was 
implemented on t h e  Centralized Storm 
Information System (CSIS) a t  t h e  NSSFC. To 
begin, a parce l  is assigned temperature and 
moisture va lues  equal t o  averages from the  
lowest 150 mb o f  t h e  yxmding. 
Convective Condensation Level (CCL) is 
ca lcu la ted .  An i n i t i a l  upward ve loc i ty  of 5 
m / s  is given t o  t h e  parcel, and it is forced 
t o  its l e v e l  of Free Convection, i f  it exists. 

This model was 

Next, t h e  

MKC AWW 01 1604 
WW 1 1 7  TORNADO KS MO I L  
A X I S . . 8 0  STATUTE MILES E ITHER S I D E  OF L I N E . .  
15s TOP - 15ENE STL  
H A I L  SURFACE AND ALOFT. .3  INCHES. 
MAX TOPS TO 520. MEAN WIND VECTOR 2 6 0 4 5 .  
REPLACES WW 115. .KS MO . 
REPLACES WW 116..MO I L  . 

0 1 1 7 8 0 2  - 0 1 2 3 0 0 2  

WIND GUSTS..75 KNOTS. 

Fig. 1. Example of a tornado watch (short 
version issued by the NSSFC. 
of lMxirnrm expected hail  dianreter a t  the curface 
and aloft. 

Note the estimate 
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Table 1. Times (GMT) of VAS-derived vertical 
sounding data u t i l i z e d  i n  this study are denoted 
by an "X" for each case. 

m€E 1118 1318 1418 1718 

2 MAY 1984 X 

14 MAY 1984 X X X X 

1 3  JUN 1984 X X X X 

11 MAY 1985  X X 

20 MAY 1985 X X X 

The model continues t o  l i f t  t h e  sa tura ted  
pa rce l ,  canputing the  parcel's temperature and 
pressure every 10 mb. 
envi romenta l  air is parameterized (Ruprecht, 
1971) t o  be 80% i n  400 mb, as a de fau l t  value.  

i n  k i n e t i c  energy can be expressed (Hal t iner  
and and Martin, 1957) by: 

Entrainment o f  

For each 10 mb l a y e r  t h e  parcel's change 

AKE = RJ (7$-Te) In (pi /p2) (1) 

and w;' =W?+~RJ(Z,,-%) hd'fi/,) (2) 
where w, and w,are t h e  parcel's i n i t i a l  ( a t  p, 
and f i n a l  (a t  p,) v e r t i c a l  ve loc i ty ,  and TJp 
and T,, are t h e  l a y e r  mean v e r t i c a l  
temperatures f o r  t h e  parcel and environment, 
respec t ive ly .  

The terminal ve loc i ty ,  V,, o f  a spher ica l  
ha i l s tone  (Matson and Huggins, 1980) can be 
expressed as: 

(3) 

where f i  and pa are t h e  d e n s i t i e s  o f  t h e  h a i l  and 
a i r ,  respec t ive ly ,  g is t h e  acce lera t ion  of  
grav i ty .  Cd is a drag coe f f i c i en t  f o r  h a i l ,  
and D is t h e  diameter of t h e  ha i l s tone .  An 
updraft  s t rong  enough t o  support a ha i l s tone  
assunes a balance between ( 2 )  and ( 3 ) .  Equating 
these  and s0lvir-g for D g ives  t h e  following 
equation: 

(4 )  

Equation ( 4 )  is used t o  compute t h e  
ha i l s tone  diameter when t h e  parcel acqui res  a 
temperature of -1OOC. This value is t h e  
estimated ha i l s tone  size. 

t o  h a i l  production can be a complex 
in t e rac t ion  of var ious  scales of motion , 
temperature and humidity (Wilson, 1980). For 
these  reasons,  estimates o f  h a i l  size from 
t h i s  procedure are conditional upon whatever 
atmospheric processes t h a t  are dominant 
allowing a s t rong  thunderstorm t o  form. This 
procedure does not d i r e c t l y  address  t h e  
question o f  whether or  not thunderstorms will 
form. 

Establishment o f  an environment conducive 

3. CASE STUDIES 

Selec t ion  of  t he  first five cases  f o r  
t h i s  study was based mainly on t h e  
a v a i l a b i l i t y  of archived VAS-derived (Smith , 
1983) sounding da ta .  The sounding da ta  were 
provided f o r  t h e  t imes l i s t e d  i n  Table 1 by 
t h e  National Weather Servic?' s Advanced 
S a t e l l i t e  Products Pro jec t  located i n  Madison, 
Wisconsin. Rawinsonde d a t a  were compiled from 
archive  t apes  kept at t h e  NSSFC. 
h a i l  s i z e s  were found i n  Storm Data. Two 
cases, 14 May 1984 and 20 May 1985, are 
discussed i n  t h e  following sec t ions .  
o f  o the r  cases  w i l l  be included i n  t h e  
conference presentation. 

a. 14 May 1984 

A s  depicted i n  Figure 2 ,  an east-west 
cold f ron t  extended across  northern por t ions  
of Miss i ss ippi ,  Alabama, Georgia and South 
Carolina t o  t h e  North Carolina coas t  a t  1200 
GMT on 14 May 1984. This f ron t  moved slowly 
southward during t h e  day. 
thunderstorm watch was i n  effect across  
eas t e rn  Alabama and c e n t r a l  Georgia during the  
afternoon. Large h a i l  up to 5.1 cm i n  
diameter was reported i n  cen t r a l  Georgia 
during t h e  afternoon. Locations of h a i l  size 
estimates from rawinsonde and V A S  soundings, 
along with reported ha i l s tone  sizes are 
p lo t t ed  i n  Figure 2. 
corresponding t o  t h e  indicated let ters and 
nunbers are l i s t e d  i n  Table 2. VAS sounding 
d a t a  a t  1418 and 1718 GMT produced l a r g e  h a i l  
estimates i n  cen t r a l  and southern Georgia t h a t  
were not indicated by 1200 GMT rawinsonde d a t a  
a t  Appalchicola ( AQQ) , Waycross ( AYS) or 
Athens ( A H N )  . 
from 1200 GMT rawinsonde d a t a  a t  Cent rev i l le  
(CKL) and Savannah (SAV) . The l a r g e s t  
reported ha i l s tone  was 5.1 cm near Eatonton i n  
c e n t r a l  Georgia. Increasing h a i l  sizes from 
t h e  one-dimensional model as later VAS d a t a  
were used produced a trend t h a t  m u l d  
complement conventional subjec t ive  es t imates  
based s o l e l y  on atmospheric s t a b i l i t y .  

Reported 

Details 

A severe 

Hail diameters 

Large h a i l  sizes were computed 

b. 20 May 1985 

cm i n  diameter) f e l l  i n  southern Oklahoma 
during t h e  e a r l y  evening of  20 May 1985. A t  
1200 GMT, a quasi-stationary f ron t  l a y  across  
western Texas northward i n t o  Kansas. A wind 
s h i f t  l ine  was evident across  northern Texas. 
A s  mall  sur face  lows moved northeastward, t h e  
f r o n t a l  pos i t ion  sh i f t ed  eastward across  
Oklahcma during t h e  day. Hail up t o  4 . 4  cm i n  
diameter was reported i n  nor th  c e n t r a l  Texas 
during t h e  morning. A tornado watch covered 
p a r t s  o f  northern Texas and southern Oklahoma 
during t h e  afternoon and evening. 

Hail up to t h e  s i z e  of  a t enn i s  b a l l  (6.4 

Hail s i z e  es t imates  from rawinsonde d a t a  
at  1200 GMT were j u s t  over 2.5 cm a t  Amarillo 
(AM) and Wahoma City (OKC), but were much 
lower at  t h e  s t a t i o n s  f a r t h e r  south. VAS 
soundings gave estimated diameters o f  4.8 cm 
near t h e  Red River (Figure 3) a t  1418 GMT and 
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Fig.  2. 
14 May 1984. 
F r o n t a l  position is shown for 1200 GMT. 

Estimated and observed. hai l  s i z e s  for 
Values are listed in Table  2. 

Table  2. Data for Fig.  2. 

LOCATION 
CKL 
A00 
AYS 
AHN 
SAV 
A '' 
8" 
C" 
A' 
B' 
C' 
A 
B 
C 
D 
1 
2 
3 
4 

SOURCE/DATE/Tmun 

RAOB/14/1200 
RAOB/14/1200 
RAOB/14/1200 
RA08/14/1200 
RAOB/ 1 4/ 1200 
VAS/14/1118 
VAS/l4/1118 
VAS/14/1118 
VAS/14/1418 
VAS/14/1418 
VAS/14/1418 
VAS/l4/1718 
VAS/14/1718 
VAS/14/1718 
VAS11 4/ 171 8 
REPORT/14/2058 
REPORT/14/1855 
REPORT/l4/2020 
REPORT/14/2035 

H A I L W  

7.1 
0.8 
0.0 
1.3 
2.0 
2.3 
1.5 
1 .o  
6.4 
5.6 
5.0 
6.9 
8.1 
6.6 
6.9 
1.9 
4.4 
5.1 
4.4 

6 . 4  an i n  southern  Oklahcma a t  1718 GMT. I n  
t h i s  case, t h e  e s t i m a t e s  from VAS soundings 
were good e s t i m a t e s  of t h e  6.4 cm h a i l  stones 
repor ted  i n  southern  Oklahoma later i n  t h e  
day. Data for each l o c a t i o n  and t ime denoted 
i n  F igure  3 are l i s t e d  i n  Table  3. 

Table  4 lists estimates f rom both VAS and 
rawinsonde (RAOB) d a t a  and repor ted  h a i l  
d iameters .  These are e s t i m a t e s  t h a t  were 
closest i n  t ime and space and preceded t h e  
events .  
( g r e a t e r  than  2.5 cm) was e x h i b i t e d  by t h e  
one-dimensional model with both t y p e s  of d a t a .  
VAS d a t a  produced an e x c e l l e n t  estimate on 20 
May 1984, bu t  produced l a r g e  overes t imates  on 
2 May 1984 and on 14 May 1984 (near  
Montgomery, Alabama). In  g e n e r a l ,  e s t i m a t e s  
from RA9B d a t a  were lower than  observed 
va lues .  t h e  e s t i m a t e  from RAOB d a t a  on 11 May 
1985 was v e r y  close t o  an observed value. 
Root-mean-square errors (RMSE) for t h e s e  cases 
were 2.6 crn and 5.4 cm for VAS d a t a  and RAOB 
d a t a ,  r e s p e c t i v e l y .  Better q u a n t i t a t i v e  
e s t i m a t e s  w i l l  be requi red  f o r  proper  
o p e r a t i o n a l  u t i l i t y .  However, lower RMSE 

The c a p a b i l i t y  t o  produce l a r g e  

I J I 

Fig.  3. 
20 May 1985. 
F r o n t a l  position is shown f o r  1200 GMT. 

Estimated and observed. hail  sizes for 
Values are listed in Table  3.  

errors than RAOB d a t a  and proper r e f l e c t i o n  of 
t r e n d s  i n  h a i l  potential encourage continued 
efforts wi th  both  t h e  one-dimensional model 
and VAS v e r t i c a l  sounding d a t a  i n  developnent 
of a n  o b j e c t i v e  technique for h a i l  size 
estimates. 

Table  3 .  D a t a  for Fig.  3.  

LKI;BTL.QN 

A M A  
OKC 
M A F  
SEP 
GGG 
LIT 
UMN 
A M A  
OKC 
MAF 
SEP 
GGG 
LIT 
UMN 
A 
A' 
8' 
A 
B 
C 
D 
E 
1 
2 
3 
4 
5 
6 
7 
8 

sw- 
RAOB/20/1200 
RAOB/20/1200 
RAOB/20/1200 
RAOB/20/1200 
RA08/20/1200 
RAOB/20/1200 
RAOB/20/1200 
RAOB/21/0000 
RAOB/21/0000 
RAOB/21/0000 
RAOB/21/0000 
RAOB/21 / O O O O  
RAOB/21/0000 
RAOB/21/0000 
VAS/20/ 1 1 18 
VAS/20/14 18 
VAS/20/ 14 18 
VAS/20/1718 
VAS/20/1718 
VAS/20/1718 
VAS/2O/ 1 7 18 
VAS/20/1718 
REPORT/20/1830 
REPORT/20/1900 
REPORT/20/2135 
REPORT/20/2143 
REPORT/20/2212 
REPORT/20/2310 
REPORT/21/0030 
REPORT/21/0115 

t fBLL9mBIs;cL1 

3.3 
2.8 
0.3 
1.5 
1.3 
0.3 
1.3 
1.3 
3.0 
3.6 
7.6 
2.5 
0.8 
3.3 
5.1 
4.8 
3.0 
6.4 
4.6 
6.9 
5.8 
6.4 
1.9 
2.5 
4.4 
4.4 
4.4 
4.4 
4.4 
6.4 
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Table 4 .  H a i l  s i z e  es t imates  (an) frcm VAS and 
rawinsonde ( W B )  data and observed (OES) ha i l  
diameters (an). Magnitudes of errors (an) are 
given i n  pentheses. Estimates are closest in 
tire and space that preceded the events. Root- 
mean-square error (RMSE) is given for each data 
type. 

mTE/STATE 

2 MAY 1984/0K 
14 MAY 1984/AL 
14 MAY 1984/GA 
13 J U N  1984/CO 
1 1  MAY 1985/IA 
20 MAY 1985/0K 

RMSE 

2s 
1.3C5.7) 
8.1C6.2) 
6.9C1.8) 
8.4C1 .8) 
2.8C1.6)  
6.4CO.O) 

2 . 6  

4 .  SMMARY AND CONCLUSIONS 

BBPB PBS 
1.3C5.7) 7 . 0  
7.2C5.2) 1 . 9  
1.3C3.8) 5 . 1  
0 .8C9.4)  10 .2  
4.3CO.l) 4 . 4  
3.0C3.4) 6 . 4  

5 . 4  

Hail size estimates were obtained v i a  use 
o f  VAS v e r t i c a l  sounding da ta  i n  a one- 
dimensional model for f i v e  l a r g e  h a i l  events 
during 1984 and 1985. 
t h e  same f i v e  cases from conventional 
rawinsonde da ta .  When estimates closest i n  
time and space to the  h a i l  events were 
canpared with observations,  VAS sounding da ta  
produced lower root-mean-square e r r o r s  than 
did t h e  rawinsonde da ta .  The one-dimensional 
&l exhibited the capab i l i t y  to produce 
large diameter estimates w i t h  both types  of 
data. 
p o t e n t i a l  a f t e r  the rawinsonde  data cycle 
appeared to be mre cons i s t en t  than 
quantitative es t imates  w i t h  the current 
formulation of the algorithm used to calculate 
hail size.  

Estimates were made f o r  

Reflection of trends of increasin-j hail 

These preliminary results encourage 
continued e f f o r t s  with the  one-dimensional 
model and V A S  sounding da ta  i n  developnent o f  
an operational ob jec t ive  aid for t h e  SEIS 
forecas te r .  More cases will be considered t o  
b e t t e r  docment c h a r a c t e r i s t i c s  o f  h a i l  size 
estimates f o r  various synoptic s i t ua t ions .  
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P4.25 

DEEPENING RATE OF EXTRATROPICAL CYCLONES ESTIMATED FROM DIVERGENCE OF UPPER LEVEL CLOUD DRIFT WINDS 

Gary E l l r o d  

S a t e l l i t e  A p p l i c a t i o n s  L a b o r a t o r y  (NOAA/NESDIS) 
Washington, DC 

1. INTRODUCTION 

The r a p i d  i n t e n s i f i c a t i o n  o f  ocean ic  
e x t r a t r o p i c a l  cyc lones  c o n t i n u e s  t o  be a ma jo r  
p rob lem f o r  t h e  mar ine  f o r e c a s t e r .  These s to rms.  
o f t e n  r e f e r r e d  t o  as "bombs" due t o  t h e  e x p l o s i v e  
n a t u r e  o f  t h e i r  development can produce heavy pre-  
c i p i t a t i o n ,  a r a p i d  i n c r e a s e  i n  winds and h i g h  
seas. They a r e  d i f f i c u l t  t o  f o r e c a s t  because 
numer i ca l  p r e d i c t i o n  models u s u a l l y  f a i l  t o  cap- 
t u r e  them, o r  a t  l e a s t  do n o t  p o r t r a y  t h e  s e v e r i t y  
w i t h  wh ich  t h e y  occur .  T h i s  i s  p a r t i a l l y  due t o  
t h e  s p a r c i t y  o f  d a t a  o v e r  t h e  oceans, b o t h  s u r f a c e  
s h i p  r e p o r t s  and upper  a i r  o b s e r v a t i o n s .  

R a p i d l y  deepening mid  l a t i t u d e  s to rms have 
been d e f i n e d  as those  whose c e n t r a l  p ressu re  f a l l s  
a t  l e a s t  24 mb i n  24 hours  (Sanders and Gyakum, 
1980) .  The s to rms o f t e n  deve lop  near  s t r o n g  sea 
s u r f a c e  tempera tu re  g r a d i e n t s  ( such  as those  o f  
t h e  G u l f  Stream). T h i s  i s  n o t  always t h e  case, 
however, as ev idenced by t h e  presence o f  t hese  
s to rms i n  t h e  c e n t r a l  and e a s t e r n  P a c i f i c  where 
ocean tempera tu re  g r a d i e n t s  a r e  much weaker. They 
n o r m a l l y  deve lop  about  400 nm downstream f rom a 
s h o r t  wave 500 mb t rough ,  w i t h i n  o r  j u s t  po leward  
o f  t h e  j e t  stream. 

A t tempts  t o  i d e n t i f y  e x p l o s i v e  cyc logene-  
s i s  i n  s a t e l l i t e  imagery  have l e d  t o  some c l o u d  
p a t t e r n  c h a r a c t e r i s t i c s  wh ich  have been o f  some 
use t o  f o r e c a s t e r s  i n  d i a g n o s i n g  r a p i d  development 
(e.g., Bb ' t t ge r  e t  a l . ,  1975; Junker  and H a l l e r ,  
1980; S m i g i e l s k i  and E l l r o d ,  1985) .  Among t h e  
most i m p o r t a n t  a r e :  ( 1 )  t h e  c l o u d  p a t t e r n  e v o l u -  
t i o n  o f  t h e  r a p i d l y  i n t e n s i f y i n g  s to rms proceeds 
a t  a much f a s t e r  r a t e  t h a n  t h a t  o f  average s to rms 
- t h e y  o f t e n  e v o l v e  f rom t h e  p r e s t o r m  open wave t o  
a t i g h t l y  wound s p i r a l  i n  l e s s  t h a n  24 hours  ( f o r  
example,  see Jager ,  1984).  
t e r i z e d  by a l e a f  shaped c l o u d  mass wh ich  expands 
r a p i d l y  as development proceeds. ( 3 )  A pronounced 
d r y  s l o t ,  i n d i c a t i v e  o f  a r a p i d l y  s i n k i n g  j e t  
s t ream u s u a l l y  deve lops  on t h e  ups t ream edge o f  
t h e  c l o u d  mass, wh ich  by t h i s  t i m e  i s  assuming t h e  
we1 1 known comma shape. 

sound ing  d a t a  f rom t h e  V A S  (VISSR Atmospher ic  
Sounder)  has been e v a l u a t e d  f o r  i t s  u t i l i t y  i n  
i n i t i a l i z i n g  numer i ca l  f o r e c a s t  models i n  ocean ic  
a reas  (e.g., O 'Len ic ,  1982) .  One d i f f i c u l t y  w i t h  
VAS d a t a  however, i s  t h a t  i t  can o n l y  be o b t a i n e d  
i n  r e l a t i v e l y  c l o u d - f r e e  r e g i o n s ,  t h u s  m i n i m i z i n g  
i t s  u s e f u l n e s s  i n  t h e  r e g i o n  o f  r a p i d  s to rm 

( 2 )  They a r e  charac-  

W i t h i n  t h e  p a s t  s e v e r a l  yea rs ,  s a t e l l i t e  

development.  Remote soundings can be o b t a i n e d  i n  
c l o u d y  r e g i o n s  u s i n g  t h e  TOVS (TIROS O p e r a t i o n a l  
V e r t i c a l  Sounder)  microwave ins t rumen t .  The gra-  
d i e n t  winds d e r i v e d  froin t h e  TOVS d a t a  a r e  l e s s  
a c c u r a t e  however, due t o  t h e  r e l a t i v e l y  poor  reso-  
l u t i o n  o f  t he  sensor  (Ve lden  e t  a l . ,  1984) .  

l u a t e d  e x t e n s i v e l y  i n  a n a l y z i n g  mid  l a t i t u d e  ocean 
s to rms i s  upper l e v e l  c l o u d  d r i f t  winds. T h i s  
paper  d e s c r i b e s  p r e l i m i n a r y  a t tempts  a t  u s i n g  
c l o u d  d r i f t  w ind  d a t a  f o r  i ndependen t l y  e s t i m a t i n g  
t h e  deepening r a t e  o f  ocean ic  cyc lones .  

A source  o f  da ta  t h a t  has n o t  been eva- 

2. BASIC APPROACH 

The f a c t o r s  a f f e c t i n g  t h e  change i n  su r -  
f a c e  p ressu re  a t  a p o i n t  a r e  d e s c r i b e d  by t h e  
p r e s s u r e  tendency equa t ion :  

where t e r m  A i s  t h e  n e t  h o r i z o n t a l  d i ve rgence ,  
t e r m  B i s  t h e  n e t  h o r i z o n t a l  d e n s i t y  a d v e c t i o n  i n  
t h e  a tmospher i c  column wh ich  has a dep th  H. The 
p r e s s u r e  f a l l s  i n  advance o f  a s u r f a c e  l ow  c e n t e r  
a r e  caused by bo th  warm a d v e c t i o n  and d i ve rgence  
a l o f t .  Near t h e  c e n t e r  o f  t h e  l ow  however, t h e  
d i v e r g e n c e  i s  b e l i e v e d  t o  be more i m p o r t a n t  s i n c e  
t h e  thermal  a d v e c t i o n  d i m i n i s h e s  (Palme'n and 
Newton. 1969) .  

Regions o f  upper l e v e l  d i ve rgence  a r e  no r -  
m a l l y  a s s o c i a t e d  w i t h  t h e  l e f t  f r o n t  o r  r i g h t  r e a r  
quadran ts  o f  i s o t a c h  maxima embedded w i t h i n  t h e  
j e t  s t ream c o r e  ( j e t  s t r e a k s ) .  A j e t  s t r e a k  i s  
t h o u g h t  t o  have p layed  a ma jo r  r o l e  i n  t h e  deve- 
lopment  of t h e  P r e s i d e n t ' s  Day e a s t  c o a s t  s to rm o f  
1979 ( U c c e l l i n i  e t  a l . ,  1904) .  I t  has a l s o  been 
shown t h a t  t h e r e  i s  a l i n k a g e  between upper  l e v e l  
j e t  s t r e a k s  and t h e  i n t e n s i f i c a t i o n  o f  t h e  low 
l e v e l  j e t  ( U c c e l l i n i  and Johnson, 1979) .  Such an 
i n c r e a s e  i n  t h e  low l e v e l  f l o w  would a l s o  enhance 
t h e  l ow  l e v e l  warm a d v e c t i o n  ( t e r m  B )  i n  advance 
o f  a d e v e l o p i n g  low. 

C loud t r a c k  winds o b t a i n e d  froin c i r r u s  
m o t i o n  p r o v i d e  an o p p o r t u n i t y  t o  ana lyze  t h e  upper  
1 eve1 d i ve rgence  p a t t e r n s  ove r  d e v e l o p i n g  ocean ic  
lows. A l though  i t  i s  n o t  p o s s i b l e  t o  o b t a i n  t h e  
t o t a l  d i ve rgence  ( t e r m  A) f ro in  c l o u d  d r i f t  w inds ,  
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i t  i s  p o s s i b l e  t h a t  an e m p i r i c a l  r e l a t i o n s h i p  can 
be found between t h e  upper  l e v e l  d i ve rgence  and 
t h e  i n t e n s i f i c a t i o n  r a t e  o f  a s u r f a c e  low. The 
approach t h a t  w i l l  be t a k e n  i n  t h i s  s t u d y  i s  t o  
de termine:  (1) if such a r e l a t i o n s h i p  e x i t s  u s i n g  
rad iosonde  d a t a  ove r  t h e  c e n t r a l  and e a s t e r n  U.S. 
where s u r f a c e  d a t a  i s  dense, ( 2 )  de te rm ine  i f  t h i s  
r e l a t i o n s h i p  i s  v a l i d  f o r  ocean ic  s to rms ana lyzed  
u s i n g  c l o u d  w ind  da ta ,  and ( 3 )  i f  no t ,  make t h e  
necessary  ad jus tmen ts .  So f a r ,  o n l y  s t e p  (1) has 
been accompl ished t o  any e x t e n t .  

It i s  hoped t h a t  s e v e r a l  cases can be 
o b t a i n e d  d u r i n g  t h e  GALE (Genes is  o f  A t l a n t i c  Lows 
Exper imen t )  p r o j e c t  t o  be conducted  f rom January  
t h r o u g h  March, 1986 ( D i r k s  e t  a l . ,  1986) .Th is  p ro -  
j e c t  w i l l  p r o v i d e  u n u s u a l l y  dense s u r f a c e  and 
upper  a i r  d a t a  nea r  t h e  mid  A t l a n t i c  c o a s t  o f  t h e  
U.S. f o r  t h e  purpose o f  s t u d y i n g  c y c l o g e n e s i s  and 
c o a s t a l  f r o n t s .  I n c l u d e d  i n  t h e  d a t a  s e t s  w i l l  be 
VAS r e t r i e v a l s ,  c l o u d  t r a c k  winds and winds 
d e r i v e d  f rom t h e  6.7 Am w a t e r  vapor channe l .  

F o r  t h e  t e c h n i q u e  t o  be u s e f u l ,  some assump- 
t i o n s  must be made: 

C loud d r i f t  and w a t e r  vapor w ind  d a t a  
a r e  comparable i n  accu racy  t o  
rad iosonde  winds. T h i s  i s  d i f f i c u l t  
t o  de te rm ine  s i n c e  rad iosonde  d a t a  has 
i t s  own i n h e r e n t  e r r o r s .  P r e v i o u s  s t u -  
d i e s  ( H u b e r t  and Whi tney ,  1971; 
Mosher, 1978; S t e w a r t  e t  a l . ,  1985)  
have i n d i c a t e d  t h a t  t h e s e  w inds  a r e  
reasonab ly  accu ra te ,  however. The RMS 
v e c t o r  d i f f e r e n c e s  a r e  t y p i c a l l y  5 t o  
IO m sec-1. 

The upper d i ve rgence  must remain  n e a r l y  
s t e a d y  s t a t e  t h r o u g h  t h e  subsequent 6 
and 1 2  hou r  pe r iod .  Some changes a r e  
bound t o  occu r  w i t h  t i m e  b u t  i t  i s  
expec ted  t h a t  t h e y  w i l l  be g radua l  i n  
most  cases. 

Figure 1.  
vapor w i n d  data s e t  for 23 January 1986 a t  
0900 GMT for high l eve l s  1200-4OOmb). 

Combined cloud d r i f t  wind and water 

( 3 )  Deepening mechanisms f o r  ocean ic  
s to rms  a r e  s i m i l a r  t o  those  ove r  land.  
I t  has been suggested  t h a t  thermal  
a d v e c t i o n  e f f e c t s  a r e  more i m p o r t a n t  
f o r  ocean storms. I f  so, a new r e l a -  
t i o n s h i p  would have t o  be ob ta ined .  

3. DATA ANALYSIS 

The c l o u d  d r i f t  w inds  t o  be used a r e  
genera ted  on t h e  McIDAS (Man Computer I n t e r a c t i v e  
Data  Access System) l o c a t e d  a t  t h e  U n i v e r s i t y  o f  
W iscons in ,  Madison (Suomi e t  a l . ,  1983) by person- 
n e l  o f  t h e  NESDIS Development L a b o r a t o r y .  The 
d a t a  a r e  a c c e s s i b l e  a t  any o f  t h e  remote t e r m i n a l s  
such as t h e  one a t  t h e  Wor ld  Weather B u i l d i n g  i n  
Camp S p r i n g s ,  Maryland. 

For  any d a t a  s e t  ( rad iosondes ,  s u r f a c e  

The 

da ta ,  e t c . ) ,  c o n v e n t i o n a l  ana lyses  such as 
d i v e r g e n c e  and v o r t i c i t y ,  f o r  example, can be con- 
t o u r e d  and o v e r l a y e d  on s a t e l l i t e  images. 
a n a l y s i s  t e c h n i q u e  used on t h e  McIDAS i s  s i m i l a r  
t o  t h a t  d e s c r i b e d  by Barnes (1964) .  Examples o f  a 
comp le te  w ind  s e t  i n  t h e  wes te rn  A t l a n t i c  and t h e  
d i ve rgence  a n a l y s i s  d e r i v e d  f rom t h i s  w ind  s e t  a r e  
shown i n  F i g u r e s  1 and 2. 

The s tandard  p ressu re  l e v e l  chosen f o r  t h e  
rad iosonde  ana lyses  r e q u i r e d  f o r  t h e  dependent , 

d a t a  s e t  was 300 mb. T h i s  l e v e l  was chosen s i n c e  
i t  i s  c l o s e  t o  t h e  h e i g h t  o f  t h e  w i n t e r  t ropopause 
and t h e r e  a r e  fewer  cases o f  m i s s i n g  w inds  t h a n  a t  
h i g h e r  l e v e l s .  
w i t h i n  t h e  upper  a i r  s t a t i o n s  wh ich  enc losed  t h e  
l o c a t i o n  o f  t h e  s u r f a c e  l ow  was n o r m a l l y  used. I n  
some cases, d i v e r g e n c e  va lues  near  t h e  m i d p o i n t  i n  
a g r a d i e n t  r e g i o n  were s e l e c t e d  when i t  was 
cons ide red  t o  be more r e p r e s e n t a t i v e  o f  c o n d i t i o n s  
o v e r  t h e  su r face  low. These da ta  were t h e n  com- 
pa red  t o  t h e  6 hour  and 1 2  hou r  p r e s s u r e  change o f  
t h e  l ow  c e n t e r s .  

The maximum computed d i ve rgence  

Figure 2. 
derived from winds shorn in Figure 1 .  

Divergence ( z ~ O - ~  sec-I)  anaZysis 
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4. PRELIMINARY RESULTS 

Based on more t h a n  a dozen cases ove r  t h e  
e a s t e r n  U.S., a p l o t  o f  d i ve rgence  a l o f t  d e t e r -  
m ined f rom McIDAS ve rsus  6 hour  and 1 2  hour  
p r e s s u r e  change i s  shown i n  F i g u r e s  3 and 4. A 
n e a r l y  l i n e a r  r e l a t i o n s h i p  i s  i n d i c a t e d .  The few 
cases o f  r a p i d l y  deepening lows were m o s t l y  asso- 
c i a t e d  w i t h  v e r y  l a r g e  d i ve rgence  a l o f t  (2 ~ O X ~ O - ~  
sec-1) .  

The a c t u a l  a p p l i c a t i o n  o f  t h e  above r e l a -  
t i o n s h i p  t o  ocean ic  cases u s i n g  c l o u d  w ind  d a t a  
s e t s  has been a t tempted  i n  o n l y  a few cases. Two 
o f  t h e  cases i n v o l v e d  w ind  d a t a  produced f o r  t h e  
e a s t e r n  P a c i f i c  (EPAC) exper imen t  (Hayden and 

t 0 

Figure 3. 
versus 300nib divergence derived from mdio -  
oonde data f o r  cxtratrq)ictrZ LOW:: over t h e  U.S. 
eas t  of t h e  Rockies. 

Six hour change i n  ouv*fizcv~ prvssurc 

S c h r e i n e r ,  1984)  i n  o r d e r  t o  e v a l u a t e  t h e  impact  
o f  p rocessed VAS d a t a  on o p e r a t i o n a l  numer i ca l  
f o r e c a s t s .  I n  b o t h  EPAC s i t u a t i o n s ,  s u r f a c e  
deepen ing  o c c u r r e d  i n  c o n j u n c t i o n  w i t h  d i ve rgence  
a l o f t ,  b u t  s u r f a c e  d a t a  were n o t  s u f f i c i e n t  t o  
de te rm ine  t h e  magn i tude w i t h  much accuracy.  

I n  a case ove r  t h e  wes te rn  A t l a n t i c  (shown 
i n  F i g u r e  5 )  a low c e n t e r  was l o c a t e d  s o u t h  o f  
Nova S c o t i a  a t  0900 GMT on  28 January ,  1986. The 
c l o u d  w ind  d i ve rgence  a n a l y s i s  showed a maximum o f  
+80 near  t h e  l o c a t i o n  o f  t h e  s u r f a c e  low. The low  
c e n t e r  moved r a p i d l y  no r thward  i n t o  e a s t e r n  Canada 
d u r i n g  t h e  day and had deepened abou t  1 3  mb by 
2100 GMT. 

I -7 
~ -i/ -15 

0 “ t  
Ficgure 4 .  
hour pressure changes. 

Samc as ]%gum 3 except foi* twelve 



Figure 6. Surface analysis for  0000 GMT 24 
January 1986 (top) and 2200 GMT 24 January, 
1986 (bottom). 

I n  a few s i t u a r i o n s  where d i ve rgence  
maxima e x i s t e d  ( b o t h  ove r  l a n d  and w a t e r ) ,  s u r f a c e  
l o w s  deve loped a l o n g  b a r o c l i n i c  zones where no 
s u r f a c e  l ow  e x i s t e d  be fo re .  T h i s  suggests  a n o t h e r  
p o s s i b l e  a p p l i c a t i o n  - d i a g n o s i n g  t h e  l o c a t i o n  o f  
f u t u r e  s to rm development.  The case shown i n  
F i g u r e s  1 and 2 i s  an example. A c o l d  f r o n t  was 
mov ing  s l o w l y  eas tward  o f f  t h e  c o a s t  on t h e  
morn ing  o f  23 January  1986. By 0000 GMT 24 
January  ( 1 2  hours  l a t e r ) ,  a weak low  had formed 
n e a r  35N 70W ( F i g u r e  6 ) ,  j u s t  e a s t  o f  t h e  maximum 
d i v e r g e n c e  a rea  t h a t  morning. The s u r f a c e  
p r e s s u r e  f e l l  about  4 -6  mb i n  t h a t  p e r i o d .  By t h e  
n e x t  morning, t h e  low had deepened f u r t h e r  and 
g a l e  f o r c e  winds were b e i n g  r e p o r t e d  n o r t h  o f  t h e  
c e n t e r .  
was f a i r l y  a c c u r a t e  i n  i t s  f o r e c a s t  o f  t h i s  system 
w h i l e  t h e  S p e c t r a l  and Nes ted  G r i d  Model (NGM) 
were not.  

The L i m i t e d - a r e a  Fine-mesh (LFM) Model 

5. CONCLUDING REMARKS 

A means o f  e s t i m a t i n g  t h e  deepen ing  r a t e  
o f  cyc lones  u s i n g  c l o u d  d r i f t  w inds  has been 
desc r ibed .  F u r t h e r  case s t u d i e s  a r e  needed t o  
d e t e r m i n e  i f  t h e r e  i s  any o p e r a t i o n a l  a p p l i c a t i o n  
f o r  t h i s  approach. 

The t e c h n i q u e  d e s c r i b e d  i s  n o t  e n v i s i o n e d  
as a rep lacement  f o r  numer i ca l  p r e d i c t i o n  models 
o v e r  t h e  oceans, b u t  r a t h e r  a means o f  check ing  
t h e  accu racy  o f  t h e  models u s i n g  an independent  
sou rce  o f  da ta .  When t h e  numer i ca l  models a r e  n o t  
i n  agreement, i t  c o u l d  a l s o  h e l p  a f o r e c a s t e r  
d e c i d e  wh ich  one has t h e  b e s t  s o l u t i o n  f o r  t h e  
p a r t i c u l a r  s i t u a t i o n  he i s  f aced  w i t h .  
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CLASSIFICATION OF SATELLITE IMAGES OF EXTRA-TROPICAL CYCLONES OVER THE 
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I. Introduction 

Currently, there are many regions 
over the oceans, where no surface or 
upper-air data are meaaured by 
conventional methoda. Although upper-air 
temperature and humidity eoundings can be 
obtained from infrared and microwave 
meaeuremente from satellite-borne 
radiometers, the surfuce pressure is not 
at present being measured operationally 
using theee methods. Accurate 
surface-preeeure measurements are needed 
to obtain good weather forecasts. 

aeeign quantitative parametere to 
large-acale vorticee obeerved in 
eatellite weather imagee. Troup and 
Streten (1972) devieed a cyclone 
claeeification echeme according to 
developmental etage by meana of an 
objective aet of rulee applied to a 
satellite picture to claeeify the 
cyclone. The eurface-preeeure field wae 
stati6tically derived using the cyclone 
claee and the climatology for that claee. 
Guymer (1978) uaed both the large-ecale 
shape and small-scale features to derive 
eeveral meteorological parametere. Thie 
analysis was conducted by a human 
analyat. Such analyate nay become leee 
attentive after looking at many euch 
eatellite pictures. 

to automatically claeeify cyclone images 
or to derive meteorological parametere 
from satellite images by meane of 
computer analyeis. Thie etudy ie a firet 
attempt to automatically claeeify 
cyclonee over the ocean. Once an 
objective technique for obtaining 
parametere from the shape, eize. and 
orientation ie devieed, a reqreeeion 
scheme using climatology can be applied 
to the data without concern for errore 
induced by subjective biasee. This paper 
preaenta an automatic eatellite-image 
claeeification technique that placee 
cyclonee into five claeeea which are 
comparable to the five claaeee defined by 
Troup and Streten (1972) (eee Figure 1). 

claaeifiee oceanic extratropical cyclonee 
into one of theee five claesee, locatee 
the cyclone center and the appropriate 
fronts. and derives a set of objective 
parametere that describe the eize, shape 
and orientation of the etorm eyetem. All 
this i6 done without manual intervention. 

The technique can be divided into 
four atepe: 

1) The image of the cyclone ie extracted 
from the GOES hemiepheric picture by 
meane of the McIDAS image dieplay eyetem 
(Suomi et, (5-l2-, 1983). Thia ie 
done so that analyeee can be done on only 

Attempte have been made to manually 

No previoue attempte have been made 

The algorithm preeented here 

Figure 1: Schematic diagram of the six cloud pattern 
classifications defined by Troup and Streten 
(1  972). 

the extratropical cyclone in question. 
Thia procedure ueee the poeition of the 
24 hour LFM forecaet cyclone-center aa an 
approximate indicator to initiate the 
search for the cyclone. 

2) The cyclone is placed into one of five 
classes. In order to do this, objective 
parametere that deecribe the appearance 
of the eyetem are calculated and ueed to 
determine the cyclone type. 

3) The center of rotation is located 
ueing the cyclone claee and the visible 
image. 

4 )  The fronta are located ueing the 
claee, the cyclone center, and the 
vieible image as input information. 

Fifteen caees are analyzed in thie etudy. 
Their time of obeervation, location, end 
original spatial reeolution are 
aummarized in Table 1. 

11. Preproceeeing of GOES Visible and 
Infrared Imagee of Extratropical Cyclonee 

At any given there are numerous 
cyclone eyatems in varioue etagee of 
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development over the oceana. In order to 
aimplify the analyeie, the extratropical 
cyclonea are examined one at a time. 
Thie i 0  done by extracting a single 
cyclone from the the GOES hemispheric 
picture. Becauee image analyeia ie 
computationally inteneive. one deairee to 
analyze an image which ha8 the feweet 
number of pixels possible. 

The poeition of the low-preaaure 
center predicted by the 24 h LFM forecaet 
ie ueed a6 the firet guees to locate the 
cyclone center. An area with dimeneione 
of 5120 km in the latitudinal direction 
and 3840 km in the meridional direction 
with a pixel reeolution of 16 km by 16 km 
is extracted from the full-disk vieible 
and infrared pictures to produce imagee 
conaiating of 320 pixels in the eaet-weet 
direction, and 240 pixela in the 
north-south direction. These images, 
both vieible and infrared, are extracted 
from GOES pictures eo that the center of 
the cyclone is one-third of the distance 
from the northern edge to the southern 
edge and one-half of the diatance between 
the eaatern and weetern edgea of the 
320 X 240 image. Theee 320 X 240 pixel 
imagee are then remapped into a Mercator 
projection with the same number of 
pixele. Thie procedure ie applied to 
both the visible and the infrared imagee 
to remove large ahape dietortione caueed 
by the location of the atorm relative to 
the GOES aatellite location. Thie aleo 
allows all pictures to be analyzed in the 
eame projection, which ie important in 

the derivation of a eingle technique for 
claeaifying storms at different 
latitudes. Finally, the 320 X 240 pixel 
imagee are degraded by averaging over 
8 X 6 pixel boxea to produce imagee 
coneieting of 40 X 40 pixels each having 
a reeolution of 128 km bv 96 km. 

can vary over an order of magnitude: it 
ia, therefore, desirable to ecale all 
cyclone imagee EO that an image can be 
created in which all poeeible cyclonea 
cover approximately the eame area in the 
40 X 40 pixel image. To produce thie 
image. smaller cyclones are enlarged by 8 
greater factor than larger cyclonee. The 
reeolution will be different for each 
cyclone picture. Thia area normalization 
ie important eo that only one 
claaeification and location echeme need6 
to be developed, inetead of having an 
analyeie which depend6 upon the aize of 
the cyclone. 

The normalization proceee usee many 
digital image proceeeing techniquee, 
including brightneee normalization, 
threehholding to produce a binary image, 
spatial filtering to reduce noiee, and 
extraction from the original full 
reeolution vieible image to produce the 
normalized image. From the normalized 
image, the angle of orientation, along 
with various eize parametere are 
determined for the cyclone'e image. 
Brightneee normalization ie performed to 
correct for limb darkening produced at 
large aolar zenith anglee. 

The size of extratropical cyclonee 

111. Claeeification of the Degree of 
Development of Extratropical Cyclonea 
Ueing the Vieible Image 

The claeeification of the cyclone'e 
degree of development ie achieved by 
determining several featuree of the 
cyclone imagee, which are then uecd a6 
indicator6 to claeeify the cyclone type. 
In order to identify the propertiee of 
the cyclone image, th% scaled cyclone 
image muat be further eimplified. 

2 )  ie ueed to claaeify the extratropical 
cyclonee. At each node of the tree, one 
feature is ueed to determine whether the 
cyclone fita a certain class. If EO, it 
ie claaeified and the procedure io 
complete. Otherwire, the next feature ie 
extracted and another decieion take6 
place. 

claseify cyclone system6 ie the 
orientation angle of the major axie of 
the elliptical approximation of the 
original visible image. The original 
image ia fit to an ellipse ao thie 
analyaee can be completed. The angle of 
orientation is taken to be zero if the 
major axis of the ellipee ie oriented 
along an eaet-weet line and 90 degrero i f  
the cyclone'e major axis is along a 
north-.south line. Thie angle ie ured to 
determine if a cyclone ie in the wave 
etage ae oppoeed to a more developed 
cyclone. Cyclone6 with emaller angles 

A decieion tree atructure (see Figure 

The firet feature which ie needed to 
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aouthweetern arm of the eyetem. Thie 
procedure yield6 two featurea--the number 
of clear elote and an indication ae to 
whether the cyclone hae wrapped up. 

The binary image ia uaed to claaeify 
the cyclonee which did not fall into the 
W claae, by looking for the dry tongue. 
If no dry tongue ie preeent, then the 
cyclone ie claseified ea a type A. If a 
dry tongue ia present, the elgorithm 
eearchea to the south to determine 
whether the cyclone ha6 begun to wrap up 
or checks for two elota of dry air 
between the edgea of the entire cyclone, 
thua indicating that the cyclone hae 
wrapped around itaelf a aecond time. If 
either of theee featurea are preeent, the 
cyclone ie claeeified as a type C; 
otherwiae, it is claaeified ae a type B. 

At thie point all cyclonee which can 
be claeeified a6 W, A. B, or C have been 
claeeified. Aleo, the algorithm haa 
saved certain reference pointe on the 
image for later uee in determining the 
cyclone center. In order to claaeify the 
typea Dx and Dy, the program 
check6 types B and C to eee if they are 
not actually of type D, aince all type 
D’e would have been included in the 
claeeification of type B or C up to thia 
point. 

Firet a check ia made to determine 
whether the wrapped-around cloud bend of 
a type B or C ia connected to the main 
cloud band. The aegmented image ie ueed 
to determine if the cloud band le 
continuoua by comparing the label on the 
center epirel region with the label on 
the frontal bend. If the labels are the 
eame, the cloud band ie continuoua and 
the cyclone cleeaification ie left 
unchanged. If the regions have different 
labele, the cyclone ayetem ie claeeified 
as a type Dx. If the center spiral 
ia dieconnected from the main cloud band. 
it is Cla66lfied ae a dissipating 
cyclone. 

to determine if the cloud band to the 
weet, which has not wrapped around is 
elongated. Thie ia done by comparing the 
lengtha of the weetern arm and the 
eaatern arm aeaocieted with the cold 
front . 
IV. Location of the Cyclone Center 

Secondly, type B cyclone8 are checked 

A different technique for locating 
the cyclone center ie ueed for each of 
the five claesea. Ueing pointe aaved 
previously ae starting locatione, the 
program movee predetermined dietancee 
from theee locations to determine the 
cyclone center. 

Thia section of the program takee a6 
input the three locatione on the spirals: 
the location of the southweetern edge of 
the dry tongue, the center of the 
northern edge of the cloud band which ie 
wrapped around to the south, and the 
weetern edge of the cloud band which ha6 
wrapped around a second time to the eaet 
of the second dry tongue. 

For type W cyclonee, the cyclone 

ALL TYPES 

Theta 
I 

Theta 50 Theta > 50 

I 

Number oi clear areas 
in traversing 

0 6 1 2 

/ I \ 
TYPE A TYPES B,C,Dy TYPES C,Dx 

I I 
Wrap around to south Separated center 

A A 
no yes no yes 

/ - \  / - \  
TYPES B,Dy TYPE C TYPE C TYPE Dx 

I 
Elongatid left arm 

A 
no yes 

\ 
TYPE Dy 

/ 
TYPE B 

Figure 1 : Oecisison tree structure for classifying cyclones. 

are thue claseified as wave-stage 
cyclones (denoted W). It is found 
empirically that a cutoff of 50 degrees 
beat aeparates wave-etage cyclonee from 
the other types of cyclonee. 

The remslning features are derived 
frrm an imago which ia a subset of the 
scaled visible image. A high-resolution 
image which coneieiets of the center core 
of the cyclone system ia extracted from 
the original Mercator vieible image. The 
center point and the size of thie 
high-reeolution center eection ie 
determined from the centroid of the 
degraded scaled image. Similer 
degradation ia again applied to the 
ecaled image to produce a noise-free, 
binary image of the center spirals of the 
system. Thia final image ie ueed for 
cyclone claeeification. 

The pattern-analyeie algorithm 
eearchee for dry tonguea by looking for 
the firet continuous, horizontal atring 
of pixels with a value of 200 on the eaet 
edge of the picture. From thie 
continuoue string, it eearchee towarda 
the weet until it finds a cleer area. It 
then continues to aearch towarde the weet 
for a cloudy area and repeate the same 
procedure again, each time counting the 
number of pixels in the clear area. When 
a clear area is located, the program 
rearches towards the eouth to determine 
whether the cyclone ha6 begun to wrap up. 
A cyclone ia considered to have wrapped 
up if there are at least two pixels 
extending toward the east from the 
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center ie located where the thickeet 
bulge ie found in the band of cloudineee, 
or where the curvature of the cloud banda 
changee eign. In either caee, thie ie 
where the cloud band ie thickeet in the 
eaet-weat direction. The same procedure 
that ie ueed for type W cyclonea ia aleo 
uaed for type A cyclonea. The only 
difference ia that the claeeification of 
type A cyclone ueea the entire image and 
not only the high-reaolution center 
section. For type B cyclonee, the point 
located at the eouthweetern edge of the 
dry tongue ia ueed ae a starting point 
for locating the cyclone center. This 
point ie ala0 ueed for type Dy. It 
wae empirically determined that the 
center of the cyclone should be placed at 
the point one pixel to the aouth of the 
point eaved in the above procedure. If 
the cyclone ie determined to be a type 
Dy, then the cloud band ia aearched 
to find the eouthern-moat tip of the 
weatern cloud leg of the type Dy. It 
ie thia point that ia given ae the 
cyclone center in type Dy cyclonee. 
For type C cyclonee, two poaeibilitiea 
exiet. The firat ie that the cyclone has 
only begun to wrap around to the south, 
but has not started to form the second 
dry tongue. The second ie that it hae 
begun to wrap up, thue forming a eecond 
slot of dry air as the cyclone is 
travereed form eaat to weet. For the 
firat caee, the algorithm begina 
searching from the point on the northern 
edge of the band which haa wrapped to the 
eouth towarde the northeaet until it hae 
located the northeaetern-moat edge of the 
cloud band. The cyclone center ia placed 
two pixele to the weet of thia point, 
which correaponde to the vertex of the 
spiralling band. In the eecond caee. the 
cvclone center ie placed one pixel to the 
north of the point which is defined as 
the weetern edge of the cloud band which 
ha6 begun to wrap around a aecond time to 
the eaet. Thie once again placee the 
center at the vertex of the spiralling 
cloud band. If the cyclone ie claaeified 
aa a type Dx, then the cloudy area 
cloeeet to the center of rotation ia 
located. Thie cloudy area is 
dieconnected from the main cloud 
etructure ae indicated above. The 
centroid of thia region ie determined and 
ie taken to be the cyclone center. 

V. Location of the Front 

The final analysis done by thie 
algorithm is to roughly locate the cold 
front, or the occluded front. In the 
case of the type W system, the warm front 
is aleo located. It ahould be pointed 
out that for diaeipating cyclonea (type 
D’e) no front ia located. 

The original Mercator viaible image 
ie the etarting point in the frontal 
analyeia. A binary image ie created from 
thie image. A filter ie placed over thie 
binary image to remove the noiae and 
rough edgea while retaining the general 
ehape of the frontal cloud bande. The 
front i 5  determined by moving away from 

the center of rotation in predetermined 
directione until the frontal cloud bands 
w e  located. These points are marked and 
saved. After all pointe which make up 
the front are located, the front ia 
amoothed by placing a running mean 
through the pointe. 

VI. Reeulte 

The relative area of the cyclone 
cloud (Table 2)  ahowe no etrong 
correlation to the type of cyclone. Thie 
indicate6 that any cyclone type can vary 
in aize. The value of theta changes aa 
the cyclone maturee. Small anglee are 
noted in developing cyclonee since the 
cold air is atill to the north and has 
not begun to sweep southward to overtake 
the warm air. As the cyclones develop, 
larger anglee are found aa the tilt of 
the eyatem becomea more negative due to 
the aouthward eweeping cold air. 
deecription of the cyclone ayetem. 

Data 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

- - - -  
C 
C 
B 

DX 
B 
C 
W 
B 
A 
A 
W 

DY 
DX 
DX 
B 

Area Str 
(xlO3 km) - - - - - - - -  
92.77 
54.95 
34.76 
92.77 

105.71 
93.58 
78.68 
82.43 

108.52 
42.57 
96.76 

104.27 
38.86 
79.64 
88.61 

Connect 

------- 
1 .oo 
1 .oo 
1 .oo 
0.94 
0 .99  
1 .00  
1 .oo 
1.00 
1 .oo 
1.00  
1 .00  
1 .00  
0.71 
0 .93  
1 .oo 

Theta 
(deg ) 

87.1 
139.5 

97 .3  
100.5 
74 .4  

106.9 
33.6 

101.3 
75 .6  
93.1 
33 .0  

101.7 
74 .2  

114.9 
94 .7  

- - - - -  

Table 2 : Cyclone claeaification and featuree 
for each data set. 

A compariaon of the reeulte of thie 
study with the reeulte obtained from 
human analyeta wae performed. Six 
meteorologiate, all of whom have had 
experience in analyzing eatellite imagery 
or a atrong aynoptic meteorology 
background, analyzed the 15 caaee to 
locate the low pressure, center and the 
fronte. The mean low preasure center 
location and the mean frontal pornition 
along with the standard deviation for 
each of the 15 da,ta aeta were calculated 
for the six enalyees. 

the cyclone center found by the computer 
algorithm and the mean centmr location 
found by the analyate. Along with these 
valuee, the etandard deviation for the 
human analyeta and the rafio of the 
compuuar d uza)Laiiccb xrom cne mean to the 
human analyete’ standard deviation ie 
tabulated. Except for one very bad caae 
(data eet 4 ) ,  the reeulta ahow that the 
computer analyeis, ie within one standard 
deviation half of the time and alwayr 

Table 3 diaplaya the distance between 
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Data Set 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

- - - - - - - - 

Subjective 
Std. Dev. 

(km) 

177 
91 
151 
104 
276 
98 
178 
254 
444 
N/A 
187 
701 
70 
202 
343 

-- - - - - - -  - 

Objective 
Diet. from Mean 

(km) 

37 
155 
183 
407 
141 
161 
258 
21 7 
614 
N/A 
136 
1086 
32 
101 
268 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ -  

natio 
D6t from Mn 

Std dev _ _ _ _ _ - - _ _ - _  
0.21 
1.70 
1.21 
3.91 
0.51 
1.64 
1.45 
0.85 
1.38 
N/A 
0.73 
1.55 
0.46 
0.50 
0.78 

Table 3 : Comparieon of standard deviation of low preaeure 
center poeition for a group of human analyata 
versue dietance from the mean for the computer 
algorithm. 

within two standard deviatione. Theee 
results also show that the cases in which 
the computer algorithm had difficulty in 
locating the center and the fronta, the 
humen analyeta ale0 produced a wide range 
of reeulte. 

Table 4 givee the aame parametera for 
the frontal poaition. The computer 
algorithm did poorly on data aete 9 and 
15, while the diatancea for the remaining 
csaee are approximately equal to one 
standard deviation or leaa. 

showed the poorest results for type A 
cyclones, especially data eet 9. Thia is 
due to the lack of large-ecale etructure 
encountered in type A cyclonea when 
compared to the other typea. Since the 
computer need6 etructure to serve ae a 
guide in locating featuree of the 
extratropical system, it wae unable to 

Overall, the computer algorithm 

perform ae well for theae eaeea. Aleo, 
if more type A cyclonea would be analyzed 
and ueed ea training aeta for the 
computer algorithm, performance might be 
improved. 

analyaia on type C cyclonea. Thia ie 
mainly d u e  to the structure eaaociated 
with the apirelling center of rotation. 
The algorithm ia able to locate many 
reference point6 on the spiralling cloud 
bands to use in identifying the low 
preseure center. Type C cyclonea, 
eapecially dsta aet 1, 8160 show well 
defined and narrow frontal cloud bander 
which make the aasociated frontal 
poaition eaay to locate. 

on an IBM AT-99 personal computer 
equipped with an 80287 coproceaeor chip 
and 512 kb of random acceaa memory. The 

The computer aeemed to yield the beat' 

Theae pattern analyaea were conducted 

Data Set 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

-------- 

Subjective 
Std. Dev. 

(km) 

143 
86 
75 

N/A 
125 
118 
151 
114 
170 
N/A 
185 
N/A 
N/A 
N/A 
77 

_-------- 

Ob] ect ive 
Diet. from Mean 

(km) 

44 
24 
80 

N/A 
312 
91 
141 
41 

1273 
N/A 
49 

N/A 
N/A 
N/A 
136 

- - - - - - - -_------  

Ratio 
Diat from Mn 

Std dev 

0.31 
0.28 
1.07 
N/A 
2.50 
0.77 
0.93 
0.36 
7.49 
N/A 
0.26 
N/A 
N/A 
N/A 
1.77 

_- -_ - - - - - - - -  

Table 4 : Comparieon of standard deviation of frontal 
poeition for a group of human analyate vereua 
the average dietance from the human frontal 
position mean for the computer algorithm. 

206 



extended “Turbo-Paacal“ software ayatem 
we8 used for programming these 
algorithms. The entire analysis took 
approximately 3 minutes from beginning to 
end for each cyclone. While the peraonal 
computer is in no way overburdened by 
these procedures, the anelyais could be 
performed much more rapidly on a 
minicomputer equipped with a perellel 
array proceaaor. 

VII. Summary 

An algorithm waa developed that 
objectively anelyaed synoptic-acale 
aatellite images depicting various atagea 
of development of extratropical cyclonea. 
The images were analyzed to assign a 
category to the cyclone based on its 
stage of development. Once claeaified, 
the rotation center and the fronta 
eaaociated with the cyclone were located. 

Thia claaaification acheme along with 
the perametera derived from the aatellite 
images may ultimately used to empirically 
derive surfece-preaeure fielda. Thus, 
the aurface-pressure field could be 
derived from the large-scale featurea of 
the extratropical cyclone images. This 
would be similar to the work done by 
either Nagle and Hayden (1971) or Troup 
and Streten (1972). Thie technique would 
be especially uaeful over data-sparse 
regions of the oceans. where little 
surface-preasure data are available. 

analyaia techniques may permit the 
development of rapidly executed, 
objective computer-aasiated analyses of 
satellite imagea. These analayaee are 
able to distinguish cyclones in any of 
their atagea of development. It is 
realized that not all cyclone shapes will 
be analyzed correctly, but as more 
cyclonea are anelyzed, the progrem can be 
improved to accomodete the more 

This atudy demonstrates that pattern 

complicated cloud shapes aaaociated with 
varioua cyclone syetema. This ie only 
the beginning of the “learning“ stage for 
the computer elgorithm. It is evident 
that the program can become much more 
precise es more aetellite images are 
analyzed. 
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ON RAINFALL RATE DELINEATION I N  THE MIDLATITUDES FROM THE GOES IMAGES 

by 

A.A. Tsonis  

Department of Geo log ica l  and Geophysical Sc iences  
The U n i v e r s i t y  of Wisconsin-Milwaukee 

1. INTRODUCTION 

The e s t i m a t i o n  of  r a i n  from t h e  
Geos ta t iona ry  O r b i t i n g  Environmental  S a t e l l i t e  
(GOES) v i s i b l e  and /o r  i n f r a r e d  imagery h a s  
r ece ived  d u r i n g  t h e  p a s t  f i f t e e n  y e a r s  much 
a t t e n t i o n .  A comprehensive review of r a i n  area 
e s t i m a t i o n  from satel l i tes  up t o  1981 w a s  
ga the red  by Barrett and Mart in  (1981). I n  
g e n e r a l ,  t h e  m a j o r i t y  of  t h e  t echn iques  can h e  
d i v i d e d  i n  mono-spectral  methods, ( S c o f i e l d  and 
O l i v e r  (1977) ,  G r i f f i t h  e t  al. (1978) and S t o u t  
et al. (1979),  f o r  example) and b i - s p e c t r a l  
methods (Lovejoy and Aus t in  (1979) and Tson i s  and 
Isaac (1985) ,  f o r  example). Although the r a i n  
area d e l i n e a t i o n  from t h e  GOES images is 
p r o g r e s s i v e l y  improving a t t e m p t s  t o  re la te  t h e  
cloud b r i g h t n e s s  ( v i s i b l e  in fo rma t ion )  and /o r  t h e  
cloud t o p  t empera tu re  ( i n f r a r e d  in fo rma t ion )  t o  
t h e  r a i n f a l l  rate have n o t  been ve ry  s u c c e s s f u l .  
Part of  t h e  problem lies in t h e  f a c t  t h a t  h i g h  
cloud b r i g h t n e s s  v a l u e s  o r  low cloud t empera tu res  
can i n  fact  r e s u l t  from n o n r a i n i n g  clouds.  
L a t e l y ,  Wn e t  al .  (1985) p re sen ted  a r a t h e r  
s o p h i s t i c a t e d  method f o r  c l a s s i f i c a t i o n  of t h e  
s a t e l l i t e  de r ived  r a i n  area i n t o  l i g h t  and heavy 
r a i n  areas. 
t e x t u r a l  and s p e c t r a l  p r o p e r t i e s  of  t h e  v i s i b l e  
and i n f r a r e d  f i e l d s  o f ,  mainly,  t r o p i c a l  s torms.  
It seems, however, t h a t  t e x t u r a l  p r o p e r t i e s  would 
n o t  serve as good d i s c r i m i n a t o r s  f o r  r a i n r a t e s  i n  
t h e  m i d l a t i t u d e s  where in g e n e r a l  less convec t ion  
i s  a v a i l a b l e .  Tsonis  (1984) observed t h a t  in 
some nonconvect ive cases t e x t u r e  by i tself  may 
n o t  even be  a b l e  t o  d i s c r i m i n a t e  between r a i n  and 
no r a i n .  The p r e s e n t  s tudy  p r e s e n t s  some 
p r e l i m i n a r y  r e s u l t s  uf a d i f f e r e n t  approach which 
could b e  used t o  d e l i n e a t e  some r a i n r a t e  
in fo rma t ion  from t h e  GOES images i n  t h e  
m i d l a t i t u d e s ,  and t o  d i f f e r e n t i a t e  between 
convec t ive  and nonconvect ive p r e c i p i t a t i o n  

T h e i r  approach makes u s e  o f  t h e  

2. DATA 

The sa te l l i t e  d a t a  used i n  t h i s  work are 
GOES Eas t  v i s i b l e  (0.54-0.70 A m  wavelength) and 
the rma l  i n f r a r e d  (10.5-12.6 p m  wavelength) 
images. The temporal  r e s o l u t i o n  of  t h e  s a t e l l i t e  
d a t a  is 30 minutes  and t h e  s p a t i a l  r e s o l u t i o n  is 
4 x 4 km. It should be  no ted  a t  t h i s  p o i n t  t h a t  
t h e  t r u e  r e s o l u t i o n  of  t h e  sensed i n f r a r e d  images 
is 8 x 8 km. From t h e s e  images 4 x 4 km 
r e s o l u t i o n  images have been c o n s t r u c t e d  f o r  a 
b e t t e r  r e s o l u t i o n  equ iva lence  between t h e  
i n f r a r e d  and v i s i b l e  d a t a .  
o f  t h e  v i s i b l e  image is 0-63 and t h a t  of  t h e  
i n f r a r e d  is 0-255. 

The i n t e n s i t y  range 

The a n a l y s i s  of  t h e  d a t a  w a s  r e s t r i c t e d  
t o  t h e  area in Onta r io ,  Canada, which is covered 
by t h e  C-band Woodbridge weather  r a d a r  i n d i c a t e d  
by t h e  c i r c l e  i n  Fig.  1. Table  1 g i v e s  a summary 
of  t h e  s a t e l l i t e  and r a d a r  d a t a  used I n  t h i s  
s tudy.  The t h i r d  column i n d i c a t e s  t h e  type  of  
p r e c i p i t a t i o n  (C  f o r  convec t ive  and N-C f o r  
nonconvect ive) .  For more d e t a i l s  on t h e  d a t a  see 
Tsonis  (1984) o r  Tsonis  and I s a a c  (1985).  

Table  1 Summary of  t h e  d a t a  used i n  t h i s  s tudy  
Pe r iod  TVDe Of 

Date ( GMT 1 P r e c i p i t a t i o n  
27 J u l y  1982 1230-1900 N-C 
28 Jul;  1982 

3 Aug. 1982 
2 May 1983 
6 June 1983 

27 June 1983 
4 J u l y  1983 

21  J u l y  1983 
29 J u l y  1983 
1 3  May 1984 
23 May 1984 

3. METHOD 

1400-2200 
1200-2300 

1230-1730 
1430-2200 
1230-2330 
1730-2300 
1330-2330 
1330-1900 
1300-2200 

1730 

C 
N-C 

C 
N-C 

N-C,C 
C 
C 

N-C 
N-C 

N-C,C 

Th i s  work is based on t h e  method and 
r e s u l t s  of  i n s t a n t a n e o u s  r a i n  a r e a  d e l i n e a t i o n  in 
t h e  m i d l a t i t u d e s  from GOES imagery r e p o r t e d  in 
Tson i s  and Tsaac (1985).  The i r  method is 
composed of two p a r t s :  
d i s c r i m i n a t i o n  between r a i n i n g  and nonra in ing  
c louds  and a scheme f o r  t h e  d e l i n e a t i o n  of  t h e  
r a i n  a r e a .  Although some r e s t r i c t i o n s  app ly ,  t h e  
d e l i n e a t i o n  of  t h e  r a i n  a r e a  from t h e  r a i n i n g  
c louds  is based on some optimimum v i s i b l e  
t h r e s h o l d  (V,) which v a r i e s  accordinf i  t o  t h e  day,  
t ime and t y p e  of  p r e c i p i t a t i o n .  
r a i n  a r e a  determined by t h e  Tson i s  and I s a a c  
method w i l l  b e  denoted as Rvo(x,y).  

a t echn ique  f o r  t h e  

H e r e a f t e r  any 

The n o v e l t y  of t h e  above method is t h a t  
i t  is o r i e n t e d  toward i n s t a n t a n e o u s  r a i n  a r e a  
d e l i n e a t i o n  u s i n g  on ly  a v i s i b l e  and an i n f r a r e d  
image and t h u s  it d o e s  n o t  r e q u i r e  r a d a r  d a t a  o r  
l i f e  h i s t o r y  knowledge. The main conc lus ion  of  
Tson i s  and I s a a c  (1985) is t h a t  t h e  v i s i b l e  
images c o n t a i n  more in fo rma t ion  about t h e  a r e a l  
e x t e n t  of p r e c i p i t a t i o n  i n  t h e  m i d l a t i t u d e s  
compared t o  t h e  i n f r a r e d  images except  i n  c a s e s  
of s t r o n g  convect ion.  I n  such c a s e s  some optimum 
i n f r a r e d  t h r e s h o l d  (I,) can b e  as e f f e c t i v e  a s  
Vo. 
convect ion any i n f r a r e d  t h r e s h o l d  f a i l s  t o  
d e l i n e a t e  t h e  r a i n  a r e a  s a t i s f a c t o r i l y  bu t  i n  
c o n t r a s t  Vo does n o t  f a i l  ( f o r  more d e t a i l s  s e e  

I n  nonconvect ive cases o r  i n  c a s e s  of weak 
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Tsonis  and I s a a c  (1985). 

These observa t ions  w i l l  be  extended here  
f o r  t h e  purpose of i n f e r r i n g  r a i n r a t e  information 
from a v i s i b l e  and an i n f r a r e d  image. The method 
t o  be employed involves  t h e  concept of t h e  degree 
of matching between two two-dimensional p a t t e r n s  
Pl(x,y)  and P2(x,y) .  
between any two p a t t e r n s  P1(x,y) and P2(x,y) can 
be determined by t h e i r  c r o s s - c o r r e l a t i o n  which i s  
expressed mathematical ly  as fol lows:  

The degree of matching 

L e t  

y i s  t h e  c r o s s - c o r r e l a t i o n  between 
Pl(x,y) and P2(x,y) ( 0 5  Y 5 1 )  

N = I Idxdy i s  t h e  a r e a  of i n t e g r a t i o n  
which must conta in  both  p a t t e r n s  

P (x ,y)  and P2(x,y)  are t h e  s p a t i a l  
d i s t r i b u t i o n s  of t h e  p a t t e r n s  under 
c o n s i d e r a t i o n  

P1,Pz  a r e  t h e  average v a l u e  of t h e  
f i e l d s  Pl(x,y)  and Pz(x,y)  over  t h e  
a r e a  N ,  i.e. : 

- -  

- 
P1 = IIP1(x,y)dxdy/N 

S S are t h e  s tandard  d e v i a t i o n s  of 
Pl(x,y) and P2(x,y)  over  N ,  i.e.: 

S1 = [/ /(P,(x,y) - Fl)2 dxdy/N] 

1’ 2 

112 

u s  now assume t h a t  a scheme is 
devised which simply d e l i n e a t e s  t h e  r a i n  a r e a  
us ing  a s i n g l e  i n f r a r e d  threshold  ( I ) .  Given an 
i n f r a r e d  image, s t a r t i n g  w i t h  some low threshold  
one can produce a series of  r a i n  a r e a s  by r a i s i n g  
a t  each s t e p  t h e  i n f r a r e d  threshold .  Apparent ly ,  
by r a i s i n g  t h e  t h r e s h o l d  t h e  r e s u l t e d  r a i n  a r e a  
w i l l  become smaller and smaller. L e t  u s  denote 
t h e s e  areas as P ( x , y , I ) .  

I n  view of t h e  foregoing  f a c t s ,  i n  cases  
of s t r o n g  convect ion t h e r e  w i l l  e x i s t  some I = Io 
f o r  which R(x,y,Io)  : Rv0(x,y). 
condi t ion ,  f o r  PI = RVo(x,y) and P2 = R(x,y,&),y 
should be high. I n  a d d i t i o n ,  f o r  I > I o  a 
R(x,y,I)  R(x,y,Io)  and f o r  I-= I * 
R(x,y,I)  =- R(x,y,Io) .  Therefore ,  P t  fo l lows  t h a t  
f o r  I f I, t h e  c r o s s - c o r r e l a t i o n  between R(x,y,I)  
( f o r  any I) and RVo(x,y) w i l l  b e  lower than t h e  
c r o s s - c o r r e l a t i o n  between R(x,y,Io) and RVo(x,y). 
I f  we denote  QS yvo I t h e  c r o s s - c o r r e l a t i o n  
between Rv (x ,y)  and R(x ,y , I )  i t  should b e  
expected tgat  yvo as a func t ion  of  I would 
present  a maximum’ior I = Io. 
v i s u a l i z e d  i n  Pig.  1. On t h e  l e f t  hand s i d e  
Rvo(x,y) i n d i c a t e s  t h e  r a i n  area d e l i n e a t e d  by 
t h e  optimum v i s i b l e  th reshold  according t o  t h e  
Tsonis  and I s a a c  (1985) method from t h e  s a t e l l i t e  
information on 2 May 1983 a t  1730 GMT. The r a d a r  
d a t a  i n d i c a t e s  moderate t o  heavy p r e c i p i t a t i o n  a t  
t h i s  t i m e .  On t h e  r i g h t  hand s i d e  of Fig.  1 r a i n  
a r e a s  determined by f o u r  d i f f e r e n t  s i n g l e  
i n f r a r e d  t h r e s h o l d s  a r e  shown. The cross-corre-  
l a t i o n  between R (x ,y)  and each one of R(x,y,I)  
i n  a l s o  i n d i c a t e 2  
R(x,y,I)  decreases  i n  s i z e  as I i n c r e a s e s ,  

Under t h i s  

The above can be 

A s  can be seen from Fig.  1, 

whereas t h e  degree of matching between R(x,y,I)  
and Rvo(x,y) (from equat ion  (1)) i n c r e a s e s  
a t t a i n i n g  a maximum v a l u e  f o r  I = Io 184. I n  
nonconvective cases  R(x,y,I)  ( f o r  any I )  may 
d e v i a t e  s i g n i f i c a n t l y  from RVo(x,y) and t h e r e f o r e  
ygo,I may not  
vary a s  a f u n c t i o n  of I i n  a s i m i l a r  fash ion .  

a) be as high and/or  b) may not  

Therefore ,  t h e  s tudy of yvo I may be 
b e n e f i c i a l  i n  i n f e r r i n g  r a i n f a l l  r a t e s  o r  i n  
d i s c r i m i n a t i n g  between convect ive and nonconvec- 
t i v e  p r e c i p i t a t i o n .  

4. RESULTS 

F igure  1 shows y I a s  a f u n c t i o n  of I 
f o r  n i n e  s e l e c t e d  c a s e s  which r e p r e s e n t  convec- 
t i v e  and nonconvective cases  of v a r i o u s  r a i n f a l l  
i n t e n s i t i e s .  The c l a s s i f i c a t i o n  i n t o  l i g h t ,  
moderate and heavy r a i n f a l l  corresponds t o  t h e  
r a d a r  r a i n f a l l  r a t e  i n t e r v a l s  0 5 R I  2 mmh-l, 
2 < R 5 8 mmh-1 and R > 8 mmh-l, r e s p e c t i v e l y .  
F i r s t ,  l e t  us concent ra te  on t h e  c a s e s  of 2 May 
1983 a t  1730 GMT and 4 J u l y  1983 a t  2230 GMT, 
which r e p r e s e n t  convect ive c a s e s  of ( a s  i n d i c a t e d  
by t h e  r a d a r )  moderate t o  heavy r a i n f a l l .  I n  
both c a s e s  y I i n c r e a s e s  a s  I i n c r e a s e s  a t t a i n s  
a maximum vaYu& (poin ted  by an arrow) f o r  I = 184 
and I = 196, r e s p e c t i v e l y ,  and then decreases  
(because f o r  h igher  I’s, R(x ,y , I ) -  0 ) .  Note 
t h a t  t h e  observed maximum v a l u e  of t h e  cross-  
c o r r e l a t i o n  i s  i n  both cases  very high. S i m i l a r  
behavior  can be observed i n  t h e  c a s e  of 29 J u l y  
1983 a t  1400 GMT, which r e p r e s e n t s  a nonconvec- 
t i v e  c a s e  of predominantly moderate p r e c i p i t a t i o n .  
Here aga in ,  y i n c r e a s e s  as I i n c r e a s e s  and 
a t t a i n s  a maxY%$ v a l u e  f o r  I = 196. However, 
t h e  magnitude of t h e  maximum i n  t h i s  case  is not  
a s  high. I n  a l l  o t h e r  c a s e s  (which r e p r e s e n t  
e i t h e r  cases  of weak convect ion o r  nonconvective 
cases)  yvo,I decreases  c o n s t a n t l y  as I i n c r e a s e s .  

c a s e s  were s tud ied .  Fourteen of! t h o s e  cases  were 
convect ive c a s e s ,  seven of which were a s s o c i a t e d  
w i t h  moderate t o  heavy r a i n f a l l  and seven wi th  
l i g h t  t o  moderate r a i n f a l l .  The remaining cases  
wcre nonconvective c a s e s ,  s i x  of which were 
a s s o c i a t e d  wi th  predominantly moderate r a i n f a l l ,  
four  wi th  l i g h t  t o  moderate r a i n f a l l  and t h r e e  
wi th  l i g h t  r a i n f a l l .  Two o r  more c a s e s  from t h e  
same day were included i n  t h e  sample only if 
r h e r e  were a t  l e a s t  t h r e e  hours  a p a r t .  This  
r e s t r i c t i o n  on one hand l i m i t s  t h e  s i z e  of t h e  
sample t o  be s t u d i e d  but  on t h e  o t h e r  hand 
minimizes t h e  degree of dependancy i n  t h e  sample. 
I n  a l l  c a s e s  of moderate t o  heavy r a i n f a l l  
(convect ive o r  n o t )  y increased  wi th  I and 

0 1  a t t a i n e d  a maximum vaYu& f o r  some I. 
magnitude of t h i s  madimum c r o s s - c o r r e l a t i o n  was, 
on t h e  average,  h igher  f o r  t h e  convect ive cases  
whbre it  was found t o  range between 0.68 and 0.92 
(mean v a l u e  equal  t o  0.87). 
range f o r  t h e  nonconvective cases  was 0.52 - 0.72 
(mean v a l u e  equal  t o  0.64).  
l i g h t  t o  moderate r a i n f a l l  (convect ive o r  n o t )  
yvo , I  dccreased as I increased.  
d i s c u s s i o n  above t h e s e  f i n d i n g s  do n o t  come as a 
s u r p r i s e  and i n  a way they confirm t h e  f a c t  t h a t  
t h e  i n f r a r e d  images a r e  not  a s  e f f e c t i v e  a s  t h e  
v i s i b l e  images f o r  r a i n  a r e a  d e l i n e a t i o n  i n  t h e  

From t h e  a v a i l a b l e  d a t a  27 d i f f e r e n t  

However t h e  

The corresponding 

For a l l  c a s e s  of 

I n  view of t h e  
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m i d l a t i t u d e s  i n  cases  of weak o r  no convection. 
IIowever, they poin t  out  t h a t  1) t h e  behavior  of 
yvo I as a func t ion  of I may be u s e f u l  i n  
e x t t a c t i n g  some information of r a i n f a l l  i n t e n s i t y  
and 2) i n  cases  of moderate t o  heavy r a i n f a l l  t h e  
magnitude of the  maximum yvo 
d iscr imina tor  between convec6ive and nonconvcc- 
t i v e  r a i n f a l l .  

may be a good 

5. CONCLUSIONS 

This  s tudy made use of t h e  Tsonis and 
I s a a c  (1985) technique f o r  r a i n  a r e a  d e l i n e a t j o n  
i n  t h e  m i d l a t i t u d e s  us ing  GOES d a t a  and 
presented an approach t h a t  may assist i n  t h e  
e x t r a c t i o n  of some r a i n r a t e  information and t h e  
d iscr imina t ion  between convect ive and nonconvec- 
t i v e  cases. Both t h e s e  problems a r e  of g r e a t  
importance t o  r e s e a r c h e r s  t h a t  would l i k e  t o  
improve and maximize r a i n f a l l  information from 
s a t e l l i t e  imagery. The r e s u l t s  of t h i s  s tudy 
are s t i l l  prel iminary.  Their  c l a r i t y ,  however, 
sugges ts  t h a t  f u r t h e r  a n a l y s i s  and t h e  accumula- 
t i o n  of l a r g e r  sample s t a t i s t i c s ,  and t h e i r  
extension t o  l a r g e r  a r e a s  should be encouraged. 
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EFFECTS OF CONVECTIVE TYPE CLOUDS ON HEAVY SNOW 
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1. INTRODUCTION 

The purpose o f  t h l s  paper Is t o  
demonstrate the  usefulness o f  operat lonal  
hal f -hour ly near-real t lme GOES I R  s a t e l l l t e  
Imagery I n  following convectlve type  clouds 
(general ly w l t h  a repo r t  o f  thunder) which 
move northward I n t o  t h e  co lder  ba roc l l n l c  
envlronment and produce heavy snow (termed 
"snowburst" I n  t h l s  paper). The In ten t  o f  
t h l s  paper Is not  t o  discuss varlous heavy 
snow forecast technlques. It Is assumed t h a t  
t he  necessary parameters are I n  place and the  
forecaster knows I n  advance where the  
I Iquld/ f rozen d l v l d l n g  I lne Is located. 
Observatlons o f  many d l f f e r e n t  snow cases by 
s a t e l l i t e  Imagery a t  t he  SFSS (Satel I I t e  
F l e l d  Services Sta t lon)  have shown the  850mb 
OC Isotherm and 500-1000mb thicknesses around 
540dm t o  be very valuable I n  de l l nea t lng  the  
I lquId/frozen p r e c l p l t a t l o n  I Ine over the  
cen t ra l  United States. The added v e r t l c a l  
motlon and deepening of the  molst  layer by 
the  convective type clouds r e s u l t  I n  a rap ld  
snow Increase w l th  I lkely, b r l e f ,  
accumulatlons of 2 t o  3 Inches (25-80 mm) per 
hour. 

There has been I l t t l e  Information 
published on a d l r e c t  I I n k  between thunder 
and snow occurrences. 
Curran a d  Pearson (1971) examlned prox lml ty  
soundlngs for snow w l th  thunderstorms. Thelr  
study, whlch looked a t  on ly  3 hr  surface 
observatlons f o r  th ree  seasons, found Just 76 
repo r t s  o f  thunder w l t h  snow. RAOBS c lose  t o  
these occurrences showed a deep molst  layer 
and ra ther  hlgh l n s t a b l l l t l e s .  A l a l e r  paper 
by Galway and Pearson (1981) presents the  
envelopes of tornado outbreaks and heavy 
Snow r e l a t l v e  t o  the  mean surface low t r ack  
bu t  do no t  mentlon any posslble re la t l onsh lps  
I n  the  f r o n t a l  zone between these two events. 
Parmenter (1972) was one of t h e  f l r s t  t o  
study w ln te r  c loud patterns i n  s a t e l l l t e  
Imagery and noted the  more s l g n l f l c a n t  
p r e c l p l t a t  Ion (raln/snow) was assoclated w I t h  
convectlve type  clouds poleward o f  t he  upper 
Je t  I n  t h e  northeast quadrant o f  east  coast 
cyclones. The po la ro rb l t l ng  s a t e l l l t e  
lmdgery used I n  t h e  study I l m l t e d  
observatlons t o  on ly  tw lce  a day. Recently, 
Kocln, U (1985) demonstrated t h e  
ab11 l t y  of a mesoscale numerlcal forecast 

A shor t  paper by 

model t o  s lmulate a convect ive snowburst I n  
the  Washlngton, D.C. - Baltlmore, Md areas. 
They found t h a t  t he  three-hourly output from 
these models Is a valuable a i d  t o  forecasters 
I n  understandlng and p red lc t l ng  mesoscale 
phenomenon. 

Kansas C l t y  SFSS have found near real- t lme 
operat lonal  GOES v l s l b l e  and IR s a t e l l l t e  
Imagery t o  be a valuable too l  t o  help exp la ln  
heavy snowbursts I n  w ln te r  p r e c l p l t a t l o n  
events. The Imagery have been most useful  I n  
l d e n t l f y l n g  and t rack lng  convective-type 
clouds. The thunder l n l t l a l l y  assoclated 
w l th  these clouds may cont lnue t o  be heard a t  
t h e  t lme o f  heavy snow, wel l  I n t o  t h e  co ld  
a l r .  However, t h l s  may not  always be the  
case. it w l l l  be shown I n  t h l s  paper t h a t  
c o n t l n u l t y  I n  t h e  h a l f  hour GOES Imagery 
lnd lca tes  t h a t  t he  clouds producing the  
snowburst may have been o r l g l n a l l y  assoclated 
w l t h  thunder bu t  t h e  mechanlsm generatlng 
thunder weakened as the  clouds moved 
northward I n t o  the  co lder  a i r  mass. 

The past few years meteorologlsts a t  t he  

The thunderstorms general ly form I n  a 
marglnal ly unstable, bu t  molst, a l r  mass near 
o r  south o f  t h e  c o l d  f ron t .  Pos l t l ve  
v o r t l c l t y  advectlon w l t h  a mld-tropospherlc 
shortwave trough and moderate t o  strong 
low/mld level  warm a l r  advectlon are found t o  
be necessary lngredlents f o r  t he  convect lve 
type cloud development. 
enough o f  these events documented I n  t h e  GOES 
s a t e l l l t e  Imagery dur lng t h e  past couple o f  
years t o  lnd lca te  It Is a common ra ther  than 
a r a r e  occurrence and there  Is a d e f l n l t e  
l i n k  between snowbursts and convective type  
clouds. The d l f f e r e n t  cases also suggest a 
seasonal and posslble d lu rna l  trend. 

There have been 

Thunder and heavy snow events have been 
observed most o f ten  dur lng the  ea r l y  and l a t e  
pa r t s  of the  co ld  season (Oct., N O V . ~  Mar.D 
Apr.) over the  Northern P la lns  and Upper 
Mlss lss lpp l  Valley. Durlng t h l s  t lme o f  
year, there  Is ample low-level warm a l r  
advectlon and strong dynamlcs I n  t h e  c o l d  a l r  
a l o f t  t o  generate s u f f l c l e n t  v e r t l c a l  motlon 
and l n s t a b l l l t y  f o r  thunder. I n  the  mlddle 
o f  t he  co ld  season ( l a t e  Dec. I n t o  ea r l y  
Feb.), thunder accornpanylng heavy snow Is 
Infrequent except I n  unusual ly strong 
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deepenlng systems when adequate molsture and 
l n s t a b l l l t y  are present. The prlme area fo r  
t h l s  t o  occur Is from Arkansas northeast I n t o  
the  Mlddle Mlss lss lpp l  and Lower Ohlo 
Valleys. Some o f  the  record breaklng heavy 
snow w l t h  storm t o t a l s  as hlgh as two f e e t  
(600 mm) have occurred dur lng the  past few 
years I n  these cases. An example w l l  I be 
presented I n  the  next sectlon. Slnce the  
prlme func t lon  o f  t he  Kansas C l t y  SFSS Is t o  
In te rp re t  GOES s a t e l l l t e  Imagery over the  
cent ra l  Unlted States, a l l  cases are from 
t h l s  area, 

2. PRESENTATION OF CASES. 

Three examples w l l l  be presented. The 
f l r s t  w l l l  descrlbe an ea r l y  season Ice and 
snow eplsode when thunder was reported w l t h  
Ice  p e l l e t s  and freezlng r a l n  bu t  no t  w l th  
the  heavy snow event. 
w l l l  show Jofnt  thunder and heavy snow 
occurrences. Both are t y p l c a l  cases; One w l t h  
a shortwave trough over the  Northern P la lns  
and the  other w l t h  a deepenlng storm I n  a 
f r o n t a l  zone over the Mld-Mlsslsslppl and 
Lower Ohlo Valleys, The cases are Introduced 
from the  perspectlve o f  the  operatlonal 
forecaster by showlng how the  cloud features 
can be monltored I n  the  contlnuous near 
real- t lme GOES Imagery. 

The next two examples 

A. Event o f  30 Nov. - 1 Dec. 1985. 

Durlng the  afternoon o f  30 November 1985, 
a s ta t lonary  f r o n t  lay from the  Lower Great 
lakes t o  west Texas (Flg. 1 ) .  There was a 
strong thermal cont ras t  across the  f r o n t  w l t h  
surface dew po ln t  temperatures reachlng the  
mld 50'sF (10 t o  15C) I n t o  southeast Oklahoma 
and cen t ra l  Arkansas wh l le  Just nor th  o f  t he  
f r o n t  t he  surface temperatures r a p l d l y  
decreased below freezlng. 

thunderstorms developed along the  west edge 
o f  low leve l  molsture ahead o f  a co ld  f r o n t  
I n  east Oklahoma. Because o f  t he  low sun 
angle, t he  Cb tops were wel l  deflned I n  
v l s l b l e  Imagery (Flg. 2b). The c e l l s  
expanded northward across extreme east Kansas 
dur lng the  next couple o f  hours. Thunder and 
moderate l n tens l t y  Ice  p e l l e t s  ( a  mlxture o f  
frozen raln/snow whlch Is cot loqu la l  l y  ca l  led 

By 2100 GMT (Flg. 2a), a I I n e  o f  

s l e e t  In  some par t s  o f  the  Unlted States) 
were reported I n  the  Kansas C l t y  area a t  2300 
GMT (A ,  Flg. 2 ~ ) .  

An analysls o f  0000 GMT upper a l r  data v l a  
CSlS (Central lzed Storm lnformat lon System; 
Anthony sf..., 1982) I nd lcated a comb 1 nat  Ion 
o f  mld-tropospherlc p o s l t l v e  v o r t l c l t y  and 
warm a Ir advect Ion were con t r  lbu t  Ing t o  
upward v e r t l c e l  motlon across Mlssourl and 
Iowa. 
were both maxlmlzed over Mlssourl and Iowa 
(Flg. 3a,b). Although ra ther  weak, 500mb 
p o s l t l v e  absolute v o r t l c l t y  advectlon was 
present over t h l s  area (Flg. 3c). 
v o r t l c l t y  advectlon was strongest a t  t he  
400mb leve l  (Flg. 3d). 

The 850mb and 700mb warm a l r  advectlon 

The 

Fig. 1. Surface analysis f o r  2100 GMT, 30 Nov. 
1985. Dash l i n e s  are isodrosotherrns; Dotted 
l i n e s  isotherms. 

Although thunder was no t  heard a t  any o f  
t he  regular repo r t l ng  s ta t l ons  nor th  and east 
o f  Kansas Clty, t he  very co ld  c loud tops, 
whlch were assoclated w l th  the  e a r l l e r  
thunder, could be tracked I n  the  s a t e l l l t e  
Imagery dur lng the  evenlng across northern 
Mlssourl I n t o  cent ra l  and east Iowa (Flg. 
2d-f).  Moderate snow w l t h  ra tes  o f  around 1 
Inch (25 mm) per hour began near the  leadlng 
edge o f  very c o l d  cloud tops (black o r  around 
-60'2) along and nor th  o f  t he  850mb OC 
Isotherm (dash I I n e  In Flg. 2d). Snowbursts 
w l th  accumulatlons o f  2 Inches (50 mm) per 
hour were reported near the  back edge o f  
co ldes t  c loud top  temperatures. Snowfall 
t o t a l s  were 4-6 Inches (100-150 mm) I n  a band 
from'Just south o f  Des Molnes ( A )  t o  Just  
east o f  Waterloo (B, Flg. 2 f ) .  

B. Event o f  19 Oct. 1982. 

As frequent ly the  case dur lng t h e  f a l l  and 
sprlng, t he  f l r s t  few po la r  outbreaks produce 
a v a r l e t y  o f  p r e c l p l t a t l o n  as the  weather 
changes from thunderstorms and r a l n  t o  Ice  
and snow. 
reported w l t h  the  moderate and heavy 
l n tens l t y  snow I n  the  f ron ta l  zone ahead o f  a 
shortwave trough movlhg eastward I n t o  the  
nor th  and cent ra l  p la lns,  One of the  f l r s t  
v l s l b l e  s a t e l l l t e  Images showed well-deflned 
convectlve c loud tops I n  east and cen t ra l  
Nebraska ( f l g .  4a). Moderate snow was 
occurr lng from nor th  cen t ra l  Nebraska I n t o  
eastern South Dakota. 
I n  a band t o  the  south from south cent ra l  

through northeast Nebraska. 
The co lder  thunderstorm tops were wel l  marked 
I n  the  I R  Imagery from Grand Is land t o  
Norfolk (A-B, F l g  4b). 

I n  t h l s  example, thunder was 

Thunder was reported 
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Fig. 3. CSIS analyzed upper air parameters for 0000 GMT, 1 Dec. 1985. 
advection ("C per 24hr) b) 700 mb temperature advection ("C per 24hr) c) 500 mb 
absolute vorticity advection d )  400 mb absolute vorticity advection. 

a) 850 mb temperature 
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During the  next th ree  hours the  
thunderstorms developed northeastward I n t o  
the  southeast corner o f  South Dakota and 
northwest Iowa (Flg. 4c). The thunder was 
accompanled by b r l e f  moderate and heavy 
snowbursts whlch accumulated a t  t he  r a t e  o f  2 
Inches (50 mm) per hour. The snow was very 
wet and heavy r e s u l t l n g  I n  many repor ts  o f  
broken t r e e  Ilmbs and power f a l l u r e s  
espec la l l y  from the  Norfolk area (C) 
northeastward. The band where the  heavlest 
snow occurred was wel l  deflned I n  v l s l b l e  
Imagery a couple o f  days a f t e r  t he  clouds 
cleared (F lg. 4 d ) .  Surface temperatures were 
around f reez lng  when the  l n l t l a l  snow f e l l  
and some mel t lng  undoubtedly occurred a f t e r  
t h a t  tlme. A couple o f  remalnlng narrow snow 
streaks ( D )  were probably assoclsted w l th  
thunderstorm c l u s t e r s  whlch redeveloped 
dlscontlnuously eastard. The c l u s t e r s  then 
sl lpped eastnortheast along a favorable 

th lckness gradlent over the  same area 
r e s u l t l n g  I n  the  band o f  heavy snow. A 
c lus te r  o f  thunderstorms I n  western I I I I n o l s  
moved northeast and alded snow Increase l a t e r  
In  the  evenlng over northern Wlsconsln. 

C. Event of 30 - 31 Jan. 1982. 

Beglnnlng the  evenlng of the  30th, 
thunderstorms developed I n  the  low-level 
molst  tongue (>  8 g/kg a t  650mb 
low-level j e t  ( > 50kt, 25 m s-') over 
western Loulslana and cent ra l  Arkansas. The 
LFM l n l t l a l l z e d  a 22 u n i t  absoulte v o r t l c l t y  
maxlmum I n  west cen t ra l  Texas. The 
geostrophlc temperature advectlon char ts  a t  
850 and 700mb (Flg. 5 )  showed a la rge  area o f  
p o s l t l v e  warm a l r  advectlon from the  Lower 
Mlsslsslppl I n t o  the  Ohlo an Te nessee 

near t h e  mouth o f  the  Ohlo and Tennessee 
r lvers. 

near the  

Valleys w l th  strong (>6OC h- P P  X10 ) centers 
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F i g .  6.  Lequence o f  2 km GOES IR imagery w i t h  Mb enhancement curv? 
a )  0515 GMT. b )  0700 GMT. c )  0900 GMT. d)  1030 GMT. 

Fig. 5. Geostrophic temperature advection f o r  
0000 GMT, 3 1  Jan. 1982 a t  850 mb (dash) 
and 700 mb (do t ) .  

f o r  3 1  Jan. 1912 a t  

By mldnlght local  t lme (Flg. 6a), a 
surface wave was developlng I n  eastern 
Arkansas. A I I n e  o f  thunderstorms was Well 
deflned I n  s a t e l l l t e  Imagery along the  
Mlss lss lpp l  Rlver from S t .  Louls t o  east 

Loulslana. Moderate r a l n  was f a l l l n g  from 
southeast Mlssourl and southern I I I l n o l s  
southward w l th  thunder and heavy snow 
reported Just t o  the  nor th  I n  east cen t ra l  
Mlssourl and south cent ra l  I I I Inols. A 
second I I n e  o f  thunderstorms was a l s o  
developlng a t  t h l s  t lme from south cent ra l  
Mlssourl I n t o  cen t ra l  Arkansas ( H - I ) .  
Although there  are no regu la r  hour ly surface 
repor t lng  s ta t l ons  over t h l s  area a t  t h l s  
t lme o f  nlght, thunder w l th  moderate t o  heavy 
r a l n  and snow should be expected based on 
what was known t o  be occurr lng I n  the  I I n e  t o  
the  east. 

Thunder and heavy snow showers were 
reported as the  second I l n e  moved east I n t o  
the  S t .  Louls area between 0700 and 0900 GMT 
(F lg .  6b,c). The dash I I n e  Is t he  850 mb OC 
Isotherm. Snowfall r a tes  o f  2-3 inches 
(50-80 rnm) occurred dur lng t h l s  t lme w l t h  
storm t o t a l s  o f  12 t o  22 Inches (300-550 mm) 
I n  a band from south cen t ra l  Mlssourl 
eastnortheast across south cent ra l  I I I l n o l s  
I n t o  cen t ra l  Indlana. The snow decreased t o  
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I l g h t  l n tens l t y  w l t h  the  passage o f  t he  west 
edge o f  enhanced clouds (J, Flg. 6d) across 
I I I l n o l s  dur lng the  mornlng. 
accompanylng the  snow undoubtedly cont r lbu ted  
t o  the  heavy accumulatlons whlch v l r t u a l l y  
paralyzed the  area. 

3. SUMMARY. 

The thunder 

Th ls  paper has demonstrated the  usefulness 
o f  near real-t lrne GOES I R  and v l s l b l e  
s a t e l l l t e  Imagery t o  monltor local  areas o f  
heavy snow. The snowbursts are re la ted  t o  
convectlve-type clouds whlch are  usua l ly  
accompanfed by thunder. Snowfall ra tes  o f  
2-3 Inches (50-80 mm) per hour are common. 
The GOES s a t e l l l t e  Imagery Is most useful 
over sparce repo r t l ng  areas, espec la l l y  a t  
nlght, when a number o f  s ta t l ons  close. 

The a l r  mass I n  these cases Is very molst  
w l th  strong low and mld level  warm a l r  
advectton across the  f r o n t a l  zone ahead o f  an 
approachlng mld-tropospherlc shortwave 
trough. The thunder develops I n  the  
marglnal ly unstable a l r  on the  nor th  end o f  a 
wldespread thunderstorm I I n e  o r  area whlch 
reaches across the  below f reez lng  
temperatures near the  surface. There have 

been enough cases dur lng the  past few years 
t o  suggest f u r the r  study on a d lu rna l  
tendency and posslble more d l r e c t  I I n k  t o  the  
establlshment o f  t he  low-level je t .  
I f  shor t  range numerlcal output from a 
mesoscale model were ava l l ab le  as descrlbed 
by KocIn Bt. al, (1985), t h i s  Informetlon 
could supplement the  forecast rout lne.  
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A CUMULUS CLOUD FIELD OBSEKVED BY LANDSAT THEMATIC MAPPER 
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1. INTRODUCTION 

A considerable effort has been 
devoted to characterizing the spatial proper- 
ties and spectral signatures of terrestrial 
clouds. These efforts have been hampered by 
the scarcity of sufficient observational data 
sets. A unique opportunity to investigate the 
retrieval of cloud properties is thus afforded 
by the high resolution, high quality, multi- 
spectral, calibrated data sets available from 
the Landsat 4 Thematic Mapper (TM). These 
data are currently archived by EOSAT. We have 
begun a study of the determination of cloud 
properties from TM data by combining a spatial 
coherence scene model with other cloud param- 
eter retrieval methods. This report focuses 
on the scene model. The TM has seven spectral 
bands, which in principle allow cloud amount, 
height, phase and thickness to be retrieved. 
Cloud particle size may also be retrievable. 
The scene model accounts for partial beam 
filling, identifies homogeneous areas in the 
scene, and effectively composites the entire 
scene for ensuing cloud parameter retrievals. 

Landsat 4 was placed into orbit in 
July 1982. The TM was designed to achieve 
finer spatial resolution, sharper spectral 
separation, improved geometric fidelity, and 
greater radiometric accuracy and resolution 
than previous sensors (see Table 1). The 
Landsat series of satellites has been designed 
primarily to view the earth's surface rather 
than the earth's clouds. This is in contrast 
to meteorological operational satellite 
systems, such as the polar-orbiting NOAA and 
DMSP satellites and the geosynchronous GOES 
satellites, which are designed primarily for 
meteorological purposes. A major difficulty 
in this regard is that clouds are s o  reflec- 
tive in the visible that they often saturate 
the TM sensor. Nevertheless, it is obvious 
that the Landsat images display a considerable 
amount of information relevant to meteorology. 

2. LOCAL UNSATURATED STATISTICS 

The effects of saturation in the 
visible channels 1-5 make the interpretation 
of sensitive statistics difficult. Therefore, 
we calculated some local statistics in which 
the various sample sums are replaced by sums 
all over all unsaturated pixels. For statis- 
tics involving two channels, all sums are 
replaced by sums over pixels which are unsatu- 
rated for both channels. We term such statis- 

Table 1. Comparison of LANDSAT TM and other 
current imaging sensors. 

TM MSS AVHRR 
(Engel and Weinstein, (NOAA , 

1983) 1981) 

Spacecraft LANDSAT LANDSAT 

Orbit Polar Polar 

4 4 

Wavelength ( pm) 
Channel 1 0.45-0.52 0.50-0.60 

2 0.52-0.60 0.60-0.70 
3 0.63-0.69 0.70-0.80 
4 0.76-0.90 0.80-1.10 
5 1.55-1.75 
6 10.30-12.50 
7 2.08-2.35 

Resolution at Nadir (m) 

Visible 30 82 
IR 120 

TIROS /NOAA 

Polar 

0.58-0.68 
0.725-1.1 
3.55-3.93 
10.5-1 1.3 
11.5-12.5 

1100 
1100 

tics unsaturated statistics. Examination of 
some of the local unsaturated statistics lead 
us to new approach to the problem which we 
call scene modeling. We used data from 
LANDSAT TM scene for August 30, 1982, path 15 ,  
row 38, south of Cape Hatteras. Scene center 
is N 31" 44' by W 78" 54 ' ,  sun elevation angle 
ts 53, and sun azimuth angle is 122. This 
scene shows scattered maritime cumulus. Local 
unsaturated means, standard deviattons, and 
correlations in counts for all channels were 
calculated for subscenes ( 1  km2) in area 
(33 x 33 pixels). Further details are repor- 
ted by Hoffman et al. (1985). In particular, 
three subscenes -- denoted l A ,  l R ,  and lC, 
which were chosen to be cloudy, clear, and 
partly cloudy -- will be referred to further. 

In brief, the outstanding local 
statistical characteristics of the Hatteras 
Scene, when the effects of saturation are 
removed, are the following: 
1) There are distinctive mean spectra 
for the ocean and clouds. 
2)  There is very little variability of 
the observed ocean spectra. 

3) I n  cloudy parts of the scene, there 
is very little variability for the thermal 
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channe l  i n d i c a t i n g  n e a r l y  c o n s t a n t  c loud  t o p  
h e i g h t s ,  b u t  a l a r g e  v a r i a b i l i t y  i n  t h e  v i s i -  
b l e  and N I K  c h a n n e l s  remains .  These c h a n n e l s  
are  e x t r e m e l y  w e l l  c o r r e l a t e d  i n  such  cases. 

4 )  Along t h e  c loud-ocean  boundary ,  a l l  
c h a n n e l s  are h i g h l y  c o r r e l a t e d .  The the rma l  
c h a n n e l  i s  somewhat less w e l l  c o r r e l a t e d  w i t h  
t h e  o t h e r s .  

3. MODELING THE SCENE 

A S imple  Scene Model 

We w i l l  show t h a t  t h e  f o l l o w i n g  
s i m p l e  model a c c o u n t s  f o r  t h e  € e a t u r e s  enumer- 
a t e d  a t  t h e  end of t h e  l a s t  s e c t i o n .  We model 
t h e  obse rved  r a d i a n c e s  i n  terms of t h e  ocean  
and c loud  s p e c t r a ,  t h e  c l o u d  f r a c t i o n  and a 
g e o m e t r i c  f a c t o r .  The a l g o r i t h m  d e s c r i b e d  
h e r e  re t r ieves  t h e s e  q u a n t i t i e s  f rom t h e  
o b s e r v a t i o n s .  For  t h e  moment, w e  i g n o r e  t h e  
e f f e c t s  of  s a t u r a t i o n  ( s e e  S e c t i o n  3 .2) .  

- 3.1 

The model f o r  t h e  the rma l  channe l  
i n c l u d e s  c o n t r i b u t i o n s  t o  t h e  e m i t t e d  r a d i a -  
t i o n  f rom t h e  ocean  and c loud  each  we igh ted  by 
t h e i r  f r a c t i o n a l  cove rage ,  i . e . ,  

where Kin = obse rved  r a d i a n c e  i n  channe l  i 

Bi 

Ai 
fn 

a t  p i x e l  n ,  

channe l  i ,  
= sea s u r f a c e  r a d i a n c e  i n  

= c loud  r a d i a n c e  i n  channe l  i ,  - c loud  f r a c t i o n  a t  p i x e l  n .  

Ai and Bi i n c l u d e  t h e  a t m o s p h e r i c  c o n t r i b u t i o n  
t o  r a d i a n c e .  I n  t h i s  s e c t i o n ,  a l l  r a d i a n c e s  
w i l l  be no rma l i zed  r a d i a n c e s ,  i . e . ,  R = 0 o r  1 
c o r r e s p o n d s  t o  a r eco rded  d i g i t a l  count  of 0 
o r  255, r e s p e c t i v e l y .  The Ai and Ri are  a l s o  
d e f i n e d  i n  terms of t h e s e  u n i t s .  

I n  t h e  v i s i b l e  and N I K  c h a n n e l s ,  
r a d i a t i o n  is  r e f l e c t e d  o r  b a c k s c a t t e r e d  by t h e  
c l o u d s .  These  p r o c e s s e s  are a f t e c t e d  by t h e  
c l o u d  geometry  because  real  c l o u d s  are n e i t h e r  
f l a t  n o r  i n f i n i t e  i n  h o r i z o n t a l  e x t e n t .  
T h e r e f o r e ,  w e  i n c l u d e  a g e o m e t r i c  f a c t o r  y i n  
o u r  model of t h e s e  c h a n n e l s ,  

We w i l l  r e l a t e  y,, t o  t h e  c loud  t o p  i n c i d e n c e  
a n g l e  a l t h o u g h  t h e  r e t r i e v e d  v a l u e  of yn is 
probab ly  a l s o  i n f l u e n c e d  by t h e  e f f e c t  on 
m u l t i p l e  s c a t t e r i n g  of t h e  d i s t a n c e  o f  p i x e l  n 
f rom t h e  c loud  edge. 

To r e l a t e  y n  t o  t h e  c loud  t o p  
geometry ,  n o t e  t h a t  t h e  amount of s o l a r  
r a d i a t i o n  i n t e r c e p t e d  by each  p i x e l  depends  on 
how t h e  c l o u d  is o r i e n t e d .  A s  can  be  s e e n  i n  
F ig .  1 ,  t h e  r a t i o  o f  t h e  s o l a r  f l u x  s t r i k i n g  
t h e  i n c l i n e d  c loud  t o  t h a t  s t r i k i n g  a 
h o r i z o n t a l  c loud  i s  

-- I + A  = 1 +u 
A t a n  a 

where a ,  t h e  e l e v a t i o n  a n g l e  of t h e  s u n ,  i s  
a lmos t  un i fo rm o v e r  t h e  s c e n e ,  bu t  i, t h e  
i n c l i n a t i o n  a n g l e  of t h e  c l o u d ,  v a r i e s  f rom 
p i x e l  t o  p i x e l .  S i n c e  t h e  c loud  i s  p robab ly  
c l o s e  t o  a Lamber t ian  r e f l e c t o r ,  t h e  s i m p l e s t  
model,  g i v e n  above ,  i s  used  f o r  t h e s e  
c h a n n e l s .  

I 

- Satelllte - 
Fleld of VleH / 

/ 
Fig .  1. Geometr ic  f a c t o r  

i n c l i n a t i o n  a n g l e  i. 
due  t o  c loud  

Al though we w i l l  e x p l o r e  t h e  a b i l i t y  
of t h i s  s i m p l e  model t o  e x p l a i n  t h e  s c e n e  i n  
some d e t a i l ,  w e  f i r s t  n o t e  some of i t s  
d e f i c i e n c i e s .  

a >  Cloud t o p  h e i g h t  v a r i e s ,  so c loud  
t o p  t e m p e r a t u r e  s h o u l d  change  w i t h  c l o u d  t o p  
h e i g h t .  Our model assumes  c l o u d  t o p  and sea 
s u r f a c e  t e m p e r a t u r e s  are c o n s t a n t .  We c o u l d  
f o r m u l a t e  t h e  problem so t h a t  t h e s e  p r o p e r t i e s  
va ry  smooth ly  o r  depend on c loud  f r a c t i o n .  

b )  The e f f e c t i v e  i n c l i n a t i o n  a n g l e  i i s  
probab ly  d i f f e r e n t  f o r  t h e  N I R  c h a n n e l s  and 
f o r  t h e  v i s i b l e  c h a n n e l s  s i n c e  t h e  c o r r e l a -  
t i o n s  between t h e s e  g roups  of c h a n n e l s  are n o t  
as h i g h  as w i t h i n  t h e s e  g roups .  

C >  Cloud shadows s h o u l d  a f f e c t  t h e  s e a  
s u r f a c e  r a d i a n c e  obse rved  i n  t h e  v i s i b l e .  
Also  sea s t a t e  aud s u n g l i n t  are p o t e n t i a l  
problems. More complex models might be  formu- 
l a t e d  bu t  s h o u l d  e x p l a i n  a s i g n i f i c a n t  p a r t  of 
t h e  v a r i a n c e  unexp la ined  by t h e  s i m p l e r  model. 

3.2 C o n s t r a i n t s  

When w e  f i t  model ( 1 )  by o u r  non- 
l i n e a r  l ea s t  s q u a r e s  method, we must c o n s t r a i n  
t h e  s o l u t i o n  t o  be p h y s i c a l l y  r e a l i z a b l e ,  
e l i m i n a t e  m u l t i p l e  s o l u t i o n s  where p o s s i b l e ,  
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and account for the effect of sensor satura- 
tion. 

We require that cloud fraction 
satisfy 0 < fn < 1. This is accomplished by 
using xn as an independent variable which is 
not constrained, and defining 

1 
fn = (1 - cos Xn). 

For the reflective bands, we do have 
one degree of freedom i n  choosing the Ai and 
y,, because in the model the cloudy contribu- 
tion is always proportional to (1 + yn)Ai. 
To eliminate the multiplicity of solutions 
implied by this degree of freedom, we con- 
strain our solution as described below by our 
definition of Sy. 

Saturation effects must be included 
in our model. If Rin, as calculated from the 
above model, is greater than one, it must be 
reset to one. For the purpose of minimiza- 
tion, a continuous, infinitely differentiable 
approximation to this piecewise linear 
function is used to calculate the saturated 
value R*in (that is, the modeled value which 
includes saturation effects) as 

R:n = 1 + exp(-Ryn)(Rin - 1). ( 2 )  

In work presented here, p - 50, which yields 
very close agreement with the piecewise linear 
function. 

3 . 3  Optimization Methodology 

Since our model is nonlinear, it 
must be fit by an iterative least squares 
procedure. The number of free parameters is 
large, 0(2N), where N is the number of pixels. 
Therefore, we use a conjugate gradient mini- 
mizer. We must also provide some reasonable 
initial estimates of the parameters. 

We fit our model by determining Ai, 
Bi, G, and yn to minimize the total sum of 
squares, 

where the sum of squares due to lack of fit of 
model (1) is 

and the sum of squares due 
factor is 

The component sums of squares 

to the geometric 

are 

The weight factors u are constants which re- 
flect the importance of the component sums of 
squares. The 11 may be tuned to adjust the 
fit. 

In the above expressions, RZn is the 
modeled radiance for channel i at pixel n 
obtained from (1) and (2 ) ,  wn is the weight 
associated with pixel n ,  zn is the area asso- 
ciated with pixel n ,  Cmax is the saturation 
value of the instrument, and C is the 
observed counts for channel i at pixel n. In 
this work, wn and zn are always both taken to 
be unity. Note that S removes the degree of 
freedom associated wilh the yn which was 
discussed above. Ordinarily, yo = 0. 

The conjugate gradient algorithm 
requires estimates of the gradient, i.e., the 
vector of partial derivatives of S with 
respect to the independent variables fi, Bi, 
x and y . Previous experience (Hoffman, 
1g62, 19843 suggests that finite difference 
approximations of the gradient are ineffi- 
cient. We have, therefore, developed software 
to calculate the exact analytical partial 
derivatives. This is straightforward but 
requires extensive use of the chain rule. 

3 . 4  Initial Estimates 

The conjugate gradient algorithms 
also requires an intial estimate of Ai, Bi, 
5, and y,. We found in preliminary experi- 
ments that the conjugate gradient method con- 
verged slowly, and that, for the sake of effi- 
ciency, a good initial estimate is desirable. 
The approach we have taken to accomplish this 
is to solve a series of linear least squares 
problems using the current estimates of some 
parameters to refine the estimates of the same 
or other parameters. 

4. ONE-DIMENSIONAL SIMULATION STUDY 

To test our method and to provide by 
way of example some insight into our results, 
we conducted a one-dimensional simulation 
study. For this purpose, we simulated radi- 
ances (in digital counts) by using Eqs. (la) 
and (lb), adding measurement error and then 
resetting values greater than the saturation 
value to 255. For the results shown here, the 
added errors were zero mean uncorrelated 
Gaussian noise with standard deviations of 10 
counts for the reflective channels and 2.5 
counts for the thermal channel. The simulated 
radiances (scaled by Cmax) for channel 3 (a 
representative reflective channel) and channel 
6 (the thermal channel) are shown in Fig. 2. 
The abscissa in these plots is xn = (n - 1)Ax 
with Ax = 30 m. The values of Ai and Bi are 
given in Table 2 and fn and yn are shown in 
Fig. 3 .  Values of yn for fn = 0 (xn < 1500) 
are arbitrary. The corresponding retrieved 
values, after 300 iterations, are shown in 
Fig. 4. Fig. 5 shows the fit for channels 
3 and 6. Since there are no horizontal 
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Table 2. Values of parameters A Bi 
(multiplied by 255) for the 1-D simuyation 
study. 

After 300 Optimal 
True Iterations Reset 

i Ai Bi Ai Bi Ai 

- 

- 

1 250 150 224 149 249 
2 225 125 204 127 226 
3 200 100 179 101 199 
4 175 75  157 74 175 
5 150  50  134 50 149 
6 50  150 47 153  47 
7 125 25 114 22 127 

1.0 1 , , I  I , , , , , , , , , , , , , , 1 ' , '  I I 

. 9  - Cloud Fraction 

::: 1, , , , I , , , , I , , , , I , , I , I , , , , , , , ~ , , , , , I , , , , , , , ,I 
-1.0 

0 500 I000 1500 2000 2500 3000 3500 4000 4500 

Fig. 3 .  Cloud fraction (f,) and geometric 
factor (y,) used to simulate 1-D data. 

homogeneity constraints, the fit is noisy but 
somewhat less noisy than the original data in 
the reflective channels. The retrieved values 
of A and Bi are also shown in Table 2 .  The 
c l o d  spectra (i.e., the Ai) do not agree as 
well as hoped. This results because the geo- 
metric constraint is not precisely correct. 
If yn and Ai are reset to give a best fit to 
the true Ai, very good agreement is obtained 
(last column of Table 2) .  

5. RESULTS 

We have only performed initial real 
data testing of our method. 'The results pre- 
sented here are limited to Subscene 1C.  These 
data are shown in Fig. 6 for channels 3 and 6. 

ST 184522 75169 
I __I_ -_I_ 
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Fig. 4. Retrieved values of cloud fraction 
(f,) and geometric factor (y,) after 300 
iterations. 

The overall fit obtained is quite 
good. The fit i n  channel 6 corresponds to an 
rms error of about 2 counts. The fits In the 
other channels correspond to errors which 
range from 7 t o  12 counts in an rms sense. 
The final values of the parameters Ai and B 
are shown i n  Table 3 ,  and the final values ok 
f, and y are plotted in Figure 7. The 
spectra ogtained differ somewhat from the 
local average spectra in subscenes 1A and 
1B. In part, these discrepancies may be due 
to viewing angle. 

More detailed discussion of these 
results is given i n  Hoffman et al. (1985). 
Note that the objective function, ST, used 
by Hoffman et al., has been Improved upon 
slightly in this work. Small changes to the 

results described in this section are expected 
when the Improved version is applied. 
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Fig. 6. Normalized radiances (i.e., counts 
divided by the saturation value) observed for 
subscene 1C. The contour interval i s  0.1 for 
band 3 and 0.02 for band 6. 

Table 3. The value of the parameters Ai and 
Bi after 100 iterations. 

i Ai Bi 

1.132 0.329 
0.527 0.092 
0.614 0.062 
0.491 0.023 
0.664 0.000 
0.373 0.507 
0.383 0.000 

Cloud Fraction 

Figure 7. Derived parameters for subscene 
1C. Contour interval is 0.1. 
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1. IIJTRODUCTION 

The retrieval of meteorological quanti- 
ties from satellite observations is based on 
covariate information such as radiometric 
measurements or physical quantities derived from 
them. The covariate information is influenced 
by factors other than the desired meteorological 
variable. 
by the different resolutions of the different 
sensors. It is useful to identify important 
covariates for the prioritization of transmis- 
sion of data and to ascertain the possibility 
of on board processing. 

fall is crucial for the advancement of our 
understanding of the large-scale dynamics of the 
ocean/atmosphere system. An account of rain- 
fall monitoring techniques from satellites is 
given by Barrett and Martin (1981). A satellite 
mission for the monitoring of tropical rainfall 
has been proposed to NASA (Theon et a1 1986). 
Three instruments are proposed f o r t s  mission: 
a radar, an Advanced Very High Resolution 
Radiometer (AVHRR) and a microwave instrument, 
possibly an Electrically Scanning Microwave 
Radiometer (ESMR). The expected outcome from 
this mission is at least three years of rainfall 
data derived from concomitant covariate obser- 
vat ions. 

In the following a logistic model that 
can effectively accommodate covariate information. 
but which has not been used in the context of 
rainfall estimation, is described. A major 
difference between linear regression and logistic 
regression is that the former technique maxi- 
mizes the variance explained while in logistic 
regression a likelihood function, or probability 
of an event, is maximized. The output from such 
a model is the distribution of rainrate cate- 
gories from which standard errors can be esti- 
mated. The significance of the covariates can 
be tested rather readily. An example of the 
logistic model is given for the scenario of the 
proposed tropical rainfall monitoring mission 
from which microwave observations and fractional 
rain area measurements may be available. 

The situation is further complicated 

Accurate measurement of tropical rain- 

2. THE LOGISTIC MODEL 

of a random variable and a set of covariates. 
It has been applied in various forms in reliabil- 
ity testing and the analysis of survival data 
(Cox and Oakes, 1984). A detailed treatment of 
the logistic model is given by Cox (1970). 
are interested in the relationship between rain- 
fall rate averaged over an area R and I, the 
vector of covariate variables related to R. 
For the event R 2 Ro, the logistic model is given 

We 

by 

where P(R>Ro) is the probability that the rain- 
fall rate-R exceeds RO and 

- b = ( bo, b l ,  b2s * . - ,  bk ) 

is a vector of constants. From n observations of 
R, the b's can be estimated by the method of 
maximum likelihood. Let RO be fixed so that the 
a binary variable Y can be defined as 

1 RL Ro 
Y =  

0 otherwise 
The logistic model becomes 

P(Y = 1) = [l + exp(-(b,, + b,tl + ...+ b t k IC 
where the t's are covariate variables. We assume 
Y1, Y2, ..., Y, are conditionally independent 
given the covariate information. Then the 
likelihood function L ( b )  is given by 

and the asymptotic covariance matrix is given by ,. 

where E is the expected value. To test the sig- 
nificance of the regression coefficients, we use 
the likelihood ratio test 

x = -2 log L /L 
0 1  

where L is the maximized likelihood under the 
full moael and Lo is the maximized likelihood 
under the hypothesis that the some of the 
regression coefficients are zero. If q of the b's 
are assumed to vanish, then follows asymptotic- 
ally a chi-square distribution with q degrees of 
freedom. 

The logistic model is useful in deter- 
mining the relationship between the distribution 
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3. A SCENARIO 

We consider the scenario when concommi- 
tant observations of microwave temperature and 
fractional rain area are available. The rainfall 
data collected during the phase I of GATE are 
used. The basic d ta are radar-estimated rain- 
rates on 4 by 4 km pixels and measurements are 
made at 15 minute intervals. From the basic 
data, temperature and fractional rain area data 
for the scenario are generated as follows. 

1 

We assume that the microwave instrument 
measu es the temperature over an area of 32 by 
32 km (i.e. 8 by 8 pixels) which is the unit 
area for our scenario. To calcu ate a mean 
temperature over the 32 by 32 km box, a simple 
relation between the rainrate (r) and tempera- 
ture (TR) 

5 
!! 

TR(r) = T (1-X) + T x + (1- E )T (1-x)x (1) 

where Tav is the average temperature of the 
atmospheric column (=270K). T is the surface 
temperature (=Z~OK). E is suraace emissivity 
(=0.5), x=exp(- I )is optical thickness, is used. 
I is approximated as T = 0.2r, with r in mm/hr. 
The dependence of  on the height of the rain 
column is ignored in this case. A functional 
relation between R and T is shown in fig. 1. 
From the rainrate at eac8 pixel, a microwave 
temperature i s  computed. The microwave tem era- 
tures are then averaged over the32 by 32 kmfl box 
to yield the average temperature (T). The 
fractional rain area (F) is obtained by dividing 
the number of pixels with rainrate in excess of 
1 mm/hr by 64. The box averaged rainrate (R) is 
obtained by averaging the rainrates over the 
64 pixels. Fig. 1 shows the scattered diagrams 
of R versus T. The fact that TR(R) is greater 
than T follows from Jenssen's Inequality 
(Feller, 1966). Fig. 2 shows the rclntionship 
between F and R. The strong correlation 
between R and F is also noted by Lovejoy (1980) 
for the phase 111 of GATE for the whole GATE 
area. Also included in our analysis are 
fractional rain area with rainrates in excess of 
20 mm/hr (Fl). 
from a 32 by 32 km 
the GATE area. Characteristics of  the time 
series are summarized in table 1. Data from 
another box located approximately 100 km to the 
south of the first i s  used for validation. 

av av 

Th? data have been extracted 
grid box in the center of 

Tab le  1. C h a r a c t e r i s t i c s  o f  t h e  t i m e  s e r i e s  

V a r i a b l e  mean s.d. minimum maximun 

R (mm/hr) .44 1.48 0.0 17.5 

T ( K )  151.5 16.67 145.0 263.1 

F .072 .17 0.0 1 .o 
F1 .006 .03 0.0 .47 
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Fig. 1. Scatter diagram 01 rainfall rate over 
the box (R) and microwave temperature (T). The 
dashed curve shows that functional relationship 
between TR and R. 

t+ + I 

Rainfall ratr(mm/tlr)  

Fig. 2 .  Scatter di,igi-am of rainfall rate (R) 
and fractional rain area with rainrates in excess 
of 1 mm/hr (F). 

4. RESULTS 

The full logistic model is of the form 
P(R>l)=[ l+exp-(bo+b1F+bZFl+b3T+b T ) 1 -1 

4 L  
where R, F, F1 and T are rainrate, fractional 
area with rainrate in excess of 1 mm/hr, frac- 
tional area with rainrate in excess of 24 nun/hr 
and the temperature over the 32 by 32 km box. 
T is T lnggcd at 1 time unit (i.e. 15 minutes). 
AI'total of 10 different models have been run and 
the regression coefficients are presented in 
table 2 .  The maximum log likelihood ranges from 
-309.6 for n model with F a? the only regressor 
(model 10) to -28.6 for tie full model (model 1). 
From the table, important covariates can be 
identified. For illustration purposes, we 
consider models 1 and 8. The hypothesis we want 
to test is 

Ho: b2 b3 = b4 = 0 
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The likelihood ratio test yields 

and the 5% significance level of ~ 7 3 )  is 7.81. 
Hence Ho is rejected. To see if covariate TL 
contributes to the estimation, the hypothesis 
H1: b = 0 is tested. To do this, we compare 
model 1 and 2 and obtain the A value of 
-2[-30.1+28.6] = 3 .  The 5% level for xt1) is 
3.8 and HI has to be accepted. 
is readily seen that b l ,  b2, b3 are highly 
significant. 

A = -2 [-159.1+28.6] = 260 

4 

In this way, it 

The goodness of the model is tested by 
applying it to the validation time series which 
is taken from an area to the south of the center 
of GATE (see section 3). Model 2 is adopted for 
validation, i.e. we use 
P(R>lm/hr)=[l+exp-(-207.8-61.7F+307F1+1.34T)]- 1 

The values of F, F1 and T taken from the location 
designated for validation are substituted in (2) 
and the probability calculated. We definedas a 
goodness of fit criterion the mean square error 

2 
(P(Yi=l)  - Yi)) n MSE = l/n 1 i=l 

This is 0.005 for the prediction using model 2. 
It can be seen from fig. 3 that the prediction 
matches the observations very well. 
Table 2. Regression Coefficients for Different 

r e g r e s s i o n  
c o e f f .  bo b l  

Logistic Models 

parameter  F F 1  T 

b2 b3 

model 

1 -217.7 
(46.9) 

2 -207.8 
(44.8) 

(4.34) 

(.68 

(18.5 

3 -17.7 

4 -7.27 

5 -166.2 

6 -48.1 
(3.46 

(3.4) 
7 -47.9 

8 -4.9 

TL 

max imized 

b4 1 
109 

k e l i  hood 

-66.8 309.8 1.33 0.077 -28.6 
(16.7 (61.0) (.30 (.046 

-61.7 307.0 1.34 --- -30.1 
(16.0 (59.4) (.29 

16.6 249.7 --- 0.07 -62.8 
(3.2) (31.4) (.028) 

(2.4) (29.3) 
22.5 240.5 --- --- -65.9 

-62.8 --- 1.10 --- -76.2 
(8.6) (.12) 

--- --- .33 -.035 -115.0 
(.04) (.027) 

( .02) 
--- .29 --- -116.1 --- 

21.0 --- --- --- -159.1 
( I 2 7 )  (1.4) 

9 -34.9 --- --- --- .21 -188.1 
(2.1) (.01) 

10 -3.1 --- 249.3 --- --- -309.6 
(.12) (19.5) 

The s.d.s o f  t h e  c o e f f i c i e n t s  appear i n  pa ren theses  

L .. . > . (  

0 100 200 300 400 500 
time 

Fig. 3 .  Time series of predicted probability of 
exceeding 1 mm/hr and observed rainrate in 
another location. 

5. DISCUSSION 

In our example, the microwave temperature 
data, which integrates the effect of partially 
filled non-uniform field of view of the micro- 
wave sensor, are not independent since they are 
derived from a rainrate-temperature relationship 
but in the presence of T, the addition of T as 
a regressor does not improve the model signifi- 
cantly. This can be seen by comparing the 
maximized likelihood in models 1 and 2 and 
models 6 and 7. The interpretation is that most 
of the information is contained in T and the 
addition of T adds redundant information. In 
the absence ok T, the inclusion of T improves 
the model as the maximized log likelthood is 
increased from -65.9 (model 4 )  Lo -62.8 (model 
3 ) .  This increase is significant by the l o g  
likelihood ratio test. 

L 

The relationship between average rainrate 
and fractional rain area has strong implications 
for rainfall estimation. From infrared imagery, 
Arkin (1979) accounted for a large fraction of  
the rainfall variance by considering the number 
of pixels below a threshold temperature. 
Implict is the assumption that convective rain- 
fall, which is in thc heavy rainrate portion of 
the rain spectrum, is produced in deep cumulus 
clouds. HOW important the heavy rainrates are in 
determining the total rainfall can be examined 
by considering F1. 
l o g  likelihood in model 8 and 10. we see that 
model 8, with fractional low rainrates 
(/1 mm/hr) area a s  the only regressor is butter 
than model 10 which u s e s  only F1 in the maximum 
l o g  likelihood sense. If both are used, a 
significantly better model is obtained (model 4 ) .  

If we compare the niaximizcd 

In this report, the potential of loglstic 
models in rainfall estimation is demonstrated. 
We plan to extend our analysis using actual 
satellite observations such as the ESMR 
measurements taken on board the NIMBUS V 
satellite. 
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THE CHARACTERIZATION OF CUMULIFORM CLOUD FIELDS USING SPACE SHUTTLE PHOTOGRAPHY 
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1. SOURCE OF DATA Using these data a physically realistic 
model for cumuliform cloud populations is develop- 
ed and applied. For such cloud fields the model 
permits the cloud cover C to be determined from 
a single measurement S at known <. 

Among the geophysical experiments being con- 
ducted during space shuttle missions, the CLOUDS 
experiment, under sponsorship of the U.S. Air 
Force, has as its broad purpose research on 
Earth's cloudiness and as a particular objective 
the quantification of the apparent cloud amount, 
S ,  as a function of the angle at which a cloud 
field is viewed, the "view angle" 5 .  At the 
minimum view angle, the vertical, 5 - 0, the 
apparent cloud cover is the true cloud cover C, 
%.e., S ( 0 )  = C; at all other angles S ( 5 )  > C. 
(It is here recalled that the range of values for 
cloud cover (and for S )  is 0.0 < C < 1.0.) 

Series of photographs are made of fixed 
cloud scenes as the orbiting space shuttle passes 
overhead ( e  = 0) and then retreats from them. 
The entire series requires not more than 3 min- 
utes to complete, thus the cloud field itself is 
unchanged. The angle at which the scene is view- 
ed, however, varies through a large portion of 
its possible range, 0 < 5 < 90".  Photogrammetric 
analysis yields S and for each photograph in 
the series. S is the fraction of a fixed area 
on the Earth's surface which is "white." (Addi- 
tional details concerning the analysis are con- 
tained in Snow et al, 1985.)  

The scope of the present discussion is lim- 
ited to single-layer cumuliform cloud populations 
The three particular CLOUDS series discussed are 
from the subtropics and all contain single-layer 
cumuliform clouds of the low base-height type. 
Specific information on each location is con- 
tained in Table 1. 

2 .  IDEALIZED CLOUD POPULATION MODELS 

Idealized cloud populations are made up of 
regularly spaced clouds all having the same size 
and shape. There are two genera of simple 3-dim- 
ensional cloud population models: Type A -- 
those having clouds of constant vertical thick- 
ness, z = constant, and Type B -- those with 
clouds having variable z .  The distinction is 
apparent in the form of the S versus 5 relation- 
ship. Type A has S - (1 + tan <) and Type B 
has S - sec 5. The simplest cases of each type 
are cubes for Type A and spheres for Type B. 
Mathematically, the S ( 5 )  relationships for 
these simplest models are: 

SC(r) = C(1 + tan 5 )  (1) 

where the meaning of the subscripts is cube 
model and ephere model, respectively. (The 
development of all models presented here is con- 
tained in Snow and Grantham ( 1 9 8 6 ) ) .  

ized cloud, z ,  is allowed to be different from 
their horizontal dimension, y. This is most read- 
ily accomplished by parameterizing the cloud 
thickness in terms of horizontal dimension, namely 

More generally, the thickness of the ideal- 

Table 1 

Space shuttle CLOUDS photographic series of single-layer cumulus clouds 

Area 
Latitude Analyzed Underlying Month/ Local Solar 

Location Abbrev. (ON) (Sq km) Surface Year Time 

Cape Canaveral, Florida cco 28 2200 off shore 01 /85  mid-afternoon 

Baja California Sur, Mexico BCS 25 4400 land 01 /85  early afternoon 

Northeastern Dominican Republic NDR 19 4000 land 09 /84  late morning 
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8 = z/y, the ratio of maximum vertical dimension 
of the cloud to the horizontal dimension in the 
plane i n  which F is measured, which is called 
the thickness parameter. 

the more realistic rectangular solid model 
Introduction of 8 into Eq (1) results in 

Sr(<) = C(l + 8 tan c )  (3) 

which was first published by Lund in 1965. (It 
should be noted that "viewing angle" as used in 
Lund (1965) is (90" - <) in present notation.) 

S ( < )  versus tan 5, plotted in Figure 1, de- 
termines c* = 0.318 and 8 = 0.226. The regression 
provides a first estimate for C (* indicates an 
estimated C-value) and for B . It is evident 
from the systematic overestimation of S for 
< < 45" and underestimation for K, > 45" in 

The linear regression of the BCS values of 

Figurl 
0.7 

0.6 

0.5 

0.4 

1 that a more complete model is needl 
I I I I 

v -  
J 

0.3 I I I I I 

0 1 2 3 4 5 
Figure 1. Apparent cloud cover S versus tangent 
of view angle. Bold line results from least- 
squares linear regression using rectangular solid 
model, intercept is cloud cover estimate e-0.318, 
slope is thickness parameter multiplied by e. 
Data, plotted as open circles with light connect- 
ing lines, are from space shuttle CLOUDS photo- 
_graphs of cumulus clouds over Baja California Sur. 

portant characteristic which any useful model 
must have is here discussed. At the vertical 
angle < = 0 (the nadir angle as seen from above), 
there cannot be a discontinuity in the apparent 
cloud cover, i.e. the rate of change in S with < 
must be continuous and, in fact, dS/dl; = 0 
at < 0, because there S = C ,  a constant. The 
only way this condition can be met by the rectan- 
gular solid model, Eq ( 3 ) ,  is for 8 - 0 which 
degenerates the model into the useless 2-dimen- 
sional case, S ( r )  - C f f(<). The sphere 
model, Eq ( 2 ) ,  in spite of its restriction to the 

Before considering any other models an im- 

single value 8 = 1, does conform to the dS/d< = 
0 at c = 0 condition, as does any model having a 
view angle functionality of sec 5 .  

have flattened bases and bulbous tops. A model 
which incorporates both variable thickness and 
flattened base is the hemisphere. The equation 
for this cloud morphology is 

It is common observation that cumulus clouds 

(4) 

which can easily be understood if the totality of 
the cloud is treated by portions. The half toward 
the direction of view acts like half of a horizon- 
tal disk and contributes a constant amount to S 
for all values of 5, specifically C/2. For 
treatment by portions, the forward half must 
always be attached to the half away from the di- 
rection of view. The away-half interrupts the 
view as a halved hemisphere, i.e. a quarter-sphere 
which has its plane vertical surface perpendicular 
to the direction in which is measured. It 
should be noted that the thickness parameter for 
the quarter-sphere, like the whole sphere, is 
8 = 1. That two terms appear in Eq ( 4 )  is 
thus explained. Multiplication of the cross-sec- 
tional area o f  the away-half which is perpendicu- 
lar to the direction of view by sec < gives the 
portion of a horizontal surface which is mpsked 
by the quarter-figure. (For the complete develop- 
ment, refer to Snow and Crantham (1986)). The 
hemisphere model accommodates the important con- 
dition of dS/dC = 0 at < = 0, but no flexibility 
in B is possible. 

In addition to variable thickness and flat- 
tened bases, more realistic morphologies can be 
studied using the technique of linear combination 
of portions applied in the hemisphere case. The 
morphology of typical cumulus clouds can be des- 
cribed as that of domed cylinders. The simplest 
domed cylinder consists of a hemisphere of radius 
r positioned on top of a cylinder of diameter 
y = 2r and of height z .  Mathematically, the 
model is 

s,(<) = f (1 + sec + B tan 6) ( 5 )  

where B is the thickness parameter of the cylin- 
drical base portion of the cloud multiplied by 
8111 and the subscript signifies domed cylinder. 

by the least-squares linear regression method to 
actual measurecents made from the CLOUDS photo- 
graphic series. The most extensively analysed 
series to date, the 14-member BCS data set, is 
the one primarily used in model testing. Linear 
regression provides estimates for two parameters 
by way of the intercept A, and the slope A i .  In 
the case of the cube model the intercept is c* 
and the slope is 8 ' 3 .  In Table 2A are given 
these values for the rectangular solid and other 
models which result from regressioii on the BCS 
data set. All entries in the rectangular solid 
column have been explained, except the last. 

of-fit provided by any model to the data used in 
the regression is 

Any of these idealized models can be fitted 

The statistic used to quantify the goodness- 

where S is the apparent cloud cover measured at 
viewing angle < and Sj is the value predicted 

229 



Table 2 

Comparative cumulus cloud population models 

A. BCS Data Set 

Rectan- Domed Single 
gular Hemi- Cylin- Layer 
Solid Sphere sphere der(n/8) Cumulus 

A, 0.3181 -1.0993 -1.4948 -1.4986 -1.3845 

A1 0.0719 0.4222 0.6138 0.4493 0.3738 

CY 0.318 0.333 0.343 0.305 0.324 

--- B 0.226 1.000 0.500 0.893 

u --- 0.422 0.614 0.449 0.374 

Q 0.431 0.357 0.558 0.258 0.272 

B. CCO Data Set 

Rectan- Domed Single 
gular Hemi- Cylin- Layer 
Solid Sphere sphere der(n/8) Cumulus 

A, 0.5248 -0.6347 -0.9168 -0.8618 -0.8159 

A1 0.0668 0.2863 0.4238 0.2817 0.2483 

CY 0.525 0.530 0.536 0.513 0.525 

--- B 0.127 1.000 0.500 0.893 

0.286 0.424 0.282 0.248 u --- 

Q 0.980 0.624 0.958 0.645 0.482 

C. NDR Data Set 

Rectan- Domed Single 
gular Hemi- Cylin- Layer 
Solid Sphere sphere der(n/8) Cumulus 

A, 0.2265 -1.3825 -1.9347 -1.9548 -1.7910 

A1 0.0870 0.5973 0.8567 0.6404 0.5338 

CY 0.226 0.251 0.262 0.221 0.241 

--- B 0.384 1.000 0.500 0.893 

u --- 0.597 0.857 0.640 0.534 

Q 0.902 0.709 1.294 0.557 0.431 

A, & A1 - Linear regression coefficients 
CY - Cloud cover estimate 
B - Thickness parameter 
u - Exponent, equal to A1 
Q - Goodness-of-fit statistic 

from the model j at angle <. N is the number 
of prediction-measurement pairs, i.e. the number 
of <-values over which the summation is per- 
formed. 
squared statistic divided by N ,  the smaller its 
value the better the fit. 

model provides a better approximation to the 1 4  
BCS measurements (and to the other data sets) 
than the rectangular solid model. However, an 

Since Q is basically the common chi- 

From Table 2 it is evident that the sphere 

explanation of the two regression parameter is 
needed. Eq ( 2 )  is linearized by taking the 
logarithm of both sides, specifically En ( S )  = 
A, + A1 En (sec 5) .  
natural logarithm provides the cloud cover esti- 
mate, C* = eAo = 0.333. The question arises as 
to the non-unity value of A1 for all models ex- 
cept the first. 
(To simplify notation, A1 t v and e o = a . )  The 
phenomenon of multiple-masking must be explained 
in order to understand the value of V.  

of a horizontal surface concealed from view by 
one particular cloud is also masked from view by 
another cloud. Whenever the view angle exceeds 
some critical value, Cc, the value of S will 
be too large unless compensation is made for the 
fact that some portion of the horizontal surface 
is being excluded from view by clouds more than 
once. The rectangular solid model performs this 
compensation by suggesting an unrealistically 
small value for B. (For the BCS series B < 1 / 4 . )  
The sphere, hemisphere and all other models 
discussed perform the compensation primarily by 
assigning a value of A1 < 1. Linear regression 
thus results in Eq ( 2 )  taking on the form S s ( c ) =  
C sec' <. (For the BCS series u = 0.422.) 

Allowing compensation for multiple-masking 
to be performed in this manner improves the 
goodness-of-fit as the Q-value for the sphere 
model indicates. Extension to the hemisphere and 
the domed cylinder models gives c* = a2'. 
The hemisphere model regression on the BCS series 
results in the largest cloud cover estimate of 
any model C* = 0.343. The large Q-value assoc- 
iated with the hemisphere model indicates that 
it is the poorest idealization of the actual 
cloud populations. Up to this point, the sphere 
model has provided the best approximation to the 
data, in spite of the fact that it does not allow 
any freedom in regard to the thickness parameter. 

Discussion is now completed of the domed 
cylinder model, Eq ( 5 ) .  The model is the only 
instance where the idealized cloud morphology is 
not completely defined by the equation, i.e., B 
is not a-priori specified. In order to investi- 
gate this more realistic cloud model it is in- 
structive to assign a value to B which results 
in a particularly simple expression, specifically 
B = 1 (meaning that the thickness parameter for 
the cylindrical portion of the cloud is s / 8  and 
for the entire cloud it is n/8 + 1 /2  = 0.893) .  
With B = 1, it is evident that the domed cylinder 
model is the linear combination of constant, 
spherical and rectangular portions. From Table 
2 it is seen that the addition of the cylindrical 
section below a hemisphere considerably improves 
the fit to the BCS or any other data set from 
that of the hemisphere alone. 

However, the critical condition that 
dS/d< = 0 at < = 0 is violated by the domed 
cylinder model except when B = 0, in which case 
Eq ( 5 )  degenerates back into the hemisphere 
model. Yet the Q-values i n  Table 2 support the 
possibility of B > 0, which in effect allows the 
(tan <) term to contribute. If series approxi- 
mations to the trigonometric functions are sub- 
stituted into the differentiated form of Eq ( 5 ) .  
two solutions for B are obtained, specifically 
B = 0 and B = <. Allowing the latter, the re- 
sulting version of the domed cylinder model is 

At < = 0 the inverse 

In the present cas% A! = 0.4222. 

By multiple-masking is meant that a portion 

su(<)= a(1 + sec < + < tan ( ) v  ( 7 )  
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where the compensation for multiple-masking resul- 
ting from linear regression i s  anticipated by the 
presence of the exponent V .  The subscript u 
signifies that Eq (7) is the single-layer czmxlzs 
model. 

In the final column of  Table 2A are given 
the quantities resulting from linear regression 
for the BCS data set. The cloud cover is inter- 
mediate i n  value between the sphere and the domed 
cylinder. Although Q is somewhat larger than for 
the domed cylinder model, it is recalled that n o  
data exists below < = 23 1/2" from the BCS ser ies .  
Before the truc value of the single-layer cumulus 
model can be appreciated it must be applied to a 
data set having information at small 5 .  

Model development and testing is here sum- 
marized before proceeding to the two other data 
sets. The domed cylinder, Eq ( 5 ) ,  provides the 
best approximation to the BCS data. However, it 
cannot accommodate the necessary conditions that 
dS/d< = 0 at < = 0 without allowing B = f(<). 
By so doing, the optimum model for single layer 
cumulus is obtained, Eq (7). In Figure 2 is shown 
the BCS data and Su(<) parameterized by the 
final column of Table 2A. 

0.2 

0.1 

3 .  REGRESSIONS FOR OTlIER DATA SETS 

' 

8 

Four of a series of space shuttle cloud 
photographs of stunted cumulus clouds forming 
offshore of Cape Canaveral and under an atmos- 
pheric inversion have been analysed and the data 
appear in Figure 2. The results of regression 
for the rectangular solid, the sphere,  the hemi- 
sphere, the domed cylinder and thc single-layer 
cumulus model are given in Table 2B. The domed 
cylj nder model regression, again, was performed 
using B = 1. From Table 2B it is evident that 
the domed cylinder model, while coming close, can- 
not provide a better approximation than the 
sphere model for this field of stunted cumulus 
clouds. The first data point of the series i s  at 
< = 5 1/2" and given such low view angle data the 
single-layer cumulus model demonstates its true 
capability. A substantially lower Q-value than 
any other model is obtained when B is allowed to 
vary with c .  Using the final column in Table 2B 
in Eq (7) provides the CCO solid curve plotted in 
Figure 2. 

The third data set, also given in Figure 2, 
is for trade-wind cumulus clouds forming over a 
large island. The regression results are presen- 
ted in Table 2C, the NDK data set. Again, the 
single-layer cumulus model provides the best fit 
t o  the data. Su(<), parameterized from the 
final column of Table 2C, also appears in Figure 2 

4 .  APPLICATION TO SATELLITE CLOUD COVER _______.__ - 
ME ASUREME N E  
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Figure 2. Apparent cloud cover S versus view 
angle c €or cumuliform cloud fields offshore of 
Cape Cnnaveral (CCO), over Baja California Sur 
(BCS), and over northeastern Dominican Republic 
(NDR). Solid curves result €rom the single-layer 
cumulus model. Data from space shuttle CLOUDS 
photographs are plotted as bold symbols. (Photo- 
graphs by astronauts Steven A. Hawley and Gary E. 
Pavton.) 

A second approach is to use adjacent measure- 
ments, (<I, S I )  and ( ~ 2 ,  S2), assuming that 
that both are viewing basically the same cloud 
field. The determination of v is then straight- 
forward and once evaluated, C is calculated from 
the model equation. For the single-layer cumulus 
model v would be computed from 

In the present development, the regression 
on any of the three space shuttle data sets has 
provided the value for the exponent u directly. 
However, the situation of single measurements 
(<I, SI), provided routinely by meteorological 
satellites, would require an cstimation of the 
value of v if a model such as Eq ( 7 )  were to be 
used in the estimation of C. If the world's cumu 
l u s  cloud populations were categorized by their 
U-values, then such a single measurement would 
be sufficient to ascertain the cloud cover. 
Future research may provide f o r  such an approach 
but at present such categorization is very in- 
adequate if not totally lacking. 

However, the assumption of uniform cloud field is 
limiting, especially €or small cloud populations 
and at large <-values. Furtl?ermore, the pre- 
cision of the u-determination varies with the 
difference ( r ; ~  - el), meaning that the closest 
measurements result in the greatest uncertainty 
in v. 

A third approach might be to use measure- 
ments made at different spectral wavelengths, S 
and S', but at the same to infer v. 

- 
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Quite apart from these speculations, if a 
simulator is worth employing then a very large 
amount of the inherent variation in the phenomenon 
modeled must be contained within the model itself. 
In the present application, this means that if v 
changes markedly from one cumulus cloud population 
to another, such idealized cloud population models 
are of very limited applicability. Inspection of 
Table 2 does indeed suggest that v varies widely. 

It is reemphasized that v is the primary 
mechanlsm by which multiple-masking is handled in 
models of form similar to Eq ( 7 ) .  The range of 
values for the exponent is 0.0 < v < 1.0. If 
multiple-masking does not occur for any values of 
c, then v = 1.0; if multiple-masking is absolu- 
tely dominant then v = 0.0, a condition to be 
approached at the highest values of C. In fact it 
may be anticipated that cloud amount is the phys- 
ical quantity principally governing the value 
of v ,  when C is large, v is small and vice 
versa. The simplest, yet consistent alternatives 
are v - (1 - C) and v - 1/C. From the information 
in Table 2 ,  the former is not tenable whereas the 
latter is very well confirmed, particularly when 
applied to the single-layer cumulus model. The 
resulting relationship for the three data sets is 

v = ( 0 . 1 2 7 ) l C  ( 9 )  

Table 3 
Comparison of cloud cover values estimated by 
cumulus model compared with value from linear 
regression on whole data set. 

B CS 

c S CY 

23 1 / 2  
30 112 
34 112 
41 
47 112 
52 
54 
57 
64 
67 
70 
72 1 / 2  
75 
78 

0.334 
0.338 
0.355 
0.380 
0.412 
0.432 
0.418 
0.443 
0.464 
0.507 
0.513 
0.539 
0.592 
0.641 

0.318 
0.310 
0.318 
0.327 
0.338 
0.340 
0.317 
0.327 
0.301 
0.322 
0.293 
0.286 
0.308 
0.291 

Regression Value 0.324 
cco 

r S rY 

It is the product VC which is nearly constant 
from one cumulus field to another and not v 
itself. 

set (si, S i )  is Eq ( 9 )  along with the model, 
Eq ( 7 ) .  Introducing Eq ( 9 )  into Eq ( 7 )  and 
linearization through logarithms gives 

What is needed to provide C, given a single 

sec c + c tan 5111 (10) 

where cL* is the previous value of CY in the iter- 
ation process required to solve Eq (10). When 
cL = CY*, out to however many decimal places 
deemed appropriate, then C * e. 

The proof of worth for the single layer cu- 
mulus model remains to be determined by extensive 
application to other cumulus cloud scenes. The 
value 0.127 may undergo some refinement but the 
form of Eq (10) is promising. A preliminary 
assessment can be made using the same information 
which was employed in developing the model. 
applying Eq (10) to the data contained in Figure 
2 and listed in Table 3 ,  the number of iterations 
for 3 decimal-place precision is approximately 4 
for 5 < 45" and 10 for 5 > 45" .  The initial value 
cL* is the actual measurement itself, S. In Table 
3 are contained values of O1 determined from Eq 
( 1 0 )  using single measured values of S from the 
BCS, CCO and NDR series. The value obtained from 
linear regression on the entire series with the 
model is entered at the bottom of each column for 
comparison. No individual value departs from the 
regression value by more than 0.04,  which for 
cloud cover is well within the uncertainties in 
cloud cover determined by any other means. 

It is concluded that the model developed 
and tested with series of space shuttle photo- 
graphs of cumuliform clouds may be useful in 
estimating cloud cover C from single measurements 
of S made within a visible channel by meteoro- 
logical satellites. 

In 

5 112 0.532 
35 0.544 
60  112 0.682 
76 0.780 

0.531 
0.507 
0.556 
0.521 

Regression Value 0.525 
NDR 

5 S C* 

32 
38 
46 
64 
77 

0.270 0.238 
0.280 0.234 
0.320 0.249 
0.440 0.273 
0.600 0.245 

Regression Value 0.241 

5 .  FURTHER CHARACTERIZATION 

Various space shuttle CLOUDS photographs 
have been digitized and analysed to produce the 
probability density functions for the clear and 
the cloudy lengths occurring in cumuliform cloud 
scenes. The results of these analyses are pre- 
sented in Session 4 ,  Satellite Meteorology and 
Applicatons, of the Conference. 

Lund , 

Snow, 

Snow, 
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1 Introduction 

A N  INTERMITTENT W A V E  PACKET MODEL OF 
RAIN A N D  CLOUDS 

S.Lovejoy, D. Schertzer, 
Pliysics dept., 

McGill University, 
545 Sberbrooke st. west, 

Montreal, Que.., 
CANP.D.4 

It is becoming increasingly obvious that a 
fundamental obstacle to exploiting remotely sensed 
data is our inabi1it.y to account for the extreme 
variability of the phenomena over wide ranges in 
scale. We believe that the best way to overcome the 
difficulties is to explicitely model the fields 
themselves in order to investigate their fadiative 
properties. This point of view has been exterisively 
discussed elsewhere (e.g. Lovejoy and Schertzer 
(1985) and .Lovejoy and Schertzer (1986) in this 
volume) and has already lead to an interesting 
model of visible radiative transfer includirig 
comparison with satellite data (Gabriel et al, 1986). 

Lovejoy and Mandelbrot (1985) and also Schertzer 
and Lovejoy ( 1985) have convincingly argued that. 
the two basic ingredients required for realistic 
stochastic cloud and rain models are: 
a) the strong intermittency characterized by 
hyperbolic distributions e.g. Pr (AR > At.) z ( Ar/ 
Ar*)-a where Pr is probability, AR the fluctuations of 
rain rate where @the hyperbolic exponent and Ar* 
is the distribution -width 
p )  scaling: Ar*(XAX) = X H Ar*(AX) where X is the 
Varying scale ratio and H, the scaling exponent, Ax is 
the distance between the two points. 

A number of scaling fractal models have been 
developed for the purpose of simulating remotely 
sensed fields. Existing models include non- 
intermittent models of topography (Mandelbrot 
1975, Fournier e t  a1 1982, Voss 1983) and strongly 
intermittent models of rain and cloud fields (Lovejoy 
and Mandelbrot 1985, Lovejoy and Schertzer 1985). 
These models are geometxical: they display certain 
aspects of the observed fields, and in some cases 
(e.g. the atmosphere) certain aspects of the 
equations (e.g. scale invariance). A problem of 
fundamental importance is therefore to relate the 

model assumptions to the underlying dynamical 
pr0cesSes. 

I ~ I  this paper we consider the problem of simulating 
rain and cloud fields both oi which are Pmiously 
highly t.urbulent and chaotic. I t  is then natural to 
iormulate the problem in turbulent terms. Most. 
phenomenologies of turbulence are based on the 
dynamical interaction of struct.ures at. different. 
scales, conveniently represented by spherical shells 
in Fourier space. A particularly interesting class of 
models are the "spherical shell" models k.g. Siggia 
1977,75) where the basic structures are packets 01 
waves defined by disjoint annulii in Fourier space 
with each packet interac.ting only with neighboring 
packets. A limitation of existing spherical shell 
models is that the number of degrees of freedom 
ieg.  the number of independant structures at  a 
given scale) does not increase hjth wavenumber. 
Our stochastic inkrmit.tent. wave packet model has 
the advantage of enabling us to easily increase the 
number of degrees of freedom in any desired way. 
1nt.ermit.tency is modelled by modulating wave 
packet amplit.udes by a hyperbolic random variable 
(exponent. w). 

This intermittent. wave packet model is therefore 
close to the phenotnenological turbulent formalism. 
It. is interesting to note that. earlier real-space 
models discussed in Lovejoy and Mandelbrot. 1Y85), 
Lovejoy and Schertzer 11985) can be obtained as 
special cases. The detailed properties of this model 
will be discussed elsewhere. 

2 Results and zoom 

The basic wave packet. shapes used here are two- 
dimensional gaussians of varying amplitude and 
phases, and of equally probable random signs. 
Choosing the hyperbolic exponent w to be 5/3 and 
constructing the spectrum in order to obtain a 
horizontal scaling exponent HE of 1 /2  accordingly to 
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Fig. 7 Fiq. 8 

1 
! 

Iot)serva.tions, we proceed to the suni at. a given siale 
K (the discretiza.tior1 is in wave number). For a two- 
dimensional implementatmi we rnust have a fixed 
number of random wave packets realisations per 
vnve nurrlber step in order t.0 obtain. after doing the 
sum up tn scale K, a number of degrees of freedom 
which is increasing as the square oi the spanned 
wzw number. And repeatmg siniila.rly for all the 
scales to t:)e considered in the entire mesh we finally 
get the complete Fourier field. The remaining st.ep is 
the rmnerical fast fourier transform execution that. 
should take advantage from the fact that the 
physical field is real. 

The field cannot readily represent. a rain rate spatial 
distxibu.tion due to the presence of either posibve or 
negative regions. But to do so we use a histogram 
analysis of the field determine a threshold value 
'JT(X,). in order to achieve a spatial coverture 
percentage Z,., then lower valu.es are reset to zero 
and the remaining higher ones are believed to 
represent the rain rate field. The quantity RppI@ = 

10gI - VT ) for V,,,,k) > VT and 0 
otherwise can be interpreted using a grey scale as 
the rain rate on a PPI scope. Alternatively one can 
use 1inea.r color scales t,o mimic crudely the 
appearance resulting from multiple scattering 
processes in the following way. Starting for 0 values 
from a sky-type blue, each R G B components are 
driven separately with properly chosen positive 
slopes to obtain a bright white a t  approldmatively 
10% of the field maximum value, this will occur near 
the edge of the cloud enhancing its contour, and 
after the R G P components are decreased together 
slowly on a grey scale up to the maximum field 
value giving the usual impression created by the 
multiple scattering taking place in Uie thick part. of a 
cloud. The resulting pictures are strikingly realistic. 
NOW we will lo& a t  the zoom simulation for x = 2" 
h=0,  ..., 7) where the pict.ures were made using such 
linear grey scales. 

The actual siniulatioil is based on a complenientary 
use o f  Fourier and real spaces. Because wave packets 
are defined either in Fourier space or in physical 
space, one can take great advantage from the fact 
that.. characteristic lengths of gaussian wave packets 
defined as one standard deviation are simply related 
between tlie two spaces (well-known uncertainty 
relationship): 

AX~STDIT = linear mesh 1 
2Tl A K i s r w  

therefore if we create the small physical stochastic 
struct.ures up to a cut-off scale in the real *space 
(doing ha.lf of the work in the physical space), the 
remaining greater structures can be supplied in 
Fourier space working on the correspondingly 
missing small wave numbers. Because the most 
computational work concerns the treatment of the 
biggest packets (high wave numbers in Fourier space 
and large physical scales in real space), this method 
is clearly economical. Note that consistency requires 
a common scale discretization which was done 
linearely in wave number for both parts of the 
procedure. This gave us the first image of our zoom 
simulation (see figure 1) using 2 .5~10s  packets on a 
5 12x5 12 pixels grid. 

The first zoom by a factor 2 was performed on the 
left upper corner of this image (see figure 2 the 
zoom is centered a t  12 8,128) dedoubling simply 
each pixels in each x and y direction, In the actual 
simulation after few consecutive zooms the problem 
of ghosty squares in the field arose. They were 
remnents of the square patterns produced by the 
first zoom. To escape from that we choose to smooth 
locally the field, performing an arithmetic mean 
bet.ween each pixels and' i ts  direct neighbors. 
Alternatively one may choose to zoom in applying an 
adequate intsrpolation scheme to create each new 
inner pixels rather than simply dedoubling the older 
ones. But one should be aware from the fact that this 
can likely modify the spectrum and eventually 
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break the scaling which is not rnore desirable. The 
inner stale chosen to be mlSTDV = 3 doubles then to 
6 and we only need to feed in the rnore refined 
missing structures. As an evidence working directly 
in the real space is more suitable to supply 
efficiently those small structures. The same 
procedure is maintained for zoom *2 up to the 
seventh except that now the window to be enlarged 
is taken a t  the exact m W  (256,256 lor the zoom 
center coordinates, see figures 3, 4, 5, 6, 7 and 8). 

Voss, R.F., 1983: Fourier synthesis of gausslan fractals: 
i/f noises, ladscapes and flakes. Preprints 
Siggraph conf ., Detroit, 1-2 1. 

Conclusion 

This intermittent wave packets stochastic model 
may s r v e  not only to simulate or calibrate remotely 
sensed data such as rain and cloud fields but it may 
also be applied to temperature and velocity fields. 
Furthermore Lovejoy and Mandelbrot ( 1985) have 
shown that the fractal sum of pulses which belongs 
to the same formalism, can be used to simulate time- 
evolving sequence of rain rate fields under the 
hypothesis 01 lrozen turbulence from Taylor where 
the time axls acts exactly the same way as another 
spatial dimension. Moreover we already 
mentionned interesting applications to the multiple 
scattering problem (Gabriel et A1 1986). We hope 
however that our more general Fourier space 
approach can be linked more closely to spherical 
shell models of turbulence because they share 
similar phase space decomposition. 
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PRECIPITATION ESTIMATION USING PASSIVE MICRmVE RADIOMETRY 
AT 92 AND 183 GHz: AIRCRAFT RESULTS 

Ida M. Hakkarinen 
General Software Corporation 

Landover, MD 20785 

1 INTRODUCTION 

Space-borne remote sensing techniques for the 
estimation of precipitation amount and and 
intensity have been developed over the last two 
decades using satellite data at visible, infrared 
and microwave frequencies. Many of these methods 
are based upon empirical relationships between cold 
and/or bright clouds in satellite imagery and 
ground truth from radar or rainfall networks. The 
microwave techniques offer a more physically-based 
method, since the upwelling radiation is affected 
by scattering and absorption processes related to 
the microphysical characteristics of the ice 
particles and rain drops in the clouds. 

1.1 Microwave Precipitation Estimation: Satellite 
Methods 

Barrett and Martin (1981) provide a 
comprehensive review of satellite techniques for 
the estimation of rainfall over both land and 
ocean. In the microwave frequency ranges, the 
emissivity of the background surface is an 
important factor to consider. The ocean is 
radiometrically “cold” in the microwave region; 
providing a uniform background. Land surfaces have 
large and highly variable microwave emittance 
properties, posing a complication for the 
interpretation of observations of precipitation 
over land. Savage and Weinman (1975) demonstrated 
that scattering processes of hydrometeors at 37 GHz 
are strong enough to provide at least a qualitative 
estimate of rainfall over land. Spencer, 5 & 
(1983a) showed that statistically significant 
correlations existed between 37 GHz T ‘ s  from the 
Scanning Multichannel Microwave RadFometer (SMMR) 
on Nimbus-7 and rain rates (RR) estimated from 
manually digitized WSR-57 PPI photographs. The 
TB - RR relationship wgs approximately linear up to 
rain rates of 40 mmhr- 

Spencer, et al. (1983b) reported very cold 
SMMR temperatures at 37 GHz which coincided 
temporally and spatially with the occurence of 
heavy thunderstorm rainfall. Spencer and Santek 
(1985) have pointed out the feasibility of mapping 
the global distribution of intense convection with 
passive microwave methods by comparing SMMR data 
Over land with a climatology of surface-observed 
thunderstorm days for June-August. 

1.2 Microwave Precipitation Estimation: Aircraft 
Observations 

The utilization of aircraft-mounted sensors 
for remote observations of precipitation permits 
greater spatial and temporal resolution than 

Robert F. Adler 
Laboratory for Atmospheres 

NASA/GOddard Space Flight Center 
Greenbelt, MD 20771 

provided by current satellites, as well as the 
capability of directing the aircraft to specific 
target areas. Aircraft experiments are also 
usually a step in the process of research and 
development leading to new satellite sensors. 

Theoretical calculations of Savage (1976) 
showed that at microwave frequencies above 90 GHz, 
the scattering effects of ice associated with 
convective rainfall have a large enough effect to 
produce brightness temperatures much colder than 
either land or ocean background temperatures. 
Observations of a variety of precipitation regimes 
made from a Navy aircraft with a multi-frequency 
radiometer at 14, 19.3, 22.2, 31.3 and 89.5 GHz 
demonstrated that the 89.5 GHz channel was able to 
distinguish even light rainfall over both land and 
water backgrounds. (Hollinger, et al., 1978). 

Wilheit, et al. (1982) published results from 
airborne observations of rain cells associated with 
a decaying tropical storm over water. In addition 
to an imaging radiometer at 19.35 GHz, the aircraft 
carried a fixed-view radiometer operating at 
183 t 1.2, Extremely low 
T I s  (‘140 KJ were noted in the high-frequency 
cRannels in association with heavy convective 
precipitation. Modeling results by Wilheit, et al. 
(1982) showed that these extremely cold 
temperatures could be attributed to the scattering 
of upwelling radiation from precipitation-sized ice 
particles in the upper part of the clouds. 
Hakkarinen et al. (1982) and Hakkarinen and Adler 
(1984) presented preliminary results from a 
scanning version of the high-frequency radiometer 
which showed that areas of very cold TB were 
related to the more intense convective areas of 
thunderstorm cells. 

+ 5, and 2 9 and 92 GHz. 

The purposes of this paper are: 1) to present 
comparisons of aircraft microwave sensor and radar 
imagery showing the relationships between patterns 
and gradients of T and echo intensities and 2) to 

of Wu and Weinman (1984) and Szejwach, et al. 
(1986) for similar frequencies. 

compare observed TB B s with theoretical calculations 

2 DATA AND METHODOLOGY 

2.1 Advanced Microwave Moisture Sensor (AMMS) 

a) Instrument Description 

The AMMS is a four-channel passive microwave 
imaging radiometer which has been flown on NASA 
high-altitude research aircraft. Three channels at 
183 GHz observe at sidebands of 2, t 5 and 
- + 9 GHz. Because of the near symmetry of the water 
vapor absorption band at this frequency, the two 
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bands received by each channel are equivalent. The 
fourth channel at 92 GHz observes radiation in the 
sidebands of 90-91 and 93-94 GHz. This large 
frequency spread is not a problem since this is in 
a broad window region of the atmospheric absorption 
spectrum. After ever8 six scans, the radiometer 
views a heated (+60 C) and cooled (-20°C) 
calibration load for ten samples. These points are 
used to construct the linear curve for radiance 
versus brightness temperature. The calibration 
accuracy is approximately 5 K (Wilheit, &, 
1982). 

The radiometer views 5 45' from nadir across 
track about the roll axis of the aircraft in a 
series of 50 equal steps. From a nominal aircraft 
altitude of 18 km, the ground resolution of the 
AMMS is 350 m (700 m) for the 183 (92) GHz 
channels. During the 1981 field experiment, the 
instrument operated in a non-scanning mode at 
periodic intervals for water vapor sounding 
retrievals. Images shown from this experiment will 
have blanked areas where this "stare" mode occured. 
Further information about the instrument is found 
in Gagliano and McCheehy (1981). 

b) AMMS Imagery 

Images of the scene are produced by sequencing 
successive scan lines of data. The distance 
between adjacent scan lines is a function of the 
rotation rate of the reflector and the aircraft 
ground speed. The distance between data points 
composing a scan line is a geometric function of 
the viewing angle and the target altitude. 
Differences in across-track and along-track 
resolutions produce a distorted image which is 
corrected for by a linear remapping algorithm 
during image analysis. The AMMS images have been 
remapped to user-specified heights and pixel sizes, 
normally chosen to compare with estimated cloud 
heights and resolutions of the visible/infrared 
airborne radiometer. 

c) Area-averaged Brightness Temperatures 

Average T ' s  were calculated for clearly 
identifiable cofd features using a 1 km by 1 km box 
centered on the coldest point of the feature 
through the use of interactive image analysis 
software (Ku, 1982). Minima in TB were also noted. 
These values were used to compare with the radar 
data. 

2 .1  Radar Data 

a) PPI Photographs 

For all the cases except the 1981 field 
experiment, the ground-based radar data were 
low-level PPI photographs from operational National 
Weather Service WSR-57 radars. The data consisted 
of the standard video integrator and processor 
(VIP) levels of 1 to 6. The photographs were 
scaled to match maps on which the flight track of 
the aircraft and swath width of the AMMS imagery 
were plotted. The maximum VIP levels corresponding 
most closely in time and space with the AMMS 
features were paired by an analyst. The median 
value of rain rate using the Marshall-Palmer 2-R 
relationship was selected for each VIP level as the 
radar-derived rain rate for that point. 

b) Digital Radar Data 

During the Montana Cooperative Convective 
Experiment (CCOPE), digital radar data were 
collected from various radars. We used the data 
from the 10-cm Skywater radar located near Miles 
City, MT for comparison with the aircraft data. 
Computer software programs (Heymsfield et &, 
1983) were used to generate constant altitude PPI 
(CAPPI) and range-height indicator (RHI) images. 
Navigation data from the aircraft were used to map 
the aircraft location onto the radar imagery. 
Maximum reflectivity values for areas which matched 
AMMS feature locations were converted to median 
rain rates. 

3 RESULTS 

3.1 Imagery Comparisons 

a) Case 1: Evolution Of An Oceanic Squall Line 

On the afternoon of 1 7  September 1979, a 
squall line formed off eastern Florida near Palm 
Beach and remained quasi-stationary during the next 
several hours. The NASA aircraft made several 
passes over this line along the major axis of the 
convection. Figure 1 shows a comparison of nearly 
simultaneous AMMS 92 GHz data and radar data. The 
microwave images are qualitatively similar to the 
radar echoes, with areas of lower TB tending to 
coincide with higher VIP levels. The areas of 
colder TB expand in size with time and the 
gradients tighten, indicative of an increase in the 
storm intensity. There are several elongated 
regions which are warmer than the background ocean 
T (260-264 K). Huang and Liou (1983) have shown 
tfeoretically for upwelling radiation at 85.5 GHz 
that TB is a double-valued function for rain rate 
over an ocean surface. At low rain rates, TB 
increases with increasing rain rate. Once the rain 
drops become large enough in size or precipitation 
ice forms, TB decreases with increasing RR as the 
scattering process dominates emission and 
absorption. Thus, the AMMS appears to be detecting 
shallow convection (no ice layer) with light rain 
(TB<266 K) as well as deeper convection which has 
an ice layer above heavier rain. It should also be 
noted that one-to-one matches between radar echoes 
and low TB values are not obvious in all cases. 

b) Case 2: Convection Over Land (Montana) 

Figure 2 shows a portion of AMMS and digital 
radar data obtained for a flight track on 3 1  May 
1981 in eastern Montana over developing 
thunderstorm cells. The 183 2 9 and 9z tiHz 
channels show a large convective tower with minimum 
TB=135 K to the left of nadir and several smaller 
towers to the right of nadir at 20:08 GMT. The 
radar data shown are CAPPI'S for 2 and 6 km above 
ground level (AGL). CAPPI'S were generated at 1 km 
intervals for AGL heights of 2 to 12 km. The 6 and 
7 km CAPPI'S most closely matched the AMMS data in 
shape and location of features, implying that the 
microwave sensor is responding to mid-level 
reflectivity cores rather than precipitation at the 
ground. An interesting feature of the 183 GHz data 
is the region of colder temperatures along nadir 
one minute later which is not as strongly 
highlighted in the 92 GHz channel. This difference 
may be due to the differing sensitivity of the two 
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Pig. 2. AMMS data from 18329 GHZ ( a )  and 9 2  GHz ( b )  channels for Montana 
thunderstorms on 31 May 1981, 2007-2009 GMT. Concurrent radar CAPPI'a for 
heights of 2 km ( c )  and 6 km Id) show reflectivity levels O f  0-10, 11-20, 
21-30, 31-40, 41-50, and 51-60 dBZ. Cursor6 denote position of AMMS awath 
on radar image. 

channels to weakly scattering features. The 
scattering effect at 183 GHz is four times larger 
than at 92 GHz. The RHI image along nadir for this 
flight line is shown in Figure 3 .  The elevated 
echo approximately 30 km downrange corresponds to 
this weakly scattering feature. 

c) Case 3: Intense Thunderstorms Over Land 
(Arkansas) 

During the Spring of 1984, the AMMS overflew a 
line of intense thunderstorms in Arkansas. Images 
from the visible and microwave channels of the 
aircraft sensors from a flight line on 7 May are 
shown in Figure 4 ,  along with a low-level PPI from 
the Little Rock, AR radar. Clouds which appear 
convective in the visible image have corresponding 
cold features in the microwave channels. During 
this flight day, TB's as cold as 70 K were observed 
in all four channels of the AMMS. For this 
particular pass, maximum low-level VIP values of 4 
were associated with these convective cells. Note, 
however, that precise matches between AMMS cold 
points (A,B,C) and an individual low-level echo are 
not always evident. 

; m  
Fig. 3. Radar RHI along nadir for flight line 
shown in Pig.2. 
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rig. 4. Aircraft visible and microwave images of 
Arkansaa thunderatorms on 7 May 1984 comparod with 
ground-based radar. VIP levola corresponf to 
nodian rain r a t e s  of 1.5, 8 ,  19, and 38 mmhr . 

3.2 TB Versus Rain Rate: Comparison With Model 
Results 

Figures 5 and 6 show results of T - RR 
observations for a number of cases for the b2 and 
183 2 9 GHz frequencies of the AMMS. These values 
were calculated using the process described in 
Section 2. The discrete rain rate values are 
median values for rain rates corresponding to VIP 
levels 1 to 5 .  Also shown on the plots are the 
theoretical curves calculated by Wu and Weinman 
(1984). These authors used a radiative transfer 
algorithm to compute radiances emerging from 
precipitating clouds containing liquid water, mixed 
phases, and ice particles. The vertical structure 
of tropical clouds raining at different intensities 
was determined in a subjective manner, based upon 
observations. 

The observations show a general tendency for 
lower T values to correspond with higher rain 
rates, aathough there is considerable scatter in 
the data. In Fig. 5, there is a distinct 
difference between the tropical (Florida) and 
mid-latitude (Arkansas) observations, with the 
latter points showing a more rapid decrease in TB 
with increasing RR. Szejwach et al. (1986, this 
volume) have s imula t ed this 7 1  ima t ologi cal 
difference by using a combination of a cloud model 
and a radiative transfer model. The 
dissimilarities are primarily due to the 
differences in depth of the precipitation ice 
layer, which is related to environmental 
temperature and moisture conditions. These 
observational results strongly support the 
necessity for incorporation of environmental 
information into precipitation estimation 
techniques using microwave observations. 
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Pig. 5. Observed T versus rain rata values for 
the AHMS 9 2  G H z  cgannel comparod vith theoretical 
calculations of Wu and Weinman (1984) for 85.5 GHz. 
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Fig. 6. Obaervod T veraus rain rate values for 
tho 183+9 dHn chaEne1 comparmd vith thocrotical 
calculations of W u  and Weinman (1984). 

The behavior of the observations from the 
Montana case is puzzling. The slope of the T - RR 
line falls between that of the Florida and Araansas 
cases. lEven with surface rain rates as high as 
90 mmhr- , average T values were no colder than 
150 K. Assuming tha! the instrument calibration is 
correct, one possible explanation for the 
discrepancy is that the environmental conditions on 
this day (a low freezing level and a relatively 
low, warm tropopause) inhibited the development of 
a deep layer of precipitation-sized ice in the 
clouds. Investigation of this point is underway 
using the cloud model - radiative model 
calculations. 

4 SUMMARY 

Observations of convective precipitation from 
an airborne microwave radiometer operating at 92 
and 183 GHz showed that areas of TB much colder 
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than atmospheric temperatures are positively 
correlated with regions of high radar reflectivity. 
The patterns and gradients of TB were similar in 
appearance to the radar echoes. Precise matches 
between AMMS and radar features occurred more often 
with mid- to upper-level reflectivity echoes than 
with the low-level data. This confirms the 
numerical results of Wu and Weinman (1984), who 
presented vertical profiles of weighting function 
for upwelling radiances of 85.5 and 183 GHz which 
showed that the greatest contribution from the 
atmosphere at these frequencies came from the upper 
3 to 5 km of a cloud containing ice hydrometeors. 

Comparison of spatially-averaged 
(1 km by 1 km) T with low-level rain rates showed 
an inverse quasi-logarithmic relationship, with 
lower TB's indicative of higher rain rates. The 
slope of the T - RR curves varied with 
geographical locafion. This contrast was 
attributed to the differing local climatological 
conditions. 

B 

TB values as low as 70 K were found in clouds 
which were producing heavy thunderstorm rainfall. 
These results are in agreeement with those of 
Spencer et & (1983b), who found unusually cold 
37 GHz TB values in areas of heavy convective rain. 

The frequencies of 92 and 183 GHz have 
potential applications on a geosynchronous passive 
microwave imager/sounder for the global monitoring 
of precipitation and severe storm intensity. The 
ground resolution from geostationary altitude of a 
183 GHz channel with a 4 m antenna would be 
approximately 20 km. 

In the shorter term, analysis of these 
aircraft observations may provide insight regarding 
data from the 85.5 GHz channel of the upcoming 
SSM/I instrument which is due to be launched on an 
Air Force satellite during 1986. 
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REMOTE SENSING OF HYDROLOGICAL VARIABLES 
FROM THE DMSP MICROWAVE MISSION SENSORS 

R. G. Isaacs, Y.-Q. Jin, G. Deblonde, R. D. Worsham, 
and L. D. Kaplan 

Atmospheric and Environmental Research, Inc. 
840 Memorial Drive, Cambridge, Massachusetts 02139 

1. INTRODUCTION 

Satellite observations of hydrological vari- 
ables are essential to provide comprehensive ini- 
tial states and improve the physical parameteri- 
zations of related moist processes in numerical 
weather prediction (NWP) models (Kaplan et al., 
1983). The meteorological sensor complement of 
the Defense Meteorological Satellite Program 
(DMSP) spacecraft of the 1990s will include the 
SSM/T microwave temperature sounder, the SSM/T-2 
millimeter wave moisture sounder, and the SSM/I 
microwave imager. Data from these microwave 
mission sensors are potentially applicable to the 
retrieval of a number of hydrological variables 
including atmospheric water vapor profiles, 
clouds, precipitation, and surface moisture 
(e.g., snow cover, soil, moisture, and vegetative 
moisture). This paper reports the recent results 
of our ongoing study to develop unified retrieval 
techniques to obtain these variables based on 
simulations of the microwave mission sensor data 
products. 

2. THE DMSP MICROWAVE MISSION SENSORS 

The instrumental characteristics of the 
SSM/T microwave temperature sounder, the SSM/T-2 
millimeter wave moisture sounder, and the SSM/I 
microwave imager are summarized in Table 1. 
These three sensors will provide a total of nine- 
teen channels of information extending from the 
microwave to the millimeter wave spectral re- 
gions. 

Notably, the fields of view of these sensors 
will not all be colocated. The SSM/I, i n  partic- 
ular, is a conically scanning microwave radiom- 
eter with a constant scan angle of 45 deg looking 
aft of the subsatellite point. This geometry 
results in a local scene zenith angle of about 54 
deg. Both the SSM/T and SSM/T-2, in contrast, 
are cross-track scanning sounders. Furthermore, 
there is a considerable difference between the 
fields-of-view (FOV) of each sensor. For the 
SSM/I, FOVs differ for each frequency. Spatial 
filtering techniques should be applicable. For 
these and other reasons, exploiting the complete 
data sets to be available from this ensemble of 
sensors will not be straight forward. 

Further information regarding these sensors 
can be found in Isaacs et al. (1985a) and Isaacs 
and Barnes (1985). 

Table 1 
Microwave Mission Sensor Characteristics - 

SSM/T 

SSM/I 

SSM/T-2 

50.5 
53.2 
54.35 
54.9 
58.825 
59.4 
58.4 

19.35 
22.235 
37 .0 

85.5 

90.0 
150.0 

H 
H 
H 
H 
V 
V 
V 

H and V 
V 

H and V 

H and V 

V 
V 

183.31fl V 
183.31f3 V 
183.31*7 V 

180 surface 
180 T at 2 km 
180 T at 6 km 
180 T at 10 km 
180 T at 16 km 
180 T at 22 km 
180 T at 30 km 

50 surface 
50 water vapor 
25 clouds, 

12.5 clouds, 
rain 

snow 

50 surface 
50 surface 
50 water vapor 
50 water vapor 
50 water vapor 

3. REMOTE SENSING APPLICATIONS 

In the following sections, applications of 
the microwave mission sensor data to the remote 
sensing of water vapor profiles, precipitation,, 
integrated water vapor, cloud liquid water, soil 
moisture, and surface type are discussed. All 
retrievals are based on the use of simulated 
sensor data. 

3.1 Water Vapor Profiles 

Water vapor profile retrievals were obtained 
in simulation from six selected sets of bright- 
ness temperatures calculated for 14 of the chan- 
nels listed in Table 1, above. The six sets used 
various combinations of available channels from 
among the microwave mission sensors and are 
listed i n  Table 2. Spatial registration among 
FOVs of different sensors was not considered. 
Sets 1 and 3 consisted of the SSM/T-2 channels 
excluding and including the window channel at 
90 GHz, respectively. Set 2 ‘consisted of the 
four temperature channels from the SSM/T which 
peak lowest in the atmosphere. Sets 3, 4, and 5 
include the complete SSM/T-2 channel set (l.e., 
set 3) with the addition of SSM/T temperature 
channels alone, SSM/I imager channels alone, and 
both SSM/T and SSM/I channels together. 
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Table 2 
Selected charmel Subsets for Water Vapor Retrievals - 

Set B 1 2 3 4 5 6 
Frequency W T - 2  4cI.an 5-  9 h  10- 1 4 h  

1837 
18M 
18&1 
90.0 

150.0 
50.5 
53.2 
54.35 
54.9 
19.35H 
19.35V 
22.235V 
37.oH 
37.m 

X X X X 
X X X X 
X X X X 

X X X 
X X X X 

X X 
X X 
X X 
X X 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

Simulated sensor brightness temperatures 
were calculated for each channel set and atmo- 
spheric profile using the radiative transfer 
equation (Waters, 1976): 

where TB1 is the upward emission from the atmo- 
sphere alone, E is the surface emissivity = 
(1-R), R is the surface reflectivity, Ts is  the 
surface temperature, TB2 is  the downward emission 
from the atmosphere plus the attenuated cosmic 
background emission, and is the total opacity 
of the atmosphere along the line of sight. The 
quantities TB1 and TB2 are line integrals along 
the sensor line of sight given by: 

Here H is the effective height of the atmosphere 
(taken as 50 km), y ( z )  is the total extinction 
profile equalling the sum of gas absorption and 
cloud attenuation, and T is the cosmic back- 
ground temperature. 
uation properties used in the simulation were 
from Falcone et al. (1979). 

Milgimeter wave cloud atten- 

Vertical moisture profile retrievals were 
obtained from independent samples of simulated 
sensor brightness temperatures using a statis- 
tical inversion technique. The scheme chooses, 
in a statistical sense, the most probable combin- 
ation of atmospheric and surface properties which 
produces the set of measured radiometric data 
values. An individual retrieval of the absolute 
abundance of water vapor (molecules cm-2) i n  six 
layers corresponding to 0-200, 200-300, 300-500, 
500-700, 700-850 mb, and 850-1000 mb, respective- 
ly, from n channel brightness temperatures was 
obtained from 

Q = Dt, with D = (UTt)(?*A*-l ?*t), ( 4 )  

where u is a vector giving an estimate of the 
profile of integrated water vapor in each of the 

six layers, t is a vector whose components are n 
brightness temperatures, Urs is water vapor at 
six levels for s atmospheric samples (r=6), Tns 
are brighpess temperatures for n channels for 8 

samples, T* are selected eigenvectors of TTt, and 
A* is a diagonal matrix whose elements are cor- 
responding eigenvalues. 

Retrieval accuracy was assessed by comparing 
inferred layer water vapor abundance6 to those i n  
the actual profiles and evaluating the fractional 
root mean square (RMS) error over the ensemble of 
retrievals. The RMS error for each layer k eval- 
uated over the set of N = 100 independent sound- 
ings was defined as: 

N 
RMS(k) = {N-' 1 [O(k,j)*(k,j)]*} , (5) 

where a(k,j) and u(k,j) are, respectively, the 
re rieved and actual water vapor amounts for the 
ktfi layer and jth sounding and G(k) is the layer 
mean value. For comparison, the same statistic 
was evaluated assuming the mean of the ensemble 
as the best estimate climatological retrieval for 
each sounding, i.e. by replacing 0 by itself. 

Over the tropical ocean for the sample set 
investigated, water vapor profile retrieval 
results in clear cases are encouraging. All of 
the sample channel sets (except number 2) tested 
in simulation provide retrievals with less than 
15 percent fractional RMS error in the lower 
troposphere (below 700 mb) and between 20 and 30 
percent in the middle troposphere (between 300 
and 700 mb). These retrieval accuracies may be 
compared with that of climatological variance for 
these layers, 28 to 38 percent and 55 percent, 
respectively (see Figure 1). 

112 

u(k) j=l 

I I I I 

L I I I I 
1.11 1.11 1.11 

R.H.S 

Fig. 1. RMS error DMSP mission sensor channel 
sets, clear cases over the ocean. 

Set number 2, which consists of four SSM/T 
temperature channels does provide some skill over 
climatology in the lower atmosphere. The best 
retrievals are obtained using all 14 channels 
(set 6). Inclusion of either the SSM/T or SSM/I 
channels (sets 4 and 5 ,  respectively) provide an 
improvement over the SSM/T-2 channel set alone. 

These results can be compared to those ob- 
tained based on simulation of the HIRS-2 infrared 
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sounder using the same atmospheric profile data 
sets. Results are shown in Figure 2 for various 
combinations of temperature and water vapor 
sounding channels (from Kaplan et al., 1 9 8 5 ) .  

0.2  O . v  0.6 

R . M . S  

Fig. 2 .  RMS errors for HIKS-2 water vapor 
retrieval (clear cases). 

While the statistical method provides an ef- 
ficient retrieval calculation, the results are 
occasionally not physically realistic. A simple 
step would be to determine whether the statis- 
tical retrieval i s  consistent with the observed 
channel brightness temperatures. If the residu- 
als are sufficiently large, the statistical first 
guess can be adjusted or rejected. Using the 
calculated residual values and an appropriate 
relationship between the change i n  water vapor 
profile and changes in channel brightness 
temperatures, we have formulated a physically- 
based correction to the statistical first 
guesses. The desired relationship i s  based on a 
perturbation form of the radiative transfer 
equation (see Smith et al.. 1 9 8 4 ) :  

where U is  integrated water vapor, T~ i s  the 
transmittance function for the jth channel, and 
b i  i s  an appropriate set of empirical orthogonal 
functions (EOFs) derived from the ensemble of 
atmospheric profiles. The number of EOFs used i s  
small to help filter out noise and keep calcula- 
tions to a minimum. The unknown ai coefficients 
provide the necessary adjuetments to the integra- 
ted water profile, 6 U ( p ) ,  consistent with bright- 
ness temperature residuals 6TB1, and are obtained 
by inverting ( 6 ) .  Once the a s are known: 

( 7 )  

The results of this approach using the SSM/T-2 
channels alone are shown in Figure 3 .  There i s  
an improvement i n  the RMS error near the surface. 

The effect of cloud on the simulated milli- 
meter wave moisture retrievals is  dramatic. For 

cloudy cases over the ocean, for example, the KMS 
fractional error €or the SSM/T-2 instrument (Fig- 
ure 4 ) ,  i s  increased by a factor of one half. 
Based on the results of our retrieval simulations 

Fig. 3. Results of physical adjustment of 
statistical first guess retrieval. 

it is evident that millimeter wave vertical 
moisture profile retrievals f n  the presence of 
clouds will be degraded in quality in comparison 
to those obtainable in clear situations and that 
suitable treatment of cloud will be necessary. 
Further details can be found i n  a report by 
Isnacs and Ueblonde (1985). 

9.15 9.18 8.YS 

R . M . S  ERROR 

Fig. 4 .  KMS error, SSM/T-2 instrument, cloudy 
VS. clear, over the ocean. 

3.2 Precipitation 

The SSM/l microwave imager will provide some 
capability to inEer precipitation, limited, how- 
ever, by such factors as the. lack of global 
coverage over much of the globe, l d c k  of sensi- 
tivity to higher rainfall rates, and the innbili- 
ty to treat subresolution rain cells. A statis- 
tical retrieval scheme, similar t o  that described 
above, has been suggested for the SSM/Z data in 
orde r to quail t i f y p reci p i  tat ion. 
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Prior simulation studies were performed to 
support the development of a priori statistics 
relating channel brightness temperatures to vari- 
ous characteristics of precipitation. Notably, a 
number of physical processes were neglected in 
that work. These include: (a) the gradient of 
temperature within the precipitating layers, (b) 
anisotropic multiple scattering (important at 
higher rainfall rates and frequencies), and the 
vertical structure of the precipitation (e.g., 
the existence of glaciated layers of vertical 
gradients i n  rainfall rate). 

To investigate the effect of neglect of 
these processes on the simulation of sensor 
brightness temperatures and inference of rainfall 
rates, a detailed radiative transfer model based 
on the Gaussian quadrature method has been em- 
ployed. Details of this model are contained i n  
the paper by Jin and Isaacs (1985). Simulated 
brightess temperatures as a function of rainfall 
rate from this model are illustrated in Figure 5. 

I I I I I 
1 8  YCASUS RRlN R R I C  LAND. 

293' (5.1) 

Fig. 5. Brightess temperature as a function of 
rainfall rate for SSM/I. (Lapse rate -6 K/km) 

Using this model, the effect of neglecting 
particular physical processes i n  the model simu- 
lation of SSM/I brightness temperature was inves- 
tigated. The results are summarized i n  Table 
3.  Processes listed include specification of a 
realistic temperature gradient, treatment of 
scattering anisotropy, and treatment of the exis- 
tence of a top ice layer. Also included is 
treatment of the field-of-view problem, i.e., 
assumption that the precipitation is beam filling 
when it is not. The beam filling assumption 
leads to an overestimate of brightness tempera- 
ture (denoted by a plus) when over the ocean and 
an underestimate (denoted by a minus) when over 
land. 

Table 3 
The Effect of Neglecting a Physical Process 

in the Model Simulation of 
SSM/I Brightness Temperatures 

(+) denotes an overestimate (i.e., simulated 
brightness temperature i s  greater than true 
brightness temperature) and (-1 denotes an 
underestimate (i.e., brightness temperature i s  
less than actual brightness temperature). 

Physical 

Process 

Background 

Ocean Land Note 

1. Temperature gradient, 
rain rate: 
(a) low (-) (-) 1 
(b) high (+) (+I 1 

2. Scattering anisotropy (-) (-> 2 

ice layer (+I  (+I  2 

3.  Field of view (+) (-1 3 

3 .  Existence of top 

Notes : 
1 All frequencies 
2 Higher frequencies (i.e., 85.5 GhZ, V, and H )  
3 Assumption that precipitation fills the field 

of view. 

3 . 3  Surface Modeling 

Appropriate radiative models of earth sur- 
face types can provide an understanding of the 
sensitivity of microwave sensors to variations in 
hydrological variables such as soil moisture, 
snow, and vegetative moisture content. We have 
applied two distinct modeling approaches: that 
based on wave theory for random discrete scatter- 
ers and that based on radiative transfer theory 
for continuous random media. The former approach 
is applied to modeling the ocean surface, sea 
ice, and snow, while the latter is applied to 
both soil and vegetation. Surface types modeled 
are summaried in Table 4 .  Further details can be 
found in Isaacs et al. (1985b). 

Table 4 
Surface Model Types and Modeling Approaches 

Model Surface Type Modeling Approach 

1 Calm ocean Dielectric slab 
2 Rough ocean Random discrete scatterers 
3 FY sea ice Random discrete scatterers 
4 MY sea ice Random discrete scatterers 
5 Dry snow Random discrete scatterers 
6 Wet snow Random discrete scatterers 
7 Land Dielectic slab 
8 Wet s o i l  Continuous random medium 
9 Vegetation Continuous random medium 

Using these surface simulation models, sur- 
face types can be identified based on simulated 
brightness temperatures evaluated at 19.35 GHz. 
While gross classiflcations such as the distinc- 
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tion between land and ocean can be made based on 
ephemeris data and static surface data bases, 
many .surface types are dynamically variable. 
These include snow cover, vegetation, and sea 
ice, for example. It would be of interest to 
identify simple algorithms applicable to the 
SSM/I which would abet surface type discrimina- 
tion based on the sensor incident brightness 
temperatures themselves. 

I 
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Fig. 6 .  Scatter diagram of polarized brightness 
temperatures for di€ferent surface types and 
atmospheres. Freq. 19.35 GHz, zenith 
angle - 54 ' .  

Integrated Water Vapor and Cloud Liquid 
Water Content 

The uncertain effects o€ water vapor absorp- 
tion and attenuatjon d u e  to the presence of 
clouds will degrade the determination of the sur- 
face properties such as s o i l  moisture (SM) ob- 

3 . 4  

tained from data at a single frequency such as 
19.35 GHz. In order to circumvent this problem, 
additional brightness temperature data at other 
frequencies which are more sensitive to atmo- 
spheric effects can be used to supplement the re- 
trieval process. An additional benefit of this 
multispectral approach i s  the opportunity to re- 
trieve information on atmospheric parameters of 
interest such as total integrated water vapor 
(TIWV) and cloud liquid water content (CLWC). In 
this section, the three quantities cited above 
are retrieved from a set of simulated polarized 
brightness temperature data calculated at 19.35, 
22.235 (V only), 37.0, and 85.5 Glk using the 
D-matrix retrieval approach described in Section 
3.1. 

Retrievals were based on SSM/I brightness 
temperatures simulated for a set of two hundred 
tropical radiosonde profiles. Soil emissivities 
as a function of s o i l  layer temperature and mois- 
ture content were calculated at 22.235 and 37.0 
GHz to supplement the calculations at 19.35 Gllz 
using the radiative transfer theory approach de- 
scribed in Section 3.3. Values at 85.5 GHz were 
assumed to be unity. S o l 1  temperatures and mois- 
ture contents were assigned to each radiosonde 
profile. Soil Lemperatures were assumed to be 
equal to the radiosonde air surface temperature 
and moisture content values were assigned using a 
random normal distribution. T h i s  process pro- 
vidrs appropriate emissivities at each desired 
SSM/I €requency. 

Atmospheric properties to complete the simu- 
lation were obtained from the radiosonde data 
set. Total integrated water vapor (in precipi- 
table centimeters) was calciilnted for each sound- 
ing and a Monte Carlo approach was implemented to 
assign clouds. For each radiosonde, a cloud type 
model was randomly assigned using a uniform prob- 
ability distribution. Cloud models were chosc? 
from those described by Falcone et a l .  (1979).  
The cloud liquid water content (in g/cm2) for 
each cloud model was assigned to the correspond- 
ing profiles. In the presence of clouds, the im- 
pact on retrieval results of assuming water vapor 
saturation within the cloud layer was investiga- 
ted. This was accomplished by creating simulated 
data sets both with and without saturated cloud 
layers. 

Retrieval results are presented in Figures 7 
and 8. The root mean square error (KMS) and 
fractional unexplained variance (FUV) are shown 
in Table 5. 

Table 5 
Multispectral Statistical Retrieval Results for 
Soil Moisture (SM), Total Integrated Water Vapor 
(TIWV), and Cloud Liquid Water Content (CLWC) 

Model Parameter KMS FllV 

No clouds SM 0.152 0.057 
TIWV 0.226 0.461 

Clouds SM 0.221 0.119 
(saturated) 

TlWV 0.211 0.415 
CLWC 0.394 --- 
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Fig. 7. Scatter diagram of actual versus 
retrieved cloud liquid water content. 

Fig. 8. Scatter diagram of actual versus total 
integrated water vapor. 

4 .  CONCLUSIONS 

The multispectral response of simulated sen- 
sor incident brightness temperatures to realistic 
variations in water vapor, cloud, precipitation, 
and surface moisture is illustrated. Using simu- 
lated data, the DMSP microwave mission sensor 
package is shown to have some skill in retrieving 
these quantities, especially when a multispectral 
approach is taken. There are difficulties, how- 
ever, including the apparent effect of beam fil- 
l i n g  cloud on water vapor retrievals. 
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1 .  INTRODUCTION 

The CLAES instrument (Cryogenic Limb 
Array Etalon Spectrometer), currently being 
constructed for deployment on the NASA Upper 
Atmospheric Research Satellite (UARS), will 
measure spectral earth limb infrared emission 
at approximately 0.2 to 0.7 cm-1 resolution 
i n  regions between 3.5 and 1 2 . 7  pin from which 
profiles of temperature, pressure, and 
concentrations of seratospheric chemical 
constituents will be inferred (Roche, 1985). 
A major sink of stratospheric chlorine, HC1 
is to be detected through its emissions i n  
the vibrational fundamental (PZ) line at 
2843.62 cm-1 (Kumer and James, 1982). In 
this work the earthlimb radiance at the HC1 
detector array has been simulated i n  order to 
specify and optimize the free spectral range 
for the etalon used in this spectral region 
and to select sampling positions which 
facilitate the recovery of HC1 profiles. 

Section 2 discusses considerations 
which enter into the limb radiance 
computation of each contributing specie. 
Section 3 presents CLAES data earth limb 
radiance simulations for tangent heights of 
15 to 55 km for daytime and nighttime 
conditions. Section 4 discusses these 
simulations as they pertain to HCL 
retrievals. Section 5, the conclusion, is a 
brief summary of our most important results. 

2. DATA SIMULATION 

The major contributors to the earth 
limb radiance in the neighborhood of 2843.6 
cm-1 for tangent heights from 15 to 55 km are 
HC1, CH4, Mesospheric OH and aerosol. 
Simulation of the earth limb radiance for 
each of these species has special problems 
and are not amenable to calculation by a 
"canned program" such as AFGL's FASCODE. 

2.1 HCl 

The non-LTE behavior of the HC1 
emission in the 1-0 band has been discussed 
by Kumer and James. Briefly, they find that 
the resonant scattering of sunlight will 
increase the daytime emission of 
stratospheric HC1 up to several times the 
thermal emission depending on altitude. 
Their estimated emission rates and altitude 
profiles of non-LTE effects are used i n  this 
simulation. 

2.2 OH 

OH a i r g l o w  

Figure 1. Geometry of CLAES earth limb 
measurement. 

Figure 1 demonstrates the viewing 
geometry of the limb measurement. The line 
of sight at tangent height, h, appropriate 
for viewing the stratosphere passes through 
the region of OH chemiluminescent emission 
arising primarily from the reaction, H + 03 i. 
OH (v < 10) + 02 (Bates and Niclolet, 1950). 
The near-IR spectrum of earth limb emission 
of OH has been measured by Nadile et al. 
(1977) during the Air Force Geophysics 
Laboratory (AFGL) sponsored Spectral Infrared 
Experiment (SPIRE). A typical sample of 
nighttime earth limb spectrum of the 
fundamental, Av = 1, band with maximum at 
2.9 pm (3450 cm-1) and the first overtone, hv 
= 2, band with maximum at 1.6 urn (6250 cm-1) 
are shown by Stair et al. (1985). The low 
resolution of the SPIRE data, approximately 
25 cm-l, washes out the detailed spectral 
structure of the OH bands by smearing 
individual vibration-rotation lines together. 
The higher CLAES resolution of approximately 
0.6 cm-1 will be capable of resolving the 
spectral structure detecting weaker emission 
lines located among OH lines. This analysis 
is based on nighttime observations taken 
during a vertical scan on the earth limb with 
tangent height ranging from 81 km to 88 km 
which crossed the region of the maximum i n  OH 
emissions. This particular data was selected 
because it has the greatest amount of OH 
emission at the HC1 line position of the data 
available and approximates a "worst case" 
analysis. Utilization of nighttime data 
takes advantage of the nocturnal maximum i n  
OH chemiluminescent emission and absence of 

and the daytime solar pumped w3 band of H~~ 
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v3 fluorescent CO2 components which appear 
around 3700 cm-l (Sharma, et al. 1981). 
The limb radiance at wavenumber, V ,  arising 
from a particular vibration-rotation 
transition, (v', j l ,  R ' >  v", j", a " ) ,  is 
given by Equation 1. We define as N (v') as 
the column number density of molecules i n  
state v' integrated through the earth's limb 
along the line of sight. A is the Einstein 
coefficient for spontaneous emission, and 
Q(T), the rotational partition function at 
rotational temperature T. The E (j', a ' )  is 
the molecular rotational energy above 
vibrational ground state specified by v', R '  
Partition functions are tabulated by 
Goldman(1982). 

R (V) = (hcV/4n) N (VI) (2j'+l)(A/Q (T)) 

X exp(-E (j', R')/kT) (1) 

Energy levels, line postions, and intensities 
for OH are available through the AFGL 
Atmospheric Trace Gas Compilation (Rothman, 
et al., 1982) for vibrational levels up to v 
= 9 and j = 15.5. It was assumed that 
associated rotational levels are in thermal 
equilibrium with rotational temperature of 
200 K. 

The measured SPIRE Av = 1 band from 2.5 pm 
(4000 cm-l) to 3.7 um (2700 cm-1) was 
divided into thirteen LOO cm-l wide 
intervals. The N (VI) have been determined 
by a least squares fit to the SPIRE data and 
substituted into equation 1 to compute 
individual line earth limb radiances. The 
N(v) fit to the Av = 1 OH band reconstructs 
the original 13 rectangle representation to 
better than 6.0% RMS accuracy. Stair et al. 
(1985, ibid.) shows the nighttime 
contribution of OH chemiluminescence to earth 
limb radiance as a function of viewing 
tangent height from approximately 100 to 45 
km in their Figure 30. An extrapolation of 
this data to lower altitudes provides a 
factor with which to scale the magnitude of 
OH radiance to the desired tangent height. 

2.3 Aerosol 

Measurements of the daytime aerosol earth 
limb radiance profile at wavelengths short of 
2.4 pm were extrapolated from shorter 
wavelengths to the region of interest using 
an an extrapolation formula based on a Mie 
theory computation using the AFGL 
Background Stratospheric size distribution. 
This is the closest approximation to a direct 
measurement at the HC1 wavelength (3.517 pm) 
available. The aerosol component of earth 
limb radiance consists of thermal emission 
and scattering from the direct solar beam, 
upwelling reflected solar radiation, and 
earthshine. As far as HCL retrievals are 
concerned, it is important to analyze the 
spectral structure imposed on the aerosol 
component by atmospheric molecular 
absorption. In general the limb radiance due 
to scattering out of the direct solar beam 
and thermal emission is fairly 
"unstructured." However, scattering of 

upwelling radiation is highly structured by 
the water vapor and methane in the lower 
atmosphere. 

The data yields an approximation to the 
total daytime earth limb radiance and of 
course no detailed spectral information can 
be derived directly from it. Scaling 
formulae have been derived to approximate the 
fraction of the total radiance attributed to 
each component. The ratio of sun light 
scattered from the direct solar beam to 
scattering of reflected sun light has been 
approximated by assuming that the 
earth-atmosphere system has a reflectivity of 
0.1 at 3.5 pm. For example, the ratio of 
scattered solar radiation to scattered 
thermal earthshine was estimated by assuming 
a blackbody temperature of 300 K for the 
earth during the summer. The ratio of solar 
scattered to direct thermal emission of the 
aerosol was computed using an aerosol single 
scattering albedo computed from the AFGL 
Background Stratospheric size distribution 
using a temperature profile from a standard 
midlatitude atmosphere. These assumptions 
are sufficient to establish the nominal 
contributions from each component of the 
aerosol radiance. FASCODE has been used to 
study the structure and magnitude of the 
upwelling earthshine and albedo radiance 
using a summertime model with about 3.0 cm of 
precipitable water. The spectrum of 
upwelling earthshine was computed by 
combining transmission and emission spectra 
with a 300 K surface of emissivity 0.9. Of 
course upwelling radiation depends on highly 
variable quantities like surface temperature, 
cloud cover, surface reflectivity, and 
tropospheric water vapor. FOK example, 
extensive cloud cover could reduce the 
upwelling thermal radiance by an order of 
magnitude or an expansive cloudless desert 
could enhance the albedo and thermal 
radiation several hundred percent over these 
estimates. 

2.4 CHq 

The target HC1 emission at 2843.62 cm-1 is 
mixed with a contribution from CH4 lines. To 
determine whether non-LTE effects are 
important i n  the \)2 + v4, v3, and 2v4 bands 
in this region the laser excitation 
experiment results of Hess and Moore (1976) 
were employed. Their data indicates that the 
quenching times for these vibrational states 
are on the order of 10 psec-torr in a variety 
of gases. Comparing this to the natural 
radiative lifetimes of the strongest of these 
bands, v3, the ratio of solar resonant 
scattering to thermal emission will be less 
than 2% for altitudes less than 45 km and 
less than 8% for altitudes less than 50 km. 
In this work FASCODE results for CH4 are 
uncorrected for resonant scattering. These 
non-LTE effects, though not of great 
importance for the purposes of this work will 
be given further consideration in our 
retrieval analysis. 
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3.0 SIMULATIONS OF CLAES DATA 

High resolution and the ability to sample 
at specified positions on and about the HC1 
feature are achieved by the CLAES optical 
system by means of a tiltable etalon 
proceeded by a blocker filter which 
transmits in the spectral neighborhood (-15 
cm-1 FWHM) surrounding the HC1 feature( see 
James and Kumer, Poster 4.43). A schematic 
diagram of the CLAES HC1 transmission 
function is shown in Figure 2. 

BLOCKER FILTER & ETALON 

2800.0 2825.0 2860.0 2876.0 

WAVENUMBER (CM"-l) 
Figure 2. Transmission functions of the 
CLAES etalon and blocker filter for the HCI 
channel. 

In this instance the blocker filter is wide 
enough to transmit radiance which has passed 
through several etalon transmission peaks 
spaced one free spectral range apart across 
the blocker filter. As the etalon is tilted, 
the transmission peaks shift relative to the 
blocker filter allowing the spectrometer to 
scan across the blocker filter region as 
shown in Figure 3.  

FILTER FUNCTION 
FOR TWO ETALON TILT ANGLES 

1.0 1 

2850.0 2875.0 

WAVENUMBER (CM"-1) 

Figure 3.  HC1 channel filter function 
resulting from the blocker filter and etalon 
combination. The the dashed and solid lines 
show the effect of etalon tilting. 

One major goal of this work was to specify 
a etalon thickness or free spectral range 
which would isolate the radiance from 
individual constituents, particularly HC1, as 
much as possible. Within constraints imposed 
by strength requirements an FSR of 12.6 cm-1 
was found to be optimum. This etalon model 
provided the least overlap of the target HC1 
line with best separation of constituents. 

Figures 4 through 11 depict the altitude 
profile of the CLAES simulated data for day 
and night for altitudes of 15, 30, 40, and 55 
km. These tangent heights have been selected 
because they conform roughly to the bottom 
and top of the image on the three detector 
HC1 array. The wavenumber scale attached to 
these simulations corresponds to the etalon 
transmission peak nearest the center of the 
blocker filter at 2843.6 cm-1. The spectra 
appear strange to someone familiar with this 
region as emission lines transmitted by other 
transmission peaks are Included. Figure 4 
depicts the simulated nighttime earth limb 
radiance at 15 km. The region of the 
probable NER (noise equivalent radiance) for 
the instrument has been sketched in. Note 
that our target HC1 line is approximately 
four times our highest estimate for the NER 
and is heavily blended with the OH P7.5 
doublet in the 5-4 sub-band centered at 
2842.2 cm . The most prominent feature in 
the CH spectrum is the large CH4 (u + v4) 
combination band line at 2847.7 cm-f. 
Corresponding to this feature in the aerosol 
spectrum is a dip associated with earthshine 
absorption and the absorption of radiation as 
it propagates out to space. In the daytime, 
Figure 5, several changes are apparent. The 
intensity of OH chemiluminescence decreases 
to an estimated one third due to the 
depletion of 03 by photodissociation 
(Llewellyn 1979). On the other hand, HC1 
emission is increased by resonant solar 
scattering. However, it is noted that the 
scattering of sunlight increases the aerosol 
component to exceed the HC1 emission by a 
factor of 50 or so. The absorption of 
aerosol-scattered light by CH4 actually 
dominates the gaseous thermal emission at 
2847.7 cm leaving a depression in the sum of 
these components. This 15km data is somewhat 
indicative of the data which will be gathered 
by the lower HCL detector. The high level of 
interference from aerosol CH4, and OH and the 
additional likelihood of seeing high level 
clouds in this detector render the recovery 
of HC1 from the lower detector problematical. 

Figure 5 depicts the nighttime simulations 
for a tangent height of 30 km corresponding 
to the lower edge of the middle detector. In 
this case the aerosol component has dropped 
to the level of the NER and the CH4 component 
has dropped to about twice the HC1 radiance. 
The nighttime recovery of HC1 is feasible In 
this case although averaging may be needed to 
raise the signal to noise in these 
measurements. The daytime 30 km simulations, 
Figure 6, appear promising for HC1 recovery 
since there is less structure on the aerosol 
components as well as a relatively enhanced 
HC1 emission. 

Figures 7 and 8 show the night and day 
simulations near the top of the middle 
detector at 40 km. Figure 9 is the nighttime 
55 km simulation. In this case the HC1 
radiance has fallen to the level of the NER. 
However, this is the upper part of the top 
detector and should be weighted accordingly 
when simulating the data from the entire 
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16' ti ij ., 

2836.0 2841.0 2846.0 

WAVENUMBER (CM*'-l) 

Figure 4 .  The nighttime earth limb 
simulation of CLAES data at 15 km. Four 
contributing species and their sum are shown. 
HC1 (----), OH (-*-* I ,  CH4 (--- I ,  
aerosol ( - * * - * * ) ,  and their sum (-). 
The cross hatched segment of the estimated 
NEK of the CLAES instrument in the HC1 
channel. Projected sampling points are 
indicated by arrowheads. 

io-' 1. 4 

2836.0 2841.0 2848.0 

WAVENUMBER (CM*'-l) 

Figure 6. The nighttime earth limb 
simulation of CLAES data at 30 km. Legend is 

---- lo" ). 

Figure 5. 
of CLAES data at 15 km. Legend is the same 
as Figure 4 .  

The daytime earth limb simulation 

WAVENUMBER (CM"-l) 

Figure 7. 
of CLAES data at 30 km. Legend is the same 
as Figure 4 .  

The daytime earth limb simulation 

16" 
h a w the same as Figure 4 .  

WAVENUMBER (CM*'-l) 

." 
2838.0 2841.0 2846.0 

WAVENUMBER (CM"-l) 
Figure 8. The nighttime earth limb 
simulation of CLAES data at 40 km. Legend 
the same as Figure 4 .  

is 

Figure 9. 
of  CLAES data at 40 km. Legend is the same 
as Figure 4 .  

The daytime earth limb simulation 
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upper  d e t e c t o r .  In t h e  dayt ime a t  55 km, 
F i g u r e  10, t h e  s o l a r  r e s o n a n t  s c a t t e r i n g  

lo-s 3 
E 

2836.0 2841.0 2846.0 

WAVENUMBER (CM"-l) 

F i g u r e  10. The n i g h t t i m e  e a r t h  l imb  
s i m u l a t i o n  of CLAES d a t a  a t  55km. Legend is 
t h e  same as F igure  4. 

i n c r e a s e s  t h e  HC1 s i g n a l  t o  abou t  f i v e  times 
t h e  NER. 

4.0 IMPLICATIONS FOR HCL REMOTE SENSING 

In t h e  i n t e r e s t  of  e f f i c i e n t  d a t a  
a c q u i s i t i o n  f o u r  p o i n t s  o r  e t a l o n  t i l t  a n g l e s  
have  been s e l e c t e d  t o  sample t h e  HCL 
spectrum. These p o i n t s  are: t h e  t a r g e t  HC1 
l i n e  a t  2843.6 cm-1; t h e  OH d o u b l e t  peak a t  
2842.2 cm-l ;  t h e  CH4 peak a t  2847.7 cm-l and 
t h e  r e l a t i v e  window a t  2837.1 cm-1. 
Atmospheric  p r e s s u r e  and t e m p e r a t u r e  w i l l  be 
r emote ly  sensed  th rough  a n o t h e r  channe l  u s i n g  
t h e  C02 Q b ranch  a t  791.2 c m - l .  
measurements shou ld  c o n t a i n  enough 
i n f o r m a t i o n  t o  i s o l a t e  t h e  c o n t r i b u t i o n  from 
HC1. There are many p o t e n t i a l  e r r o r  s o u r c e s  
which are i l l u m i n a t e d  by t h i s  s i m u l a t i o n  and 
must be e v a l u a t e d  i n  t h e  d e s i g n  of a 
r e t r i e v a l  a l g o r i t h m .  For example t h e  Non-LTE 
e m i s s i o n  of OH makes i t  d i f f i c u l t  t o  assess 
t h e  c o n t r i b u t i o n s  from o t h e r  OH l i n e s  from 
t h e  measurement of 2842.2 cm-1 d o u b l e t .  From 
t h e  s i m u l a t i o n s  i t  a p p e a r s  t h a t  o t h e r  OH 
l i n e s  c o n t r i b u t e  a t  t h e  HC1 l i n e  p o s i t i o n  i n  
a s i g n i f i c a n t  manner o n l y  a t  n i g h t t i m e  a t  
h i g h  a l t i t u d e s .  This may n o t  p r e s e n t  a 
s e r i o u s  problem i n  p r a c t i c e  s i n c e  SPIRE OH 
d a t a  was chosen w i t h  what a p p e a r s  t o  be a 
h i g h e r  t h a n  normal amount of emis s ion  a t  3.5 
v m .  

These 

The a e r o s o l  r a d i a n c e  component is 
i n c r e a s i n g l y  u n c e r t a i n  w i t h  i n c r e a s i n g  
a l t i t u d e .  The "window" measurement a t  2837.1 
cm-1 shou ld  h e l p  p rov ide  t h e  magnitude of 
a e r o s o l  c o n t r i b u t i o n  w h i l e  t h e  ve ry  s t r o n g  
aerosol component a p p e a r i n g  i n  t h e  lower 
d e t e c t o r  may p rov ide  t h e  s p e c t r a l  s t r u c t u r e .  
The middle  d e t e c t o r  co r re sponds  w i t h  t a n g e n t  
h e i g h t s  from 28 t o  42 km and t h e  t o p  d e t e c t o r  
w i t h  42 t o  57 km. The dayt ime s i m u l a t e d  
spec t rum show t h e  HCL l i n e  t o  be a f a c t o r  of 
f i v e  or so above t h e  maximum e s t i m a t e d  NER on 
t h e  middle  d e t e c t o r  and s l i g h t l y  lower on t h e  

10'' i 

1 6 

1 6 

1 6 

2836.0  2641.0 2846.0 
1 0- 

WAVENUMBER (CM*'-l) 

Figure  11. The dayt ime e a r t h  l imb  s i m u l a t i o n  
of CLAES d a t a  a t  55 km. Legend i s  t h e  same 
as F igure  4. 

upper  d e t e c t o r .  Th i s  SIN -4 o r  5 on a 
" p o i n t "  t o  " p o i n t "  b a s i s  shou ld  p rov ide  good 
p r e c i s i o n  f o r  p roduc ing  d a i l y  z o n a l  ave rages .  
Data a t  a p o i n t  h e r e  shou ld  be unde r s tood  as, 
t h e  d a t a  o b t a i n e d  on each  65 second c y c l e ,  i e  
each  -380 km a l o n g  t h e  CLAES o b s e r v a t i o n a l  
e a r t h  l imb t r a c k .  During a day -64 such 
p o i n t s  w i l l  be o b t a i n e d  i n  an ave rage  10 
degree  z o n a l  b e l t  a t  a g i v e n  l o c a l  t i m e .  
Hence, t h e  t h e o r e t i c a l  d a i l y  z o n a l  ave rage  
HC1 mixing r a t i o  SIN t h a t  can be d e r i v e d  f o r  
such  a b e l t  a t  g i v e n  l o c a l  t i m e  is SIN 
-5*SQRT(64) - 40. P r a c t i c a l l y  one might 
expec t  t o  a c h i e v e  5 << SIN < 40 f o r  such  an 
ave rage .  

5. CONCLUSION 

Our s i m u l a t i o n s  of e a r t h  l imb  s p e c t r a  
i n d i c a t e  t h a t  t h e  HC1 (P2)  f e a t u r e  shou ld  be 
o b s e r v a b l e  i n  t h e  e a r t h  l imb  emiss ion  
spectrum. In p r a c t i c e ,  CLAES is p r o j e c t e d  t o  
sample t h e  e a r t h  l imb spectrum a t  f o u r  p o i n t s  
n e a r  t h e  pr imary H C 1  f e a t u r e :  t h e  CH4 l i n e  
a t  2847.7 cm-1, t h e  c e n t e r  of t h e  OH d o u b l e t  
a t  2842.2 cm-1, t h e  r e l a t i v e  'window' a t  
2837.1 cm-1 which may be dominated an a e r o s o l  
com o n e n t ,  and t h e  H C 1  l i n e  c e n t e r  a t  2843.6 
cm-f . The r e s u l t s  of t h i s  s t u d y  i n d i c a t e  
t h a t  t h e  s e l e c t i o n  of an e t a l o n  w i t h  an FSK = 
12.6 cm-1 o p t i m a l l y  a v o i d s  i n t e r f e r e n c e  from 
OH emis s ion  l i n e s  blended w i t h  t h e  HC1 
f e a t u r e  by a d j a c e n t  t r a n s m i s s i o n  peaks.  

An asses smen t  of  t h e  accu racy  w i t h  which 
HCL r a d i a n c e  can be i s o l a t e d  from t h e  o t h e r  
components of t h e  s i g n a l  r e q u i r e s  a numer i ca l  
s t u d y  of e r r o r  p r o p a g a t i o n  i n  t h e  r e t r i e v a l  
a l g o r i t h m .  
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P4.41 
QUALITY INDICATORS FOR TRACE GAS CONCENTRATIONS DETERMINED FROM 

EARTHLIMB EMISSION SPECTRA 

1. INTRODUCTION 

W. G. Uplinger and J. B. Kumer 

Lockheed Palo Alto Research Laboratory 

3251 Hanover Street, Palo Alto, CA. 94304 

The CLAES instrument (Cryogenic Limb 
Array Etalon Spectrometer) will be deployed 
on the NASA Upper Atmosphere Research 
Satellite (UARS), scheduled for an October 
1989 launch on the space shuttle. The ten 
instruments on board the UARS will greatly 
increase our knowledge of the chemistry, 
dynamics, and energy balance of the 
stratosphere and mesosphere. With an 
altitude of 600 km and orbit inclination of 
57 Deg., the UARS covers the entire range of 
local solar angles in about 33 days. CLAES 
has an array of 20 detectors which look at 
the earth's limb between 10 and 60 km., in 8 
narrow (-10 cm-l) bands between 3.5 and 12.63 
um. The 14 orbits per day allow coverage up 
to 80 Deg. latitude. Atmospheric temperature 
and the mixing ratio of 11 different gases 
will be retrieved from spectral radiance 
measurements in the 8 spectral regions at 
resolution 0.2 to 0.7 cm-1. The measured 
spectra are compared to calculated spectra 
based on assumed mixing ratios for the 
various gases. A linear, least squares fit 
of the spectra of the various gases to the 
measured data provides a new estimate of the 
mixing ratios for each gas. This article 
will discuss different techniques which 
indicate the quality of the retrieved mixing 
ratios. A key to retrieval from noisy data is 
the Singular Value Decompostion (SVD). Use 
of the SVD with simulated data and radiance 
measurements from a ballon floating at 30 km. 
will be discussed. 

2. SIMULATED DATA 

Computer runs have been made 
simulating measured CLAES spectral data. 
Among the effects included are detector 
noise, atmospheric radiation leaking through 
the blocking filter wings, telescope thermal 
emission, earth radiation scattered off the 
main telescope mirrors (BRDF), A/D 
conversion, errors in knowledge of the etalon 
postion, errors in knowledge of the 
spectroscoptic line parameters, and errors in 
the fast algorithms for atmospheric 
radiation. Figure 1 shows an example of CLAES 
spectral radiance at 22.5 km. tangent 
altitude, with the various components 
included. Detector noise is not a component, 
but is included as a reference level for the 
signal-to-noise of the components. Mixing 
ratios of the various gases are retrieved by 
a least squares fit of the components to the 
simulated data, which has the appropriate 
noises imposed. 

3. SINGULAR VALUE DECOMPOSITION 

A standard least squares fit of the 
components to noisy data is often unstable, 
due to components lying below the noise 
level, or  two or more components being nearly 
linearly dependent. Use of the Singular 
Value Decompostion (SVD) can often reduce 
these problems. A brief discussion of the 
application of SVD analysis follows, based on 
Long (1983) and Lawson and Hanson (1974). 
The least squares problem can be written as 

A x = b  (1) 

where x are the unknown least squares 
coefficients and b is the noisy data matrix. 
Any real, rectangular matrix A can be 
decomposed as 

A = USVT (2) 

where A is an mxn matrix, U is an mxm 
orthogonal matrix, V is an nxn orthogonal 
matrix, and S is a diagonal matrix with n 
values. The diagonal elements of S are the 
non-negative singular values si. Equation 
(1) can be written as 

A = SIR1 + s2R2 + s3R3 + ... + snRn 

where R is composed of the rows and columns 
of U and V. It can be shown that the sum of 
the elements squared of Ri I s  equal to 1.0. 
The contribution of each term in equation 
(3) is therefore proportional t o  the 
singular value si. Similarly, the inverse of 
matrix A can be written as 

(3) 

-1 -1 T - 1  T - 1  RT 
n n ( 4 )  A = s1 R1 + s2 R2 + ... + s 

Note that the term with the smallest 
singular value contributes the most to the 
inverse. This is the reason for the 
instability of least squares problems. Small 
singular values occur when there are 
components which are almost linearly 
dependent. The existance of linear 
dependence can be found in the last column 
of'the matrix V. The sum of these elements 
squared is 1.0. The existance of positive 
and negative values near 1.0 indicates a 
linear dependence given by these elements. 
Reliability of the least squares 
coefficients, tit, is proportional to the 
square root of the diagonals of the 
covariance matrix C. The scaling factor is 
usually the square root of the mean square 
fit to the data. When oi is large compared 
to xi, the component is often less than the 
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noise or is linearly dependent with another 
component. Stability of the inverse of 
matrix A is usually improved by truncating 
matrix A, deleting terms associated with 
singular values less than the noise. The 
least squares problem is solved exactly, but 
for a slightly different matrix. A sudden 
decrease in the size of the singular values 
as the order increases may also indicate 
singular values which can be discarded. 
Fewer singular values means that the fit to 
the data is not quite as good, but this may 
be compensated for by a greater stability of 
the fit. Chapter 23 of Lawson and Hanson 
(1974) contains a discussion of these and 
other techniques for determining a reliable 
least squares fit. 

4. EXAMPLE 

Application to simulated CLAES 
spectral radiance in the region 775 to 785 
cm-1 will be used to demonstrate some of 
these techniques. Figure 1 shows the 
spectral radiance at 22.5 km tangent 
altitude, one of the 18 altitudes used in 
this study. The singular values versus order 
are shown in Figure 2 for all 18 altitudes. 
The noise level shown in Figure 1, 1.OE-09, 
is below the singular values at the lowest 
altitudes, but is very important at the 
highest altitudes. The sudden drops in 
singular values at orders 6 and 8 is also 
seen i n  the stability of the retrieved 
mixing ratios at the highest altitudes. If a 
gaseous spectral radiation lies below the 
expected noise, no retrieval should be 
possible. Figure 3 shows the mean 
signal-to-noise ratios as a function of 
altitude, for each of the different gases. 
The values of oi calculated from the 
covariance matrix correspond inversely to 
the signal-to-noise ratios in Figure 3. The 
altitudes where a component drops below the 
noise also show a decrease in singular value 
at high orders. Finally, Figure 4 shows the 
error in a preliminary retrieved mixing 
ratio for ClON02, whose mixing ratio 
decreases rapidly above 30 km and below 20 
km. The expected error in knowledge of 
etalon position is assumed. Retrieval is 
seen to be impossible at altitudes where the 
signal-to-noise ratio is poor. 

I n  this retrieval example the 
relative values of the spectral line 
parameters are assumed to be known to within 
1 X .  If these parameters are known less 
precisely the retrieval precision will 
degrade from what is shown. Our preliminary 
applications to actual data are briefly 
described below in Section 5. These 
preliminary applications do not achieve the 
precision shown on figure 4. One of several 
reasons for this result is that we are using 
the spectral parameters on the 1982 version 
of the AFGL tape. These parameters are not 
relatively precise to within 1 X .  As an 
extreme example two of the stron est lines 
in the region 780.2 t o  780.6 cm-f appear to 
have relative line strength error of 
approximately 40 X on the 1982 AFGL tape. 

Discussion with practicing laboratory 
spectroscopists indicates that it is possible 
to measure the relevant line parameters to 
within 1 % precision relative to the 
strongest line in the region for the more 
important species such as 03 and C02. 
Spectroscopic data with the specified 
precision are necessary (but not sufficient) 
to achieve the precision of ClON02 retrieval 
that our study suggests is possible from the 
data that we expect to obtain in the CLAES 
mission. 

5. DENVER UNIVERSITY DATA 

In  order to test the usefullness of 
the SVD against real data, some spectral 
radiance data from a balloon floating at 30 
km, and looking down at 19 km tangent 
altitude, were kindly provided by Dr. Aaron 
Goldman at Denver University. These 
preliminary data were degraded to CLAES 
resolution, and the SVD was used with FASCODl 
to give the best fit to an assumed 
temperature and mixing ratio profiles for 03, 
C02, C10N02, H20, and aerosol. Figure 5 
shows the fit in the spectral region 778 to 
783 cm-1. The fit is  good, considering that 
there was no attempt made to tune the 
temperature or mixing ratio profiles. Also, 
since these data are preliminary, they are 
still subject to revision by Dr. Goldman. 

6. CONCLUSIONS 

Computer simulations indicte that the 
Singular Value Decomposition (SVD) provides a 
stable method of solving least squares 
problems associated with high resolution 
atmospheric spectral radiance. Problems with 
closeness of fit, signal-to-noise ratios, 
linear dependence, and covariance matrices 
are all reflected in the SVD analysis. 

7. ACKNOWLEDGEMENTS 

Thanks to Dr. Aaron Goldman of Denver 
University for providing preliminary, high 
resolution, atmospheric radiance balloon 
data. These data were obtained by Denver 
University and the work was supported by 
AFOSR under the Atmospheric Science Project 
2310 and performed as part of AFGL Task 
2310gl. 

This work supported by NASA contract 
NAS5-27752. 

8. REFERENCES 

Lawson, C. L., and R. J. Hanson, 1974: 
Solving Least Squares Problems. Engle 
Cliffs, N. J., Prentice-Hall Inc. 

Long, C., 1983: Visualization of Matrix 
Singular Value Decompostion. Mathematics 
Magazine, 56, 161-167. 

257 



9 3  
40.0 

40.0 

- z ao.0 

Figure 1 CLAES Spectral Radiance at 22.5km 

- 

- 

- 

. .. 
1.C 2.U 3.0 $.O 5.0 6.0 7.0 8.0 

ORDER 

Figure 2 Singular Values vs Order for 18 
Tangent Altitudes from 12.5 to 
5 5km 

10.0 

I 
0.0 1.0 10.0 16.0 PO.O z0.0 ao.0 ao.0 40.0 41.0 60.0 

10.0 

RETRIEVAL PRECISION IN PER CENT 

Figure 4 Estimated ClONO2 Retrieval 
Precision 

EARTH LIMB EMISSION 
FASCODE & DU FOLDED SPECTRA 

FSR = 5.417 CM"-l 
6.0 

4.0 

8.0 

w 
0 z 

U 
U 

5 2.0 
n 

1.0 
778.0 783.0 

WAVENUMBER (CM**-l) 

Figure 5 F i t  w i t h  SVD of FASCODE 
Calculations to Denver University 
data 

Figure 3 CLAES Signal-to-noise Ratio for 
Each Component 

258 



P 4 . 4 2  

SENSITIVITY OF PROPOSED NJ3W AVHRR CHANNEL FILTERS 
TO AEROSOLS, WATER VAPOR AND VIbWING ANGLE FACTORS 

C.  G. Justus and M. V. Paris 

Georgia 1nstitut.e of Technology 
Atlanta, Georgia 

1. INTRODUCTION 

The current AVHRR channels 1 (0.55-0.7 pm) 
and 2 (0.7-1.0 pm) are used, among other purpo- 
ses, to determine aerosol parameters over water 
targets, and vegetation index over land targets. 
The sensitivity of proposed new filters (with 
channel 2 narrowed to 0.84-0.87 pm) for measure- 
ment of these parameters is examined by using the 
spectral model of Justus and Paris (1985) to sim- 
ulate radiances along an AVHRR scan line. Ef- 
fects of satellite viewing angle changes across 
the sensor scan and of a variety of surface dir- 
ectional reflectances for vegetation targets are 
examined. Plots of current and proposed channel 
1 and 2 filter factors (Dr. Larry Stowe, private 
communication) are illustrated in Figure 1. 

As a possible improvement in snow/cloud 
discrimination, it has also been proposed that 
the AVHRR channel 3 (3.7 pm) filter be replaced 
by a channel 3A (1.6 pm) filter during daylight 
periods. The initial version of the spectral 
model accounted for scattering and absorption 
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Fig. 1. Filter factors for current and proposed 
AVHRR filter factors. 
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Fig. 2 .  Simulated effects of water vapor on 
normalized reflectance difference over a water 
target for current and proposed channel 1 and 2 
filters. 

processes, but not thermal emissions by the sur- 
face or within the atmosphere. Since the model 
was designed to accommodate absorption and scnt- 
tering processes for wavelengths up to 4.0 pm, 
the addition of a reflective-IR absorption-emis- 
sion radiative transfer routine (described by 
Justus, 1985) allows simulation of either daytime 
or nighttime values for AVHRR channel 3 .  Some 
comparisons of simulations of channel 3 and 3A 
values are nlso presented. 

2. SIMULATION FIESULTS 

2.1 Channels 1 

Simulations of AVHRR channel 1 and 2 scan 
data (as characterized by the normalized reflec- 
tance difference) are illustrated in Figures 2-5. 
These figures show the sensitivity of the present 
and propsosed filters to interference effects 
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precipitable water and aerosol optical depth for 
water targets (Figures 2-3) and for vegetation 
targets (Figures 4-5). The new filters are sig- 
nificantly less sensitive to water vapor inter- 
ference, since the narrower new channel 2 in- 
cludes no significant water vapor absorption 
bands. The new filters are more sensitive to 
aerosol effects over water ( i . e .  aerosol para- 
meters will be better detectable) and have about 
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the same or less sensitivity to aerosols for the 
vegetation target. However, somewhat larger limb 
"brightening" and "darkening" effects are noted 
for the new filters than, for the current ones. 

The effects of surface directional reflec- 
tance factor on channel 1 and channel 2 reflec- 
tances at the top of the atmosphere are shown in 
Figures 6 - 8. Surface directional reflectance 
factors used are: (1) Lambertian, ( 2 )  results 
from a canopy model (supplied by Prof. John Nor- 
man), and ( 3 )  empirical data of Kriebel (1977) 
for surfaces of pasture land, savannah, bog and 
coniferous forest. All of the simulations assume 
the same spectral reflectance values for a vege- 
tation surface as used for Figures 2-5. Figures 
6 and 7 are for the current AVHRR channel 1 and 2 
filters, while Figure 8 is for the proposed new 
channel 2 filter. The sensitivity to surface di- 
rectional reflectance is almost the same for the 
current channel 1 and the proposed new filter 
(results not shown). For channel 2 ,  the new fil- 
ter is somewhat more sensitive to variations in 
surface directional reflectance, especially on 
the backscatter (pixel 0) side of the scan. 
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Fig. 5. As in Figure 2 for a vegetation target 
(Lambertian surface), effects of aerosol. 

With the proposed changes in the channel 2 
filter removing the interference effects of water 
vapor, measurement of aerosol parameters for wa- 
ter targets should be considerably improved over 
the use of the present filters. 

2 . 2  Channels 3 (3 .7  pm) and 3 A  (1.6 pm) 

Figure 9 illustratea the results of simu- 
lations of the upwelling radiance at the top of 
the atmosphere for a scan line from AVHRR channel 
3 over various (Lambertian) target surfaces, in- 
cluding both optical depth 4 and optical depth 64 
clouds layers. All surfaces are assumed to be at 
0°C. Although there is some discrimination be- 

Fig. 4. As in Figure 2 for a vegetation target tween the snow surface (which has essentially ze- 
(Lambertian surface). ro reflectance in this wavelength range) from 
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soil, vegetation and clouds, the effects of ther- 
mal emission tend to lessen the contrast if, as 
shown in Figure 10, snow at one temperature is 
compared to a colder (high) cloud surface. 

Cloud reflectances used in these simula- 
tions are computed with a delta-Eddington subrou- 
tine in a model that includes a cloud layer be- 
tween clear layers above and below (Paris and 
Justus, 1985). 
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Fig. 6. Effects of various surface directional 
reflectance factors on channel 1 top-of-atmos- 
phere reflectance (all assuming vegetation sur- 
face apectral reflectance). 

The contrast between snow and other sur- 
faces is much better for the spectral range of 
the proposed new AVHRR channel 3a, shown in Fig- 
ure 11. In this case the snow surface appears 
essentially "black" becauae of its very low re- 
flectance, with no interference from surface 
thermal emission at these wavelengths. The 
channel 3a radiance from thick clouds is no- 
ticeably larger than that for soil and vegeta- 
tion, although this channel offers little con- 
trast between thin clouds and these surfaces. 
Notice the different pattern of limb brightening 
and darkening for channel 3a shown by Figure 11, 
compared with only limb darkening for channel 3 ,  
illustrated in Figures 9 and 10. 
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P 4 . 4 3  CLAES BLOCKER FILTEK REJECTION REQUIREMENTS 

T.C. James, J . B .  Kumer, A.E. Roche, L.W. S t e r r i t t  and W.G. Uplinger  

Lockheed Palo Al to  Research Laboratory 
3251 Hanover S t r e e t ,  Palo A l t o ,  Ca. 94304 

INTRODUCTION 

The CLAES (Cryogenic  Limb Array E t a l o n  
Spec t romete r )  w i l l  be deployed on t h e  NASA 
Upper Atmosphere Research S a t e l l i t e  (UARS) 
schedu led  f o r  autumn 1989 launch.  The CLAES 
w i l l  o b t a i n  e a r t h l i m b  s p e c t r a  a t  r e s o l u t i o n  
less t h a n  or e q u a l  t o  0.5 cm-1 i n  9 c a r e f u l l y  
s e l e c t e d  narrow (o f  t h e  o r d e r  of 10 cm-1) 
r e g i o n s  t h a t  a r e  l o c a t e d  i n  t h e  r e l a t i v e l y  
broad range 3.5 t o  12.6 pm. The measurements 
w i l l  be o b t a i n e d  a t  a l t i t u d e  r e s o l u t i o n  of 
2.5 km from 10 t o  60 km. The measurements 
w i l l  be r e p e a t e d  eve ry  minute  t o  o b t a i n  
h o r i z o n t a l  r e s o l u t i o n  of 500 km. The 
measurements w i l l  be used t o  de te rmine  
t e m p e r a t u r e  and p r e s s u r e  and t h e  s p e c i e s  
03,H20, N20, CH4, CF2C12, CFC13, CC14, HN03, 
N205, C10N02, H C 1 ,  NO, and NO2 g l o b a l l y .  

The CLAES is  shown s c h e m a t i c a l l y  i n  
f i g u r e  1. S o l i d  Hydrogen is  u t i l i z e d  t o  
c y r o g e n i c a l l y  c o o l  o p t i c s ,  s p e c t r o m e t e r ,  and 
f o c a l  p l ane  t o  t h e  t empera tu res  shown. The 
c o o l e r  is s i z e d  t o  suppor t  t h e  mis s ion  i n  
e x c e s s  of 18 months d u r a t i o n .  Each of t h e  9 
b l o c k e r  f i l t e r s  have f u l l  width a t  h a l f  max 
(FWHM) i n  t h e  range 8 t o  14 cm-1. L igh t  t h a t  
p a s s e s  through a g iven  b locke r  f i l t e r  i s  
f u r t h e r  reduced i n  s p e c t r a l  width by a f a c t o r  
o f  20 t o  40 by pass ing  th rough  t h e  t h e  
s e r i a l l y  mounted e t a l o n  as shown i n  f i g u r e  2 .  
A programmable t i l t  a n g l e  range of 0 t o  22.5 
d e g r e e s  is  s u f f i c i e n t  t o  s can  t h e  e t a l o n  
t r a n s m i s s i o n  peak th roughou t  t h e  t r a n s m i s s i o n  
r a n g e  of t h e  b locke r  f i l t e r .  Thus h igh  
r e s o l u t i o n  s p e c t r a  are o b t a i n e d  
s i m u l t a n e o u s l y  on e a c h  element  of a 20 
e l emen t  Si:Ga PC d e t e c t o r  a r r a y  t h a t  i s  
v e r t i c a l l y  o r i e n t e d  t o  o b t a i n  coverage ove r  
t h e  a l t i t u d e  r ange  as shown i n  f i g u r e  3.  An 
a d d i t i o n a l  a r r a y  of 3 l a r g e  d e t e c t o r  e l emen t s  
(as i n d i c a t e d  on f i g u r e  1) i n  which v e r t i c a l  
r e s o l u t i o n  i s  a s a c r i f i a c e d  t o  enhance 
s i g n a l / n o i s e  is u t i l i z e d  s p e c i f i c a l l y  f o r  t h e  
HC1 measurements t h a t  are t o  be made i n  t h e  
3.52 u m  r eg ion .  S p e c i f i c  s p e c t r a l  r e g i o n s  
cove red  by t h e  b l o c k e r s  and e t a l o n s ,  and 
measurements t o  be made i n  each  r e g i o n  are 
shown i n  f i g u r e  4 .  

The main i n t e n t  of t h i s  a r t i c l e  is  t o  
d e s c r i b e  t h e  d e t a i l s  of t h e  c a l c u l a t i o n  of 
o u t  of band s p e c t r a l  r e j e c t i o n  r equ i r emen t s  
f o r  t h e  b l o c k e r  f i l t e r s .  For a p a r t i c u l a r  
b l o c k e r  which is  c e n t e r e d  w i t h i n  an  e t a l o n  
bandpass w e  c a l c u l a t e  t h e  s i g n a l  t o  be 
expec ted  when a p a r t i c u l a r  e t a l o n  
t r a n s m i s s i o n  peak i s  c e n t e r e d  a t  t h e  c e n t r a l  
wavelength of t h e  b l o c k e r  f i l t e r .  Th i s  s i g n a l  
a r i s i n g  from s i n g l e  e t a l o n  t r a n s m i s s i o n  peak 
i s  then  compared w i t h  t h e  t o t a l  s i g n a l  
a r i s i n g  from a l l  of t h e  o t h e r  t r a n s m i s s i o n  
peaks w i t h i n  t h e  e t a l o n  bandpass and a l l  of 
t h e  r a d i a t i o n  from t h e  e n t i r e  spec t rum 

o u t s i d e  of t h e  e t a l o n  bandpass.  The b locke r  
f i l t e r  d e s i g n  must be such t h a t  t h e  t o t a l  ou t  
of band s i g n a l  i s  less than  t h e  s i g n a l  from 
t h e  e t a l o n  peak c e n t e r e d  a t  t h e  b locke r  
wavelength.  In most cases t h i s  v a l u e  was 
taken t o  be an o u t  of band c o n t r i b u t i o n  of 
t h e  o r d e r  of 1 p e r c e n t  o r  l ess .  

Our method of c a l c u l a t i o n  was made by 
choosing a s p e c i f i c  model t o  r e p r e s e n t  t h e  
b locke r  f i l t e r  behav io r  and an approximate 
model t o  r e p r e s e n t  t h e  r e f l e c t i v i t y  of t h e  
e t a l o n s .  We a l s o  r e q u i r e d  an approximate 
a n a l y t i c a l  r e p r e s e n t a t i o n  of t h e  d e t e c t o r  
r e sponse  as a f u n c t i o n  of wavelength.  The 
r a d i a n c e  c a l c u l a t i o n s  were made w i t h  t h e  
LOWTRAN 5 code developed a t  AFGL. In t h e  
f o l l o w i n g  s e c t i o n s  we b r i e f l y  d e s c r i b e  t h e  
models we have used f o r  each  component of t h e  
c a l c u l a t i o n ,  namely: Radiance C a l c u l a t i o n ,  
Blocker  F i l t e r  Model, E t a l o n  Model, and 
De tec to r  Response. 

KADIANCE CALCULATION 

LOWTKAN 5 c a l c u l a t e d  l imb r a d i a n c e  f o r  
v a r i o u s  assumed a tmospher i c  c o n d i t i o n s  and 
s p e c i f i e d  t angen t  a l t i t u d e s .  The 
c a l c u l a t i o n s  are made i n  5 cm-1 i n t e r v a l s  and 
are s p e c t r a l  ave rages  ove r  5 cm-1 i n t e r v a l s .  
In  our  c a l c u l a t i o n s  we used a t r o p i c a l  
a tmosphe r i c  model. F igu re  5 shows a p l o t  of 
a tmosphe r i c  r a d i a n c e  ove r  a p o r t i o n  of t h e  
spectrum f o r  l imb viewing a t  t a n g e n t  
a l t i t u d e s  of 15, 35, and 55 km. From r e s u i L s  
such as t h i s  w e  can c a l c u l a t e  t h e  s p e c t r a l  
s i g n a l  a r i s i n g  from any s p e c t r a l  bandpass and 
compare t h i s  w i t h  t h e  s i g n a l  a r i s i n g  from t h e  
e t a l o n  peak c e n t e r e d  a t  t h e  c e n t r a l  
wavelength of t h e  b l o c k e r  f i l t e r .  lu o r d e r  
t o  make t h i s  comparison i t  i s  f i r s t  n e c e s s a r y  
t o  t a k e  i n t o  accoun t  t h e  r e l a t i v e  r e sponse  of 
t h e  d e t e c t o r  as a f u n c t i o n  of wavelength.  

DETECTOR RESPONSE 

THE CLAES D e t e c t o r s  are S1:Ga d e t e c t o r s .  
These d e t e c t o r s  have a maximum response  n e a r  
15 microns and have a r a p i d  cut-off  i n  
r e sponse  f o r  wavelengths  l o n g e r  than  about  17 
microns.  For wavelengths  s h o r t e r  than abou t  
12 microns t h e  r e sponse  f a l l s  o f f  w i t h  
d e c r e a s i n g  wavelength but  t h e  d rop  i s  n o t  as 
r a p i d  as i t  is  a t  t h e  l o n g e r  wavelengths .  In 
our c a l c u l a t i o n s  we have chosen t h e  
approximate r e p r e s e n t a t i o n  shown i n  f i g u r e  6. 
Between 3 and 20 v m  t h i s  f i g u r e  can be 
r e p r e s e n t e d  by t h e  a n a l y t i c a l  e x p r e s s i o n :  

K = 0.0302 exp (-0.28h) ; X <12.5 

K - 1  ; 12.5<x 5 17.5 ( 1 )  

K = 2.15 x 1023 exp  (-3.07X) ; A > 17.5 



While any a c t u a l  d e t e c t o r  would no t  have 
r e s p o n s i v i t i e s  which wouldd f a l l  p r e c i s e l y  on 
t h e  cu rve  r e p r e s e n t e d  by t h e s e  e q u a t i o n s  as 
shown i n  f i g u r e  6 ,  t h i s  r e p r e s e n t a t i o n  i s  
q u a l i t a t i v e l y  c o r r e c t  and cons ide red  t o  be 
a d e q u a t e  f o r  t h e  b locke r  f i l t e r  c a l c u l a t i o n s  
d e s c r i b e d  i n  t h i s  a r t ic le .  

BLOCKER FILTER MODEL 

The b l o c k e r  f i l t e r s  are assumed t o  be 
t h r e e  p e r i o d  f i l t e r s  w i th  a t r a n s m i s s i o n  
g i v e n  by 

where 

T y p i c a l  v a l u e s  of a2 and b were de te rmined  by 
f i t t i n g  some e x i s t i n g  f i l t e r  t r a n s m i s s i o n  
s p e c t r a  which were o b t a i n e d  from OCLI  
( O p t i c a l  Coat ing Labora to ry  Inc.)  We found 
t h a t  a 5 cm- l  bandpass  f i l t e r  cou ld  be f i t t e d  
l i k e  e q u a t i o n  2 i f  t h e  v a l u e  of  a2 was 35.7 
and 6 = 184 cm-1. In  t h e  c a l c u l a t i o n s  
d e s c r i b e d  i n  t h i s  a r t i c l e  we assumed t h a t  t h e  
v a l u e  of a2 = 35.7 i s  t y p i c a l  of  what we 
c o u l d  e x p e c t  f o r  a l l  of t h e  f i l t e r s .  The 
e x p r e s s i o n s  of e q u a t i o n  2 would n o t  p rov ide  a 
s u i t a b l e  f i l t e r  w i t h o u t  a d d i t i o n a l  b lock ing .  
These f i l t e r s  would have a minimum 
t r a n s m i s s i o n  a t  6 1 4 .  The a c t u a l  f i l t e r s  w i l l  
have t o  c o n t a i n  a d d i t i o n a l  c o a t i n g s  t o  
s u p p r e s s  a l l  b u t  t h e i r  c e n t r a l  t r a n s m i s s i o n  
peak.  Our c a l c u l a t i o n s  were done by assuming 
t h a t  t h e  f i l t e r s  w i l l  behave as g i v e n  by 
e q u a t i o n  2 f o r  Iv-v0I < 6,/4. Beyond t h e s e  
minima, t h e  b lock ing  i s  assumed t o  be a t  o r  
below c e r t a i n  l e v e l s  which are p r e s c r i b e d  by 
t h e  r equ i r emen t  t h a t  a l l  o u t  of band b lock ing  
l i m i t s  t h e  o u t  of band s i g n a l  t o  some 
p r e s c r i b e d  v a l u e  which i s  de te rmined  by o u r  
c a l c u l a t i o n s .  

We had been s u p p l i e d  wi th  sample s p e c t r a  
o f  narrow bandpass f i l t e r s  made by O C L I  which 
were i l l u s t r a t i v e  of t h e  na r rowes t  FWHM t h a t  
c o u l d  be expec ted  i n  v a r i o u s  s p e c t r a l  
r e g i o n s .  From t h e s e  comparisons i t  seemed as 
though a FWHM of abou t  one h a l f  p e r c e n t  of 
t h e  central  wavelength was abou t  as good as 
c o u l d  be expec ted .  Using t h i s  as a 
g u i d e l i n e ,  we d i d  c a l c u l a t i o n s  u s i n g  FWHM of 
1 5  cm-1 f o r  t h e  HC1 b l o c k e r  # I ,  10 cm-1 f o r  
b l o c k e r s  2 and 3, and 5 cm-1 f o r  a l l  of t h e  
o t h e r  b l o c k e r s .  The a c t u a l  FWHM of  t h e  
i n d i v i d u a l  f i l t e r  d i f f e r s  somewhat from t h e s e  
model c a l c u l a t i o n s  bu t  does  no t  have any 
s i g n i f i c a n t  e f f e c t  on t h e  r e j e c t i o n  
r e q u i r e m e n t s  which we s p e c i f y .  

ETALON MODELS 

S p e c t r a l  r e s o l u t f o n  and scann ing  
c a p a b i l i t i e s  are p rov ided  by f o u r  Fabry-Perot 
e t a l o n s  c o n s i s t i n g  of S i l i c o n  s u b s t r a t e s  w i t h  
r e f l e c t i v e  c o a t i n g s  des igned  f o r  o p e r a t i o n  i n  
s e v e r a l  wavelength bands i n  t h e  3.5 t o  12.9 
o m  r eg ion .  In t h e  r e g i o n  where t h e  
r e f l e c t i v i t y  of t h e  c o a t i n g s  is h igh ,  t h e  
e t a l o n  spectrum c o n s i s t s  of a series of 
narrow t r a n s m i s s i o n  peaks.  The s e p a r a t i o n  of 
t h e  peaks is t h e  f r e e  s p e c t r a l  r ange  (FSR) 
and is g iven  by 

tius = 1/2nd (cm-') ( 3 )  

The FWHM of t h e  t r a n s m i s s i o n  peaks i s  r e l a t e d  
t o  t h e  FSR and t h e  r e f l e c t i v i t y  of t h e  
c o a t i n g s  by 

[\'jF = l j J s  /F ( 4 )  

F = ?$R1/2/(1-R) ( 5 )  

where F i s  t h e  r e f l e c t i v e  f i n e n e s s  g iven  by 

The b a s i c  p r i n c i p l e  of t h e  CLAES 
i n s t r u m e n t  i s  t o  u s e  a Fabry P e r o t  e t a l o n  i n  
c o n j u n c t i o n  w i t h  s u i t a b l e  b lock ing  f i l t e r s  t o  
measure r a d i a n c e  i n  a narrow r e g i o n  L V F .  
S p e c t r a l  s cann ing  is ach ieved  by t i l t i n g  t h e  
e t a l o n s  so as t o  change t h e  a n g l e  of 
i n c i d e n c e  of t h e  c o l l i m a t e d  i n p u t  beam. Th i s  
produces a s h i f t  i n  t h e  wavelength a t  which 
t h e  t r a n s m i s s i o n  peaks occur .  

For h i g h l y  r e f l e c t i v e  c o a t i n g s  t h e  
t r a n s m i s s i i o n  peaks are narrow and t h e  
t r a n s m i s s i o n  spectrum c o n s i s t s  of t h e  Airy 
f u n c t i o n  

where R i s  t h e  r e f l e c t i v i t y  of  t h e  c o a t i n g  
and 

X = (V-V,) / ( 2 )  (FSR) (7 )  

The t r a n s m i s s i o n  between t h e  peaks has  a 
minimum v a l u e  of  

which is  q u i t e  small f o r  h i g h l y  r e f l e c t i v e  
c o a t i n g s .  

264 



In calculating the signal arising from 
the various etalon transmission peaks we have 
multiplied the radiance (in 
watts/cm2-sr-cm-l) by the area of the peak(in 
cm-1). The total area of a given peak 
depends on the reflectivity of the coating. 
Integrating from one minimum through the peak 
to the other minimum(through one free 
spectral range) gives a value related to the 
free spectral range and reflectivity by the 
expression: 

In doing our calculations we used a nominal 
free spectral range of 10 cm-1 and a 
reflective finnesse of 40 corresponding to a 
reflectivity of 92.5%. This yields an area 
of 0.389 cm-1 for the etalon peaks near the 
design wavelength. At other wavelengths 
where the reflectivity of the coatings is 
falling off there will be a corresponding 
increase in the FWHM and area of the peaks. 
The contribution of individual etalon 
transmissioin peaks was calculated by 
approximating the reflectivity of the 
coatings by a step like function. Figure 7 
gives an illustration for one of the etalons. 
Slightly different step like functions were 
used for other etalons. We were guided in 
this choice by knowledge of the reflectivity 
of coatings for several different etalons 
which we had on hand. Outside the bandpass 
of the etalons we assumed that the 
reflectivity dropped to zero. This actually 
overestimates the amount of radiation 
transmitted outside the bandpass of the 
etalon. The Silicon substrates have a 
reflectivity of about 30% which would result 
in a transmission of about 54% based on 
equation 9 .  

METHOD OF CALCULATION 

The basic procedure used to determine 
the blocking requirements is to calculate the 
magnitude of the signal in the main etalon 
peak centered at the center of the blocker 
filter with the signal from other wavelength 
regions and set the blocking requirements so 
that the signal from outside of the etalon 
bandpass is less than one percent of the 
signal from the main etalon peak. LOWTRAN 5 
produces values of the limb radiance RA. 
This radiance is then multiplied by the 
relative response of the detector DX. Within 
the etalon bandpass the signal occuring in 
various etalon transmission peaks is given by 

Signal - RXDXTFAE (10) 

where TF is the blocker filter transmission 
at the particular etalon peak AE is the 
effective area of that etalon peak in cm-l. 
TF is given by equation 2 for values of 
Iw-.dol<6/4 and set equal to some constant 
value for Iv-\jol>ci/4.  his constant value is 
then adjusted for various wavelength 
intervals to insure that the total out of 
band signal meets the rejection requirements. 
AE is given by equation 9. At frequencies 
beyond the minimum in the blocker filter 
where a constant (or series of constant) 
transmission is assumed, the signal for a 
given interval is given by 

where r is the reflectivity of the etalon 
between A 1  and h2. 

An additional point which is not evident 
on looking at figure 5 is the presence of a 
large amount of radiance in the visible and 
near infrared which arises from solar 
scattering by aerosols. This signal must 
also be taken into account in specifying the 
blocking requirements. For wavelengths less 
than 1.4 iim this radiation is rejected by 
choosing Ge as the material for the filter 
substrates. 

The HC1 measurement poses some 
additional difficulties in that the signal is 
quite weak. In this case it is not 
meaningful to spec the blocking to be less 
than one percent of the signal as this is an 
amount which is less than the NER. For this 
particular case the specs have been chosen to 
decrease the out of band signal to less than 
1/4 NER. In order to meet the blocking 
requirements it has also been necessary to 
introduce an additional filter with an 
infrasil substrate which effectively blocks 
all of the radiation at long wavelengths. 

Blocking required at long wavelengths 
can be relaxed considerably due to the 
presence of a refractive re-imager made of 
ZnS and ZnSe. This is effective in blockillg 
radiation beyond about 14.5 Iim except for two 
small regions near 15 and 18.5 ,,m where at 
low temperatures the ZnS has peaks in the 
transmission spectrum which allow for 
considerable transmission and require 
blocking. In some cases the blocking 
requirements can be met by the coating design 
alone. In other cases the blocking can only 
be met by choosing a suitable filter 
substrate to help in the long wavelength 
blocking. 



RESULTS 

In the limited amount of space available 
it is not possible to list all of the 
individual blocking requirements. Table 1 
lists the results for a few of the blocker 
filters and compares the design goals with 
the theoretical design results obtained by 
OCLI. Although the blocking requirements are 
quite severe in some wavelength regions, OCLI 
has been able to meet these requirements in 
their design. The HC1 filter has been built 
and meets specs. Additional filters are in 
the coating stage as of this writing. No 
major drawbacks in the construction of 
additional filters are anticipated at this 
t ime . 
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Fig. 2 Diagram illustrating the isolation 
of a single etalon transmissiion peak 
by the blocker filter. In practice 
the tail of the blocker filter 
tranmits several adjacent etalon 
transmission peaks. 

Fig. 4a Spectral regions covered by the 
etalons and blocking filters. 

Fig. 4b Graphical representation of the 
e talons and blockers and the species 
to be measured in each blocker 
region. 
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TROPICAL ATMOSPHERE 
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Fig .  5 P l o t  of LOWTRAN 5 l imb  r a d i a n c e  
between 3.5 and 12.5 Iim. In  t h e  
c a l c u l a t i o n s  i t  was n e c e s s a r y  t o  
compute t h e  r a d i a n c e  from 1.5 t o  20 
urn. Th i s  g r a p h  is  j u s t  i l l u s t r a t i v e  
of t h e  t y p e  of o u t p u t  o b t a i n a b l e  from 
LOWTRAN 5. 
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F i g .  7 I l l u s t r a t i o n  of t h e  approx ima t ion  of 
t h e  e t a l o n  r e f l e c t i v i t y  VS.  

wave leng th .  The v a r i o u s  s t e p s  
d e p i c t e d  co r re spond  t o  r e f l e c t i v i t i e s  
o f  92 .5%,  85%. 60%. and z e r o  f o r  
wave leng ths  o u t s i d e  t h e  l i m i t s .  

Fig.  6 R e l a t i v e  r e sponse  of t h e  d e t e c t o r s  
V S .  wavelength .  
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12.63 UM FILTER 5.27 UM FILTER 

WAVELENGTH REQUIREMENTS OCLI DESIGN 
WAVELENGTH REQUIREMENTS OCLI DESIGN 

1.40 TO 1.50 
1.50 TO 2.00 
2.00 TO 2.50 
2.50 TO 3.00 
3.00 TO 4.00 
4.00 TO 5.40 
5.40 TO 6.41 
6.41 TO 7.54 
7.54 TO 8.23 
8.23 TO 8.58 
8.58 TO 9.26 
9.26 TO 9.95 
9.95 TO 10.81 
10.81 TO 11.93 

1.0(-3) 
7.0(-5) 
3.0( -4) 
1.0(-3) 
7.0( -3 ) 
5.0 (-4) 
1.0(-3) 
1.5(-5) 
6.0( -6) 
7.5(-4) 
2.5(-5) 
5.0(-6) 
3.5(-5) 
1.2(-6) 

5.89( -9) 
4.13( -8) 
1.70 (-7 ) 
9.31 ( -7 ) 
2.11 ( -7 ) 
5.64 (-7) 
2.42 (-5) 
2.13( -9) 
3.05(-8 ) 
1.93 (-6 ) 
2.72( -8 ) 
1.10(-6) 
7.42 ( -6 ) 
2.56 (-7) 

13.40 TO 14.30 4.5( -6) 2.16 
14.30 TO 14.80 l.O( -4) 9.85 
14.80 TO 15.40 5.0(-6) 1.35 
15.40 TO 1 8 . 0 0  NONE REQUIRED 
18.00 TO 19.00 1.0( -2) 4.59 

11.38 UM FILTER 

WAVELENGTH 

1.40 TO 1.50 
1.50 TO 2.00 
2.00 TO 2.50 
2.50 TO 3.00 
3.00 TO 4.00 
4.00 TO 10.00 
10.0 TO 10.81 

12.00 TO 12.82 
12.82 TO 19.00 

-6 1 
-7) 
-7 1 

-5) 

REQUIREMENTS 

4.20 (-4) 
2.80( -5) 
1 .OO( -4) 
2.50( -4) 
9 . l o (  -4) 
2.00( -7) 
1.20( -5) 

3.6( -6) 
1.0(-6) 

OCLI DESIGN 

1.74(-4 ) 
2.42 ( -6 ) 
1.53 (-7 ) 
7.58(-9) 
4.07( -8) 
9.19 ( -8 ) 
6.11 ( -7 ) 

2.87(-6) 
1.97 (-7) 

1.40 TO 4.75 
4.74 TO 5.04 

5.52 TO 5.88 
5.88 TO 6.25 
6.25 TO 6.67 
6.67 TO 7.52 
7.52 TO 8.10 
8.10 TO 9.39 
9.39 TO 10.01 

1.00(-6) 1.05(-6) 
2.40(-5) 9.51(-6) 

7.995 UM FILTER 

WAVELENGTH REQUIREMENTS OCLI DESIGN 

1.40 TO 1.50 
1.50 TO 2.00 
2.00 TO 2.50 
2.50 TO 3.00 
3.00 TO 4.00 
4.00 TO 5.40 
5.40 TO 5.70 
5.70 TO 6.10 
6.10 TO 7.59 

6.70(-4) 1.83(-6) 
4.80 (-5) 3.05(-6) 
2.20(-4) 1.21(-5) 
7.80(-4) 6.90(-6) 
5.00(-3) 2.77(-5) 
4.00(-5) 3.22(-6) 
2.00(-4) 3.36(-6) 
9.00(-4) 5.38(-9) 
2.00(-5) 1.30(-5) 

8.35 TO 8.69 3.00(-4) 7.86(-6) 
8.69 TO 9.52 1.30(-5) 3.29(-7) 
9.52 TO 19.00 8 . 0 0 ( - 7 )  1.70(-6) 

Table 1. This table gives illustrations of 
the blocking requirements for 
several blocker filters. It also 
lists the design performance which 
has been obtained by OCLI in their 
theoretical design. 
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1. INTRODUCTION 

The past decade has seen considerable advancement in 
the application of the Doppler technique to laser radar 
(lidar). Lidar wind measurement systems have evolved 
from ground-based arrangements to those operated from 
aircraft with fixed pointing systems. More recently an 
Airborne Doppler Lidar System (ADLS) was developed 
which incorporated the flexibility of a scanning system 
(Bilbro p;t d., 1984). The resulting system permitted the 
reconstruction of a two dimensional horizontal wind field 
with a resolution of roughly 300 m. The ADLS was field 
tested in the summer of 1981 aboard the NASA/Ames 
Convair 990, Galileo 11. These flights resulted in extensive 
data sets on atmospheric phenomena such as boundary 
layer flows, gust fronts, and terrain effects. 

The 1981 flight test program confirmed the feasibility 
of the ADLS concept,  bu t  revealed the need f o r  
improvements to increase the capabilities of the system. 
Moreover, analysis of the wind data indicated that some of 
the more serious deficiencies could be overcome with 
modest system revisions. It was found that the data rate 
that information was available from the CV 990 inertial 
navigation unit (INU) was not adequate to ensure that the 
lidar beam pointing was independent of aircraft attitude. 
Accordingly. an INU dedicated to the lidar system was 
mounted directly onto the optical table. In order to use the 
attitude information a new control system was developed 
which allows the scanner to respond more rapidly to the 
roll and pitch of the aircraft and, additionally, provides 
much more flexibility in beam pointing and increased 
system reliability. U p  to I5 different scan angles, chosen 
from any plane within the 20 degree capability of the 
scanner, can be used in each scan pattern. The chosen 
angles will remain fixed in space as long as the aircraft 
roll does not cause the scanner limit to be reached. 
Operations in 1981 and subsequent data analysis showed 
the need for real-time display of data to guide the 
operation of the experiment in progress. A flexible, real- 
time display system was included in the new control 
system, allowing the display (in color) of the line-of-sight 
signal intensity or velocity. With timely information on 
the operation of the system, a response could be made 
either to adjust the system or change the aircraft flight 
track. 

This report describes observations made with the 
revised system during research flights in the summer of 
1984. 

2. SYSTEM DESCRIPTION 

A detailed description of the system that was flown in 
1981 is given by Bilbro et d. (1984). Modifications to the 

system for the 1984 flights have been described above. 
Briefly, an 8 Watt, continuous wave carbon dioxide laser is 
o p e r a t e d  i n  a m a s t e r - o s c i l l a t o r ,  p o w e r - a m p l i f i e r  
configuration at  a wavelength of 10.6 microns. An electro- 
optic modulator forms a train of 330 m long pulses that are 
amplified and expanded to a diameter of 24 cm. The 
pulses then pass through two rotatable germanium wedges 
that allow scanning anywhere within a 20 degree cone 
normal to the aircraft fusilage. Once the pulses enter the 
atmosphere,  they a re  scattered in  all  directions by 
naturally-occurring aerosols in the diameter range of 1 - 10 
microns.  T h e  receiver measures the Doppler-shifted 
radiation scattered back along the axis of illumination. 
The signal processor extracts three spectral parameters 
(Lee and Lee, 1980), as illustrated in Fig. 3 of Bilbro a a. 
(1984). The mean frequency shift is related to the mean 
aerosol line-of-sight velocity, while the intensity is related 
to the backscattered power. The spectral width relates to 
the spread in velocities in the measurement volume. 

The scanner position is controlled so that the scans 
will fall within planes that may be inclined at  angles 
subject to the scanner limits. Within each plane the 
scanner  motion, combined with the aircraf t  motion, 
p r o d u c e s  a n e t w o r k  o f  g r o u n d - r e l a t i v e  v e l o c i t y  
measurements taken from two different viewing angles. 
During post-processing, the resulting vector velocity can 
then be calculated fo r  the plane by solving two 
simultaneous equations obtained from an intersecting fore 
and aft measurement. 

3. DESCRIPTION OF EXPERIMENTS 

Two research flights were performed to measure the 
flow around Mt. Shasta, California, an isolated mountain 
approximately 3 km above the surrounding terrain. The 
f l ight  t racks were long racetrack pat terns  aligned 
generally along the wind direction and were run at  several 
different altitudes. Scan patterns were chosen to give 
forward and aft  look angles in the horizontal plane and in 
planes inclined several  degrees above and below the 
horizon to yield the wind at  aircraft altitude and to 
attempt to see the vertical structure of the wind flow 
pattern. 

Figure 1 shows post-processed, forward scan radial 
velocities, measured at  three elevation angles (-1, -2, and -3 
degrees), from an altitude of 2998 m. The acquisition of a 
meaningful velocity estimate requires the presence of 
sufficient aerosol so that the volume backscatter is above a 
minimum value determined by the system sensitivity. I t  is 
apparent that windward of the mountain the backscatter 
was below the limit of detectability of the ADLS. On the 
leeward side the area of velocity estimates spreads out in a 
“V”-shnped pattern behind the peak, indicating that the 
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Figure 1. Forward scan radial velocities (m s-’)  measured at  -1 (top), -2 (middle), and -3  degrees elevation at 
2998 m altitude. “V”-shaped pattern in velocity field downwind of Mt. Shasta, California indicates that three- 

dimensionality of flow had brought a large amount of backscatterers up from a lower level. 
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three-dimensionality of the flow had brought a large 
amount of aerosols up from a lower level. Wave-like 
velocity variations are present. Also evident are false 
returns in front of the mountain due to a weak, pre-pulse 
tail that produced small negative velocities. 

One research flight was conducted just downstream of 
the Carquenez Strait in the Sacramento River Valley. The 
flight tracks were chosen to be near the top of the 
boundary layer in a direction normal to the flow. Thus 
the extent of the flow divergence would be shown as the 
air spills through the strait from the San Francisco Bay 
area into the Central Valley. Scan patterns were chosen to 
give the wind a t  a i rcraf t  a l t i tude and the vertical  
structure down to the surface. 

Figure 2 shows forward and aft scan radial velocities 
at elevation angle -3 degrees from an altitude of 738 m. 
The lower left and lower right hand corners of the images 
correspond to the beginning and ending times indicated by 
the dots near the bottom of the topographic map (2236 and 
2247 GMT, respectively). The results show the general 
turning of the wind as it diverges upon entering the 
Central Valley. Evidence of the flow can be found (from 
data not shown here) as far east as Sacramento. A region 
of weak out-bound velocities is present in front of the 
Black Hills, as are ground returns from the base of the 
Hills. The collocation of ground hits in the fore and aft 
radial velocity fields is strong evidence that the aircraft 
attitude was being properly taken into account. Scans 
from other elevation angles (not shown) show the speed of 
the flow through the strait to decrease with height. 
Evidence that the flow overrides the Montezuma Hills is 
apparent at shallower elevation angles, as are wave-like 
velocity variations in front of the Black Hills. 

The aircraft made repeated passes by the Carquenez 
Strait; consequently, the lidar scanned toward the east into 
the Central Valley as the aircraft moved into position for 
the next pass. Returns over the valley indicated that 
wave-like velocity variations persisted within an area from 
one pass to the next. Clear-air convection cells are present 
everywhere and can be seen, f rom d i f f e ren t  scan 
elevations. to tilt in response to the vertical wind shear. In 
some areas the cells appear to be aligned with the wind. 

The measurements made during this research flight 
are unique and are of particular interest to air pollution 
meteorologists concerned with the behavior of the flow 
into the Central Valley. 

4. CONCLUSION 

The findings of the 1984 flight experiments with the 
ADLS demonstrated the success of the modifications in 
correcting the major error sources present in the 1981 
flights. The result, along with improved operational 
procedures, has been to yield more accurate wind fields 
and better response to changing weather opportunities. 

The wind measurements described here are being 
analyzed by MSFC personnel and by groups that helped to 
plan the flights. It is expected that the results of these 
analyses will be of meteorological significance in addition 
to their importance in demonstrating the effectiveness of 
the Doppler lidar as a remote sensor. 
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Figure 2. Forward and aft scan radial velocities (m s-I)  at elevation angle -3 degrees at 738 m altitude. Lower 
left and lower right hand corners of images correspond to beginning and ending times indicated by dots near 
bottom of topographic map (2236 and 2247 GMT, respectively). Figure shows behavior of flow as air spills 
through Carquenez Strait from San Francisco Bay area into California Central Valley. Note collocation of 

ground returns from base of Black Hills. 
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use the data from one of these reports to 
illustrate the effect of scattering 
contribution to out of band transmission. 

3.2 Example of scattering effects on OBR 

On figure 3 is shown an experimental 
set up that NOSC personnel used to measure 
out of band transmittance in 3 geometries in 
which the filter subtends 112 cone angles of 
11.2, 43 and 90 degrees as seen by the 
detector. The results obtained in this 
experiment for a sample filter are shown on 
figure 4 .  To first order the out of band 
transmittance scales as the solid angle of 
the detector field of view that is subtended 
by the filter. 

Similar effects are documented in the series 
of reports cited above for a large number of 
filters. Stierwalt and associates postulate 
that these effects are the result of 
scattering within the interference coatings 
due to globular structures that occur within 
the coating. Scanning electromicrograph 
(SEM) photographs of the filters coatings 
taken by NOSC personnel clearly show the 
presence of such globules. The scattering 
degradation of OBR was found to vary by 
orders of magnitude within the set of sample 
filters. NOSC personnel found a positive 
correlation between the number of globules 
present i n  the coating as determined by the 
SEM data and the severity of the scattering 
effect. 

Figure 5 illustrates that the out of band 
scattering contribution to transmittance into 
the acceptance cone of 112 angle THETA12 
through a filter at a focal plane is 
equivalent to the out of band scattering 
contribution to transmittance through a 
filter that subtends a 112 angle THETA12 
detector field of view as illustrated by 
figure 3.  The filters in the CLAES are 
mounted in the former geometry. 

Scattering will not contribute to out of band 
transmittance in the case where the 
acceptance cone 112 angle THETA12 = 0. In 
this case the out of band transmittance may 
be designated by T. For the case THETA12 > 0 
the out of band transmittance may be 
designated by T + Ts where Ts is the 
scattering contribution. 

3.3 Scattering effect for dual wedged 
filters 

Referring back to the dual wedged 
filter configuration shown on figure 2 we 
designate the out of band transmittance of 
filter number 1 into 112 angle THETA12 = 0 by 
T1 and that of filter number 2 into 112 angle 
THETA12 = 0 by T2. To simplify the discussion 
we designate the out of band transmittance of 
filter number 1 into 

112 angle THETA12 > 0 by T1 + TS AND for 
filter number 2 by T2 + Ts. For further 
simplification the scattering contribution 
Ts is assumed to be identical for filters 
number 1 and 2. Neglecting multiple 
scattering effects the transmittance through 
the dual wedged filter configuration is 
approximated by 

T = (Tl+Ts)*(T2+(l+N)*Ts) (3) 

As expected equation ( 3 )  reduces to 
equation (2) in the no scattering limit Ts = 
0. A brief qualitative argument to support 
the form of equation ( 3 )  follows. A 
fraction (namely T1 + Ts) of the incident 
light is transmitted through filter number 1 
into the acceptance cone of light that will 
be focussed onto the detector. A t  initial 
incidence on filter number 2 a fraction 
(namely T2 + Ts) of the remaining light is 
transmitted through filter number 2 into the 
acceptance cone. On each internal 
reflection off filter number 2 an additional 
fraction Ts is scattered into the acceptance 
cone. It is assumed that the light walks 
out the open end of the wedge configuration 
after N internal reflections off filter 
number 2. The value of N is 3 or less for 
the CLAES configuration where the wedge 
angle is Larger than 12 degrees. 

4 .  DESIGN CONSIDERATIONS, CLAES 
APPLICATION 

Usually a filter designer works to 
satisfy a set of blocking specifications in 
the out of band region. For example ,the 
long wavelength wing blocking specifications 
for the CLAES blocker filter centered at 
10.81um are shown on figure 6. The filter 
designer needs to produce design 
transmittances T1 and T2 for filters number 
1 and 2 such that transmittance as given by 
equation ( 3 )  is less than the blocking 
specifications. To conservatively account 
for scattering the designer must use a value 
for Ts that he believes will be somewhat 
larger than what will be characteristic of 
the filter to be built. 

In the case of the CLAES filters it 
was planned to use substrates, coating 
materials and procedures similar to those 
that were used in the building the LIMS 
filters that had band passes shortward of 
13um (namely the HN03, 0 3 ,  H20 and NO2 
filters). To first order one would expect 
that out of band scattering similar to that 
measured by NOSC personnel for these LIMS 
filters would also apply to the CLAES 
filters. Inspection of the LIMS filter out 
of band scattering data that was reported by 
NOSC personnel indicated that Ts - l.E-6 
would be representative of a typical short 
wave (ie., less than 13UM) 
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LIMS like filter if it were to be utilized in 
the CLAES f5 beam. In order to produce a 
conservative design, with high probability of 
achieving the required rejection the ten 
times larger value Ts = l.E-5 was used for 
purposes of designing the CLAES filters. 

Next a procedure to find the 
appropriate values T1 and T2 might go as 
follows. The designer inputs a set of high 
and low index layer thicknesses for the 
coatings on each side of the filter element 
substrate into the design code and the code 
outputs the design transmittance. The 
designer uses this technique for each of the 
elements in the dual wedged filter 
configuration (as shown on figure 2) in order 
to produce designs fo2 T1 and T2. 

Using these design values TI and T2, 
and the value for Ts the designer tests T as 
computed by equation (3) against the the 
blocking specifications. If the 
specifications are not satisfied the designer 
modifies the coating designs, and thereby the 
computed T1 and T2 for the elements number 1 
and 2. The designer tests the revised design 
against equation (3) to see if the blocking 
specifications are satisfied. The process is 
repeated until a design that satisfies spec 
i s  produced. 

The final designs T1 and T2 and the 
transmittance of the wedged system as 
computed by equation ( 3 )  with Ts = l.E-5 are 
compared against the long wave wing blocking 
specifications for the CLAES 10.8lum filter 
on figure 7. 

It is interesting to note that a 
designer could ignore scattering and produce 
a design transmittance via equation (2) 
(namely, T = Tl*T2) for the filter system 
that would appear to satisfy the blocking 
specifications. Since scattering i s  not  
accounted for in such a design the likelyhood 
that blocking specifications would be 
satisfied in practice is left to chance. The 
transmittance computed by equation (3) with 
Ts l.E-5 and by equation (2) which ignores 
scattering are compared against the long wave 
wing blocking specifications for the CLAES 
10.81um filter on figure 8. In the region 
11.38 to 12.9um for example the transmittance 
computed by equation ( 3 )  just barely 
satisfies specifications in the integrated 
sense, but when computed by equation (2) 
which ignores scattering is orders of 
magnitude within specification. The effect 
of including scattering negates what would 
look like several orders of magnitude margin 
to a designer that ignores scattering. 
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Figure 6 LONG WAVE BLOCKING SPECS , 
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VICARIOUS CALIBRATION OF GOES VISSR 
WITH SURFACE OBSERVATIONS OF CLOUD TRANSMITTANCE 

M.V. Paris and C.G. Justus 

Georgia Institute of Technology 
Atlanta, Georgia 

1. INTRODUCTION 

Although satellite sensors are calibrated 
before launch and in some cases can be calibrated 
in orbit, some operational sensors require 
calibration adjustments which can most easily be 
done vicariously using surface measurements and 
inferred radiances at satellite position. We 
have developed a method of vicarious calibration 
of the GOES Visible and Infrared Spin Scan 
Radiometer (VISSR) visible sensor using 
simultaneous satellite and surface observations 
under overcast cloud conditions via a radiative 
transfer model for a cloudy atmosphere. 

The model calculates irradiances at the top 
and bottom of an atmosphere consisting of an 
upper and lower clear layer with a middle cloudy 
layer. Figure 1 is a schematic diagram of the 
form of the model. Clearsky effects include 
abuorption by ozone, water vapor, the unifonnly- 
mixed gases and aerosols; and scattering by air 
molecules and aerosols. Modified Beer's Law 
relationships are used to determine clearsky 
effects. Cloud optical effects are calculated 
using the delta-Eddington method. 

OF AMSPHERE 

DIRECT BEAM 

DIRECT RADIATION UPWARD DIFFUSE 

CWUU LAYER 

DIIISCT RADIATION UPWARD DIFFUSE 

DIFFUSE 

SURFACE REFLECTED \ 
SCATTERED 

RAD I ATION 

SURFACE 

Fig. 1. Schematic diagram of the spectral model. 

The calibration procedure uses simultaneous 
GOES VISSR counts and global surface irradiances. 
The model is used to find a cloud optical depth 
which reproduces the observed surface irradiance. 
The top-of-atmosphere exitance for this cloud 
optical depth is then converted into radiance 
using empirically-derived bidirectional 
reflectance factors (Taylor and Stowe, 1984). 
The resulting directional radiance is compared to 
observed satellite counts to provide a 
calibration of the instrument. 

The surface measurements of irradiance which 
we used were taken at the Georgia Tech Solar 
Energy Meteorology Research and Training Site 
(SEMRTS) during late 1982 and 1983. The 
resulting model upward radiances were compared to 
simultaneous satellite measurements taken over 
the Atlanta area. 

2. MODEL DESCRIPTION 

The model Calculates irradiances in 145 
spectral intervals from 0.29 to 4.0 pm. Clear 
sky transmissivities are calculated by using 
extinction coefficients for each absorber or 
scatterer in each Spectral interval. This gives 
a total transmissivity for direct radiation 
within a clear layer. Reflectance6 are 
determined by assuming that a certain fraction of 
the scattered direct radiation is scattered into 

Diffuse the backward hemisphere. 
transmissivities are calculated by using 
effective air masses which represent an 
integration over the hemisphere. The clear-sky 
part of the model has been described in Justus 
and Paris (1985). 

Transmissivities and reflectivities for 
direct and diffuse radiation are calculated 
separately for the cloud by using two sets of 
boundary conditions to solve the Eddington form 
of the radiative transfer equation. One set of 
boundary conditions assumes direct radiation only 
incident at cloud top; the eecond set assumes no 
direct but an arbitrary diffuse radiation 
incident at cloud top. The delta-Eddington 
method (Joseph et al., 1976) requires three 
parameters, cloud asymmetry factor, single- 
scattering albedo and cloud optical depth. These 
may be found for theoretical clouds by using an 
assumed drop size distribution and perforning Mie 
calculations. We used optical parameters of 
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Newiger and Bahnke (1981), which were found by 
Mie calculations for an nssumed cloud drop size 
distribution. A regression was used to 
interpolate for the spectral intervals in the 
model. 

3. MODEL CALCULATIONS 

The model calculations made use of the 
Georgia Tech SEMRTS Hourly Data Base (HUB). The 
HDB includes measurements of irradiance and 
meteorological conditions at the Georgia Tech 
site as well as certain weather service data from 
the Atlanta airport and other locations. 
Measurements taken at the site include broad-band 
total, diffuse and direct irradiances and long 
wavelength (>630 nm) total and direct 
irradiances. Temperature, dewpoint, barometric: 
pressure and other meteorological measurements 
are also included at the site. The Atlantn 
airport data include cloud type and cloud amount 
in up to four layers. Ozone and precipitable 
water measurements are interpolated from weather 
service measurements taken at sites near Atlanta. 
The visible and infrared satellite counts from 
the VISSR instruments are also merged into the 
HDB. 

The HDB includes most necessary data to run 
the model. Certain assumptions must be made, 
such as aerosol optical depth at 500 nm and the 
distribution of precipitable water within the 
atmosphere; however, these parameters hove a 
relatively small effect on the final results. 
The most important parameter is cloud optical 
depth. This was found by using a regression on 
measured global transmissivity and the cosine of 
the solar zenith angle. Using several months’ 
data, a regression which gave satisfactory 
agreement between model results and measurements 
was found. 

The computer model was modified to access the 
HDB’s, which are stored in a monthly format. 
Certain criteria had to be met for the model to 
perform calculations for a given hour. These 
included the presence of total opaque cloud cover 
in one layer, a percent sunshine of lese than 
one, sun elevation greater than 10 degrees and 
the presence of data for certain meteorological 
parameters. In the 1983 HDB’s, 221 hours met all 
criteria. Of these, 168 also had valid satellite 
visible counts. 

Further comparisons of model exitances based 
on measured irradiances were made to compare 
estimated VISSR-band as well as broad-band 
radiances to observed satellite counts. 

4. RESULTS AND DISCUSSION 

Calculated exitances for the 168 hours with 
satellite visible counts are compared to the raw 
instrument counts in Figure 2. The model values 
have a quadratic relationship, which is the form 
of the satellite instrument calibration. 

Figure 3 is a second comparison between model 
broad-band exitances and counts. Data used in 
this comparison are from a longer period than 
those used in Figure 2. Figure 4 shows VISSR- 
band model exitances compared to instrument 
counts. The larger difference between the 
nominal calibration curve and the best-fit curve 
in Figure 3 is the result of the different 
spectral reflectance8 of the bt-oad-band and 
VISSR-band spectra. 

The rms error about the least squares 
regression line in Figure 4 is 134. The ertor is 
reduced to 11% if the outlving points shown as 
circles are eliminated. 
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Fig. 2. Model broad-band exitances versus VISSR 

visible counts. 
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Fig. 3. Similar to Fig. 2. Solid line is 
nominal satellite calibration curve. 
Dotted line is best-fit regression to 
model datu. 

We used the nominal instrument calibration to 
convert counts to rndiances and scaled for the 
difference between the spectral response of the 
instrument and the model broad-band calculations 
shown in Figure 2. We found the expected linear 
relationship with an rms error of 16.4% of the 
model mean of 137.3 W/m2/sr (Fig. 5). When nine 
outlying points were removed from the data, we 
foued an rms error of 12.5% of the mean of 135.6 
W/m /sr. 

Some error may be introduced into the model 
calculations through the determination of cloud 
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Fig. 4. Model VISSR-band exitances versus 
satellite counts. Solid line is nominal 
calibration and dotted line is 
regression to model data. 
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+ 

Fig. 5. Scaled model exitances versus satellite- 
measured radiances. Satellite radiances 
are p'roduced from the nominal 
calibration of the VISSR instrument. 

optical depth. Although there may be errors in 
setting other optical parameters, cloud optical 
depth is the most significant. In principle it 
would be possible to match measured irradiances 
to any accuracy desired. Having done so, any 
errors in the model should then appear in 
differences between measured and modeled top-of- 
atmosphere radiances. 

two major sources of error in the upward 
irradiances, and thus the radiances, are errors 

The 

in setting the model parameters and errors in the 
conversion between nondirectional irradiances and 
directional radiances. Errors in model 
calculations should be relatively small. Clear- 
sky effects are small compared to the effects of 
the cloud layer; thus the cloud calculations are 
more important. The zenith angles and optical 
depths in the calculations are within the range 
of validity of the Eddington method (Wiscombe and 
Joseph, 1977). Although errors in setting cloud 
optical parameters can produce some errors in the 
upward irradiances, it appears that the major 
source of error is in the conversion to 
radiances. 

The bidirectional reflectance factors are 
empirically derived from satellite measurements 
and are thus averages. However, model 
calculations have indicated that cloud top 
geometry can influence radiances even for the 
same gross cloud optical depth (Wendling, 1977). 
Information in the HDB indicates the presence of 
multiple cloud layers and changing cloud-top 
heights during some of the hours for which model 
calculations were made, despite the official 
reports of only a single layer of cloud at that 
time. The bidirectional reflectance factors 
cannot take cloud-top structure into account for 
individual cases. 

Despite this source of error, the rms error 
of the model-satellite radiances is comparable to 
a comparison between the GOES-2 instrument (an 
eaflier version of the GOES instrument in this 
comparison) and a second satellite (Nimbus-7) 
(Minnis and Harrison, 1984). Their comparison 
between satellite instruments yielded an overall 
11118 error of 14%. 

5. CONCLUSION 

The model we have developed reproduces 
measured surface irradiances and, through the use 
of empirical bidirectional reflectance factors, 
produces upward directional radiances of 
sufficient accuracy for calibration of 
operational satellite sensors. Errors introduced 
by assumptions about cloud optical effects and 
other optical effects appear to be small compared 
to errors from the conversion of nondirectional 
model irradiances into directional radiances. 
Despite these sources of error, the model 
produces results with an error similar to direct 
comparison between instruments on two satellites. 
The spectral resolution of the model also 
provides the opportunity to make comparisons 
between model results and satellite observations 
in the same spectral region, rather than relying 
on broad-band observations and calculations 
alone. 
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COMPARISON OF DIURNAL. CHARACTERISTICS OF STBATOWMULUS CLOUDS OVER 
CALIFORNIA AND SGDTB AMERICA COASTS USING GOES SATPLLITE DATA 

Chi-Fan Shih 
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Department of Atmospheric Science 
Colorado S t a t e  Univers i ty  

F o r t  Col l ins ,  CO 80523 

1. INTRODUCTION 

Although i t  i s  wel l  known t h a t  low 
stratocumulus clouds occur p e r s i s t e n t l y  dur ing  
t h e  summer over the  Eas te rn  P a c i f i c  near  the  
C a l i f o r n i a  (CA) and South America (SA) c o a s t s ,  
l i t t l e  i s  known about t h e i r  d i u r n a l  
c h a r a c t e r i s t i c s .  
Harr i son  (1984) s t u d i e d  broad a r e a  
c h a r a c t e r i s t i c s  of d i u r n a l  v a r i a t i o n .  

Ear ly  work by Minnis and 

To d e s c r i b e  t h e  d i u r n a l  temperature  
v a r i a t i o n s  of these  two c l i m a t o l o g i c a l l y  
important c loud bands, we c o l l e c t e d  hour ly  
GOES-6 d a t a  f o r  48 hours  during August 25-27, 
1985 over two a r e a s  near  CA (115O-l3Oq, 25O- 
40%) and SA (75O-9O"W, 0°-150S) a t  8 km 
( i n f r a r e d )  and 2 km ( v i s i b l e )  r e s o l u t i o n  (F igure  
1 ) .  The r e s u l t s  of the  f i r s t  24 hour d a t a  i s  
p r e s e n t e d  here ,  and a more complete comparison 
based upon more days w i l l  be presented  a t  the 
conference.  

2. ANALYS I s 

Although our d a t a  covered a 15°x150 a r e a  
f o r  both CA and SA cases ,  we decided t o  choose 
2.5Ox2.5' subareas  a s  our  t a r g e t  regions. For 
t h i s  study, f o u r  t a r g e t  reg ions  were chosen 
(Table 1). I n  order  not t o  be confused by upper 
l e v e l  clouds above t h e  s t ra tocumulus,  we 
d isp layed  a l l  hour ly  s a t e l l i t e  images on our 
I n t e r a c t i v e  Research.Imaging System (IRIS) t o  
choose our t a r g e t  reg ions  so t h a t  they were not  
covered by any ex tens ive  co ld  clouds ( i n f r a r e d  
temperature  < 275'K). 
our t a r g e t  reg ions  a r e  covered mainly by t h e  
s t ra tocumulus.  On a few occurrences,  t h i n  h igh  
clouds do e x i s t  i n  our t a r g e t  reg ions  with 
r e l a t i v e l y  warm temperatures  (about 0' t o  -5OC). 
These t h i n  h igh  cloud p i x e l s  were d iscr imina ted  
from o t h e r  low cloud p i x e l s  by checking t h e i r  
i n f r a r e d  temperatures .  I f  t h e i r  i n f r a r e d  
temperatures  a r e  co lder  than the  background 
temperature  by 13OC ( a s  used by Minnis and 
Harr ison,  19841, these p i x e l s  were not  included 
i n  t h e  fol lowing cloud-top temperature  
computation. The background temperatures  were 
obta ined  from compositing t h e  maximum 
temperatures  of GOES-6 images f o r  two weeks. 
These background temperatures  a r e  now r e g u l a r l y  
der ived  a t  CSU under the  I n t e r n a t i o n a l  S a t e l l i t e  
Cloud Climatology P r o j e c t  (ISCCP) ( S c h i f f e r  and 
Rossow, 1983) .  

A s  t h e  r e s u l t s  w i l l  show, 

To compute t h e  r e g i o n a l  mean cloud-top 
temperature ,  we used the s tandard  GOES i n f r a r e d  
- temperature  conversion t a b l e ,  which is :  

I R  Temperature = 330 - (CT/2) f o r  CT < 176 
I R  Temperature = 418 - CT f o r  176 CT < 255 

where I R  = i n f r a r e d ,  (JT - b r i g h t n e s s  count 

With the  conversion t a b l e ,  we obtained t h e  
i n f r a r e d  temperature  of each p i x e l  i n s i d e  a 
t a r g e t  reg ion  without  c o r r e c t i o n  f o r  atmospheric 
e f f e c t s .  The r e g i o n a l  mean cloud-top i n f r a r e d  
temperatures  and s tandard  d e v i a t i o n s  a r e  then 
computed a s  g e n e r a l l y  def ined.  Current  r e s u l t s  
a r e  p l o t t e d  i n  F igure  2. 

3. DISCUSSION 

I n  F i g u r e  2 ,  the  r e g i o n a l  mean cloud-top 
i n f r a r e d  temperatures  over the  C a l i f o r n i a  
c o a s t a l  a r e a  were p l o t e d  a g a i n s t  t h e  Gm time. 
The l o c a l  midnight and noon time a r e  i n d i c a t e d  
on top  of t h e  diagram. The one-day mean cloud- 
top  temperatures  were a l s o  added a s  t h e  
h o r i z o n t a l  l i n e s .  The cloud-top I R  temperature  
c l e a r l y  v a r i e s  d i u r n a l l y  f o r  both t a r g e t  
reg ions .  Compared with June through September 
observa t ions  of cloud-top temperatures  
(Neiburger, d., 1961) and numerical modeling 
s t u d i e s  (Wakefield and Schubert ,  1978), our  
d a i l y  mean cloud-top i n f r a r e d  temperatures  
(9.6OC f o r  CA1 and 11.5OC f o r  CA2) agree  very 
wel l  with t h e i r s  (8-1OoC f o r  Neiburger, &, 
and 10-12OC f o r  Wakefield and Schubert) .  
s t r i k i n g l y ,  i f  we assumed t h a t  co ld  cloud-top 
temperature  corresponds t o  high cloud-top 
a l t i t u d e  and warm cloud-top temperature  
corresponds t o  l o w  cloud-top a l t i t u d e ,  we found 
t h e  d i u r n a l  change of our cloud-top I B  
temperature  i s  i n  phase with the d i u r n a l  change 
of c loud  h e i g h t  of s t ra tocumulus (Schubert, 
1976). However, our c u r r e n t  r e s u l t s  a r e  o n l y  
from one day ' s  data .  To make s u r e  t h a t  our 
c u r r e n t  r e s u l t s  a r e  r e p r e s e n t a t i v e ,  we w i l l  
extend our  r e s e a r c h  f o r  a longer  time per iod .  
With t h i s  i n  mind, i t  i s  i n t e r e a t i n g  t o  see t h a t  
i n  F igure  2b. t h e  d i u r n a l  changes of cloud-top 
temperature over  South America have two warming 
peaks during t h e  24-hour per iod  f o r  bot! SA1 and 
SA2 regions.  Although t h e  maximum temperature  
d i f f e r e n c e  of SAl and SA2 (3.3OC) w i t h i n  t h i s  
day i s  not  a s  l a r g e  a s  t h a t  over C a l i f o r n i a  

More 
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( 3  .S0C),  we can c l e a r l y  note  tho semi-diurnal 
n a t u r e  i n  F i g u r e  2b which sugges ts  a major and a 
minor warning of cloud-top temperatures .  T h i s  
double warming of cloud-top temperature ,  i f  i t  
e x i s t s ,  w i l l  sugges t  a d i f f e r e n t  c h a r a c t e r i s t i c  
of South America s t ra tocumulus from C a l i f o r n i a  
s t ra tocumulus.  It i s  a l s o  i n t e r e s t i n g  t o  note  
f o r  these  two t a r g e t  reg ions  t h e  double warming 
t h a t  happened near  l o c a l  midnight  and noon. 

- ~ ~ -  
125W1122.5W 37.5N1 35.ON CA 1 

CA2 1 3 0 ~ , 1 2 7 . 5 ~  30.0N1 27.5N 

SA1 gow, 0 7 3  O.OSl 2 .5s  

SA2 ww, 87.5~ 7.5s. 10.0s 

4.  SUblblARY 

One day ' s  GOES hour ly  images of 
C a l i f o r n i a  and South America s t ra tocumulus  were 
analyzed t o  compute the  d i u r n a l  v a r i a t i o n s  of 
cloud-top i n f r a r e d  temperatures .  Our 
o b s e r v a t i o n a l  r e s u l t s  agree  wel l  with numerical  
modeling r e s u l t s ,  d e s p i t e  t h a t  no c o r r e c t i o n  f o r  
a tmospheric  e f f e c t s  was a p p l i e d  t o  our cloud-top 
temperaure computation. The over ly ing  d r y  
subs id ing  atmosphere i s  a l i k e l y  reason. It i s  
a l s o  noted i n  our c u r r e n t  r e s u l t s  t h a t  t h e  South 
America s t ra tocumulus has  a double warming 
during 24 hours ,  occur r ing  a t  about  l o c a l  
midnight  t o  l o c a l  noon. F u r t h e r  composite 
s t u d i e s  a r e  underway t o  confirm our c u r r e n t  
f i n d i n g s .  We b e l i e v e  t h a t  b e t t e r  understanding 
of the phenomenology of these  key e x t e n s i v e  
c loud  r e g i o n s  w i l l  a i d  a number of c l imate  
d i a g n o s t i c  and modeling s t u d i e s .  
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Table 1 .  The g e o g r a p h i c a l  l o c a t i o n s  of 4 target 
r egi ons. 

NAME LATITUDE LONGITUDE 

F i g u r e  1. The s t u d y  areas over which t h e  GOES-6 
s a t e l l i t e  d a t a  was c o l l e c t e d  for  4 0  
hours  d u r i n g  August 25-27, 1905. 

a. California 

286 

2e.1 

284 
. ~ + r %  

- 0 2 . 8  % 

282 

281 

280 

F i g u r e  2. 

I 3 5 7 9 1 1 1 3 1 3 l 7 1 9 2 1 2 3 1  
GMT 

The r e g i o n a l  hour ly  mean cloud-top 
i n f r a r e d  t e m p e r a t u r e s  of 4 t a r g e t  
r e g i o n s  v e r s u s  time (CMT). Regions CA1 
and CA2 are p l o t t e d  i n  ( a ) ,  w h i l e  SA1 
and SA2 are d i s p l a y e d  i n  ( b ) .  The local 
midnight  and noon time are marked on t o p  
of both diagrams.  
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5.1 

A METHOD TO DETERMINE SURFACE ALBEDO FROY METEOSAT OBSERVATIONS OVER AFRICA 

E .  Ruprecht and G .  Nacke 

I n s t i t u t  fiir Meereskunde, Univers i t3 t  K i e l  

F. R. Germany 

1 .  INTRODUCTION 

The s u r f a c e  albedo is  a parameter which 

s t r o n g l y  a f f e c t s  t h e  ear th/atmosphere energy 

budget ,  Through i t s  dependency on t h e  vege ta t ion  

i t  r e a c t s  very s e n s i t i v e l y  t o  anthropogenic  ac- 

t i v i t y .  Therefore  i t  s tands  as an important  c l i -  

mate f a c t o r  and i s  needed f o r  d i a g n o s t i c  s t u d i e s  

and c l imate  modelling. I t s  g loba l  d i s t r i b u t i o n  

and i n t e r a n n u a l  v a r i a t i o n s  a r e  hard ly  known and 

can be der ived  only from s a t e l l i t e  observa t ions .  

I n  t h i s  s tudy a method i s  developed t o  c a l c u l a t e  

t h e  s u r f a c e  albedos of Afr ica  wi th  t h e  observa- 

t i o n s  of t h e  geos ta t ionary  s a t e l l i t e  METEOSAT. 

The aim i s  t o  produce albedo maps of  t h e  whole 

Afr ican cont inent  and t o  s tudy  the  seasonal  and 

i n t e r a n n u a l  v a r i a t i o n s  of t h e  albedo of t h e  

southern Sahelzone i n  W-Africa. 

The method needs two s t e p s :  

1 .  determine c l e a r  sky rad iances ,  

2 .  convert  the  c l e a r  sky radiances i n t o  s u r f a c e  

albedos.  

Here only t h e  f i r s t  s t e p  w i l l  be d iscussed  be- 

cause t h i s  i s  the  main t a s k  of t h e  whole s tudy .  

The method w i l l  be demonstrated on t h e  a r e a  of 

0' - 18' E ,  12' - 26' N ,  subdivided i n t o  2' x 2' 

subareas ,  with the  observa t ions  from June 1983. 

2.  DETERMINATION OF CLEAR SKY RADIANCES 

For de te rmina t ion  of t h e  c l e a r  sky radian-  

ces a 2-dimensional his togram i s c o n s t r u c t e d  from 

t h e  two-channel observa t ions  (VIS  and IR) of 

METEOSAT. Then a c l u s t e r  a n a l y s i s  i s  appl ied  t o  

t h e  his togram. The asymmetric GAUSSIAN c l u s t e r -  

a n a l y s i s  developed by Simmer e t  a 1  (1982) i s  

used. It f i t s  t o  each maximum w i t h i n  t h e  h i s t o -  

gram Gaussian d i s t r i b u t i o n  f u n c t i o n s ,  which de- 

f i n e  each c l u s t e r  by t h e  s tandard  d e v i a t i o n  and 

the radiances of t h e  maximum. The l a s t  ones a r e  

c a l l e d  c h a r a c t e r i s t i c  parameters of each c l u s t e r :  

Ri (= R e f l e c t i v i t y ) ,  TB. (= Brightness  Tempera- 

t u r e ) .  The s c a t t e r i n g  of  the  d a t a  around the  

c l u s t e r  c e n t r e  e x i s t s  because of n a t u r a l  v a r i a -  

b i l i t y ,  observa t iona l  e r r o r s  and mixed scenes 

w i t h i n  t h e  f i e l d  o f  view. The c l u s t e r  parameters 

R i ,  TB. a r e  used f o r  t h e  f u r t h e r  s t e p s .  I n  order  

t o  e l i m i n a t e  t h e  c l u s t e r  of cloudy p i x e l s  from 

the  one o f  cloud f r e e  p i x e l s  a minimum technique 

i s  appl ied .  A f t e r  t h e  c l u s t e r  a n a l y s i s  i s  per-  

formed from a l l  histograms of one subarea f o r  a 

whole month, the  warmest c l u s t e r  i s  determined 

f o r  each p i x e l .  The corresponding VIS count 

( f o r  each p i x e l )  y i e l d s  the  minimum p i c t u r e .  

This minimum technique has two advantages com- 

pared t o  o t h e r  methods: f i r s t ,  t h e  c l u s t e r  para- 

meters give an i n t e g r a t e d  va lue  of the  radiances 

which e l i m i n a t e s  small  e r r o r s ;  second, based on 

t h e  warmest c l u s t e r  i t  leads  t o  an e l imina t ion  

of t h e  radiances from cloud shadows and t h i n  

c i r r u s .  

F ig .  1 g ives  t h e  minimum p i c t u r e  a t  noon during 

June 1983 and f o r  comparison an almost cloud f r e e  

VIS  image of t h e  same a r e a  a t  June 5,  1983. The 

minimum p i c t u r e  p o r t r a y s  t h e  dominant s u r f a c e  

f e a t u r e s  of t h i s  a r e a  very w e l l  e .g .  dark rocks 

of t h e  T i b e s t i  ( r i g h t  edge) and Ahaggar (upper 

edge) mountains, l ake  Tshad (lower r i g h t  corner ) .  

The minimum p i c t u r e  provides  the  b a s i c  d a t a  f o r  

the  c l e a r  sky rad iances .  The ques t ion  a r i s e s ,  

however, whether i t  shows r e p r e s e n t a t i v e  va lues  

o r  whether t h e  s c a t t e r  i s  l a r g e .  This  s c a t t e r  i s  

s t u d i e d ,  an example i s  given i n  Fig. 2 .  For one 

of the  c e n t r e  subareas  of  Fig. 1 (4 th  l i n e ,  5 t h  

column) a l l  analysed c l u s t e r s  a r e  shown which 

appear dur ing  June 1983. Those t o  the l e f t  repre-  
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s e n t  c l u s t e r s  of cloudy p i x e l s .  The four  e n c i r -  

c led  groups c h a r a c t e r i z e  the  f o u r  dominant sur -  

face  types of t h i s  subarea from dark rocks (of 

the  A i r  Mountains) t o  b r i g h t  sand. 

, 

Fig.  1 :  S a t e l l i t e  images from t h e  VIS channel 

observat ion of METEOSAT 

below: June 5 ,  1983 S l o t  2 3 ,  1 I 3 O  GMT 

above: Minimum p i c t u r e  June 1983, geo- 

graphica l  a r e a  0' - 18' E ,  12' - 26' N .  

The mean q u a d r a t i c  devia t ion  from the  minimrim 

VIS count is  c a l c u l a t e d  f o r  each region of a 

subarea,  which i s  def ined  by a l l  p i x e l s  with 

t h e  same VIS radiance i n  the  minimum p i c t u r e .  

These devia t ions  correspond t o  the  s i z e s  of 

t h e  e n c i r c l e d  a r e a s  i n  Fig.  2 .  The minimum 

radiances and t h e i r  mean q u a d r a t i c  devia t ions  

a r e  then used t o  c a l c u l a t e  t h e  s u r f a c e  albedo 

and i t s  s c a t t e r .  

20 30 40 50 60 
COUNT < I R >  

Fig. 2: D i s t r i b u t i o n  of a l l  c l u s t e r  parameters  
which a r e  determined from the  subarea 

(4/5) i n  the  c e n t e r  of Fig.  I .  The p o i n t s  

e n c i r c l e d  and numbered (I - IV) represent  

the  dominant s u r f a c e  types a t  the  suhnrea. 

(0 = 1 c l u s t e r ,  A - 2 c l u s t e r s ) .  

3 .  CONCLUSION 

The s tudy has  shown, t h a t  our  c l u s t e r  a l -  

gorithm can be appl ied  f o r  the l o c a l i s a t i o n  of 

d i f f e r e n t  sur face  types.  The minimum p i c t u r e  

based on the  warmest c l u s t e r s  p o r t r a y s  the  domi- 

nant  f e a t u r e s  of  the  s u r f a c e  i n  t h e  southern 

Sahelzone. Now the  method w i l l  be appl ied  t o  

s tudy seasonal  and in te rannual  v a r i a t i o n s  of the  

s u r f a c e  p r o p e r t i e s ,  
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1.0 Introduction 

A n  investigation of the transition 
between spring and summer seasons of the 
surface energy budget in the Gobi desert has 
been carried out by Smith et a1 (1985). The 
previous study was based on a data set ob- 
tained at a desert edge site in Gansu prov- 
ince, P.R.C. The field program was conducted 
during the spring and summer periods of 1984. 
The site coordinate is (38' 52' N; 100' 29' E) 
at an elevation of 1525 meters. The site is  
located approximately 20 km to the south of 
the village of Zhangye which is situated near 
the Hei-He river, one of the many river 
systems which drain the northern Tibet Plateau 
into the arid regions of the southwest flank 
of the Gobi desert in western Gansu province. 
The site is indicated by the pointed finger 
symbol in the Landsat-2 photograph shown in 
Figure 1. The Qilian Shan Range, to the south 
of the vjllage of Zhangye, contains mountain 
peaks ranging between 4500-5500 meters. 

The Gobi desert is a large arid region of 
Northern China, oriented grincipally from east 
to west from llOoE to 1 1 R  E. It is bounded to 
the north by the Mongolian Plateau, to the 
south by the Yellow river drainage system, and 
to the west by Qilian Shan Range of the 
Quinghai-Xizang (Tibet) Plateau. The surface 
geomorphology of the site location is consis- 
tent with conditions all along the desert 
lowlands to the north of the Plateau in Gansu 
province. The surface consists of course sand 
grains and small pebbles with occasional rock 
outcroppings and very sparse scrub vegetation. 

It is important to note that desert-edges 
and semi-desert regions are of principal 
concern to the International Satellite Land 
Surface Climatology Project (see ISLSCP (1983) 
and Rasool and Bolle (1984)). This emphasis 
has arisen from the deteriorating condition in 
the African Sahel and the now chronic problem 
of drought and desertification taking place 
over the Sahara desert's southern boundary - 
see Nicholson (1983). By the same token, 
desertification has occurred in the Gobi 
desert in recent years; Luk (1983) has report- 
ed a steady transformation of the Maomasu 
desert in the Central Gobi between 1953-1976. 

It is useful to determine the degree to 
which the seasonal cycle can be monitored 
remotely as means of estimating how well we 
can expect to monitor interannual changes. 

Thus we have begun to carry out a research 
program in which operationally available 
weather satellite radiance data is used to 
reconstruct various properties of the diurnal 
surface energy budget over sites for which we 
have detailed estimates of the complete 
radiation, heat, and moisture exchange pro- 
cess. In this short paper, we present some of 
our preliminary results concerning the 1984 
summer period for which we have already 
carried out the detailed surface analysis. 
2.0 Preliminary Analysis of the 1985 Gobi 
Summer Period 

The satellite measurements used in the 
preliminary study were collected by the AVHRR 
imaging radiometer flown on the NOAA-7 opera- 
tional polar orbiter. We have used the Global 
Area Coverage (GAC) reduced resolution mea- 
surements which we obtained from the National 
Environmental Satellite and Data Information 
Service (NESDIS) -- see Kidwell (1985) for a 
detailed explanation of GAC data and the 
standard calibration procedures. A brief 
explanation as to why we chose the sun-syn- 
chronous twice-a-day NOAA polar orbiter 
satellite over a geosynchronous platform is in 
order (for this site INSAT provides 24 hour 
coverage). First of all, the 1984 INSAT 
geostationary data, which we have obtained 
under the auspices of the INDO-US Science and 
Technology Exchange Program, consist only of 
twice-a-day images. Furthermore, the Gobi 
site is beyond the limb of the daytime VIS-IR 
pair available in the INDO-US INSAT data 
tapes. Considering these factors, the NOAA-7 
data is preferred f o r  this particular 
investigation. In addition the NOAA-7 AVHRR 
instrument incorporates a near-IR shortwave 
channel (0.725-1.1 pm), a 3.7 micron weak 
window channel (3.55-3.93,Um). as well as the 
split window (10.3-11.3 and 11.5-l2.5pm) and 
the standard visible channel (0.58-0.68pm). 

Since the additional channels are helpful 
in discriminating moisture changes, which is 
important to this particular analysis, we are 
able to perform a variety of calculations that 
are not possible with a standard VIS-IR 
radiometer. This advantage in part outweighs 
the disadvantage of not having continuous 
monitoring of the diurnal cycle, although the 
ideal data set would be based on a Lchannel 
radiometer flown in a geosynchronous config- 
urat ion. 
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In Figure 2 we illustrate the diurnal 
surface energy budget obtained at the Gobi 
site during the July 3-18 summer period. The 
instrumentation and methodology for this 
result is found in Smith et a1 (1985). In our 
present analysis we have extracted AVHRR-GAC 
radiance information in 0.5 x 0.5 degree 
grids, where the lower left hand grid corner 
conforms to the coordinate of the surface 
measurement where we obtained the result in 
Fig. 2. The pixels in these grids are then 
compiled into the following set of parameters: 

T = (CH4 + CH5)/2 
I 

R = CH1 

D45 = (CH4 - CH5)/CH4 
D43 = (CH4 - CH3)/CH4 

D41 = (CH2 - CHl)/((CH2 + CH1)/2) 

where CHI, CH2, CH3, CH4 and CH5 represent 
calibrated unnormalized albedos and equivalent 
black body temperatures. T and R represent 
temperature and reflectance parameters; D45 
and D43 represent differential temperature 
parameters; and D21 represents a differential 
albedo parameter. The bars on the R.H.S. 
expressions in equation 1 indicate that all 
pixels within the 0.5 x 0.5 grid boxes are 
averaged. The averaging procedure improves 
the signal to noise ratio and is intended to 
produce satellite parameters representative of 
conditions around the site in question. 

Results of the preliminary analysis are 
presented in Tables 1-2 and Figures 3-5. In 
Table 1 the daytime-pass satellite parameters 
for days 193-200 (July 11-18) are denoted 
along with daytime maximum values of upward 
flux emission temperature (EBBT?~), surface 
soil temperature (ST). surface air temperature 
(AT), surface mixing ratio (w) and surface 
relative humidity (RH). A representative 
noontime broad-band surface albedo is also 
given (ALBSUR). The latter parameters have 
been derived from the surface monitoring 
station which was located at the Gobi site. 
Table 2 provides the nighttime parameters with 
the exception of R, D21, and ALBSUR which are 
not defined at night. There has been no 
attempt to match the time of the satellite 
pass to the points on the diurnal surface 
curves; the tabulated surface parameters are 
the day-night extremes of the diurnal signals. 

Figure 3 illustrates the correspondence 
between satellite estimated window temperature 
(T) and reflectence (R). and radiative prop- 
erties of the surface (EBBTT and SURALB which 
is denoted by TOT in Fig. 3). Figure 
illustrates the relationship between the soil 
temperature minima and nightime minima of AT 
and EBBTI 
Figures fa-b provide scatter plots of the 
daytime D45 and D43 parameters in conjunction 
with the surface mixing ratio (w) and the 
temperature difference T-EBBTTs - T. Figure 
5c provides a scatter plot of the D21 
parameter and w and R-R - ALBSUR. 

along with T (from the satellite). 

3 . 0  Discussion 

The results shown in Tables 1-2 and 
Figures 3-5 demonstrate various important 
relationships concerning the feasibility of 
retrieving the amplitudes of the diurnal 
surface energy budget processes. The follow- 
ing preliminary conclusions are based on the 
tacit assumption that within a regional scale 
satellite scene (order lOOOkm square) there is 
a surface "tie down" monitoring station 
providing a continuous time series of surface 
energy budget parameters. The properties of 
the larger scale scene are presumed to be rea- 
sonably homogeneous with respect to the 
monitoring site in terms of surface boundary 
conditions (e.g. vegetative index and 
topography). but not necessarily atmospheric 
conditions. 

These initial results demonstrate that: 
For Daytime Conditions 

1) There appears to be good correlation between 
D45 and w and T suggesting that the actual 
radiative emission temperature can be recovered in 
spite of moisture fluctuations. 
2) The D43 parameter is somewhat less 
well-behaved due to contributions from both 
emission and solar backscatter in channel 3, 
3) There appears to be good correlation between 
D21 and w and R suggesting that a representative 
noontime surface albedo can be recovered. The 
directional reflectance properties would have to 
be modeled -- as seen in Fig. 3 the shape of R as 
a function of solar zenith angle is not generally 
sinusoidal. 
4) 
can be obtained by parameterizing with a s i n g l g  
moisture parameter (e.g. w). 

The relationship between surface ST and EBBT? 

For Nighttime Conditions 

1) There is  a nearly constant relationship 
between minimum ST, minimum AT, minimum EBBTT , 
and T at n$ht. The average temperat,& 
interval is 2 C between each parameter ( s e e  Fig. 
4) for a variety of moisture and temperature 
conditions. This suggests that the AVHRR 
nighttime window temperature can be used to 
reconstruct the upwelling infrared radiation flux, 
the surface air temperature and the surface skin 
temperature without resorting to multiple-channel 
information. 
2)  The D45 parameter does not appear to resolve 
moisture fluctuations. 
3) The D43 parameter possibly could be used in a 
binary role to discriminate between wet and dry 
conditions. 
4) The relative humidity parameter may be ade- 
quate for parameterizing the difference in upward/ 
downward emission temperatures (EBBTts - EBBTJ s) 
needed in the calculation of surface net infrared 
flux ( L X S ) .  

The above points will be expanded on in 
conference, This paper i s  concluded by conjectur- 
ing on the issue of how to treat sensible and 
latent heating. It is presupposed that these 
terms cannot be retrieved directly. However, it is 
possible to proceed with a calculation of total 
conductive flux by applying the residual method to 
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parameterized estimates of Q*, and S and then 
incorporate a Bowen ratio derived at the 
monitoring site to the regional scale scene. This 
approach has its shortcomings if there are large 
soil moisture gradients across the regional scale 
scene, however, it would generate a first order 
separation of mean sensible and latent heating if 
the "tie down" coordinate is chosen appropriately. 
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Table 1: navtime Satellite Parameters and Surface Parameter Maxima during July 11-18. 

T(K) R(%) D45(x10) D43 D21 ALBSUR(%) EBBTfs(K) ST(K) AT(K) w(gm/kg) 

193 
194 
195 
196 
197 
198 
199 
200 

298 
301 
299 
308 
311 
301 
310 
304 

29 +10.5 
26 + 9.6 
25 + 6.4 
20 + 1.9 
21 + 3.1 
24 + 2.5 
23 + 4.1 
28 + 6.2 

-5.6 
-5.2 
-4.5 
-2.8 
-2.6 
-3.7 
-2.9 
-4.9 

-7.6 
-7.2 
-2.0 
+0.5 
+0.9 
-0.7 
+0.4 
-8.6 

27 
27 
26 
27 
27 
26 
27 
26 

308 
315 
305 
316 
319 
308 
319 
314 

304 296 8.0 
308 299 7.5 
300 296 5.5 
310 301 4.0 
312 305 4.0 
304 300 5.0 
313 304 4.5 
309 298 8.5 

Table 2: Nighttime Satellite Parameters and Surface Parameter Minima during July 11-18. 

T(K) D45(x10) D43(x10) EBBTPS(K) S T W  AT(K) w(gm/kg) RH(%) 

193 283 +2.0 -2.0 285 289 287 12.0 95 
194 284 -1.8 -1.5 288 291 290 9.5 60 
195 284 +2.2 -2.7 287 290 289 13.0 90 
196 285 -1.7 -18.5 286 291 290 8.0 40 
197 284 +1.9 -15.7 285 291 288 8.5 45 
198 287 +1.4 - 3.9 291 295 293 8.0 37 
199 ( MISSING - MISSING ) 286 291 290 8.5 43 
200 285 +1.6 +1.4 287 292 290 11.0 57 

RH(%) 

40 
30 
30 
15 
12 
18 
14 
35 
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Piwre 1: Depiction ot 'the southwest !l . ink 0 1  Gobi desert in western 
Cnnsu Province, P.R.C. taken from LANDSTAT-2. The image wnn recorded on 
28 June, 1977. at 9 : 5 5  molar time utilirlns VIS-RID chnnnel 5 ( 0 . h - 0 . 7  
pm). The pointing finger symbol indicntes the position of the 
measurement site. To the immediate south of the mennurement s i te  is the 
leading edge of the northern edge of the Tibet  plateau. 
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Figure 2: Diurnal surface energy budget process during the July 3-18 
summer period a t  Gobi desert  s i t e .  The diurnal c y c l e s  of net  radiat ion 
(Q* ) ,  storage ( S ) ,  s e n s i b l e  heat f l u x  (SH),  la tent  heat f l u x  (LH). and 
t o t %  conductive heat f l u x  (TH) are indicated.  
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~ . -  _. _ _  TIM-S ALBEDO/EBBTEM ~ 

T i  me (ju 1 1 an day) 
Figure 3: Time series of upward and downward surface emission 
temperatures (EBB* and EBBTJ ) along with near-infrared (NIR) , visible 
(VIS) and total solzr (TOT) .&face albedo at Gobi site from July 3-18. 
The satellite window temperatures (T) and apectral reflectances (R) for 
the day and night passes during July 11-18 are indicated in conjunction 
with min-max conditions of E B B T T ~  and noontime TOT. 
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Figure 4: The sub-surface soil 
temperature cycles at Gobi site 
during same period as i n  Fig. 3 .  
The nighttime minima of air 
temperature (A). emission 
temperature (EBBTT ) , and satel- 
lite window tempergture (T) 
during July 11-18 are indicated 
i n  conjunction with the night- 
time minima of 2 cm soil 1 1 temperature. 
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Figure 5a-c: a) Scatter plot of daytime D45 with w and T (left); 
b) 
c) 

Scatter plot of daytime D43 with w and 
Scatter plot of daytime D21 with w and 

T (middle); 
R (right). 
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1 .  INTRODUCTION 

Each year s u r f a c e  observa t ions  suggest  t h a t  
l a r g e  q u a n t i t i e s  of d u s t  a r e  t ranspor ted  out  of 
t h e  d e s e r t s  of t h e  world. These d u s t  outbreaks 
can produce environmental hazards ,  e s p e c i a l l y  
along major t r a n s p o r t a t i o n  routes .  Since s u r f a c e  
observa t ions  a r e  genera l ly  sparce ,  i t  is o f t e n  
d i f f i c u l t  t o  l o c a t e  t h e  org in  a s  wel l  a3  t h e  
movement of a d u s t  outbreak . The o p t i c a l  
th ickness  of t h e  d u s t  l a y e r  is an important 
parameter a f f e c t i n g  the t r a n s f e r  of r a d i a n t  
energy i n  t h e  e a r t h ' s  atmosphere. Dus t  o p t i c a l  
depth is generaly observed using a 
sun-photometer (Volz,  1970) and is repor ted  i n  
terms of t u r b i d i t y  ( o p t i c a l  d e p t h  a t  0.5 pm). 
The number of sun-photometer measurements a r e  
extermely l imi ted .  The disadvantage of s u r f a c e  
observat ion h o r i z o n t a l  r e s o l u t i o n  can b e  
overcome w i t h  t h e  a i d  of s a t e l l i t e  da ta .  For 
example, Carlson 1979 and Norton e t  a l . ,  1979 
have incorpor ted  s a t e l l i e t e  measurements i n  t h e  
v i s i b l e  t o  monitor d u s t  outbreaks a3 wel l  a s  t o  
es t imate  d u s t  o p t i c a l  depth. This research  uses 
I R  s a t e l l i t e  measurements t o  t r a c k  a d u s t  
outbreak and t o  der ive  values  of t h e  d u s t  
o p t i c a l  depth. 

2 .  THEORY 

The methodology uses  t h e  r a d i a t i v e  
temperature  d i f f e r e n c e  between 3.7 pm and 1 1  pm 
i n  the  presence of a d u s t  l a y e r .  The s i n g l e  
s c a t t e r i n g  albedo (ao),  volume e x t i n c t i o n  
c o e f f i c i e n t  ( K e  t )  and asymetry parameter ( g )  
were c a l c u l a t e 8  (Tab le  1 )  from Mie theory 
assuming t h e  s i z e  d i s t r i b u t i o n  given by Norton 
e t .  a l .  (1980) and an index of r e f r a c t i o n  of 
Pa t te rson  (1981). These parameters were then 
used i n  a doubling model and t h e  upwelling 
rad iances  were converted t o  br ightness  
temperatures .  The d i f f e r e n c e  between these  
temperatures  ( A  T = - T ) is shown i n  
f i g u r e  1 a3  a func:?d of ' t u r b i d i t y  f o r  a 
s a t e l l i t e  viewing angle  of 8 ' .  Since o p t i c a l  
depth is a func t ion  of wavelength, results a r e  
given a3 a func t ion  of  o p t i c a l  depth a t  A-0.5pm. 
This is t h e  most common wavelength f o r  measuring 
atmospheric d u s t  loading .  The r a t i o  of K e x t  a t  
3.7 and 1 1  um t o  Ke a t  0.5  pm 13 given i n  
Table 1 .  For s implicfEy water vapor absorp t ion  
h a s  been neglec ted ;  due t o  t h e  d r y  atmospheres 
involved t h i s  neglec t  of water vapor absorp t ion  
should not a f f e c t  t h e  conclusions.  To a i d  i n  t h e  
i n t e r p r e t a t i o n  of the  r e s u l t s  d u s t  l a y e r  
r e f l e c t a n c e ,  t ransmi t tance  and emit tance a t  t h e  
two wavelengths a r e  shown i n  f i g u r e  2 .  

TABLE 1 .  S ingle  s c a t t e r i n g  p r o p e r t i e s  of' the 
d u s t  l ayer  a t  3.7 and 1 1  pm. 

1 1  pm 

wO .9069 .4162 

g .6507 .5038 

K E X T A  

-- 3.7 wn -- 

. 77 1.07 
EXTO. 5 

Optical Depth ( A  = 0.5pm ) 

35r 

Optical Depth ( X = 0 . 5 p m )  
Figure 1 .  Radiat ive temperat,ur*e d i f f e r e n c e  
( A  T = T2 - T, ) a3  a func t ion  of t u r b i d i t y  
f o r  a sa 6 l i t e  vlewing angle  of 8' and a s o l a r  
z e n i t h  angle  of 0'. 
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Fiqure l a .  r e p r e s e n t s  t h e  case of a d u s t  
l a y e r  over l y i n g  a d e s e r t  s u r f a c e  w i t h  a s u r f a c e  
temperature  of 315' K ,  t h e  Sol id  l i n e  includes 
s o l a r  r e f l e c t a n c e  ( s o l a r  z e n i t h  angle  of 0 ' )  
while  t h e  dashed does not .  The upwelling 3.7pm 
r a d i a t i o n  is s i g n i f i c a n t l y  augmented by 
r e f l e c t i o n  of s o l a r  energy by t h e  d u s t  l a y e r .  
Even without  the  inc lus ion  of  Solar  r e f l e c t i o n  
t h e  3.7 urn temperature  is s t i l l  l a r g e r  than t h e  
1 1  pm temperature ,  d e s p i t e  r e f l e c t i o n  of t h e  
s u r f a c e  upwelling rad iance  a t  the  d u s t  l ayer  
base. The 3.7 pm emit tance is small  even f o r  
l a r g e  o p t i c a l  depth,  t h u s  t h e  upward rad iance  is 
l a r g e l y  determined by t h e  t ransmi t tance  of t h e  
s u r f a c e  rad iance  and r e f l e c t i o n  of t h e  downward 
s o l a r  component. In  t h e  1 1  pm rad iance ,  t h e  
r e f l e c t a n c e  is always smal l .  Thus f o r  small  d u s t  
o p t i c a l  d e p t h s  t h e  major c o n t r i b u t i o n  is from 
t h e  s u r f a c e  and a s  t h e  d u s t  l a y e r  o p t i c a l  
th ickness  i n c r e a s e s ,  emission by t h e  d u s t  l a y e r  
i t s e l f  becomes important .  The t ransmiss ion  is 
always g r e a t e r  a t  3.7 pm, t h u s  AT i s ,  f o r  t h i s  
case, always p o s i t i v e .  For t h e  case  o f  a s u r f a c e  
invers ion  (e .g .  over t h e  d e s e r t  a t  n i g h t )  one 
may expect  negat ive AT. 

Figure l b  r e p r e s e n t s  t h e  case of a d u s t  layer 
over ly ing  an ocean s u r f a c e  w i t h  a s u r f a c e  
temperature  of  298' K.  The dashed l i n e  excludes 
t h e  s o l a r  component and can be considered the  
n ight t ime case.  Again t h e r e  is a l a r g e  
c o n t r i b u t i o n  from s o l a r  r e f l e c t a n c e .  For t h e  
n i g h t  case t h e  maximum AT = 5', which peaks a t  
T = 1.3.  For o p t i c a l  depths  g r e a t e r  than 1 .3  AT 
decreases  w i t h  increas ing  T.  The 3.7 pm rad iance  
decreases  w i t h  increased T due  t o  t h e  decrease  
i n  t h e  t r a n s m i t t e d  s u r f a c e  rad iance ;  while  the  
1 1  urn rad iance  a l s o  decreases  w i t h  increas ing  T 
t h e  r a t e  of  decrease  changes as t h e  d u s t  l a y e r  
emi t tance  increases .  Th i s  nightime curve 
sugges ts  t h a t  r e t r i e v a l  of d u s t  o p t i c a l  depth 
using these two wavelengths would be l e a s t  
s e n s i t i v e  a t  n i g h t .  Given the  i n d i c e s  of  
r e f r a c t i o n  of d u s t ,  i t  may b e  more appropr ia te  
t o  chose two wavelengths i n  t h e  8-12 pm window 
where t h e r e  a r e  s t i l l  l a r g e  v a r i a t i o n s  i n  
complex index of r e f r a c t i o n .  

3. OBSERVATIONS 

Before inqui r ing  i n t o  t h e  e f f e c t s  on AT of  
a tmospheric  temperature and moisture  p r o f i l e s ,  
t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  d u s t  loading 
and t h e  s u r f a c e  r a d i a t i v e  p r o p e r t i e s ,  i t  is 
i n s t r u c t i v e  t o  compare s a t e l l i t e  measurements 
w i t h  s u r f a c e  observa t ions .  Unfortunately,  
c o i n c i d e n t  s a t e l l i t e  and sun-photometer 
measurements were not a v a i l a b l e  t o  demonstrate 
t h e  method. However s i n c e  v i s i b i l t y  is o f t e n  
r e l a t e d  t o  mass concent ra t ion  f o r  a i r b o r n e  s o i l  
p a r t i c l e s  ( P a t t e r s o n  and G i l l e t e  1977) ,  s u r f a c e  
observa t ions  of  v i s i b i l t y  were compared w i t h  the  
s a t e l l i t e  measurements. Observat ions of t h e  
TIROS-N A V H R R ' s  channel 3 (3.58-3.97 pin) and 
channel 4 (10.53-11.45 urn) were used i n  t h e  
s tudy .  The e q u a t o r i a l  c r o s s i n g  times of t h e  
TIROS-N a r e  0300 (descending)  and 1500 
(ascending)  LT. The d a t a  was mapped by  S m i t h  and 
Graffy (1982) onto a uniform g r i d  w i t h  a 
r e s o l u t i o n  of 15 p o i n t s  per  degree l a t i t u d e  o r  
longi tude .  The  scheme of Laur i t son  e t .  a l .  
(1979) was used t o  convert  raw d i g i t a l  d a t a  t o  
window temperatures .  

*-.-.-.- .-.+--.-- 0 
I I o k  I 2 3 4 

TURBIDITY 

Figure 2. Dust layer  t ransmi t tance  ( s o l i d ) ,  
r e f l e c t a n c e  ( d a s h e d ) ,  and emit tance (dot-dashed) 
a t  wavelengths of 3.7 and 1 1  pm. 

Figure 3 d e p i c t s  a l a r g e  s c a l e  d u s t  outbreak 
observed over t h e  Saudi Arabian Peninsula i n  
l a t e  June 1979. Each s t a t i o n  p l o t  includes 
information on wind speed and d i r e c t i o n ,  
temperature ,  dew poin t  depress ion ,  c loud cover ,  
p r e s e n t  and pas t  weather, v i s i b i l i t y ,  p r e s s u r e  
and 24  hour pressure tendency (WM0,1974). Lines 
of  cons tan t  v i s i b i l i t y  ( i n  km) a r e  analysed a s  
s o l i d  l i n e s .  Regions of low v i s i b i l i t y  a r e  
g e n e r a l l y  a s s o c i a t e d  w i t h  l a r g e  o p t i c a l  depths .  
F igure  3 a l s o  d e p i c t s  t h e  s a t e l l i t e  r a d i a t i v e  
temperature  d i f f e r e n c e s  (dashed l i n e s )  a s  wel l  
a s  t h e  s u r f a c e  observa t ions .  The dus t  outbreak 
reg ion  is cloud f r e e .  Large temperature 
d i f f e r e n c e s  measured by the  s a t e l l i t e  a r e  well 
c o r r e l a t e d  w i t h  reg ions  of low v i s i b i l i t y .  

4 .  SUMMARY 

Using a doubling model t h e  b r i g h t n e s s  
temperature  d i f f e r e n c e  ( A T )  between 3.7 urn and  
1 1  urn r a d i a t i o n  was inves taga ted  a s  a func t ion  
o f  d u s t  o p t i c a l  depth a t  a wavelength of 0 .5  urn. 
The s p e c t r a l  rad iances  a r e  l a r g e s t  during t h e  
day when t h e  AT'S a r e  enhanced by r e f l e c t i o n  of 
inc ident  s o l a r  f l u x .  T h i s  technique would 
t h e r e f o r e  work best during t h e  day, though 
n ight t ime a p p l i c a t i o n  may s t i l l  b e  poss ib le .  

The f e a s i b i l t y  of  t racking  d u s t  ou tbreaks ,  a s  
wel l  a s  i n f e r r i n g  t h e  dus t  layer o p t i c a l  depth ,  
is demonstrated by comparing s a t e l l i t e  
observa t ions  w i t h  s u r f a c e  e s t i m a t e s  of 
v i s i b i l i t y .  
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Figure 3 .  Large s c a l e  d u s t  outbreak observed 
over t h e  Saudi Arabian Peninsula i n  l a t e  June 
1979. Each s t a t i o n  p l o t  inc ludes  information on 
wind speed and d i r e c t i o n ,  temperature ,  dew poin t  
depress ion ,  cloud cover ,  p resent  and pas t  
weather, v i s i b i l i t y ,  p ressure  and 24 hour 
pressure  tendency (WM0,1974). S a t e l l i t e  
r a d i a t i v e  temperature  d i f f e r e n c e s  ( s o l i d  l i n e s )  
a r e  a l s o  shown. 
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E 2 3  1979 , 12 GMT 
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1 .  INTRODUCTION 

The Saharan dus t  f lowing over t h e  A t l a n t i c  
Ocean may have c l i m a t i c  consequences through its 
r a d i a t i v e  i n t e r a c t i o n  w i t h  both s h o r t  and long  
wave r a d i a t i o n .  The s t u d y  by Randall e t  a l .  
(1984) suggested t h a t  Saharan dus t  hea t ing  can 
produce a narrowing and i n t e n s i f i c a t i o n  of 
I n t e r t r o p i c a l  Convergence Zone and a weakening of 
t r a d e  winds. The impact of Saharan d u s t  can be 
eva lua ted  only when its physical  p r o p e r t i e s  a r e  
well known. 

Many i n v e s t i g a t i o n s  have been made 
concerning t h e  physical  p r o p e r t i e s  of Saharan 
d u s t  such as long  range t r a n s p o r t  (Prospero and 
Carlson,  1972; Prospero e t  a l . ,  1981) ,  s i z e  
d i s t r i b u t i o n s  (Schutz and Jaenicke ,  197'41, 
r e f r a c t i v e  index (Volz, 1973; Pa t te rson  e t  a l . ,  
?977;  Carlson and Caverly,  1977) ,  e t c .  Although 
such s t u d i e s  resu l t  i n  a s i g n i f i c a n t  advances i n  
our knowledge of Saharan d u s t ,  there are s t i l l  
many u n c e r t a i n t i e s  i n  i ts  phys ica l  p r o p e r t i e s .  

Due t o  t h e  r e l a t i v e  s i m p l i c i t y  i n  a n a l y s t s  
of s a t e l l i t e  d a t a  and the i r  wide a r e a l  coverage,  
s a t e l l i t e  measurement is an e f f i c i e n t  approach t o  
o b t a i n  s u c h  information.  Researchers have been 
using s a t e l l i t e  images t o  o b t a i n  aerosol  o p t i c a l  
depth (Criggs,  1975; Fraser, 1976; Mekler e t  a l . ,  
1977; Koepke and Quenzel ,  1979). t o  t r a c k  t h e  
a e r o s o l  over t h e  land  and ocean (Carlson,  1979; 
Fraser  e t  a l . ,  1984). and t o  e s t i m a t e  t h e  a e r o s o l  
absorp t ion  (Otterman et  a l . ,  1982; Kaufman and 
Fraser  , 1985) . 

I n  t h i s  r e p o r t ,  t h e  physical  p r o p e r t i e s  of 
Saharan dus t  a r e  obta ined  from AVHRR and VISSR 
images. The techniques of Fraser  (1976) and 
Kaufman and Fraser  (1985) a r e  used t o  d e r i v e  t h e  
a e r o s o l  o p t i c a l  depth,  mass and s i n g l e  s c a t t e r i n g  
albedo. These p r o p e r t i e s  a r e  der ived  f o r  t h e  
reg ion  extending from t h e  west c o a s t  of Africa t o  
t h e  Barbados I s l a n d  f o r  t h e  per iod of June 21-25, 
1984. Sa te l l i t e  measured o p t i c a l  p r o p e r t i e s  a r e  
comparied t o  a i r c r a f t  measurement taken near  t h e  
Barbados I s l a n d  a t  t h e  same per iod.  Remote 
measurement of thermal p r o p e r t i e s  is a l s o  
d iscussed  i n  t h i s  r e p o r t .  

2. OPTICAL DEPTH 

The Saharan dus t  o p t i c a l  depth i s  d e r i v e d  
from s a t e l l i t e  measurements of t h e  rad iance  of 
s u n l i g h t  s c a t t e r e d  from the e a r t h  and i t s  
atmosphere. VISSR radiance  is c a l i b r a t e d  by 
comparing senaor vol tages  w i t h  computed rad iance  
of s u n l i g h t  s c a t t e r e d  from an ocean-atmosphere 
sys t em (Fraser  and Kaufman, 1986). The method of 
d e r i v i n g  o p t i c a l  depth from s a t e l l i t e  measured 
rad iance  is given i n  Fraser  e t  a l .  (1984) .  The 
method r e q u i r e s  a t a b l e  of rad iance  as a func t ion  
of o p t i c a l  depth and view angles .  For t h i s  
purpose, t h e  r a d i a n c e  is computed w i t h  a 
r a d i a t i v e  t r a n s f e r  model of the  ocean-atmosphere 
system (Ahmad and F r a s e r ,  1982). Two d i f f e r e n t  
d u s t  p a r t i c l e  s i z e  d i s t r i b u t i o n s  are used i n  t h e  
computations. Near Barbados I s l a n d  we used  s i z e  
d i s t r i b u t i o n  measured by Talbot  e t  a l .  (1985) f o r  
t h e  per iod of June 21-26, 1984. For t h e  reg ion  
j u s t  off  t h e  west c o a s t  of A f r i c a ,  we employed a 
d e s e r t  d u s t  storm model of WMO (1983) which is 
baaed on t h e  measurements of Schutz  and Jaenicke 
(1974) and Jaenicke  and Schutz (1978). The 
s u r f a c e  is assumed t o  be a rough ocean w i t h  
s u r f a c e  wind speed  of 7 .5  m / s .  Atmospheric gas 
absorp t ion  and Rayleigh s c a t t e r i n g  a r e  a l s o  
considered.  S a t e l l i t e  images f o r  June 6 ,  21, and 
25, 1984 are s e l e c t e d  f o r  t h i s  r e p o r t .  

The aerosol  mass is  r e l a t e d  t o  t h e  o p t i c a l  
th ickness  by computing t h e  r a t i o  of t h e  mass to  
t h e  e x t i n c t i o n  c o e f f i c i e n t ,  using t h e  s i z e  
d i s t r i b u t i o n  measured from a i r c r a f t  and M i e  
theory .  S a t e l l i t e  der ived  a e r o s o l  masses a r e  
compared t o  t h e  a i r c r a f t  measurements i n  Table  
1 .  The t a b l e  shows a f a i r  agreement between t h e  
s a t e l l i t e  and a i r c r a f t  measured a e r o s o l  mass. 

Table 1 :  Comparison of s a t e l l i t e  der ived  and 
a i r c r a  t measured mass of Saharan Dust i n  u n i t s  
of gm . -5 

AVHRR VISSR A i r c r a f t  

6-21 -84 0.31 0.37 0.31 k0.05 
0.27 ---- 0.23iO. 05 6-25-84 

I 

294 



S a t e l l i t e  der ived o p t i c a l  depth 
a t  h = 0.63 pm of Saharan d u s t  j u s t  o f f  t h e  west 
c o a s t  of Afr ica  i s  shown i n  Figure 1 .  The 
o p t i c a l  depths  a r e  genera l ly  between 1 . 0  and 2 .0  
and reach up  t o  2.5. T h i s  amount of Saharan d u s t  
can s i g n i f i c a n t l y  a f f e c t  t h e  energy budget of 
aerosol  layer  (Fouquart e t  a l . ,  1984). The 
Saharan d u s t  o p t i c a l  depth near Barbados I s land  
ranges from 0.1 t o  0.7. 
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Figure 1 V e r t i c a l  aerosol  o p t i c a l  th ickness  
measured a t  X 0.63~m by A V H R R  on 6 June 1984, 
1635GMT. 

The Angstrom exponent a I s  a l s o  der ived 
using t h e  A V H R R  radiances of two channels  (0.63 
and 0.83 pm) (Table 2 ) .  The a value j u s t  off  the  
west c o a s t  is smaller  than near Barbados Island, 
i n d i c a t i n g  a decrease i n  t h e  r e l a t i v e  number of 
l a r g e  p a r t i c l e s  with passage over t h e  A t l a n t i c  
ocean. T h i s  t r e n d  and t h e  values  of a a r e  i n  
very good agreement with Prosper0 e t  a l .  (1976) 
i n  which a i n c r e a s e s  from 0 .3  a t  Senegal t o  0.9 
a t  Miami. The above r e s u l t s  a r e  a l s o  i n  good 
agreemet with o ther  measurements of Saharan dus t  
(Carlson and Caverly,  1977; C e r f ,  1980; Fouquart 
et  a l . ,  1984) .  

Table  2 :  Average Angstrom exponent a der ived 
from A V H R R  d a t a .  

a Location 

6-06-84 0.11 j u s t  off the  west coast  

6-21 -84 0.70 Barbados 
6-21 -84 0.33 Barbados 

of Afr ica  

3. AEROSOL ABSORPTION 

The e f f e c t  of aerosol  on c l imate  depends 
on its absorp t ion  of s u n l i g h t .  The method of 
determinat ion of aerosol  absorp t ion  is descr ibed 
i n  Kaufman and Fraser  (1985) .  The s a t e l l i t e  
der ived s i n g l e  s c a t t e r i n g  albedo is 0.96. We a r e  
not aware of d i r e c t  measurements of aerosol  of 
s i n g l e  s c a t t e r i n g  albedo of Saharan d u s t  by 
c o l l e c t i n g  Samples and measuring a t  l e a s t  two of 
t h e i r  t h r e e  c o e f f i c i e n t s  of absorp t ion ,  
s c a t t e r i n g  and e x t i n c t i o n .  Fouquart e t  a l .  
(1984) ,  however, es t imated  t h e  albedo of s i n g l e  

s c a t t e r i n g  f rom measurements of f l u x  divergence 
of s o l a r  r a d i a t i o n  i n  t h e  Saharan d u s t  l a y e r .  
Their  values  range from 0.92 t o  0.99. Since t h e  
wavelength dependence of t h e  albedo of s i n g l e  
s c a t t e r i n g  i s  not known r e l i a b l y ,  t h e s e  values 
can not be compared e x a c t l y  w i t h  t h e  s a t e l l i t e  
values a t  A = 0.63 U r n .  

4 .  THERMAL PROPERTY 

Since t h e  Saharan d u s t  is apprec iab ly  
co lder  t h a n  t h e  ocean,  because i t  genera l ly  is 
l o c a t e d  above t h e  t r a d e  wind i n v e r s i o n ,  I t s  
thermal e f f e c t  is d i r e c t l y  d e t e c t a b l e  from 
s a t e l l i t e  (e .g .  reduct ion  of br ightness  
temperature by Saharan d u s t ) ,  From A V H R R  images 
used i n  t h i s  r e p o r t ,  up t o  6 degree of br ightness  
temperature  reduct ion  by Saharan d u s t  is de tec ted  
(F igure  2 ) .  One d i s t i n c t i v e  thermal e f f e c t  of 
Saharan d u s t  i s  found i n  the v a r i a t i o n  
of A T ( = T , , - T , , )  w i t h  d u s t  o p t i c a l  depth.  
T , ,  and T , ,  a r e  br ightness  temperatures for  1 1  
and 12pm. Figure 3 shows a r e l a t i o n s h i p  
between AT and o p t i c a l  depth.  AT decreases  w i t h  
increase  of Saharan d u s t  amount. Since t h e  water 
vapor absorbs r a d i a t i o n  more a t  12pm than 
llpm, AT f o r  t h i n  clouds shows the  oppos i te  t r e n d  
given by d u s t .  The t rend  i n  t h i s  f i g u r e ,  
t h e r e f o r e ,  is a good i n d i c a t i o n  of a thermal 
e f f e c t  of Saharan d u 3 t .  Figure 3 sugges ts  t h a t  
Saharan d u s t  absorbs more a t  I l p m  than a t  
12pm and,  with a l a r g e  amount of d u s t ,  T , ,  
becomes l a r g e r  than T ,  , .  Theoi.et i c a l  
c a l c u l a t i o n s  assuming t h e  r e f r a c t i v e  index of 
Volz (1973) give p a r t i a l  agreement with Figure 
3. The r e f r a c t i v e  index f o r  1 1  microti is in 
1.82 - 0.301 and f o r  12pm,m 5 1.77 - 0.161. The 
p a r t i a l  agreement may be d u e  t o  t h e  u n c e r t a i n t i e s  
i n  t h e  r e f r a c t i v e  index and t h e  v e r t i c a l  
d i s t r i b u t i o n  of Sahran d u s t .  
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Figure 3 Temperature d i f f e r e n c e  i n  1 1 ~  and 
12um bands as a func t ion  of aerosol  o p t i c a l  
th ickness  a long a s l a n t  path.  The symbols a r e  
t h e  same as i n  Figure 2. 

5. CONCLUSION 

Phys ica l  p r o p e r t i e s  of Saharan d u s t  a r e  
obta ined  from VISSR and AVHRR images. They are 
der ived over t h e  region off t h e  west c o a s t  of 
Afr ica  and near  Barbados I s l a n d .  Opt ica l  depth 
ranges from 0.3 t o  2.4 off the  west c o a s t  of 
Afr ica  and 0.1 t o  0.7 near  Barbados I s l a n d .  The 
average Angstrom exponent a ranges from 0.11 j u s t  
o f f  the  west c o a s t  of Afr ica  t o  0.33 - 0.70 near 
Barbados I s l a n d .  S a t e l l i t e  der ived  s i n g l e  
s c a t t e r i n g  albedo is 0.96. A thermal e f f e c t  of 
Saharan d u s t  is t o  absorb more a t  1 1  pm than a t  
12pm. 
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5.6 

AEROSOL CRARACTWIZATION WITH DUAL-WAVELENGTH 
RADIANCE MJZASUFEMENTS 

Philip A. Durkee 
Department of Meteorology 
Naval Postgraduate School 

Monterey, CA 93943 

1. INTRODUCTION 
New radiometers on meteorological 

satellites have made it possible to detect 
variations of aerosol particles within the 
atmosphere. Most of the published tech- 
niques use radiance measured in a single 
wavelength band. In this paper, radiance 
values from visible and near-infrared 
wavelength bands are used to provide in- 
formation about particle size distribution 
and composition. 

Single-wavelength measurements of up- 
welling radiance contain information about 
the total aerosol optical depth of the at- 
mosphere. This total optical depth is de- 
termined by the scattering characteristics 
of the aerosol distribution. As size dis- 
tribution and composition of particles 
vary within the atmosphere, scattering ef- 
ficiency, and thus total optical depth 
changes. 

Changes occur not only at a single 
wavelength, but the wavelength dependence 
on scattering is also altered when size 

change in particle size from small to 
large will shift the spectral scattering 
dominance toward longer wavelengths. 
Therefore, if scattering is measured at 
multiple wavelengths, information about 
particle size is included in the upwelling 
radiance. 

Previous studies have shown that sin- 
gle-wavelength radiance measurements are 
related to aerosol optical depth (Griggs 
,1975; Hindman, e-t aJ .,., 1984; and Durkee, 
at.. .aXt-, 1986). This paper discusses the 
potential for deriving aerosol-type infor- 
mation from dual-wavelength radiance mea- 
surements. Both modeled and observed 
aerosol distributions will be examined. 
The aerosol models focus on the expected 
variations due to changes in particle 
type, changes in relative humidity, and 
changes in particle-production thru wind 
speed variation. Observed variations in 
aerosol distributions are presented from 
simultaneous aircraft-measured particle 
characteristics and satellite-detected up- 
welling radiance. 

distribution and composition vary. A 

2. WAVELENGTH-RATIOS 
The upwelling radiance measured at 

the satellite is determined by the scat- 
tering characteristics of the atmosphere. 
These include scattering by molecules and 
particles. The scattering ability of the 
atmosphere is described by the scattering 
optical depth, and may be written as the 
sum of the molecular and aerosol optical 
depths. In this paper, scattering effects 
of molecules have been calculated sepa- 
rately and subtracted from the total radi- 
ance. 

Following the development of Durkee 
(1984), a ratio can be formed with the 
single scattering solution for satellite- 
detected upwelling radiance, L, applied at 
two wavelengths: 

where FO is the incident solar irradiance, 
p is the cosine of the satellite zenith 
angle , wo is the single scattering 
albedo, p ( 0 )  represents the single scat- 
tering phase function, and T A  represents 
the aerosol optical depth. According to 
(1) the wavelength-ratio of satellite-de- 
pendent terms will have high values when 
the aerosol-dependent terms exhibit large 
variation with wavelength. 

The wavelength variation of the right 
side of (l), the aerosol-dependent terms, 
is dominated by the variation of zA. 
Variation of ZA results from changes in 
the particle size distribution. A size 
distribution with more large particles 
will scatter better at longer wavelengths. 
That is, broad size distributions will ex- 
hibit less scattering variation with wave- 
length and narrow distributions will pro- 
duce greater wavelength-variation of scat- 
tering. 

Particle composition determines the 
amount of absorption and therefore the 
value of wo for the distribution. This 
aerosol-dependent term varies mpch more 
slowly with wavelength variation than T A .  

Particle size distribution primarily, 
and particle composition secondarily de- 
termine the value of p(0). At single 
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scattering angles typical of sun-earth- 
satellite geometries, p(0) decreases with 
increasing wavelength. This is due to the 
increase in forward scattering (and de- 
crease in backward scattering) as wave- 
length increases with respect to particle 
size. Although the variation of this pa- 
rameter with wavelength is in the opposite 
sense of ZA variations, its magnitude is 
small. Therefore, the total value of the 
ratio ( 1 )  will be greater than one. 

3. MODEL AEROSOL DISTRIBUTIONS 

2 .J .  Rural. YS. Marina l i a L r a ! u t a ~ r ~  

Figure 1 shows the size distributions 
for the Shettle and F m n  ( 1 9 7 9 )  marine and 
rural aerosol models. The rural model has 
many more small particles than does the 
marine model. This difference produces a 
significantly different spectral variation 
of the scattering properties of the two 
models. Table 1 lists the values of TA 
(using a 1 km thick layer), WO, and p(0) 
from Shettle and Fenn ( 1 9 7 9 )  models of ma- 
rine and rural aerosols. The parameters 

Figure 1. Size distributions from 
Shettle and Fenn ( 1 9 7 9 )  marine and rural 
aerosol models. 

are given at a red-visible ( 0 . 6 3 2 8  mi- 
crons) and near-infrared (0.86 microns) 
wavelength. A l s o  provided in Table 1 are 
the wavelength-ratios (red/near-IR) of T A ,  
W O ,  p(0), and the total for the aerosol- 
dependent terms. The largest individual 
ratio is for T A ,  due to the difference in 
size distributions. The total wavelength- 
ratio of the aerosol-dependent terms is 
almost 50% greater for rural aerosols than 
for marine aerosols. These values show 
that rural particle distributions should 
produce greater values of the satellite- 
dependent ratio according to (1). 

3,2 Wind Speed .Variations 

The particle size distribution is 
shaped by the generation and removal mech- 
anisms acting on it. Breaking waves on a 
wind-roughened sea is an important produc- 
tion mechanism for marine particles. This 
mechanism increases primarily the numbers 
of large particles (radius > 0.5 microns). 
The slope of the marine distribution is, 
therefore altered by variations in wind 
speed. 

To test the effect of this variation 
on the wavelength-ratios in (l), the ma- 
rine distribution (80% RH) of Shettle and 
Fenn ( 1 9 7 9 )  was altered for wind speed 
change according to Lovett ( 1 9 7 8 ) .  The 
resulting size distributions are shown in 
Figure 2. Notice the decrease in negative 
slope with increasing wind speed. The 
wavelength-ratio changes from 1.062 for no 
wind speed variation to 1.014 and 0 . 9 8 8  
for a 5 and 10 m/s wind speed increase. 
This variation is considerably smaller 
than the variations due to particle types 
outlined in Table 1. 

10.': 

l C i a  i 
Figure 2. Size distributions result- 

The ma- ing from changes in wind speed. 
rine aerosol model from Shettle and 
Fenn ( 1 9 7 9 )  is the base distribution and 
is altered according to Lovett ( 1 9 7 8 ) .  
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Table 1. Aerosol-dependent parameters for marine and rural 
models from Shettle and Fenn (1979)  at 0.6328 and 0.8600 mi- 
crons wavelength. Wavelength-ratios (red-visible/near-in- 
frared) of the parameters are also given. 

Marine @ 80% RH 

Wavelength 0.6328 0 . 8 6 0 0  

Z A  0.2142 0.1998 
wo 0.9940 0.9930 
p ( 0 = 1 2 0 ° )  0.0890 0 ,0900 

t~ -ratio 1.072 
wo -ratio 1 . 0 0 1  
p(0)-ratio 0.989 

Total ratio 1.062 

-_- -____-_-_-__-  _-----__-------- 

Rural @ 0% RH 

0.6328 0.8600 

0.1329 0.0854 
0.9415 0.9003 
0.1849 0.1998 

------_--------- _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _  

1 .556 
1.046 
0.925 

1.506 

3.: % . - ~ ~ . l ~ t . i . V - ~ . - - ~ ~ ~ _ ~ . ~ - - _ . _ V , ~ r . B - ~ . ~ ~ . . ~ ~ ~  

Another way to vary the shape and 
composition of the size distribution is by 
varying relative humidity. Figure 3 shows 
marine size distributions at 70, 80, and 
99% RH. Again, the shape of the distribu- 
tions change. Table 2 lists the wave- 
length-ratios for relative humidities of 
70, 80, and 99%. The wavelength-ratios 
decrease with increasing relative humid- 
ity. Note that all of the values are con- 
siderably smaller than the wavelength-ra- 
tio for the rural case described above. 

4 .  OBSERVED AEROSOL DISTRIBUTIONS 
To investigate the relationship be- 

tween wavelength-ratios of satellite-de- 
pendent terms and aerosol-dependent terms, 
a set of near-simultaneous aircraft and 
satellite measurements have been analyzed. 
The data were collected off the coast of 
southern California during the period 20 
September thru 6 October 1982. 

The aircraft measured aerosol parti- 
cle size distributions, collected parti- 
cles for composition analysis, and mea- 
sured state variables such as temperature 
and relative humidity. These sets of mea- 
surements are more fully described in 
Durkee, aL.zil. (1986) .  

ld 

Id 

n 3 

- - - -MARINE 70% RH 
MARINE 00% RH _ - _ _ _  
MARINE @@%AH 

Figure 3. Size distributions result- 
ing from changes in relative humidity. 

Table 2. Aerosol-dependent parameters for marine models 
(70 ,  80, and 99% RH) from Shettle and Fenn (1979)  at 0.6328 
and 0.8600 microns wavelength. Wavelength-ratios (red-visi- 
ble/near-infrared) of the parameters are also given. 

70% RH 80% RH 90% RH 

Wavelength 0.6328 0 . 8 6 0 0  0.6328 0.8600 0.6328 0.8600 

Z A  0.1063 0.0909 0 .2142 0.1998 0.9977 0.9732 
wo 0.9877 0.9846 0.9940 0.9930 0.9986 0.9985 
p(0=120°) 0.1149 0.1059 0 .0891 0.0900 0.0535 0.0668 

z~-ratio 

_ _ _ ^ _ _ _ - _ _ _ _ _ _  ____-_-___-- - -  -_----_-_-_--- _ _ _ _ _ _ _ _ _ _ _ _ _ _  ____-______-_ -  __-_--______-_ 

1.170 1.072 1 .025 
wo -ratio 1.003 1.001 1.000 
p(0)-ratio 1.086 0.989 0.801 

Total ratio 1.275 1 .062 0.821 
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Particle size distribution measure- 
ments were made with an ASSP (Axially 
Scattering Spectrometer Probe). The probe 
measured particle sizes and numbers during 
vertical spirals from 100 to about 1500 
meters above the ocean surface. Aerosol 
optical depth was calculated from the par- 
ticle measurements and at the satellite 
sensor’s mean wavelength weighted by its 
spectral response €unction. Within the 
boundary layer, the index of refraction 
was assumed to follow the Shettle and Fenn 
(1979) marine model. Above the boundary 
layer, particles were assumed to behave as 
a mixture of marine, and rural types. The 
mixture of the particle types was derived 
from the analysis of Hindman, 9 - a .  
(1985). A mixture of 30% marine and 70% 
rural optical properties from Shettle and 
Fenn (1979) best.approximated the measured 
particle properties. 

Satellite data from two systems were 
used in this study. The NOAA-7 AVHRR 
(Advanced Very High Resolution Radiometer) 
and the NIMBUS-7 CZCS (Coastal Zone Color 
Scanner) measured upwelling radiances at 
red-visible and near-infrared wavelengths. 
Table 3 lists the spectral bands of the 
AVHRR and CZCS instruments. 

A distinct change in the vertical 
distribution of aerosols occurred during 
the experiment. During the firat half of 
the experiment, the extinction values 
above the marine boundary layer were 10 

times higher than during the second half 
of the experiment. These high extinction 
values resulted from particles of radius 
less than 1 micron. Sub-micron sized par- 
ticles were found in numbers two orders 
of magnitude higher before 26 September 
than after. Also, the relative humidity 
above the boundary layer was typically 
less than 30%. Therefore, the relatively 
high upper-level extinction during the 
first half of the experiment (prior to 26 
September) was due to higher total numbers 
of small particles (r < 1 micron) and not 
due to particle size increase with rela- 
tive humidity. 

A Precipitating cold front passed 
through the area on 26 September. The 
post-frontal air mass contained very few 
particles and accounts for the absence of 
upper-level particles after the middle of 
the experiment. 

Figure 4 is a time series of the 
wavelength-ratios from the satellite-de- 
pendent and aerosol-dependent terms during 
the 2-week period of the experiment. The 
open squares and circles represent the 
AVHRR and CZCS satellite-dependent ratios. 
The solid triangles represent the aerosol- 
dependent ratios calculated from the air- 
craft measurements. Both the aerosol- and 
satellite-dependent ratios show a decrease 
after the exchange of air masses resulting 
from the frontal passage on 26 September. 
This confirms the variation expected from 
the discussion in section 3.1. 

A 

‘ A  

12 

0 

U 

1. 

A 

0 0 

A 

0 

Figure 4 .  Time series of the wavelength-ratios from the 
satellite-dependent and aerosol-dependent terms during the 2-week 
period of the experiment. The open squares and circles represent the 
AVHRR and CZCS satellite-dependent ratiop. respectively. The solid 
triangles represent the aerosol-dependent ratios calculated from the 
aircraft measurements. 
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Table 3. Spectral intervals of the CZCS and AVHRR 
red-visible and near-infrared channels. 

czcs 
Channel 4 0.66-0.68 micrometers (red-visible) 
Channel 5 0.70-0.80 micrometers (near-infrared) 

AVHRR 
Channel 1 0.58-0.68 micrometers (red-visible) 
Channel 2 0.72-1.10 micrometers (neap-infrared) 

5 - CONCLUSIONS 7. 
This study has shown that typical 

variations of aerosol particle size dis- 
tributions result in significant varia- 
tions in spectral scattering characteris- 
tics. For rural-to-marine variations the 
wavelength variation is significant in the 
red-visible to near-infrared wavelength 
region. Wind-speed and relative humidity 
variations result in smaller wavelength 
variations than aerosol-type variations. 

A set of observations showing dramat- 
ically changing particle distributions 
have been analyzed. As the size distribu- 
tions changed from rural to mostly marine 
in shape, the satellite-dependent and 
aerosol-dependent wavelength-ratios de- 
creased as predicted by the analysis of 
the model distributions. 

Future efforts will document these 
effects around other frontal passages thru 
southern California. Some of these cases 
will be ready for presentation at this 
conference. These techniques are poten- 
tially useful wherever distinct changes in 
the shape of particle size distributions 
occur. Studies of these other regimes are 
also in progress. 
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5.7 

AGLOBAL-SCALEMODELOF AEROSOLBACKSCATTER ATC02WAVELENGTHS 

FOR SATELLITE-BASED LIDAR SENSORS 

David A. Bowdle 

Universities Space Research Association 
Atmospheric Sciences Division 

NASA Marshall Space Flight Center 
Huntsville, Alabama 

I .  INTRODUCTION 

This paper describes the status of a global-scale 
model of background aerosol backscatter cross-sections at  
C 0 2  wavelengths. The modelling work is being performed 
in support of feasibility studies for NASA's prospective 
satellite Doppler Lidar Atmospheric Wind Sounder (LAWS), 
which is intended to provide global-scale wind profiles in 
the troposphere and lower stratosphere (e.g., Huffaker j& 
1984). 

The current goal of the model development effort 
is to describe typical backscatter cross-sections for "clean" 
background conditions in remote areas and in the middle 
and upper  troposphere,  where new global-scale wind 
measurements are especially important. Future versions of 
t h e  m o d e l  w i l l  a l so  d e s c r i b e  t h e  s p a t i a l / t e m p o r a l  
distribution of background conditions. The entire model 
development effort is designed to provide critical inputs to 
the LAWS design as early as possible. 

T h e  m o d e l  e m p h a s i z e s  a e r o s o l  backsca t t e r  
properties at C 0 2  wavelengths, especially 9.1 1 micrometers. 
which is currently the most promising design wavelength for 
LAWS. However, the basic modeling approach described 
below may be used to derive background aerosol optical 
properties at other wavelengths of interest in the C 0 2  
wavelength band or from the ultraviolet to the middle 
infrared. The results of this kind of model can also be 
applied to design studies for any ground-based, airborne or 
spaceborne lidar system which uses atmospheric aerosols as a 
backscatter target for the measurement of some other 
pr imary atmospheric  quant i ty ,  such as trace species 
concentrations with Dlfferential Absorption Lidar (DIAL). 

2. MODEL 

2.1 m&!w 
For lidar systems such as LAWS and DIAL, the 

accuracy of the retrieved primary variable deteriorates 
sharply as the return signal strength approaches a system- 
specific threshold. For signals well below threshold, the 
retrieval is dominated by system noise. For signals well 
above threshold, the retrieval is typically dominated by 
other parameters, such as wind sampling statistics in the 
case of LAWS (Huffaker a d, 1984). 

When the threshold backscatter for a given lidar 
system is comparable to atmospheric background backscatter 
levels, the performance capability of the 
system is obviously in question. Since this condition appears 
to hold for LAWS (Huffaker a & 1984). realistic LAWS 
design studies will require accurate characterization of the 
spatial, temporal, and possibly spectral distribution of 
global aerosol background backscatter values. 

Information is also needed on the frequency of 
occurrence and the general spatial/temporal distribution of 
targets with high backscatter values. For example, high 

backscatter is expected to prevail in the planetary boundary 
layer, continental plumes, water clouds, and volcanic debris 
clouds. However, as the discussion above indicates, the 
enhanced backscatter from these targets is not expected to 
significantly improve wind retrieval accuracy. Thus, details 
of backscatter distributions within these targets, and details 
of the aerosol physiochemical factors which determine the 
spatial, temporal, and spectral variability of backscatter 
values for these targets, are neglected in this model. 

This approach is valid for longer wavelengths, 
including C 0 2  wavelengths, outside of dense water clouds. 
For shorter  Wavelengths, where aerosol scattering and 
absorption losses may be significant even in moderate haze 
layers (e& Prosper0 d, 1983), these details need to be 
considered. 

2.2 Model Strategy 

The research methods required to characterize 
global-scale backscatter values in background conditions 
differ radically from methods which are adequate for 
characterizing high aerosol loading, such as in conventional 
studies of aerosol effects on climate, passive remote sensing, 
and air pollution. Four key elements are involved in this 
novel model development strategy. 

First, background aerosol features and parameters 
are sought which have a small variance on global spatial 
and temporal scales, on the basis of both empirical evidence 
and theoretical considerations. These quantities can then be 
extrapolated beyond the limited spatial/teniporal domains 
of the field programs in which they are identified. By 
contrast, conventional methods generally assume, usually 
implicitly but occasionally explicitly. that no such features 
exist. 

Second, aerosol data bases which have global-scale 
spatial or temporal coverage are sought to quantify the 
background aerosol conditions. Special precautions are 
often necessary to extract the background signature. By 
contrast, conventional methods often extrapolate to the 
global-scale from small data sets, with very limited spatial 
and temporal coverage. Conventional aiiaytical methods 
also utilize statistical methods (such as indiscriminate linear 
averaging) which are heavily biased against background 
aerosol populations. 

Third, suitable aerosol covariates (tracers, or 
surrogates) are sought which are already observable on a 
truly global scale. Data sets are sought to establish the 
d e g r e e  o f  c o r r e l a t i o n  b e t w e e n  a e r o s o l s  a n d  t h e i r  
covariate(s), and also to determine the spatial/temporal 
distribution of the covariate(s). I 

a sound scientific basis for advanced backscatter research to 
fill in key gaps in the data base for the comprehensive 
global background model, In particular, preliminary model 
predictions are used to design an appropriate data base for 
verification of the backgiound aerosol concept.  The  

Fourth, the model concept is being used to develop 
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resulting data base requirements are then used to design a 
complete measurement program, including specification of 
sensor capabilities and sampling requirements. 

concentrates on the first three elements of this model 
development strategy. 

2.3 Model ConceDt 

T h e  m o d e l  f r a m e w o r k  d e s c r i b e d  b e l o w  

This study assumes the existence of a universal 
global background tropospheric airmass, with very low 
concentrat ions of aerosols and water vapor.  Similar 
background conditions were postulated by Junge (1963) and 
studied by numerous workers (e.g., Charlson a A, 1974). 
The background aerosol population is assumed to consist of 
two primary species: a sub-micrometer sulfate component, 
with relatively uniform concentrations, and a somewhat 
m o r e  v a r i a b l e  m i c r o m e t e r - s i z e d  c r u s t a l  component  
(Parrington and Zoller, 1984). The moIecuIar form of the 
sulfate and crustal components and the degree of internal 
mixing between these components are free parameters unless 
the data indicate otherwise. 

In this model, background conditions are assumed 
to be produced by nearly complete removal of moisture and 
aerosols from rising airmasses in large-scale storm systems. 
Airmasses that have been scrubbed in this manner retain 
their pristine condition in the middle and upper troposphere 
until they accumulate new aerosols by sedimentation from 
overlying aerosol layers (e.g., dust plumes) or by direct 
mixing with aerosol-laden air (e.g., from the convective 
boundary layer). The dry removal times for micrometer- 
sized and smaller particles added by  e i the r  of  these 
processes are typically longer than airmass residence times, 
even at  high altitudes in the troposphere (Prosper0 a d, 
1983). Thus, a background air parcel which becomes 
" c o n t a m i n a t e d "  i n  t h i s  w a y  loses  i t s  b a c k g r o u n d  
classification until it is once more scrubbed by precipitation 
or diluted by other background parcels. 

approach essentially involves a Lagrangian (parcel  
following) analytical frame of reference. As Sections 2.4 
and 2.5 show, the Lagrangian reference frame is much more 
powerful for this model application, and also much less 
susceptible to sampling biases, than the more conventional 
Eulerian reference frame, where air parcels are classified on 
the basis of their current position. 

As the  above discussion shows, this airmass 

2.4 &&&! Parameter? 

In the Lagrangian reference frame, typical values 
of background aerosol backscatter cross-sections a t  a given 
altitude are assumed, to first order, to be invariant in space 
and time, and to be statistically distinct from backscatter 
populations which are derived from major aerosol sources. 
Implementation of this assumption reduces the variance in 
tropospheric backscatter for the model data base from six or 
more orders of magnitude to slightly over one order. It 
allows background aerosol measurements at  any location on 
the globe to be incorporated into the model data base. It 
also excludes from the data base occasional episodes of high 
aerosol loading at  sites which are otherwise characterized by 
background aerosol populations. 

Furthermore, typical values of the background 
backscatter mixing ratio (defined here as the backscatter 
cross-section a t  a given al t i tude normalized by the  
atmospheric density at  that altitude) are assumed to be 
invariant (again to first order) throughout the depth of the 
troposphere. The second assumption removes a systematic 
bias of about a factor of three or four between the surface 
and the tropopause.  I t  allows background aerosol 
measurements at  any altitude in the troposphere to be 
incorporated into the model data base. And once again, it 
excludes from the data base episodes of high aerosol loading 
a t  a l t i tudes which a re  generally character ized by 
background conditions. 

2.5 m ! M ~  ili i 

The Lagrangian model reference frame therefore 
provides a sound theoretical basis for ongoing backscatter 
research in support of LAWS. It provides an objective basis 
for screening existing aerosol data sets and for analyzing 
suitable data with standard statistical methods. It provides 
a means of opt imizing new backscatter measurement  
programs and objectively analyzing the resulting data. It 
also provides a rationale for extrapolating to a true global 
scale from aerosol data sets which were obtained at  diverse 
times and locations on smaller spatial and temporal scales. 

The model reference frame also provides a means 
for improved understanding of the global-scale life-cycles 
of atmospheric aerosols. In this reference frame, departures 
f rom a well-mixed background airmass should be 
interpretable in simple physical terms, such as enhanced 
mixing, increased aerosol emissions, and modified removal 
mechanisms. 

3. DATA BASE 

3.1 !&& Selection 

The aerosol data base for the background model 
includes carefully-selected measurements f rom a wide 
variety of sensors and sensor platforms. Included are 
measurements of aerosol backscatter at  C 0 2  wavelengths, 
with ground-based pulsed and airborne continuous wave 
(cw) Doppler lidars; aerosol optical properties at shorter 
wavelengths; aerosol concentrations and size distributions, 
with optical particle counters; and aerosol composition, 
from high volume filter samplers. 

First preference is given to aerosol data sets with 
one or more of the following characteristics: a) data 
obtained with several different kinds of aerosol sensors; b) 
data which span a wide range of wavelengths or particle 
sizes; c) data which represent global scale spatial or 
temporal coverage; or d)  data which involve minimal 
spatial  and  temporal averaging du r ing  da ta  collection, 
processing, and analysis. Where aerosol data with high 
spat ia l  or temporal  resolution a re  considered essential, 
preference is given to data sets with readily accessible raw 
data .  These selection cr i ter ia  a re  relaxed f o r  direct  
backscatter measurements at  C 0 2  wavelengths. since data of 
this kind are relatively rare. 

rements a2 Backs- &leas" 3.2 

The major pulsed lidar data are obtained from the 
complete three-year archive for NOAA's Wave Propagation 
Laboratory (WPL) at Boulder, Colorado (Post, 1984). Also 
included are the complete one-year archive from NASA's 
Marshall  Space Fl ight  Cen te r  (MSFC) a t  Huntsvil le,  
Alabama (Rothermel and Jones, 1985), and published data 
summaries from NASA's Jet Propulsion Laboratory (JPL) at  
Pasadena, California (Menzies gt & 1984). 

The major cw lidar data are obtained from the 
entire three-year archive for the Royal Signals and Radar 
Establishment (RSRE) lidar over the United Kingdom, 
Gibraltar, the eastern and northern Atlantic Ocean, and 
Boulder, Colorado (Foord a, 1983). Also included are 
data sets from the MSFC cw lidar over much of the 
continental United States (Jones gt a, 1984). 

3.3 &mQ!QoticalMeasuremenrs 
Direct m e a s u r e m e n t s  o f  a e r o s o l  s c a t t e r i n g  

extinction at  0.45, 0.55, 0.70, and 0.85 micrometers are 
obtained f rom NOAA's multiwavelength integrat ing 
nephelometer at  the Geophysical Monitoring for Climatic 
Change (GMCC) station on Mauna Loa Observatory (MLO), 
Hawaii (Bodhaine, 1983). The GMCC archive includes over 
eleven years of nephelometer data. A wide variety of 
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support ing information is also available fo r  this s i te  
(Bodhaine, 1983). including other aerosol, air chemistry, and 
meteorological parameters. 

Global measurements of total aerosol extinction at  
1 .O micrometer are obtained from NASA's Stratospheric 
Aerosol and Gas Experiment (SAGE I) and Stratospheric 
Aerosol Measurement (SAM 11) satell i tes (Ken t  and 
McCormick, 1984). These data are obtained by the limb 
occultation technique.  T h e  SAM I1 sensor has been 
operational since 1978; the SAGE I sensor was operational 
from 1979 to 1981. 

Backscatter values a t  C 0 2  wavelengths a re  
determined f r o m  d i r ec t  measurements of  these aerosol 
optical  propert ies  using conversion factors  f rom the 
literature (e&, Kent a A, 1983). 

3.4 ~ic roohvs ica l  Measu rements 

Measurements of aerosol size distributions are 
obtained f rom the Global Atmospheric Measurement 
E x p e r i m e n t  f o r  T r o p o s p h e r i c  A e r o s o l s  a n d  G a s e s  
(GAMETAG) over the central and southern Pacific Ocean 
(Patterson a a, 1980). These measurements were obtained 
in summer 1977 and spring 1978. Backscatter values at  CO2 
wavelengths, as well as aerosol optical properties at other 
wnvelengths. are determined for background GAMETAG 
data using standard Mie scattering computat~uris (Patterson, 
private communication). 

Measurements of sulfate aerosol in the upper 
t roposphere and  lower s t ra tosphere a re  obtained f r o m  
NASA's Global Air Sampling Program (GASP) (Papathakos 
and Briehl, 1981). Measurements of background dust 
concentrations over the central Pacific Ocean are obtained 
from the Sea Air Exchange (SEAREX) surface stations 
(Uematsu a, 1983). In addition, measurements of sulfate 
and crustal aerosol are obtained from the MLO surface 
station (Parrington and Zoller, 1984). 

3.5 !Ed& Ymm Measure menb  

Where possible, airborne measurements of aerosol 
parameters are compared with simultaneous measurements 
of  atmospheric water vapor concentrations from standard 
dew point monitors. If this kind of moisture data is not 
available, comparisons are made with nearby rawinsonde 
soundings. 

3.6 WAnalvsis 

Each datum entry in a given aerosol data set is 
expressed in mixing ratio form. Typical (geometric mean) 
background values of the mixing ratio parameter are then 
determined for that data set, either by a stratification 
when supplementary information is available, or by a 
llOSterlOTl statistical decomposition otherwise. 

Statistical analysis of multiple vertical profiles 
for a given type of aerosol measurement initially employs 
stratification by altitude. Advanced analysis involves 
compositing all of the profile data, in mixing ratio terms, 
into one comprehensive data set. Statistical analysis is then 
performed on this composite data in the same manner as for 
other data subsets. 

Several types of data display techniques are used 
in this phase of the analysis to increase the detectability of 
t h e  b a c k g r o u n d  a e r o s o l  p o p u l a t i o n  u n d e r  v i s u a l  
examination. These techniques include standard time-height 
cross-sections, stacked histogram cross-sections, and diurnal 
vs seasonal or seasonal vs annual cross-sections, depending 
on the spatial and temporal coverage of the data. The 
results of the visual examinations are then used to initialize 
the statistical analyses. 

backscatter measurements at C02  wavelengths are converted 
to C02 backscatter using the methods described in Sections 
3.3-3.5 . A composite background C 0 2  backscatter 

, .  

M o d e l  d a t a  w h i c h  d o  n o t  i n v o l v e  d i r e c t  

population is then developed from all of the data sets in the 
model data base. The composite results are extended over 
the entire globe using the "universal global background" 
assumption, and over the entire troposphere using the "well- 
mixed" assumption. Uncertainty limits are indicated for the 
composite, including the effects of real spatial and temporal 
variations and uncertain conversion factors. This analysis 
terminates the first phase of the global backscatter modeling 
effort. 

4. RESULTS 

4.1 Backscatter Estimates 

Preliminary surveys have already been made on 
most of the aerosol data base for the global backscatter 
model. Detailed analysis has been performed on several 
segments of the data. Preliminary findings are summarized 
below. 

the identification of strong evidence for a universal global 
background aerosol population. Current results indica 
background acks atter values ranging from about 2 x 10- 
to 2 x IO-'' m-' sr-l at C 0 2  wavelengths, regardless of 
location, altitude, season, year. global volcanic activity. and 
method of measurement. 

Typical (geometric mean) background values cover 
a somewhat na rower range, entat've v lues range from 
about 3 x IO-" to 8 x IO-' m-I sr-'. 
decrease slightly with altitude, consistent with the "well- 
mixed background" hypothesis. Typical values generally 
differ by less than a factor of two or three from one data 
set to another. 

However, the uniformity of these background 
estimates does depend critically on the statistical methods 
which are used to extract the estimates. Backscatter 
estimates f rom conventional methods,  which tend to 
indiscriminately determine ar i thmetic  means,  geometric 
means, or medians for an entire data set. are typically 
higher than those determined here by factors of two to ten 
or more. These discrepancies result from the susceptibility 
of the conventional methods to biases in sampling, data 
acquisition, and data processing. 

Background opt ical  properties f o r  atmospheric 
aerosols at shorter wavelengths are somewhat more uniform 
than at C 0 2  wavelengths. Apparently, optical properties at 
the shorter wavelengths are less sensitive to variations in 
trace quantities of micrometer-sized dust in the aerosol 
population. 

4.2 mGses 

The key finding of this study thus far has been 

13 

Typical values 

Several significant uncertainties remain in this 
phase of the modelling effort. For example, the general 
validity of the "well-mixed background" hypothesis needs to 
be rigorously validated with objective statistical tests. The 
estimates of typical background backscatter values need to 
be improved. The causes of small variations in typical 
backscatter values need to be investigated. The degree of 
correlation between aerosol content and moisture content 
needs to be established. The spectral dependence of 
background backscatter values at C 0 2  wavelengths needs to 
be determined. Finally, the molecular composition and 
morphology of background aerosol populations need to be 
established. 

Many of these uncertainties can be evaluated with 
more detailed analysis of the current model data base. The 
necessary analysis is underway, and the results of the 
updated version of the model will be presented. 

More important, ndditional information is needed 
on the frequency of occurrence of background conditions, 
and on the spatial and temporal variability of the frequency 
of occurrence. Other types of aerosol or aerosol surrogate 
data, with true global-scale coverage, will be required to 
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provide this information. This type of study is beyond the 
scope of the initial phase of the modeling effort. 

5. CONCLUSIONS 

Strong evidence has been found for a "universal" 
global background tropospheric aerosol population. Typical 
background backscat er values at w vele gths appear 
to be about 3 x IO-" to 8 x 10-'p2m-B sr-'. Background 
signatures are evident in most aerosol data sets which have 
global-scale coverage in space or time. However, in several 
data sets, particularly those with biased sample populations, 
special precautions are necessary to extract representative 
background aerosol parameters. 

T h e  m o d e l  r e s u l t s  w i l l  h a v e  i m p o r t a n t  
implications for the design of the LAWS system, or any 
other lidar system that uses atmospheric aerosols only as a 
backscatter target for the measurement of some other 
atmospheric quantity. The results can also be used as a 
baseline for studies of changes in natural or anthropogenic 
aerosol emissions. 
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5.8 
THE EFFECT OF LOCAL ADVECTION ON THE INFERENCE OF 

SOIL MOISTURE FROM THERMAL INFRARED RADIANCES 
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and 
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Landover, MD 20785 

1. INTRODUCTION 

In a variety of scientific disciplines 
accurate areal soil moisture information is 
required in order to answer current research 
questions. Many of these questions relate to the 
energy and water balances of snow-free land 
surfaces. The basic link between the hydrological 
cycle and the surface energy budget of land 
surfaces is the moisture content of the soil. As 
such, its measurement is important to the study and 
understanding of many biogeophysical processes 
taking place on the earth's land surfaces. As man 
accelerates his uncontrolled modification of 
surface properties, concern has increased about the 
feedbacks that these modifications may have, both 
short and long term, on weather, climate, water 
supplies, crop production, biochemical cycles, and 
the ecological balance of the biosphere. In this 
context, even broad area-averaged soil moisture 
information could have a large impact on many 
current research problems. 

It is the purpose of this paper to explore, 
for one five-day case study period, the degree to 
which the GOES-VISSR infrared data can be used to 
infer area-averaged soil moisture. In an analysis 
presented by Wetzel g .  (1984; hereafter WAW), 
an extensive set of model runs was used to identify 
the variables which are significant to the soil 
moisture estimation problem. In this study the 
chosen variables are transformed so they may be 
incorporated into a multiple linear regression. 
Then the actual observations, rather than a 
simplified model, are used to determine the 
relationship between soil moisture and GOES-IR 
radiance. 

2. BACKGROUND 

Some of the results of the modelling work 
reported in WAW form the basis for the present 
study. They presented a series of sensitivity 
tests which led to the identification, from among a 
number of GOES-observable signatures in the surface 
temperature wave, of the mid-morning temperature 
change. The tests further showed that the effects 
of wind speed and vegetation cover on the chosen 
parameter are large enough that they must be 
measured, and a correction for their effects must 
be included. The salient conclusion to be drawn 
from the sensitivity tests is that, in the absence 
of factors such as cloud cover, temperature 
advection, and large variations in soil properties 
across a case study site, the mid-morning change in 

skin temperature, AT, is primarily dependent only 
on variations in soil moisture, vegetation, and 
wind speed. Based on a limited set of model runs, 
WAW concluded that low level temperature advection 
could be neglected in some cases, however advection 
has been included in this study. 

WAW found that linear regression provided an 
excellent fit to the data when the natural 
logarithm of the surface geostrophic wind (1nV ) 
and the square of the soil moisture deficit, g 

(1) 

were used as the independent variables. The soil 
moisture variables W and Wfc are the actual and 
field capacity values of bulk available root zone 
soil water content, assuming W-0 at the wilting 
point. The functional form of m indicates that the 
morning temperature change is most sensitive to 
changes in soil moisture when the soil is 
relatively dry. 

m = (1-W/Wfc) 2 

Based on the results presented above, we seek 
a statistical algorithm for estimating soil 
moisture using linear regression between the 
variables A T ,  m, 1nV and some measure of 
vegetation. g 

3. DATA REQUIREMENTS AND SOURCES 

The study area incorporates the eastern two 
thirds of the state of Kansas and an adjacent 
section of Nebraska (Fig. 1). The area has a 
rather uniform flat surface which slopes gently 
downward from west to east. In conjunction with an 
east-west gradient of mean annual precipitation, 
there is a general increase in vegetation density 
(Fig. 1, see below for further discussion) as one 
moves form west to east. The exception to the 
overall longitudinal uniformity of the study area 
is a region of irrigated cropland along the Platte 
river in southern Nebraska 

The period chosen for study is 24-29 July, 
1978. During these s i x  days, skies over the study 
area were mostly clear, and no precipitation was 
observed. However, on 22 and 23 July, a 
significant rainstorm had deposited as much a 138 
mm of precipitation over northern Kansas and 
southeastern Nebraska. At the same time, southern 
Kansas received little or no precipitation, so a 
strong gradient of soil moisture existed across the 
study site. 
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For each of the six days of the case study, 
GOES-VISSR infrared data were obtained at half hour 
intervals from just after sunrise to shortly before 
noon. All infrared images were ground-registered 
to within one pixel (-10 km). Vegetation 
information for the study area shown on Figure 1, 
was obtained from TIROS-N AVHRR data. The data are 
in the form of a normalized difference vegetation 
index (NDVI) which is the ratio of the difference 
to the sum of the reflectances of the 0.55-0.68 m 
visible and 0.725-1.10ym near infrared channe I s.  
The numbers shown on Fig. 1 are arbitrary units 
with smaller values corresponding to greater 
amounts of vegetation. 

In addition to the satellite derived 
parameters described above, a number of in situ 
meteorological measurements are required. These 
are 1) the surface geostrophic wind, 2 )  mid-morning 
shelter temperature, humidity, station pressure and 
wind data, and vertical profiles of temperature and 
humidity, which are used to correct the satellite 
measured skin temperature for atmospheric effects, 
and 3) daily rainfall data, which are used in 
combination with a simple hydrological model (see 
below) to compute ground truth soil moisture. The 
shelter temperature, station pressure, and wind 
data were subjectively analyzed to produce fields 
of potential temperature advection. Potential 
temperature is appropriate because there is a 
significant variation in surface elevation across 
the study area. 

4. DATA PROCESSING AND ANALYSIS 

a). GOES-VISSR Data 

The raw digital infrared images from GOES were 
used to generate morning skin temperature change 
maps. Visible channel images were used as an aid 
to eliminate cloud contaminated regions. 
Subtraction of the appropriate images then produced 
maps of two hour mid-morning temperature change. 
Two such images were produced for each day of the 

study, using the 1330, 1400, 1530, and 1600 GMT 
data. The two images were then averaged to produce 
the final uncorrected surface temperature change 
data set. 

These data were then further processed to 
account for the effects of atmospheric water vapor 
using a radiation flux algorithm for the GOES 
window channel developed by Chesters (1984). The 
absolute calibration between the GOES radiance and 
a reference surface temperature is a matter of some 
uncertainty, as discussed by Chesters (1984). 
However, since our technique requires only 
corrected temperature differentials, a calibration 
is not needed. 

b). Computation of Soil Moisture 

An antecedent precipitation index (API) is 
used, in lieu of actual soil moisture measurements, 
as the verification standard, or "ground truth" in 
this study. For a given day i: 

APIi = Pi - Ri + k(API)i-l. ( 2 )  

The previous day's API is modified by precipitation 
P, runoff R, and a seasonally varying depletion 
coefficient k .  The depletion coefficient is 
specified as a sinusoidal function with a period of 
one year and with maximum and minimum values of 1.0 
and kmin on 15 January and 15 July respectively. 
Runoff is assumed to occur only when API exceeds 
the root zone saturation value Wsat, at which time 
all additional precipitation is assumed to runoff. 
The saturation soil water content is given by 

Wsat = 10mm/(l-kmin) ( 3 )  

Finally, the relationship between API and the 
moisture parameter m, to be used in the linear 
regression (eq. 

(4) 

1) is given by 

m = [ 1.064-1. 33(API/Wsat) l 2  

This assumes that Wfc = 0.8 W and that the 
wilting point occurs at API = 0 . 8 8 ~ ~ ~ ~ .  
c). Objective analysis and regression. 

Fields of all variables (corrected AT, NDVI,  
1nV , m, and advection) were analyzed objectively 
to Bemove small scale "noiset1 and to place all 
variables on a common grid for statistical 
analysis. The objective analysis scheme used is a 
modified Barnes scheme. A grid interval of 0.3 
degrees latitude and longitude was selected for the 
final analysis because it represented a 
satisfactory compromise between reduction of noise 
and retention of detail. 

A two step linear regression procedure vas 
then applied to the gridded data. The two step 
approach is advisable to infer soil moisture from 
the data set since, in the physical 
cause-and-effect relationship, AT is actually the 
predictand. The first step preserves this 
relationship to the maximum extent by regressing 
all variables except m against AT. The result is a 
linear equation for estimated morning temperature 
change AT' based on the wind speed, vegetation, and 
advection at each point. In the second step the 
temperature change residuals (AT - AT') are 
regressed against m producing an equation for the 
estimated soil moisture, m'. 
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5 .  RESULTS AND DISCUSSION 

Before generating the regression equations for 
this case, preliminary experiments were performed 
to establish the optimum value of km (eq.3). In 
these experiments, API was compufed based on a 
number of selected values of kmin. For each value, 
the regression described above was run, neglecting 
advection and using the raw, unsmoothed (i.e. no 
objective analysis) data at each raingauge site. 
Results, presented in Figure 2 show that for this 
case, kmi = 0 . 9 2  produces the highest coefficient 
of determynation between m and the morning 
temperature slope residuals. 

For each of the five days of the case study 
with usuable data ( 2 4 ,  2 5 ,  2 7 ,  2 8 ,  and 29 July 
1978) a quasi-independent statistical test was 
performed. In these tests, the day in question was 
treated as an independent data set. The two step 
regression equation was performed on the remaining 
four days, and the resulting regression 
coefficients were used to estimate m on the 
Independent day. Results of these tests are 
presented in Figs. 3-7. 

On 24 July (Fig. 3), a day on which scattered 
cloud cover somewhat reduced the amount of data, 
MjOr differences between the estimated and 
observed fields occurred over north central Kansas, 
where the estimated soil moisture was too dry, and 
in the southwestern part of the study area where 
the satellite estimate shows a tongue of wet soil, 
which was not observed, extending eastward from 
weat central Kansas. The strong gradient of m 
acroas central and northeastern Kansas was 
estimated to be somewhat weaker than observed. The 
regression indicates that 70% of the variance in m 
is accounted for by the variables used. Advection 
on this day was rather weak, as winds in the study 
area were light or parallel to the isotherms. 

00 
0 7  08 0 9  1 I1 

kmin 

The estimated moisture field on 25 July (Fig. 
4 )  is dominated by an area of dry soil in 
southeastern Kansas. The location of the center of 
driest soil agrees well with the observations but 
the dryness extends too far to the northwest into 
an area that is observed to be quite moist. There 
is also a net underestimate of soil moisture on 
this day which is most evident in north central 
Kansas. This is in an area where strong 
southwesterly winds were blowing warm dry air from 
dry soil over a region of cool wet soil. We feel 
it is likely that the difference is caused by a 
serious underestimate of the local warm advection 
over this sharp soil moisture gradient. Because of 
the coarse resolution of the surface data, the 
potential temperature analysis (Fig. 4e) 
necessarily cannot resolve such sharp local 
gradients. 
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On 27 July (Pig. 5 )  a tongue of moist soil on 
the estimated map extends southward through eastern 
Kansas. The observations do not display this 
feature. This may again be a result of an 
underestimate of the local cold advection as air 
flows across the sharp moisture gradient from wet 
to dry soil. The dry soil is estimated to extend 
somewhat too far northward into north central 
Kansas. The result of this pair of anomalies on 27 
July is that the strong gradient of soil moisture 
across northern Kansas is improperly oriented in 

estimated field. Nevertheless, the value of ?: at 0 . 7 7 ,  ties 28 July for the highest of the 
five case study days. 

Fig 4. Same Fig. 3, 
exc~px  6vh 2 5  J d y ,  1 9 7 8 .  

Fig. 5. Same ab Fig. 3, 
eXCepi 6 V h  2 7  Jdq, 1 9 7 8 .  

The quasi-independent test results for 28 July 
appear on Pig. 6. On this day most of the features 
in the observed API field are estimated well. The 
greatest differences are due to an extension of the 
region of wet soil too far south into western 
Kansas in the estimate, and an underestimate of 
soil moisture in southern Nebraska. A small 
positive bias is probably due to underestimated 
warm and dry advection. 

Only the southern half of the study area W 8 I l  
free of clouds on 29 July. Since this area 
contained only drier soils, there is a very narrow 
range in the data (Pig. 7 ) ,  and it is more 
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difficult to establish a clear relationship. As a 
result, the coefficient of determination is 
somewhat lower on this day. However, the 
quasi-independent estimate does indicate dry soil 
in the region where it is in fact driest. The 
large negative bias is probably caused by a serious 
underestimate of the cold advection immediately 
behind the cold front which was entering the 
northwestern part of the data region. 

Finally, in order to determine the accuracy 
with which a weekly value of soil moisture could be 
determined during a rain-free period, the five 
daily quasi-independent estimates of m were 
averaged at each grid point. These results nre 
compared with the five day mean observed soil 

moisture in Fig. 8. All of the main features of 
the observed field y e  reproduced in the estimated 
map. The value of r rises to 0.85 for the five 
day mean, with an RMS error of lei'%, however there 
is a tendency to overestimate m when the soil is 
wet and underestimate i t  when the soil is dry. The 
largest differences between the two fields exceed 
20% in north central Kansas and in the extreme 
southwestern corner of the study area. In light of 
this, i t  appears that by combining several days of 
infrared data, i t  is possjble to unambiguously 
distinguish at least four categories of soil 
moisture, or to generate a soil moisture index 
which is accurate to within 20 to 25 percent. 

The results presented above are in good 
agreement with results presented by Carlson g .  
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(1984). In the present study the average 
coefficient of determination for all case days is 
0.71, compared to 0.49 for Carlson &. (1984). 
In our study, when advection is not included as 9 
variable in the regression, the average value of r 
deteriorates to 0.57. Thus Carlson's neglect of 
advection may be the major cause of the difference 
between the two studies. 

The relative impact of the individual 
variables is tabulated in Table 1. The most 
surprising result is the lack of importance of wind 
speed. The general dependence of surface 
temperature on wind speed is inherent in the 
surface energy balance equation, so the relative 
lack of importance here must be considered an 
anomaly. We attribute it to the fact that there is 
an insufficient range of wind speed in the five day 
sample used. Nearly all geostrophic winds were 
between 5 and 10 m/sec. the relationship between 
NDVI and AT is strong because it has a physical 
cause and effect basis, whereas one would expect 
little physical link between current soil moisture 
and vegetation cover. On the other hand the 
slightly greater correlation between advection and 
m than between advection and AT can be explained 
physically. The flow of air across the sharp soil 
moisture boundaries in the study area is a 
significant contributor to the local surface 
temperature advection. 

6. Conclusions 

Results show good agreement between estimated 
and observed regional scale soil moisture features. 
It is shown that a depletion coefficient of 0 . 9 2  
produces an API which is best correlated with soil 
moisture as inferred from GOES thermal infrared 
data. When all the individual daily.soi1 moisture 

i , ' , , a '  I .  P ~ r ~ i o l  c o r r e l a t i o n  c o e f f i c i e n t s  
f o r  eacli i n d i v i d u a l  v a r i a b l e  i n  t h e  
m u l t i p l e  l i n e a r  regression u s i n g  AT 
as t h e  dependent v a r i a b l e ,  and i n  t h e  
two s t e p  regression used t o  p r e d i c t  m .  

P r e d i c t  and 

Independent AT m 

v a r i a b l e  

- 
AT -- 0.87 

m 

NDVI 

-- 0.87 

0.72 -0.60 

Advection 0.56 -0.57 

I n  V -0.04 -0.05 
6 

estimates during the case study period are averaged 
at each point and compared to the average observed 
soil moisture, the data correlate at r = 0 .85 .  
This implies that the algorithm is capable of 
distinguishing at least four categories of soil 
moisture. 

The technique described here is tested on a 
single five day case study. Clearly a larger body 
of data from other locations and seasons is 
required before the technique can be applied 
universally. The effects of differing soil types, 
surface albedo, and atmospheric haze and aerosols 
also have not been considered. Other problems 
which may have significant impact on this study 
include the use of vegetation data from a year 
other than the study year, the use of API as the 
soil moisture "ground truth" data set, and the fact 
that there was not a wide range of observed surface 
geostrophic winds during the study period. It is 
expected that planned additional case studies will 
help to clarify the importance of these problems. 
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5.9 

SOIL MOISTURE ESTIMATES FROM SATELLITE INFRARED TEMPEKATUKES 
AND T H E I R  RELATION TO SURFACE MEASUREMENTS 

Toby N. Ca r l son  

The Pennsy lvan ia  S t a t e  U n i v e r s i t y  
U n i v e r s i t y  Park ,  PA 16802 

1. INTRODUCTION 

S p a t i a l  and tempora l  v a r i a t i o n s  i n  s o i l  m o i s t u r e  are r e f l e c t e d  by v a r i a t i o n s  i n  t h e  s u r f a c e  
t empera tu re .  Exac t  measurements of t h e  s o i l  mo i s tu re  u s i n g  remote measurements of thermal  i n f r a r e d  
t e m p e r a t u r e s  of t h e  s u r f a c e  are p o s s i b l e ,  i n  t h e o r y ,  bu t  ve ry  d i f f i c u l t  t o  make i n  p r a c t i c e  because  of 
t h e  enormous complex i ty  of t h e  ground s u r f a c e ,  e s p e c i a l l y  i n  t h e  p re sence  of v e g e t a t i o n .  Our approach  
i s  t o  i n v e r t  a t ime-dependent,  i n i t i a l - v a l u e d ,  one-d imens iona l  boundary l a y e r  model i n  c o n j u n c t i o n  w i t h  
measured s u r f a c e  t e m p e r a t u r e s  t o  o b t a i n  t h e  s u r f a c e  energy  b a l a n c e ,  a s o i l  m o i s t u r e  pa rame te r ,  c a l l e d  
t h e  moi s tu re  a v a i l a b i l i t y ,  and t h e  the rma l  i n e r t i a .  For  t h e  t h e o r y  behind t h e  model, t h e  r e a d e r  is  
r e f e r r e d  t o  pape r s  by Car l son  and Boland (1978) and Car l son  et  a l .  (1981; h e n c e f o r t h  r e f e r r e d  t o  a s  
CM). S i m i l a r  models have been used t o  o b t a i n  s o i l  m o i s t u r e  v a l u e s  from s a t e l l i t e  i n f r a r e d  measurements 
by Wetzel et  a l .  (1984)  and P r i c e  (1982) i n  t h e  Uni ted  S t a t e s  and by Tacouet e t  a l .  (1986a ,b ;  hence- 
f o r t h  r e f e r r e d  t o  as OT) and Abde l l aou i  et a l .  (1985) i n  F rance  and by Nieuwenhuis et  a l .  (1985)  i n  
Hol land .  Recen t ly ,  modelers  have begun t o  t reat  v e g e t a t e d  s u r f a c e s  by i n c l u d i n g  pa rame te r s  t h a t  govern  
t h e  f l u x e s  between t h e  s o i l / p l a n t / a t m o s p h e r e  system. The v e g e t a t i o n  component i n  ho th  t h e  CM and OT 
are n e a r l y  i d e n t i c a l ,  be ing  based on an  ear l ier  v e r s i o n  by Deardorf f  (19781, bu t  s i m p l i f i e d  and 
s t r e a m l i n e d  by Bernard e t  a l .  (1986) u s i n g  d a t a  € o r  sorghum. 

The purpose  of t h i s  paper  is t o  r e p o r t  somc of t h e  r e c e n t  r e s u l t s  showing agreement between 
m o i s t u r e  v a l u e s  c a l c u l a t e d  w i t h  t h e  model u s i n g  s a t e l l i t e  i n f r a r e d  t e m p e r a t u r e s  as i n p u t  and ground- 
based  measurements of r e l a t e d  pa rame te r s .  

2. RESULTS 

2.1  Soil Mois tu re  Versus  Antecedent  P r e c i p i t a t i o n  as Measured by GOES 

Twenty days  of s a t e l l i t e  images were ana lyzed  f o r  a p e r i o d  d u r i n g  t h e  summers of 1978 and 1980 
o v e r  Kansas. The r e g i o n  and d a t e s  were chosen because  of t h e  ex t reme drought  c o n d i t i o n s  t h a t  were 
a f f e c t i n g  a wide r eg ion  of t h e  midwest e x t e n d i n g  from Kansas t o  Texas.  We reasoned  t h a t  i f  t h e  i n f r a -  
r ed  method was  v i a b l e  i t  shou ld  prove so under c o n d i t i o n s  of g r e a t  h o r i z o n t a l  v a r i a t i o n  i n  s o i l  mois- 
t u r e  and r a i n f a l l .  Accord ing ly ,  t h e  pa rame te r  c a l l e d  m o i s t u r e  a v a i l a b i l i t y  (M) was de t e rmined  over  a 
r e g i o n  a few hundred k i l o m e t e r s  on a s i d e  u s i n g  GOES dayt ime and n i g h t t i m e  i n f r a r e d  t empera tu re  
measurements ( C a r l s o n  et a l . ,  1984).  The v e g e t a t i o n  model was not  used f o r  t h i s  s tudy .  

Mois tu re  a v a i l a b i l i t y  i s  d e f i n e d  as t h e  r a t i o  of e v a p o r a t i o n  t o  p o t e n t i a l  e v a p o r a t i o n  and is  
a l s o  e q u a l  i n  t h e  model t o  t h e  r a t i o  of s o i l  water c o n t e n t  ( 0 )  over  a l a y e r  n e a r  t h e  s u r f a c e  t o  t h e  
v a l u e  of s o i l  water a t  f i e l d  s a t u r a t i o n  (Of,). Thus,  M v a r i e s  from 0 ( f o r  p e r f e c t l y  d r y  s u r f a c e s )  t o  
1.0 f o r  s a t u r a t e d  s u r f a c e s .  I n  t h e  example shown i n  F ig .  1, t h e  v e g e t a t i o n  model was not  used t o  
d e r i v e  t h e  r e s u l t s .  Consequen t ly ,  t h e  p r a i r i e  s u r f a c e  i s  t r e a t e d  as bare s o i l .  Contours  of M i n  F ig .  
1 c l o s e l y  r e f l e c t  t h e  s u r f a c e  t empera tu re  over  t h e  r eg ion  of Kansas on t h e  a f t e r n o o n  of t h e  1 4 t h  of 
J u l y ,  1980. There  is an o v e r a l l  s i m i l a r i t y  on a l l  t h e  days between t h e  M f i e l d  and a n t e c e d e n t  pre- 
c i p i t a t i o n ,  which is  e f f e c t i v e l y  a running  mean of t h e  r a i n f a l l .  Low v a l u e s  of M (0.12-0.25) i n  t h e  
s o u t h  co r re spond  rough ly  t o  low r a i n f a l l  and h igh  v a l u e s  i n  t h e  n o r t h  t o  h i g h e r  r a i n f a l l  t o t a l s .  The 
c o r r e l a t i o n  between t h e  l o g  of M and t h e  a n t e c e d e n t  p r e c i p i t a t i o n  is about  0.7 f o r  a l l  cases. A 
s imi la r  r e l a t i o n  was found by F l o r e s  and Car l son  (1985) f o r  s cenes  over  Texas on t h r e e  days  d u r i n g  t h e  
same month of J u l y ,  1980. 

2 . 2 .  AVHRR Images and S u r f a c e  Measurements Made Over France  

Dur ing  a f i e l d  measurement program conducted  ove r  t h e  Beaucc? r eg ion  of France  ( n e a r  t h e  town of 
Voves) by s c i e n t i s t s  a t  two French n a t i o n a l  l a b o r a t o r i e s  (INKA, CKPE), t h e r e  occur red  a remnrkable  
i n c r e a s e  i n  t h e  s u r f a c e  s e n s i b l e  h e a t  f l u x  d u r i n g  a p e r i o d  of d ry ing .  Although t h e  d r y i n g  t r e n d  had 
been  c o n t i n u i n g  a coup le  of weeks,  t h e  i n c r e a s e  (measured by both  t h e  SAMEK method of I t i e r  (1981)  and 
by s o d a r )  began j u s t  a f t e r  t h e  6 t h  of J u l y  and was most a b r u p t  between t h e  11 th  and 1 4 t h  (F ig .  2 ) .  
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Heat f l u x  v a l u e s  d e r i v e d  from t h e  CM and OT models ( u s i n g  t h e  same set  of i n i t i a l  c o n d i t i o n s )  u s i n g  
a f t e r n o o n  t empera tu res  ( approx ima te ly  1400 sun t i m e )  from NOAA AVHRR as i n p u t  a l s o  show a similar 
t r e n d ,  a l though  t h e  v e r s i o n  of CM w i t h  bare  s o i l  w a s  less a b l e  t o  c a p t u r e  t h e  i n c r e a s e  i n  s e n s i b l e  h e a t  
f l u x  wi th  t i m e .  

Fig.  1. Mois tu re  a v a i l a b i l i t y  (M) analy-  
sis over  a p o r t i o n  of e a s t e r n  Kansas and 
Nebraska f o r  14  J u l y  1980 based on s u r f a c e  
t empera tu re  measurements f o r  a p a i r  of GOES 
images ( l e f t ) .  Dark, i r r e g u l a r  shapes  are 
bod ies  of water, i n c l u d i n g  t h e  Missour i  
R i v e r  n e a r  upper r i g h t .  S c a l l o p i n g  deno tes  
r e g i o n s  obscured by cloud.  Antecedent  
p r e c i p i t a t i o n  f o r  14 J u l y  1980 is shown on 
t h e  r i g h t .  Dots i n d i c a t e  l o c a t i o n  of r a in -  
f a l l  measurement s t a t i o n s .  

8 1/ 
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EVOLUTION OF NAXIMUM SURFACE rLUXES AT VOVES, JULY 1983 

X 

Fig .  2. 
(bot tom cu rve ;  i n  wm-2) f o r  Voves d u r i n g  d u r i n g  a p e r i o d  i n  J u l y  1983. 
end of t h e  r eco rd  occur red  on t h e  6 t h  of J u l y .  
from t h e  models u s i n g  AVHRR d a t a  as s u r f a c e  t empera tu re  i n p u t :  t h e  CM f o r  ba re  soil (X), t h e  CM f o r  
v e g e t a t i o n  (e) and OT f o r  v e g e t a t i o n  (A). 

E v o l u t i o n  of maximum n e t  r a d i a t i o n  ( t o p  cu rve  dashed)  and maximum s u r f a c e  s e n s i b l e  h e a t  f l u x  
The last  r a i n f a l l  b e f o r e  t h e  

Symbols r e f e r  t o  maximum h e a t  f l u x  v a l u e s  de t e rmined  

Soil water c o n t e n t  ( e )  measured wi th  a ne tu ron  probe n e a r  t h e  Voves s i t e  con t inued  on ly  up 
u n t i l  t h e  12 th  of Ju ly .  
abou t  40 cm below t h e  ground;  t h e  most r a p i d  d r y i n g ,  of c o u r s e ,  occu r red  i n  t h e  top  30 cm,  where l e v e l s  
of water c o n t e n t  were approach ing  t h e  w i l t i n g  p o i n t  of t h e  soil ( approx ima te ly  0.15 cm3/cm3; f i e l d  
s a t u r a t i o n  was abou t  0.35 cm3/cm3). 

Averages of 0 ove r  f o u r  dep ths  (Fig.  3) show a d e c r e a s  at  a l l  l e v e l s  down t o  

Model r e s u l t s  a l s o  show a co r re spond ing  d e c l i n e  wi th  time In s o i l  water c o n t e n t ,  a l t hough  more 
p r e c i p l t i o u s l y  than  t h e  measurements made earlier i n  t h e  p e r i o d  sugges t .  C u r i o u s l y ,  a l though  t h e  model 
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water c o n t e n t s  p e r t a i n  t o  t h e  v e g e t a t i o n  p a r a m e t e r i z a t i o n ,  t h e  b a r e  soil va lued  f o r  CM were v i r t u a l l y  
i d e n t i c a l  t o  t h o s e  shown i n  F ig .  3.  These  v a l u e s  co r re spond  t o  ve ry  low m o i s t u r e  a v a i l a b i l i t y  
( a p p r o x i m a t e l y  0.2 on t h e  1 5 t h ) ,  which are comparable  t o  t h o s e  i n  t h e  d r y e r  p a r t s  of t h e  Kansas image 
of  F ig .  1. The p u z z l i n g  f a c t  h e r e  is t h a t  t h e  s u r f a c e  measurements seem u n a s s a i l a b l e  and are s u p p o r t e d  
by t h e  model r e s u l t s .  A t  t h e  same t i m e  i t  is t o  be noted  t h a t  t h e  wheat c rop  ove r  which t h e s e  
measurements were made d i d  no t  a p p e a r  t o  be h i g h l y  water s t r e s s e d .  

F i g .  3. Measured ( s o l i d  l i n e s )  s o i l  water c o n t e n t  (cm3/cm3) v e r s u s  t i m e  f o r  a v e r a g e s  o v e r  f o u r  
v e r t i c a l  s o 1 1  d e p t h s  as g i v e n  i n  t h e  key. S o i l  water c o n t e n t  (8) de te rmined  from t h e  model u s i n g  t h e  
1346 GMT AVHRR s u r f a c e  t e m p e r a t u r e  measurement is shown by t h e  dashed  and dot -dashed  l i n e s ,  
r e s p e c t i v e l y ,  f o r  t h e  OT and CM. The v e r t i c a l  a r row d e n o t e s  t h e  l as t  r a i n f a l l  d u r i n g  t h e  p e r i o d .  

3. CONCLUSION 

I n f r a r e d  t e m p e r a t u r e s  measured w i t h  t h e  a i d  of s a t e l l i t e  can r e f l e c t  l a r g e  s p a t i a l  and tempora l  
changes  i n  s o i l  m o i s t u r e  bu t  no t  enough is known and t h e  p a r a m e t e r i z a t i o n  s u f f i c i e n t l y  undeveloped  t o  
a r r i v e  a t  a c o m p l e t e l y  c o n s i s t e n t  measure of t h e  real  s o i l  water c o n t e n t  o r  t h e  s o i l  d e p t h  ove r  which 
i t  a p p l i e s .  

4. REFERENCES 

A b d e l l a o u i ,  A , ,  F. Becker  and E. Or lory-Hechinger ,  1985: Use of metwosat f o r  mapping the rma l  i n e r t i a  
and  e v a p o t r a n s p i r a t i o n  o v e r  a l i m i t e d  r e g i o n  of Mali. Submi t t ed  t o  J. C l i m .  and Appl. Meteor.  

Be rna rd ,  R., J.L. H a t f i e l d  and M. Vauc l in ,  1986: T e s t  of an e v a p o t r a n s p i r a t i o n  model f o r  d i u r n a l  and 
s e a s o n a l  b e h a v i o r  of sorghum f i e l d s  unde r  v a r i o u s  water a v a i l a b i l i t y  c o n d i t i o n s .  Submi t t ed  t o  
Boundary Layer  Meteo. 

C a r l s o n ,  T.N., J .K .  Dodd, S.G. Benjamin, J . N .  Cooper,  1981: Remote e s t i m a t i o n  of s u r f a c e  ene rgy  
b a l a n c e ,  m o i s t u r e  a v a i l a b i l i t y  and the rma l  i n e r t i a .  J .  Appl. Meteor. ,  3, 67-87. 

C a r l s o n ,  T.N., F.G. Rose, E.M. P e r r y ,  1984: Reg iona l - sca l e  estimates of s u r f a c e  m o i s t u r e  a v a i l a b i l i t y  
f rom GOES s a t e l l i t e .  J. Agronomy, 76, 972-979. 

C a r l s o n ,  T.N. and F.G. Boland ,  1978: A n a l y s i s  of u r b a n - r u r a l  canopy u s i n g  a s u r f a c e  h e a t  f l u x /  
t e m p e r a t u r e  model. J .  Appl. Meteor., 17, 998-1013. 

D e a r d o r f f ,  J.W., 1978: E f f i c i e n t  p r e d i c t i o n  of ground s u r f a c e  t e m p e r a t u r e  and m o i s t u r e  w i t h  i n c l u s i o n  
of  a l a y e r  of v e g e t a t i o n .  J. Geophys. Res., 83, 1889-1904. 

31 5 



Flores, A.L. and T.N. Carlson, 1985: Estimacion de parametios del suelo dombinado imagenes digitales 
de GOES en un modelo de copa limite. Meteorologica (Argentina) (in press). 

Itier, B., 1981: Une kthode simple pour la measure de l'evapotranspiration reglle l'gchelle de la 
parcelle. Agronomie, lo, 869-876. 

Nieuwenhuis, G.J.A., E.H. Smidt and H.A.M. Thunmissen, 1985: Estimation of regional evapotranspiration 
of arable crops from thermal infrared images. J. Remote Sensing, 5, 1319-1334. 

Price, J.C., 1982: Estimation of regional scale evapotranspiration through analysis of satellite 
thermal-infrared data. IEEE Transactions on Geoscience and Remote Sensing, GE-20, 286-292. 

Taconet, O., R. Bernard and D. Vidal-Madjar, 1985: Evapotranspiration over a n  agricultural region 
using a surface flux/temperature model based on NOM-AVHKR data. J. Clim. Appl. Meteor. (in 
press). 

Taconet, O., T.N. Carlson, R. Bernard, D. Vidal-Madjar, 1986: Evaluation of a surface/vegetation model 
using satellite infrared surface temperatures. Submitted to J. Clim. Appl. Meteor. 

Wetzel, P.J., P. Atlas and R. Woodward, 1984: Determining soil moisture from geosynchronous 
satellite infrared data: A feasibility study. J. Appl. Meteor., 2, 375-391. 

31 6 



5.10 

CORRELATIONS BETWEEN REMOTELY MEASURED SOIL WATER CONTENT AND 
SURFACE TEMPERATURES FOR THE HEAUCE REGION,  FRANCE 

E i l e e n  M. P e r r y  
The Pennsy lvan ia  S t a t e  U n i v e r s i t y  

U n i v e r s i t y  Pa rk ,  PA 16802 

1. INTKODUCTION 

S o i l  water c o n t e n t  has  been shown t o  be h i g h l y  c o r r e l a t e d  w i t h  r a d i o m e t r i c  s u r f a c e  tempera- 
t u r e s ,  and a number of s t u d i e s  have demonst ra ted  t h a t  t h e  s u r f a c e  t empera tu re  i n c r e a s e s  as t h e  
s u b s t r a t e  s o i l  water c o n t e n t  d e c r e a s e s .  (See H a t f i e l d  e t  a l .  (1983)  and Car l son  (1984) f o r  a summary 
of a r t ic les  on t h i s  r e s e a r c h . )  A s  p a r t  of a s t u d y  t o  model t h e  a v a i l a b l e  water i n  t h e  u n s a t u r a t e d  zone 
u s i n g  the rma l  i n f r a r e d  d a t a ,  t h i s  pape r  i s  a f i r s t  look  a t  some a i r c r a f t  measurements t h a t  show a 
c o r r e l a t i o n  between microwave measured s o i l  water c o n t e n t  and r a d i o m e t r i c  s u r f a c e  t empera tu res .  

Dur ing  an exper iment  h e l d  i n  t h e  summer of 1983 n e a r  Voves, France ,  a c t i v e  microwave and 
the rma l  i n f r a r e d  measuraments were made d u r i n g  t h e  e a r l y  a f t e r n o o n  aboard  a French a i r c r a f t  f l y i n g  a 
g r i d  p a t t e r n  ove r  a f l a t ,  a g r i c u l t u r a l  r eg ion  s o u t h  of P a r i s  c a l l e d  t h e  Beauce. The v e g e t a t i o n  con- 
s i s t e d  main ly  of wheat and c o r n ,  w i th  some s t a n d s  of trees. The i n f r a r e d  s e n s o r  was a Barnes PKT-5 
r a d i o m e t e r  which has  a measurement accu racy  t o  w i t h i n  .5 d e g r e e s  C e l s i u s .  The a c t i v e  microwave 
measurements were t aken  w i t h  t h e  EKASME s c a t t e r o m e t e r  (5.35 GHz (FM-CW) wi th  an i n c i d e n c e  a n g l e  of 
e l e v e n  d e g r e e s  f o r  minimiz ing  t h e  e f f e c t s  of roughness  and t h e r e f o r e  maximizing t h e  accu racy  of s o i l  
water measurement. C a l i b r a t i o n  mis s ions  of t h e  microwave measurements were performed w i t h  r e f e r e n c e  t o  
i n - s i t u  measurements of s o i l  water c o n t e n t ;  t h e  c o r r e l a t i o n  c o e f f i c i e n t  w a s  .89 between t h e  microwave 
back scatter c o e f f i c i e n t s  and t h e  ground measurements of t h e  s o i l  wa te r  c o n t e n t  i n  t h e  f i r s t  t e n  
c e n t i m e t e r s .  Accord ing ly ,  s o i l  water c o n t e n t  was conve r t ed  d i r e c t l y  from b a c k s c a t t e r i n g  c r o s s  s e c t i o n  
t o  s o i l  water c o n t e n t .  The s c a t t e r o m e t e r  and r ad iomete r  were mounted so  t h a t  t h e  two i n s t r a m e n t s  were 
t a k i n g  measurements of t h e  same ground a r e a  s i m u l t a n e o u s l y ,  f i v e  measurements pe r  second,  w i t h  each  
hav ing  a s u r f a c e  sampl ing  area of approx ima te ly  40 meters squared .  The ave rage  f l i g h t  a l t i t u d e  was 
abou t  400 meters. 

Data was c o l l e c t e d  d u r i n g  .July and September of 1983; t h e  d a t e s  i n  J u l y  were 8 and 12 J u l y  
d u r i n g  a p e r i o d  of d r y i n g  f o l l o w i n g  a 6 J u l y  r a i n f a l l  e p i s o d e ;  t h e  September d a t e s  were t h e  20, 23, 26, 
28 and 29 September f o l l o w i n g  a 19 September r a i n f a l l  ep i sode .  Data segments a l o n g  two of t h e  a i r c r a f t  
l e g s  were s e l e c t e d  t o  d i s c u s s  because  they  r e p r e s e n t  a l t e r n a t e l y  t h e  p o o r e s t  and b e s t  c o r r e l a t i o n  of 
s u r f a c e  t e m p e r a t u r e s  w i t h  microwave-derived s o i l  water c o n t e n t  measurements,  r e s p e c t i v e l y  on 8 J u l y  
(1 :45  LT) and 26 September (3:45 LT). 

To examine t h e  d a t a  th rough  t i m e  and pe r fo rm some d e s c r i p t i v e  s t a t i s t i c s ,  a s t a t i s t i c s / g r a p h i c s  
package (SAS) was used t o  p l o t  t h e  microwave and the rma l  IR d a t a ,  and t o  per form c o r r e l a t i o n s  between 
them. F i g u r e  1 shows a p l o t  of t h e  t empera tu re  r e s o n s e  as t h e  s e n s o r  was flown ove r  a west t o  e a s t  
t r a n s e c t  n e a r  t h e  town of Vovcs on 8 Ju ly .  F i g u r e  2 shows a p l o t  of t h e  s o i l  mo i s tu re  v a l u e s  measured 
a l o n g  t h e  same t r a n s e c t .  
microwave measurements,  t h e  two l i n e s  are o v e r l a i n  on t h e  same p l o t ,  u s i n g  a c u b i c  s p l i n e  t o  f i t  t h e  
p o i n t s  ( s e e  f i g u r e  3). Note t h e  i n v e r s e  r e l a t i o n  between t h e  microwave b a c k s c a t t e r  and t h e  s u r f a c e  
t e m p e r a t u r e  a t  t h e  p o i n t s  where t h e  s e n s o r  was flown ove r  road s u r f a c e s  ( A ,  B, D ,  L,  M, N on f i g u r e  3 )  
which are ve ry  d ry  and have a h igh  s u r f a c e  t empera tu re .  F i g u r e  4 is a t r a n s e c t  f lown on 26 September ,  
o v e r  approx ima te ly  t h e  same area as i n  f i g u r e  3. Note t h a t  f o r  t h e  same roads  ( p o i n t s  B, D ,  L ,  M), t h e  
d a t a  a g a i n  show t h a t  a low s o i l  water c o n t e n t  c o r r e l a t e s  w i t h  a h igh  s u r f a c e  t empera tu re .  However, f o r  
t h e  26 September case, t h i s  i n v e r s e  r e l a t i o n  i s  demons t r a t ed  ove r  t h e  e n t i r e  t r a n s e c t .  For both  of t h e  
cases, t h e  s u b s e t  a r e a  l a b e l l e d  on f i g u r e s  3 and 4 were p l o t t e d  t o  show t h e  v a r i a t i o n s  of t h e  microwave 
and the rma l  i n f r a r e d  r e sponse  on a f i e l d  b a s i s  ( s e e  f i g u r e s  5 and 6 ) .  

I n  o r d e r  t o  g a i n  a s imple  v i s u a l  comparison between t h e  t empera tu re  and 

2. RESULTS AND DISCUSSION 

The f i r s t  and most impor t an t  o b s e r v a t i o n  is  t h e  poor c o r r e l a t i o n  between t h e  microwave 
b a c k s c a t t e r  c o e f f i c i e n t s  and t h e  the rma l  i n f r a r e d  measured t e m p e r a t u r e s  f o r  t h e  8 ' J u l y  case (shown i n  
f i g u r e  3 ) .  The c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e  e n t i r e  d a t a  segment is .3459. The c o r r e l a t i o n  between 
t h e s e  same d a t a  types  is -.7795 f o r  t h e  26 September case, which is what would be expec ted  g iven  
p r e v i o u s  r e s e a r c h .  P o s s i b l e  e x p l a i n a t i o n s  ( n o t  y e t  conf i rmed)  f o r  t h i s  l a c k  of c o r r e l a t i o n  of t h e  
v e g e t a t e d  8 J u l y  case a r e :  
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i) For t h e  J u l y  case, t h e  p l a n t s  may be i n  e f f e c t  " i n t e g r a t i n g "  t h e  a v a i l a b l e  water because 
t h e y  are u s i n g  t h e  water a t  dep th  ( i n  t h e  r o o t  zone) .  I f  t h e  s u r f a c e  t empera tu re  w a s  be ing  i n f l u e n c e d  
by t h e  amount of water a v a i l a b l e  a t  a dep th  of perhaps 45 crn or more, and t h e  v a r i a b i l i t y  of t h i s  s o i l  
water c o n t e n t  is no t  as g r e a t  as that  a t  0-10 cm (be ing  measured by t h e  microwave), there would be a 
d i f f e r e n c e  i n  t h e  v a r i a b i l i t y  of t h e  s u r f a c e  t empera tu re  and t h e  microwave measurements. T h i s  
d i f f e r e n c e  i n  v a r i a b i l i t y  could d e c r e a s e  t h e  c o r r e l a t i o n  between t h e  remotely measured t empera tu re  and 
s o i l  m o i s t u r e  f o r  any g iven  p o i n t .  

ii) There could be a d i f f e r e n c e  i n  t h e  "measurement dep ths"  between t h e  J u l y  and September 
cases. For t h e  J u l y  case, t h e  thermal  i n f r a r e d  s e n s o r  is measuring t empera tu res  t h a t  are l a r g e l y  
i n f l u e n c e d  by t h e  water a v a i l a b l e  t o  t h e  p l a n t s  i n  t h e  r o o t  zone (much deeper  than  10 cm), w h i l e  t h e  
microwave b a c k s c a t t e r  c o e f f i c i e n t s  are most h i g h l y  c o r r e l a t e d  w i t h  t h e  t o p  t e n  cen t ime te r s .  For t h e  
September case, wi th  n e a r l y  ba re  soil c o n d i t i o n s ,  t h e  the rma l  i n f r a r e d  t empera tu res  are more i n f l u e n c e d  
by t h e  s o i l  water c o n t e n t  n e a r  t h e  s u r f a c e ,  and t h e  microwave b a c k s c a t t e r  c o e f f i c i e n t s  are a g a i n  most 
c o r r e l a t e d  wi th  t h e  s o i l  water c o n t e n t  in t h e  f i r s t  t e n  c e n t i m e t e r s .  

iii) I f  t h e  s toma tes  were c l o s e d  f o r  some reason  o t h e r  t han  l a c k  of a v a i l a b l e  water, t h e  p l a n t  
t e m p e r a t u r e s  measured by t h e  the rma l  i n f r a r e d  s e n s o r  could be much h i g h e r  t h a t  what would be expec ted  
f o r  a g iven  s o i l  water c o n t e n t .  

Another o b s e r v a t i o n  is  the p o s s i b l e  l a c k  of a s i g n i f i c a n t  c o r r e l a t i o n  between remotely measured 
soil water c o n t e n t  and s u r f a c e  t empera tu res  w i t h i n  an i n d i v i d u a l  f i e l d .  For one co rn  f i e l d  ( f i e l d  10)  
t h e r e  i s  a c o r r e l a t i o n  c o e f f i e n t  of -.326 f o r  8 J u l y  and -.484 f o r  26 September. For t h e  f o r e s t  s t a n d  
( f i e l d  7 ) ,  t h e  c o r r e l a t i o n s  are +.403 f o r  8 J u l y  and -.18 f o r  26 September ( s e e  Tab le  I).  

F i n a l l y ,  i t  can be s e e n  from f i g u r e s  5 and 6 t h a t  t h e r e  is a g r e a t e r  v a r i a t i o n  of microwave 
b a c k s c a t t e r  c o e f f i e c i e n t s  than s u r f a c e  t empera tu re  . This  would t end  t o  suppor t  t h e  i d e a  t h a t  t h e  
v a r i a b i l i t y  of s o i l  m o i s t u r e  is  g r e a t e r  i n  the s u r f a c e  l a y e r s  of t h e  s o i l .  

T a b l e  1. CORRELATION COEFFICIENTS BETWEEN TEMPERATURE AND SOIL MOISTURE 

DATE FIELD COVER SURFACE TEMPERATURE MICROWAVE N 

8 J u l y  a l l  d a t a  (mixed c o v e r )  29.7 +/- 1.98 -2.10 +/- 2.26 9165 
segment 3 (mixed) 30.1 +/- 1.98 -1.87 +I- 1.77 1004 
segment 3 
s u b s e t  (mixed cove r )  30.4 +/- 1.15 -.660 +/- 1.52 218 
f i e l d  10 ( c o r n )  29.1 '+/- .308 -.051 +/- .984 68 
f i e l d  7 (woods) 29.2 +/- 1.07 -2.80 +/- 1.23 29 

26 Sept .  a l l  d a t a  (mixed cove r )  31.3 +/- 2.79 -3.98 +I- 2.82 7556 
segment 3 (mixed) 31.4 +/- 3'.02 -3.15 +/- 2.82 926 
segment 3 s u b s e t  
(mixed c o v e r )  30.8 +/- 2.92 -2.94 +/- 2.69 232 

f i e l d  7 (woods) 32.4 +/- -538 -4.61 +/- .642 24 
f i e l d  10 ( s t u b b l e )  26.8 +/- .537 .258 +/- .755 73 

Temperature  ( d e g r e e s  C e l s i u s )  
VOVES 6 JULY 1803 DATA SEClbENI 3 

n -  - 
s u b s e t  l k m  

T i m e  ( s e c o n d s )  

Figure 1. West t o  e a s t  t r a n v e r s e  showing the t h e r m a l  i n f r a r e d  r e s p o n s e .  
T i m e  of d a y  a p p r o x i m a t e l y  1 : 4 5  LT 
7 ,  and the l o c a t i o n  of the aubaiat t o  be examined lictsr. 

Note l o c a t i o n s  of f i e l d s  10 and  
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Figure 3. Combined plot for soil water content and temperature. Note the 
inverse relation of the responses for roads (points A , B , D , L , M , N ) .  
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Figure 2. Soil water content measured with active microwave, same transverse 
as in figure 1. 
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Figure 5. Combined temperature and soil water content responses f o r  the 
subset of data segment 3. Note that the variation for soil water 
content within a field is much greater than the variation of 
temperature. 
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F i g u r e  6. Combined t e m p e r a t u r e  and soil water c o n t e n t  f o r  t h e  s u b s e t  of 
d a t a  segment 3, for t he  26 September  case. 
v a r i a b i l i t y  of t he  soil water c o n t e n t  measured by t h e  microwave. 

Note a g a i n  t h e  greater 

3 .  CONCLUSION 

The d a t a  ana lyzed  so f a r  has  i n d i c a t e d  a s t r o n g  n e g a t i v e  c o r r e l a t i o n  between remotely sensed 
soil water c o n t e n t  and s u r f a c e  t empera tu res  f o r  t h e  nea r  bare  s o i l  c o n d i t i o n s  of 26 September,  wh i l e  
f o r  t h e  same area on 8 J u l y  t h e r e  is l i t t l e  c o r r e l a t i o n  between t h e  remotely sensed s o i l  water c o n t e n t  
and s u r f a c e  t empera tu re .  
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5.11 
NIMBUS-7 SMMR MULTISPECTRAL PASSIVE MICROWAVE CORRELATIONS 

WITH AN ANTECEDENT PRECIPITATION INDEX* 
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Marshall J. McFarland 
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1. INTRODUCTION 

The purpose of this study was to use 
dual-polarized, passive microwave brightness 
temperatures to infer surface soil moisture. 
This research involved correlation analysis 
between Nimbus 7 Scanning Multichannel 
Microwave Radiometer (SMMR) passive microwave 
brightness temperatures and an antecedent 
precipitation index (BPI). 
this study was calculated from climatological 
precipitation observations. In this 
respect, the API can be used to infer soil 
moisture (Blanchard etal., 1980). Three 
transformations of both the vertical and 
horizontal components of the polarized 
brightness temperatures were used to account 
for varing aspects of terrain, vegetation, 
and atmospheric conditions. 

The API used in 

Quantitative soil moisture amounts are 
a necessary input into crop growth stage 
models. Several hydrologic parameters can be 
obtained through remote sensing to arrive at 
a soil moisture estimation. Burgy (1974) 
lists thirteen parameters which can be 
measured or inferred through remote sensing. 
Hughes Aircraft Company in Denver and their 
subcontractor Environmental Research and 
Technology, with Dr. Ken Hardy as the 
principle investigator, developed algorithms 
for inferring hydrologic parameters using 
simulated DMSP/SSMI passive microwave data. 

Passive microwave brightness 
temperatures are a function of the moisture 
content of the emitting layer. This 
relationship is basically a function of the 
high dielectric constant of water, and the 
relatively low constant for air and dry 
soil. The dielectric properties of a 

substance determines the electromagnetic wave 
propagation characteristics of that 
substance. The dielectric constant of the 
air, water and soil mixture determines the 
soil emissivity. An increase in volumetric 
water content results in an increase in the 
dielectric constant and a decrease in 
emissivity. 

In the microwave region (approximately 
1-50 cm), the Rayleigh-Jeans' approximation 
of Planck's radiation law can be applied to 
non-blackbodies. When using this 
approximation, we assume that the product of 
Planck's constant and the velocity of light 
is much less than the product of Boltzman's 
constant and the blackbody temperature. This 
assumption is valid only in the microwave 
region and allows us to neglect all second 
and higher order terms in a Maclaurin Series 
expansion of the exponent in Planck's 
radiation law. This approximation shows that 
the intensity of the observed emission, or 
brightness temperature, is essentially 
proportional to the product of the surface 
temperature and the emissivity of the 
emitting layer (Wilke and McFarland, 1984). 
Advantages of passive microwave approaches 
include the ability to penetrate 
non-precipitating clouds and light 
vegetation. Disadvantages include rather 
course resolution ( 12 km) and relatively 
little soil penetration ( 2 cm). The 
temperature of the emitting layer can be 
estimated through meteorological observations 
or inferred through passive microwave 
measurements. The limited areal coverage of 
conventional meteorological surface 
temperature observations can be supplemented 
with satellite observations to arrive at a 
global database. This database can then be 
used to calculate the surface soil moisture 
depletion coefficlent of a simple soil 
moisture model, such as the API. 

* AMs Journal of Climate and Applied 
Meteorology Article, Feb 1986. 
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The SffifR instrument responds pr imar i ly  
t o  sur face  moisture ,  however the  response is 
inf luenced by both a t t e n u a t i o n  and s c a t t e r i n g  
wi th in  the  in te rvening  medium. The primary 
causes  of atmospheric a t t e n u a t i o n  and 
s c a t t e r i n g  a r e  due t o  water vapor and 
oxygen. Surface a t t e n u a t i o n  and s c a t t e r i n g  
i s  pr imar i ly  t h e  r e s u l t  of vege ta t ion  and 
t e r r a i n .  Since t h e  passive microwave 
response is a composite of t h e  e n t i r e  f o o t  
p r i n t ,  a l l  measurements w i l l  have some 
inf luence  from vegeta t ion  and roughness. 
While these  inf luences  a f f e c t  t h e  microwave 
response i n  d i f f e r e n t  ways, they both result  
i n  decreasing t h e  s i g n a l  wceived  by t h e  
radiometer. 

2. METHODOLOGY 

This  i n v e s t i g a t i o n  involved an 
a n a l y s i s  of S W R  br ightness  temperature da ta  
c o l l e c t e d  between 25 Oct 1978 and 10 Nov 
1979. The study area  included Kansas, 
Oklahoma, and t h e  Panhandle of Texas. This 
a n a l y s i s  involved seasonal  trends, a v i s u a l  
image of the  e n t i r e  s tudy a r e a  which 
i l l u s t r a t e d  any l a r g e  s c a l e  p a t t e r n s ,  and an 
a r e a l  a n a l y s i s  over seven 20 x 20 km case 
s tudy g r i d  c e l l s .  The a r e a l  a n a l y s i s  was 
used t o  i n d i c a t e  v e g e t a t i v e  and t e r r a i n  
inf luences .  The 10 channel br ightness  
temperatures  and severa l  combinations of 
t h e s e  br ightness  temperatures were c o r r e l a t e d  
with t h e  API using regress ion  a n a l y s i s  i n  
monthly, bi-monthly, and annual s e r i e s .  

3. DATA 

The d a t a  used i n  t h i s  i n v e s t i g a t i o n  
involved Nimbus 7-SMNR passive microwave 
da ta ,  sur face  observa t ions  from more than 500 
s t a t i o n s  wi th in  t h e  s tudy a r e a  obtained from 
the  Nat ional  Cl imat ic  Data Center ,  and 
c a l c u l a t e d  API values .  The SWlR data  covered 
25 Oct 1978 t o  10 Nov 1979 with r e p e t i t i v e  
coverage over t h e  s tudy  area  every 2 t o  3 
days. The average s a t e l l i t e  overpass time 
was approximately llOOL and OlOOL f o r  day and 
night  passes  r e s p e c t i v e l y .  Data included 
both v e r t i c a l  and h o r i z o n t a l  po lar ized  
br ightness  temperature components i n  f i v e  
wavelengths; 0.81, 1.36, 1-66,  2.80, and 4.54 
cm. I n  a d d i t i o n ,  GOES s a t e l l i t e  imagery was 
used t o  d e l i n e a t e  clouds i n  the  case study 
a n a l y s i s .  Nat ional  Weather Serv ice  weather 
r a d a r  summary c h a r t s  were used  t o  l o c a t e  
p r e c i p i t a t i n g  clouds. United S t a t e s  
Geological Survey topographic and land-use 
maps were used i n  conjunct ion with repor ted  
crop s t a t i s t i c s ,  from the  s t a t e  crop and 
l i v e s t o c k  r e p o r t i n g  s e r v i c e s ,  t o  s e l e c t  and 
eva lua te  case s tudy g r i d  c e l l s .  

The Antecedent P r e c i p i t a t i o n  Index is 
a very simple s o i l  moisture model which can 
u t i l i z e  t h e  low r e s o l u t i o n  pass ive  microwave 
data .  The form of the  API used i n  t h i s  s tudy 
is 

where A P I ( i )  i s  the  A P I  value f o r  day i ,  
API(i-1) i s  the  previous day ' s  value,  k i s  a 
f r a c t i o n a l  moisture deple t ion  c o e f f i c i e n t ,  
and P ( i )  i s  t h e  e f f e c t i v e  p r e c i p i t a t i o n  f o r  
day i. The deple t ion  c o e f f i c i e n t  was  
s e l e c t e d  t o  be a simple s inusoida l  curve 
using observa t ions  from February and August 
1979 t o  approximate t h e  annual maximum and 
m i n i m u m  temperature values .  Blanchard etal. 
(1980) found t h a t  an approximate s inusoida l  
curve which represented inver ted  mean d a i l y  
temperature represented t h e  seasonal  changes 
i n  lc. They found t h a t  the  inver ted  mean 
d a i l y  temperature curve was very s i m i l a r  t o  
t h e  inverse  of a curve of mean monthly Penman 
p o t e n t i a l  evapot ranspor ta t ion  c a l c u l a t i o n s .  
T h e  e f f e c t i v e  p r e c i p i t a t i o n  was computed by 
r a s i n g  the  observed p r e c i p i t a t i o n  t o  a power 
of 0.891, suggested by Dlanchard et. (1980) 

4. TRAN SFORElATI ONS 

Transformations o r  combinations of the 
polar ized  br ightness  temperatures  can reduce 
t h e  e r r o r  involved w i t h  the  passive microwave 
observat ions.  Newton (1977) showed t h a t  
increas ing  the  s e n s o r ' s  viewing angle  from 
nadi r  t o  near 50 degrees  increased t h e  
v e r t i c a l l y  polar ized br ightness  temperature 
component and decreased t h e  hor izonta l  
component. The mean of these  components was 
shown t o  be near ly  independent of viewing 
angle .  Normalized br ightness  temperatures ,  
the br ightness  temperature divided by the  
e f f e c t i v e  temperature of the  emi t t ing  l a y e r .  
was used by Mo etal. (1980). They found 
t h i s  parameter t o  be c l o s e l y  r e l a t e d  t o  s o i l  
moisture. Subsequent i n v e s t i g a t i o n s  which 
used t h i s  normalized br ightness  temperature 
included Mo and Choudhury (19801, Wang e t  a t .  
(1981), Njoku and O'Neill (19821, McFarland 
and Harder (19831, and Wilke and ElcFarland 
(1984). McFarland e t  a l . ,  (1984) found t h a t  
t h e  major i ty  of the  var iance  i n  the  l i n e a r  
regress ion  model c o r r e l a t i n g  API and t h e  1.6G 
cm passive microwave br ightness  temperature 
from Nimbus 7 SMMR could be explained by 
t h r e e  i n d i c i e s .  These were: h o r i z o n t a l l y  
polar ized  normalized br ightness  temperature 
(Th / T I ,  p o l a r i z a t i o n  d i f f e r e n c e  (Tv - Th), 
and normalized p o l a r i z a t i o n  d i f f e r e n c e  [Tv - 
Th / 0.5 (Tv + T h ) ] .  

5. ANALYSIS AND DISCUSSION 

The s e n s i t i v i t y  of the  pass ive  
microwave sensor  response i n  each wavelength 
i s  l a r g e l y  determined by the  amount and type 
of atmospheric a t t e n u a t i o n .  The atmospheric 
a t t e n u a t i o n  f o r  each wavelength is shown i n  
Figure 1. The 0.81 cm wavelength is q u i t e  
s e n s i t i v e  t o  cloud water content  and snow. 
The 1.36 cm wavelength can be used t o  d e t e c t  
t h e  presence of atmospheric water vapor. The 
1.66 and 2.80 cm wavelengths respond t o  
s u r f a c e  moisture  while  both t h e  2.00 and 4.54 
cm Wavelengths can give an i n d i c a t i o n  of the  
amount of sur face  vege ta t ion .  
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Fig. 1. Atmospheric a t t e n u a t i o n  of microwave 
r a d i a t i o n  from water vapor and oxygen. 

10 May was s e l e c t e d  a s  t h e  dominant 
case  s tudy day. Photographs were taken of 
images from a l l  t e n  SMMR b r i g h t n e s s  
temperature channels  t o  provide a q u a l i t a t i v e  
d a t a  a n a l y s i s .  The br ightness  temperatures  
ranged from approximately 230K t o  270K, with 
t h e  s h o r t e r  wavelengths having t h e  colder  
temperatures. Yhotographs of these  images 
a r e  given i n  Figures  2 and 3 .  The h o r i z o n t a l  
wavelength da ta  had a g r e a t e r  temperature 
range which provided more information f o r  
p a t t e r n  recogni t ion .  The r e s o l u t i o n  
degradat ion assoc ia ted  w i t h  t h e  longer  
wavelength da ta  w a s  very ev ident ,  however 
previous work by Newton e t  a l .  (1982) and 
I4cFarland and Harder (1983) showed t h a t  lower 
r e s o l u t i o n  d a t a  d i d  not r e s u l t  i n  a l o s s  of 
s o l  1 moisture s e n s i t i v i t y  . 

The GOES s a t e l l i t e  imagery f o r  10 May 
i n d i c a t e d  thunderstorms over most of the  
western h a l f  of t h e  s tudy area .  The weather 
radar  summary c h a r t  ind ica ted  a s q u a l l  l i n e  
with a r e a s  of heavy p r e c i p i t a t i o n  loca ted  NE 
- SW a c r o s s  the  c e n t e r  of t h e  s tudy area.  
The c l i m a t i c  d a t a  showed t h a t  t h e  a r e a  of 
maximum p r e c i p i t a t i o n  was loca ted  along the  
s q u a l l  l i n e ,  with a secondary maximum from SW 
Kansas nor theas t  t o  the  Kansas-Nebraska 
border. 
SMMR imagery show t h e  br ightness  temperature 
a t t e n u a t i o n  was pr imar i ly  a r e s u l t  of 
atmospheric water vapor, r a i n  d r o p l e t s  or  
s u r f a c e  moisture. 

The corresponding 10 channels  of 

The e f f e c t  of t h e  atmosphere is 
c l e a r l y  v i s i b l e  on the  s h o r t e r  wavelength 
h o r i z o n t a l l y  polar ized  imagery. The 
p r e c i p i t a t i o n  a r e a  assoc ia ted  with the  s q u a l l  
l i n e  i s  the  a r e a  of g r e a t e s t  a t t e n u a t i o n  on 
the  0.81 cm imagery, w h i l e  the  p r e c i p i t a t i o n  
a r e a  w e s t  of t h e  s q u a l l  l i n e  i s  t h e  l o c a t i o n  
of g r e a t e s t  a t t e n u a t i o n  on t h e  longer  
wavelength da ta .  I t  i s  probable t h a t  a t  t h e  
time of t h e  Nimbus-7 overpass ,  t h e  a r e a  of 
g r e a t e s t  s u r f a c e  moisture is the  a r e a  west of 
t h e  s q u a l l  l i n e ,  and the  a r e a  having the  
g r e a t e s t  atmospheric moisture  i s  along the  
s q u a l l  l i n e .  The s h o r t e r  wavelength da ta  
would have a g r e a t e r  degree of a t t e n u a t i o n  i n  
the  presence of atmospheric moisture  than 

the longer  wavelength da ta .  The imagery 
showed t h a t  a s  the  wavelength increased ,  the  
e f f e c t  of thc  atmosphere became l e s s  
pronounced. This  imagery suggests  t h a t  t h e  
optimum SMllR channel t o  use t o  sense sur face  
moisture  i s  t h e  2.80 cm h o r i z o n t a l l y  
polar ized  channel. The p a t t e r n s  on both t h e  
2.80 and 4.54 cm channels  were very s i m i l a r ,  
however the  degraded r e s o l u t i o n  was q u i t e  
apparent  on t h e  longer  wavelength da ta .  

The c o r r e l a t i o n  a n a l y s i s  on the  
transformed br ightness  temperature va lues  was 
done using da ta  from s i x  predominantly 
a g r i c u l t u r a l  g r i d  c e l l s .  The a n a l y s i s  was 
i n i t i a l l y  done f o r  Apr i l  and September, s i n c e  
a l a r g e  percentage of the  ground i s  
e s s e n t i a l l y  bare  dur ing  most of these  
months. The c o r r e l a t i o n  c o e f f i c i e n t s  were 
compared using t h e  F i s h e r ' s  2 '  
t ransformation descr ibed by Brooks and 
Carru thers  ( 1 9 5 3 ) .  The c o r r e l a t i o n  
c o e f f i c i e n t  from the  h o r i z o n t a l l y  polar ized  
normalized br ightness  temperature (Th / T) 
and t h e  A P I  f o r  these  months ranged from 0.84 
t o  0.90 f o r  A p r i l ,  and 0.64 t o  0.72 f o r  
September. These c o r r e l a t i o n  c o e f f i c i e n t s  
were then compared using the  F i s h e r ' s  2'  
t ransformation.  The 1.66 cm d a t a  had t h e  
l a r g e s t  c o r r e l a t i o n  c o e f f i c i e n t  f o r  both 
months, but i t  was not  s i g n i f i c a n t l y  g r e a t e r  
a t  t h e  0.05 l e v e l .  

The p o l a r i z a t i o n  d i f f e r e n c e  t ransform (Tv 
- Th) c o r r e l a t i o n  c o e f f i c i e n t  ranged between 
0.77 and 0.91 f o r  A p r i l ,  and between 0.61 and 
0.87 f o r  September. The c o r r e l a t i o n  
c o e f f i c i e n t s  from the  1.36 and 1.66 cm d a t a  
were lower than t h e  va lues  from t h e  
h o r i z o n t a l l y  polar ized  normalized br ightness  
temperature t ransform f o r  both months. The 
c o r r e l a t i o n  c o e f f i c i e n t  from the  2.80 cm d a t a  
was t h e  l a r g e s t ,  but not s i g n i f i c a n t l y  
d i f f e r e n t  from e i t h e r  t h e  Apr i l  0.81 or  4.54 
cm d a t a ,  a t  the 0.05 l e v e l .  The September 
2.80 cm c o r r e l a t i o n  c o e f f i c i e n t  was 
s i g n i f i c a n t l y  g r e a t e r  than the  o ther  va lues  
a t  t h e  0.05 l e v e l .  

The c o r r e l a t i o n  c o e f f i c i e n t  of the  
normalized p o l a r i z a t i o n  d i f f e r e n c e  [Tv - Th 
/0.5 (Tv + Th)] t ransform ranged between 0.73 
and 0.91 f o r  A p r i l ,  and between 0.60 and 0.07 
f o r  September. The 2.80 cm d a t a  again had 
the  l a r g e s t  c o r r e l a t i o n  c o e f f i c i e n t ,  with t h e  
1.36 cm da ta  having the lowest c o r r e l a t i o n .  
The Apr i l  2.80 cm c o r r e l a t i o n  c o e f f i c i e n t  was 
not s i g n i f i c a n t l y  l a r g e r  than t h e  o ther  
c o r r e l a t i o n  c o e f f i c i e n t s ,  however t h e  
September va lue  was s i g n i f i c a n t l y  l a r g e r  a t  
t h e  0.05 l e v e l .  

This  a n a l y s i s  i n d i c a t e s  t h a t  t h r  
s t r o n g e s t  c o r r e l a t i o n  was found between t h e  
p o l a r i z a t i o n  d i f f e r e n c e  t ransform of the  2.00 
cm wavelength SMMR b r i g h t n e s s  temperatures  
and t h e  API. However, the  c o r r e l a t i o n  
c o e f f i c i e n t s  were so c l o s e  t h a t  any of these  
t ransforms could be used independently t o  
es t imate  t h e  A P I  over bare  s o i l  without  t h e  
need of a sur face  temperature es t imate .  
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Fig. 2. 
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SMMR Brightness temperature images for 0.81 and 1.66 cm horizontal and vertical polarizations 
The 0.81 cm horizontal polarization temperatures range from 270K as a light tone to 
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Fig. 3. 
for 10 May 1979. 

SMMIt brightness tmperature images for 2.80 and 4.54 cm horizontal and vertical polarizations 
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5. i3 

MONTH-TO-MDNTH VARIABILITY OF OCEAN-ATMISPBERE LATENT HEAT PLUX 
AS OBSERVED FROM mk NIMBUS MICROWAVE RADIOMETER 

W. Timothy Liu 

J e t  Propuls ion Laboratory 
C a l i f o r n i a  I n s t i t u t e  of Technology 

Pasadena, CA 91109 

1. INTBODDCTION 

Evaporat ion from the ocean is  an important  
component of the  hydro logica l  cyc le ,  supplying 
most of the  water  v i t a l  t o  the  human h a b i t a t .  
Evaporat ion a l s o  a f f e c t s  c l imate  v a r i a t i o n  
becauae i t  c a r r i e s  l a t e n t  h e a t .  I n  the p a s t ,  
l a rge-sca le  l a t e n t  h e a t  f l u x  has  been compiled 
with meteorological  r e p o r t s  from sh ips .  Over 
v a s t  a r e a s  of t r o p i c a l  and southern oceans, 
these data  a r e  a t  b e s t  a b l e  t o  d e l i n e a t e  long- 
term means; not enough s h i p  da ta  e x i s t  t o  
reso lve  the  month-to-month v a r i a t i o n .  Space- 
borne sensors  have the  p o t e n t i a l  of providing 
adeqaa t e  coverage. 

The warming_events i n  the  t r o p i c a l  P a c i f i c .  
known a s  El  Nino, have far-reaching economical 
and ecologica l  consequences. The 1982-83 
episode ( G i l l  and Rasmusson, 1983) .  with i t s  
record  i n t e n s i t y ,  provided a n  i n t e r e s t i n g  case 
f o r  ocean-atmosphere i n t e r a c t i o n  study and a 
c l e a r  s i g n a l  t o  t e s t  the  s e n s i t i v i t y  of space- 
borne sensors .  The Scanning Multichannel 
Microwave Radiometer (SMMR) on the  s a t e l l i t e  
Nimbus-7 provided g loba l  coverage during t h a t  
time. With the  measurements by t h i s  sensor .  
monthly-mean l a t e n t  h e a t  f l u x e s  were computed 
using the  method suggested by Liu (1984) and Liu 
and N i i l e r  (1984) .  These r e s u l t s  were then com- 
pared wi th  u measurements. 

In  t h i s  paper, p re l iminary  r e a u l t s  of t h e  
comparison a r e  presented  w i t h  some examples Of 
the  f l u x  v a r i a t i o n  i n  the  t r o p i c a l  P a c i f i c  
der ived  from Sb0B d a t a .  More comprehensive 
r e s u l t s  w i l l  be publ ished i n  the  near  f u t u r e .  

2. FLUX TECHNIQUE 

The convent ional  method of e s t i m a t i n g  
la rge-sca le  moisture  f l u x  i s  by b u l k  parameteri- 
z a t i o n ,  i n  which the f l u x  i s  r e l a t e d  t o  measure- 
ments made on s h i p s  - t h e  sea sur face  tempera- 
t u r e  (T ) ,  the  wind speed (U) and the  dew p o i n t  
temperature (T ) measured a t  a re ference  l e v e l .  
The b a s i c  form fs 

E = PC@(Qs - Q) (1) 

where E i s  the  moisture  f l u x ,  p 16 t h e  sur face  

a i r  dens i ty .  Qs and Q a r e  the s a t u r a t i o n  
mixingwratio a t  Ts and Td, r e s p e c t i v e l y .  The 
l a t e n t  h e a t  f l u x  (LE) is  the  product of the  
moisture  flux and the  l a t e n t  h e a t  of vaporiza- 
t i o n  L. There a r e  a number of s t a t i s t i c a l  
(0.g.. Anderson and Smith, 1981) and phys ica l  
(e .g . ,  Liu e t  a l . ,  1979) models t o  e v a l u a t e  the  
t ransf  e r  coef f i c i e n t  %. 

A number of spaceborne sensors  a r e  designed 
t o  measure u and Ts. NO s a t e l l i t e  sensor  can 
measure Q, but  a number of s t u d i e s  ( e . g . ,  A l i s -  
house, 1983; Chang e t  a l . ,  1984) demonstrated 
t h a t  the spaceborne microwave radiome t e r  could 
measure the t o t a l  water  vapor i n  a n  atmospheric 
column ( W )  wi th  accuracy comparable t o  those 
der ived  from radiosonde soundings. The key t o  
t h e  technique of es t imat ing  l a t e n t  h e a t  f l u x  
from spaceborne sensors  i s  the  r e l a t i o n  between 
Q and W. Liu (1984) ,  us ing  radisonde r e p o r t s  
from Bermuda, found t h a t  the f i r s t  empir ica l  
or thogonal  f u n c t i o n  descr ibed  65% of the var i -  
ance of the twice-daily humidity soundings and 
97% of var iance  of the  monthly-mean aoundings. 
The r e s u l t s  suggested t h a t  one parameter ( W  o r  
the  humidity a t  any l e v e l )  i s  adequate i n  
p r e d i c t i n g  monthly-mean Q. In t h i s  s tudy,  a 
global  Q-W r e l a t i o n ,  determined by Liu (1986) 
from 1 7  y e a r s  of humidity soundings a t  46 ocean 
s t a t i o n s .  i s  used t o  d e r i v e  monthly-mean Q from 
monthly-mean W measured by SMHR. The t r a n s f e r  
c o e f f i e  t i s  assumed t o  have a cons tan t  va lue  of 
1.2x10- 8 . 
3 .  DATA 

SMHB geophysical  parameters from January 
1982 t o  October 1983 were obtained from Qoddard 
Space F l i g h t  Center (QSFC) . Prom these da ta ,  
monthly mean u, W. and TI over 20 l a t i t u d e  by 20 
longi tude a r e a s  were e x t r a c t e d .  Dats from equa- 
t o r i a l  moorings and from global  s h i p  of oppor- 
t u n i t y  were ured in the  eva lua t ion .  The mooring 
data  came from t h r e e  buoys consecut i v e l y  
deployed a t  95OW on the  equator  from Jannary 
1982 t o  March 1983 a s  p a r t  of the  Equator ia l  
P a c i f i c  Ocean Climate S tudies .  S c a l e r  monthly 
mean wind speeds and sea s u r f a c e  temperaturea 
were formed from d a t a  sampled a t  1 5  min i n t e r  
v a l s .  The s h i p  da ta  were archived a t  Nationml 
Climatic  Data Center  a s  Tape Deck ('I'D) 1129. 
Three parameterr  - U, TS, and T~ - w e r e  
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e x t r a c t e d  a f t e r  the  a p p l i c a t i o n  of a q u a l i t y  
c o n t r o l  procedure descr ibed  by Liu and N i i l e r  
(1985). 

4 .  EVALUATION 

In s t u d i e s  of ol imate  change, t h e  useful-  
ness  of a sensor  i a  o f t e n  judged on i t s  sens i -  
t i v i t i e s  t o  annual and i n t e r a n n m l  v a r i a b i l i t y .  
In Fig. 1, the  temporal v a r i a t i o n s  i n  sur face  
l e v e l  wind speed and i n  sea sur face  temperature, 
a s  measured a t  buoys moored a t  O o ,  95OW, a r e  
compared w i t h  those measured by Nimbus SMMR over 
a n  a r e a  bounded by 20N. 2OS, 94OW and 960W. from 
January 1982 t o  Apr i l ,  1983. The per iod covers 
a s t rong  in te rannual  warming event  ( s t a r t i n g  
J u l y  1982) superimposed on the  annual cycle .  
Considering the  d i f f e r e n c e  i n  a r e a l  coverages, 
SMMR t racked the  temporal v a r i a t i o n  w e l l .  There 
a r e  obvious sys temat ic  d i f f e r e n c e s ,  p a r t  of 
which m y  be due t o  v e r t i c a l  g r a d i e n t s  i n  wind 
speed and ocean temperature. The SMMR winds a r e  
re ferenced  t o  a 19.5 m he ight ,  but  the buoy 
r i n d s  a r e  meaaured a t  3 .8  m. The radiometer  
measures the  akin temperature of the oceans 
while  buoy thermometers were loca ted  about 1 m 
below the  sur face .  
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Fig. 1 femporal v a r i a t i o n  of monthly-mean ( a )  
wind speed and (b) sea aurfaoe temperature, 
measured a t  buoys moored a t  9SoW on t h e  equa- 
t o r  and those measured by Nimbus/SMYB averaged 
over  an a r e a  bounded by 2ON, 2OS. 94OW and 
96.W. 

There a r e  no good measurement t o  
serve a s  an e v a l u a t i o n  s tandard f o r  LE. The 
q u a l i t y  of r o u t i n e  meteorological  r e p o r t s  from 
merchant s h i p s  is  demonstrated i n  Fig.  2 .  The 
s h i p  da ta ,  TD 1129, were searched t o  l o c a t e  a l l  
p a i r s  of sh ips  w i t h i n  an hour and 10 n a u t i c a l  
miles  (18.5 Lm) of each o ther .  Latent  h e a t  
f l u x e s  were computed from each p a i r  and com- 
pared. Data between June and August, 1982, a r e  
shorn i n  Fig.  2. Of the  1304 p a i r s ,  the  mean 
and s tandard d e v i a t i o n  of the d i f f e r e n c e  a r e  4 5  
and 71 W/m2, r e s p e c t i v e l y .  Corresponding va lues  
f o r  1005 p a i r s  found during December January 
and February, 1982. a r e  57 and 87 W / f .  Despi te  
the  poor q u a l i t y  of s h i p  data .  they provide the 
only re ference  t o  e v a l u a t e  l a t e n t  h e a t  f l u x  com- 
puted from s a t e l l i t o  d a t a .  

/' 
/ 

LATENT HEAT FLUX IW/m2)  

Fig.  2 Comparison of l a t e n t  h e a t  f l u x e s  com- 
puted from r e p o r t s  of two sh ips  w i t h i n  a n  hour 
and 18.5 km of each o t h e r  during June-August 
1982. S o l i d  l i n e  r e p r e s e n t s  p e r f e c t  agree- 
ment. 

Fig.  3 shows the  comparison of LE computed 
from SMMR data  and those computed from s h i p  
r e p o r t s  f o r  a t y p i c a l  month, Jane 1982. Each 
poin t  is a monthly average over a 2Ox2O a r e a .  
Only those a r e a s  wi th  more than 10 s h i p  r e p o r t s  
during the month were compared. Fig.  4 shows 
t h e  l o c a t i o n s  of these 2Ox2O areas .  I n  c o a s t a l  
a r e a s ,  t h e r e  were sh ip  r e p o r t s .  but no sa t e l l i t e  
data  because of land-contamina t i o n  of sensor  
s i g n a l s .  Over most of the t r o p i c a l  and southern 
oceans, t h e r e  were s a t e l l i t e  d a t a ,  but  not 
enough s h i p  r e p o r t s .  The d i f f e r e n c e  between 
s a t e l l i t e  and s h i p  measurement of a parameter 
was found t o  depend not  only on the  parameter 
but  a l s o  on o t h e r  parameters moasured by the 
same sensor ("cross- ta lk"  between channels ) .  

Tbe a b s o l u t e  accuracy of s a t e l l i t e  da ta  may 
change due t o  sensor  d r i f t s  o r  a lgor i thm 
improvement. I n  long-period appl  ica t i o n  of 
s a t e l l i t e  d a t a ,  c a l i b r a t i o n  wi th  s t a b l e  aFta 
measurements i s  of t e n  requi red .  A 1  though sh ip  
data  a r e  not i d e a l ,  they a r e  the  only da ta  
a v a i l a b l e  with long h i a t o r i c a l  records covering 
reasonable  range of condi t ions .  A subse t  of the  
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Fig.  3 Comparison of l a t e n t  h e a t  f l u x e s  com- 
puted from s h i p  r e p o r t s  w i t h  those computed 
from o f f i c i a l  Nimbus/SMm geophysical parame- 
t e r s  f o r  June, 1982. Each poin t  i s  a 2Ox2O- 
monthly mean. The s o l i d  l i n e  r e p r e s e n t s  per- 
f e c t  agreement. 
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Fig.  4 Locat iona of 20x20 a r e a s  s e l e c t e d  f o r  
the  comparisons in Pig. 3 and 5 .  

s h i p  data  was used t o  c a l i b r a t e  SMMR d a t a  i n  
t h i s  study. S t a t i s t i c a l  r e l a t i o n s  were es ta -  
b l i s h e d  t o  descr ibe  the sys temat ic  d i f f e r e n c e s .  
With wind speed, f o r  example, t h e  d i f f e r e n c e  i n  
wind speed 8U=4J'-Un was expressed a s :  

6U = c1 + C2U' + C3U' 2 + C4Ts' + C5W' 

where s i n g l e  primed parameters a r e  SlUMU measure- 
ments and doable primed parameters  a r e  s h i p  
measurements. The c o e f f i c i e n t s  C were d e t e r  
mined from f o u r  months of da ta  i n  1982 (January. 
Apr i l ,  J u l y ,  and October)  us ing  only monthly- 
20x20 means in a r e a s  with more than 1 0  s h i p  
r e p o r t s .  A forward s tepwire  r e g r e s s i o n  tech- 
niqne (Draper and Smith, 1981) was used and only 
those terms wi th  c o e f f i c i e n t  passing the  0.05 
s i g n i f i c a n t  l e v e l  t e s t  were included. S i m i l a r  
r e l a t i o n s  were der ived  f o r  Ts and Q. Before Q' 
were computed wi th  the  r e l a t i o n  of Liu (1986), 
W' were a d j u s t e d  t o  radiosonde da ta  a t  a few 
l o c a t i o n s  i n  t h e  P a c i f i c .  Beat f l a x e s  computed 
from the cor rec ted  SMWL data  were compared wi th  
those from sh ip  da ta  i n  Fig. 5 .  The da ta  r a n  e 
is about 400 W/n? and t h e  s c a t t e r  i r  28.1 W / m f t .  
A t  l e a s t  p a r t  of the  s c a t t e r  i s  caused by noisy 
s h i p  da ta .  
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Fig. 5 Same a s  Fig. 3 except f o r  r e c a l i b r a t e d  
Nimbus/SMMIt parameters. 

5 .  FLUX VARIATION 

The evolu t ion  of the  d i s t r i b u t i o n  of LE and 
r e l a t e d  parameters in the  t r o p i c a l  P a c i f i c  dur- 
ing the  1982-83 per iod  were descr ibed  by the  
SMMR data .  Fig. 6 and 7 show the  temporal-zonrl 
v a r i a t i o n s  of Ts and t h e i r  anomalies. The c r i t -  
i c a l  pool of warm water  a s  def ined  t h e  29OC 
isotherm moves eastward from a reg ion  west of 
the  da te - l ine  t o  t h e  Qalapagos. I n  the  e a s t .  
the  anomalies remain g r e a t e r  than 3OC f o r  almost 
a year .  The anomalies were computed using 
cl imatology by Reynolds (1982). The information 
given by SbwB agrees  c l o s e l y  with what we 
learned  from o p e r a t i o n a l  d a t a  (Oi l1  and 
h smusson, 1983 ) , 

Fig.  8 shows the  d i s t r i b u t i o n  of U, humi- 
d i e  d i f f e r e n a e  (Q,-Q). and ,LE f o r  February, 
1982, b e f o r e  the  onse t  of El  Nino. The In te r -  
t r o p i c a l  Convergence ZOM (ITU) near  the  equa- 
t o r  and the  South P a c i f i c  Convergence Zone t o  
t h e  southwest a r e  marked by low U. The d i s t r i -  
b u t i o n  of LE fo l lows  t h e  d i s t r i b u t i o n  of the 
humidity d i f f e r e n c e .  S imi la r  d i s t r i b u t i o n s  f o r  
Apr i l ,  1983, towards t h e  f i n a l  phase of the 
episode,  a r e  shown in Fig.  9 .  For  mort of the  
t r o p i c a l  Pacif i o ,  t h e  humidity d i f f e r e n c e  is 
very uniform. There is only one zonal ly  
o r i e n t e d  b e l t  of very low U near  the  equator  
w i t h  s t rong  wind speed g r a d i e n t s  nor th  and south 
of i t .  The d i s t r i b u t i o n  of LE, in t h i n  anso, 
appears  t o  be dominated by the  d i s t r i b u t i o n  of 
U.  

The time r a t e  of change of Ts (6Ts/6t)  
depends on the  balance of h e a t  advected i n t o  the  
upper ocean and the  h e a t  exchange with the  atmo- 
sphere.  In a r e a s  where the  inf luence  of ocean 
dynamics is  weak and t h e  v a r i a b i l i t y  of o t h e r  
components of oaean-a tmoaphere hen t exchange 
( r a d i a t i o n  and s e n s i b l e  h e a t  f l u x e s )  a r e  re la -  
tively 6T /8t  would be governed by LE. 
The temporal-zona! v a r i a t i o n s  of 6Ts/6t a r e  
shown i n  Fig.  l o a .  The r a t e  was computed a s  t h e  
g r a d i e n t  of the  l i n e a r  r e g r e s s i o n  on t h r e e  con- 
s e c u t i v e  months of T,. Fig.  1Ob  ahows t h e  
corresponding v a r i a t i o n s  in LE. Both a r e  com- 
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Fig. 6 Temporal-zonal v a r i a t i o n  of 4°x40-mean 
sea sur face  temperature centered on t h e  equa- 
t o r .  Isotherms a r e  in degrees  Cels ius .  
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Fig.  8 D i s t r i b u t i o n  of mean ( a )  wind speed, 
(b) humidity d i f f e r e n c e ,  and ( e )  l a t e n t  h e a t  
f l u x  f o r  February 1982. Contour i n t e r v a l s  a r e  
in m / s ,  and Win?, r e r p e o t i v e l y .  
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Fig. 7 Same a s  Fig. 6 except f o r  sea sur face  
temperature anomalies. 
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Fig.  9 Same a s  Fig. 8 except f o r  Apr i l  1983. 

331 



w 

5 

3/82 ' I I 'c 0.5 

3/8 2 

5 

7 

9 

11 

1/83 

3 

5 

7 

9 

184 192 200 208 215 224 232 240 248 256 264 

LONGITUDE 

Fig.  1 0  Temporal-zonal v a r i a t i o n  Of d0X4'- 
mean ( a )  t ime r a t e  of change of sea s u r f a c e  
t empera tu re  and ( b )  l a t e n t  h e a t  f l u x ,  c e n t e r e d  
on 100s.  Contour i n t e r v a l s  a r e  in OCImonth 
and WIG. r e s p e c t i v e l y .  

pu ted  a s  4 0 ~ 4 ~ 1 n o n t h l y  means c e n t e r e d  on 10°S  
from SMMR d a t a .  The p a t t e r n s  of high LE u r e  
ve ry  w e l l  r e l a t e d  t o  p a t t e r n s  of T cooling and 
t h e  p a t t e r n s  of l o w  LE a r e  r e l a t e d  t o  Ts warm- 
ing. The f i g u r e s  demons t r a t e  t h a t  LE i s  a dom- 
i n a n t  f a c t o r  in t h e  change of Ts in t h i s  region. 
A t  t h e  equa to r  or nea r  a n  a tmosphe r i c  conver- 
gence zone, ocean c u r r e n t s  and c loud  v a r i a b i l i t y  
have s t r o n g e r  i n f l u e n c e s  and t h e  r e l a t i o n  
between LE and bT/bt a r e  not expected t o  be a s  
prominent .  

6 .  CONCLUSION 

The r e s u l t s  demons t r a t e  t h a t  spaceborne 
microwave r ad iomete r s  measure monthly mean 
l a t e n t  h e a t  f l u x  t o  w i t h i n  3 0  WIG of those 
d e r i v e d  from s h i p  r e p o r t s .  Due t o  t h e  l a c k  of a 
good e v a l u a t i o n  s t a n d a r d ,  t h e  a b s o l u t e  accu racy  
could n o t  be a s c e r t a i n e d ,  b u t  s a t e l l i t e  measure- 
ments could,  a t  l e a s t ,  be  u s e f u l  in 
e x t r a p o l a t i n g  In fo rma t ion  on LE bo th  in space 
and in t ime.  The Nimbus/SMMR was found t o  be 
u s e f u l  i n  d e s c r i b i n g  t h e  month-to-month v a r i a -  
b i l i t y  of LE and r e l a t e d  pa rame te r s  du r ing  t h e  
1982-83 E l  NiGo. 

A r e s e a r c h  p r o j e c t  is underway t o  e s t i m a t e  
t h e  n e t  ocean-atmosphere h e a t  exchange ( r a d i a -  
t i v e  and l a t e n t  h e a t  f l u x )  over t r o p i c a l  oceans 
us ing  s a t e l l i t e  d a t a  (L iu  and N i i l e r ,  1985) .  
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OBSERVATION OF EL NINO BY THE NIMBUS-7 SlMR 

1 1 
P.H. Hwang, D.S. Madlillanl, C.C. Fu', S.T. Kim , Daesoo Han , P. Gloersen 

NASA/CBddard Space Flight Center, Greenbelt, Maryland 20771 

1. moDm10N 

Since October 1978, the Scanning 
Multichannel Microwave Radianeter (SMMR) on 
the Nimbus-7 satellite has been in continuous 
one-day on/one-day off operation. The 
instrument is described in the Nimbus-7 User's 
Guide by Gloersen and Hardis (1978). It 
measures microwave radiation fran the earth's 
surface and the surrounding atmosphere at five 
frequencies (6.6, 10.7, 18, 21, and 37 GHz) in 
both the horizontal and vertical 
polarizations. %ese brightness temperatures 
are used to infer several geophysical 
parameters over the oceans: sea surface 
temperature (SST), water vapor, sea surface 
windspeed, and sea ice concentrations. This is 
done by using physical models that describe 
how brightness temperatures depend upon these 
geophysical parameters. ?he 6.6 and 10.7 GHz 
channels are the most sensitive to surface 
quantities (SST and surface windspeed); 
whereas, the 18, 21, and 37 GHz channels are 
more sensitive to atmospheric moisture 
contents such as integrated water vapor and 
liquid water (see e.g., Wilheit and Chang, 
1980). Since the spatial resolution of the 
instrument is proportional to wavelength, the 
resolutions for the SST, windspeed, and water 
vapor retrieval algorithms described in the 
next section are 156 km, 98 km, and 60 km 
respectively. 

There are several advantages of using 
SMMR to retrieve geophysical parameters. 
First, microwave remote sensing can be done 
both day and night through non-precipitating 
clouds in contrast to infrardvisible remote 
sensing such as with the AVHRR. This is 
particularly a problen during the 1982-83 El 
Nino period when AVHRR gave a low estimate of 
SST because of the presence of El Chichon 
aerosols (Strong, 1983). 'Ihe second advantage 
is that SMMR covers the whole globe in six 
calendar days while there are few ship or buoy 
surface data available in the tropical and 
southern ocean. A third is that the Nimbus-7 
EMMR has a seven year history of measuranents. 
This history consists of the geophysk 
parameters and the bright ness tenperatures 
used to derive them. SMMR is the only 
instrument which masures water vapor contents 
and surface windspeed before, during, and 
after the El Nino period. 

In this paper we assess the quality of 
SMMR-derived SST, water vapor, and windspeed 
and study these parameters to improve our 
understanding of the El Nino event of 
1982-1983. Our object is to demonstrate 
consistency between SMMR retrievals and other 
observations made during the El Nino period. 
In Section 2, a description of the data which 
we have analyzed is given. Section 3 consists 
of an analysis of the SST, wind speed, and 
water vapor retrievals during El Nino. We 
describe the features of the a n m l y  fields 
for these parameters. %e connections between 
these fields are examined. In addition e 
find that our ananaly fields are qualitatively 
consistent with outgoing longwave radiation 
(OLR) anomaly fields and wind vector ananaly 
fields. 

2. IXTA DESCRIPTION 

To study E2 Nino, we mnputed the ananaly 
fields for SST, water vapor, and windspeed. 
The calculation of SST was done with a 
retrieval algorithm which was discussed by 
Wilheit et al. (1984). The water vapor 
retrieval algorithm was discussed by 
Rosencranz (1982). Fine tuning of this 
algorithm which uses the 18, 21, and 37 GHz 
channels is described by Chang et al. (1983). 
Fu and Hwang (1983) developed the surface 
windspeed algorithm with the 10 and 37 GHz 
channels. 

For each month in the period January 1982 
- December 1983, monthly wan anmly fields 
were computed. A climatological monthly m 
was subtracted from each monthly average in 
this period to get the mnthly ananaly. For 
SST, we have used the long-term climatology 
developed by Robinson (1976). Since no such 
climatology exists for wind or water vapor, 
3-year monthly averages (1979-1981) of these 
parameters derived fran SrlMR ere mnputed. 

Three representative monthly ana~ly mps 
of the Pacific region are s h m  in Figures 
1-3. These maps wcre pr-uced by averaging 
SMMR data into a 2 x 2 grid. It should 
be noted that SST in Figure 1 is not retrieved 
closer than 600 Ian fran the land. Near land 
boundaries there is land, contamination in 

'SASC 'l?zdnologies, 5809 Annapolis Road, ylattsville, Maryland 20784 
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rad iance  nreasurenents ar is ing f ran  the antenna 
s ide lobes .  !his is especially t rue  in  the 6.6 
GHz channels ,  which are the primary source of 
SST information. 

LONGITUDE (OE) 

LONGITUDE ("E) 

Figure 1. Monthly p n  sea surface tanperature 
ananaly ( C )  i n  November 1982. 

Figure 2. Month3y mean water vapor  a n m l y  
(&an ) i n  January 1983. 

We have a l so  constructed t imelongitude 
cross s e c t i o n s  i n  F i g u r e s  4 ,  5 ,  7 f8r eagh 
anomaly  f i e l d  a v e r a g e d  o v e r  t h e  5 S-5 N 
l a t i t u d e  band. These maps i l l u s t r a t e  the  
e v o l u t i o n  of t h e  ananalies. The water vapor 
anomaly i n  F i g u r e  5 was canputed only up to 
J u n e  1983.  A f t e r  t h i s  date, the behavior of 
t h e  SMMR 2 1  G H z  c h a n n e l s  c h a n g e d  
s i g n i f i c a n t l y ,  r e s u l t i n g  i n  a b n o d l y  lw 
water vapor  estimates. An al ternat ive methcd 
of  r e t r i e v a l  w i l l  be  used  t o  obtain water 
vapor after that  date. 

Figure 3. M o n t h l y  mean s u r f a c e  windspeed 
anomaly (meters/sec) i n  Nw&r 
1982. 

3. ANALYSIS 

SMMR observat ions s h w  that the onset of 
t h e  El Nino 8ea surface warming began as ear ly  
as May-June 1982 a l o n g  t h e  coast of South 
A m e r i c a .  T h i s  c a n  b e  s e e n  i n  t h e  
l o n g i t u d e - t i m e  cross s e c t i o n  i n  Figure 4. 
T h i s  waving spr-westward to  prcduce a peak 
of 3.5 C a t  240 E i n  November 1982.  A 
s e c o n d a r y  warming a p p e a r e d  along the  South 
American coast fran May-September 1983. The 
agomaly rehrieved by 91MR was between 4.5 and 
5 C a t  270 E. I t  is clear from F i g u r e  4 
t h a t  t h e  anomaly is higher between 270 E and 
the coast of South Amrica. 
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Figure 4. Time-longitude cross section of the 
sea s u r  ace t e m p e r a t u r e  anomaly 
f b e l d  5 C )  f o r  t h e  l a t i t u d e  band 
5 S - 5  N f r o m  J a n u a r y  1982 t o  
Decenber 1983. 
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I n  r e s p o n s e  t o  SST warming a pos i t ive  
water v a p o r  anomaly  ( F i g u r e  5 )  began  t o  
d e v e l o p  a l o n g  t h e  equa to r  i n  June 1982 just 
w e s t  o f  t h e  da te l ine .  T h i s  aj~omaly w e d  
eastward t o  peak  a t  1 . 6  &an inoDecgnber 
1982  a n d  J a n u a r y  1983  a t  about 220 E. This 
p o s i t i v e  anomaly  w a s  accompan ied  by t h e  
d e v e l o p r e n t  of negative ananalies to the  west, 
n o r t h ,  and  s o u t h .  In  a normal (non-El Nino) 
y e a r ,  t h e r e  is a large annount of water vapor 
i n  t$e wes te rn  Pac i f i c  region centered around 
1 4 0  E a n d  r e l a t i v e l g  less yjater v a p o r  
f u r t h e r  east  f rom 180  E - 270 E. Haever ,  
o n e  c a n  see t h e  r ed l j c t ion  ofowater vapor i n  
t h e  r e g i o n  from 1 2 0  E - 1 4 0  E i n  Figure 5 
wh ich  began i n  p n e  1982 and reached a minimum 
o f  -1.2 gm/m i n  J a n u a r y  1983 (Figure 2 ) .  
I n  g e n e r a l ,  t he  water vapor a n m l i e s  t h a t  we 
see are s imilar  to  those found by Prabhakara 
et  al. (1985). 

WATER VAPOR ANOMALY 

u -  

Figure 5. T ime- long i tude  cross sec t ion  of tk)e 
water v a p o r  a n o m l y  f i e l d  
f o r  t h e  l a t i t u d e  band 5 S-5 N 
f r a n  January 1982 u n t i l  June 1983. 

Q u a l i t a t i v e  a g r e e m e n t  of water vapor 
a n o m a l i e s  a n d  OLR anomaly maps can e a s i l y  be 
s e e n .  The p o s i t i v e  (nega t ive)  ananal ies  i n  
water vapor correspond c lose ly  to t h e  negative 
( p o s i t i v e )  a n o m a l i e s  i n  OLR which indicate 
a b o v e  (belaw) average d.oudiness and r a i n f a l l .  
F o r  J a n u a r y  1 9 8 3 ,  t h e  water vapor  ananaly 
f i e l d  i n  F i g u r e  2 resenbles t h e  OLR ananaly 
f i e l d  (Ardanuy  a n d  K y l e  1 9 8 6 )  i n  Figure 6 
o b t a i n e d  f r o m  t h e  EIZB instrument also on the  
Nimbus-7 satell i te.  Spec i f ica l ly ,  there is a 
s t r o n g p i t i v e  CILR ananaly north of Indonesia 
a t  1 3 0  E a l o n g  w i t h  a large negative water 
v a p o r  anomaly .  "he maximun positive ananaly 
i n  woater v a p o r  i n  t h e  c e n t r a l  P a c i f i c  
(210 E) c o i n c i d e s  with a s t rong  negative CILR 
a n o m a l y  c e n t e r .  T h e r e  i s  a s i m i l a r  
c o r r e s p o n d e n c e  be tween ananaly centers  t h a t  
l i e  t o  t h e  north and south of t h i s  point.  The 
eastward movement of t h e  water vapor (Figure 
5 )  and OLR anomaly centers suggests that t h e  

c o n v e c t i v e  z o n e  o f  t h e  w e s t e r n  equator ia l  
P a c i f i c  also sh i f t ed  eastward as the El Nino 
peaked. 

NIMBUS-7 ERD L O N O W I M  ANOMAUES FOR JANUARY 1-3 

L D D M  

2 Figure 6. Month ly  mean ananaly  (W/m ) of the  
o u t g o i n g  longwave  r a d i a t i o n  f o r  
J a n u a r y  1983 f r an  measurenents made 
by t h e  Nimbus-7 ERB i n s t r u m e n t .  
(Fran Ardanuy and Kyle (1986)).  

I n  t h e  t i m e - l o n g i t u d e  cross sec t ion  of 
w i n d s p e e d  i n  F i g u r e  7 ,  o n e  c a n  see t h a t  a 
n e g a t i v e  windspeed ananaly appears about Ju ly  
1982  a t  t h e  da t e l ine  and progresses eastward. 
I t s  maximum value is -2.5 d s e c  i n  t he  perJ0d 
O c t o b e r  1982  t o  J a n u a r y  1 9 8 3  a t  210 E. 
T h e r e  a re  pos i t i ve  ananal ies  to t h e  south (+4 
m/sec) a n d  t o  t h e  w e s t  a n d  n o r t h  o f  t h i s  
n e g a t i v e  ananaly. %is can be seen i n  Figure 
3 f o r  November 1982. 
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Figure 7. T i m e - l o n g i t u d e  cross s e c t i o n  of 
s u r f a c e  windspeed  anomaly  f i e l d  
(getegs/sec) f o r  t he  latitude band 
5 S-5 N f rom J a n u a r y  1982  u n t i l  
December 1983. 
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When considering the windspeed anomalies, 
o n e  m u s t  remember t h a t  t h e r e  is no wind  
d i r e c t i o n  in fo rma t ion .  A s ign  change i n  t h e  
w e s t e r l y  cxmpnent of t h e  w i n d  vector,  (i.e. a 
s h i f t  f r o m  e a s t e r l y  t o  w e s t e r l y )  c a n  
c o r r e s p o n d  to a small change i n  the  windspeed 
anomaly. This explains why negative windspeed 
anomal i e s  are seen i n  the c e n t r a l  Pac i f ic .  In  
J u l y  and  Augus t  1982, t h e  man wind ve loc i ty  
had  a w e s t e r l y  component to t h e  west of t he  
d a t e l i n e  a f t e r  h a v i n g  reversed d i r ec t ion  i n  
J u n e  1982  (NOAA Climate Analysis Center (CAC) 
( 1 9 8 3 )  , Rasmusson a n d  Wallace (1983)).  The 
g r o w t h  o f  t h i s  anomaly a t  850 mb is shmm i n  
F i g u r e  8 f rom CAC ( 1 9 8 3 ) .  I t  corresponds 
c l o s e l y  t o  t h e  negative ananaly t h a t  is seen 
in  Figure 7 for windspeed. 

Figure 8. T i m e - l o n g i t u d e  crosz sec t ion  along 
t h e  e q u a t o r  (SON-5 S )  o f  t h e  850 
m b  z o n a l  ( w e s t e r l y )  wind ananaly. 
U n i t s  are meters/sec. (Reproduced 
f r an  W ( A u g u s t  1983)) .  

Comparisons of SST, water vapor, and wind 
s p e e d  a n o m a l y  f i e l d s  p r o v i d e  some 
cor re spondences .  An important co r re l a t ion  is 
t h a t  be tween  SST a n d  water vapor anomalies. 
The ancxnalously warm SST (Figures 1, 4 )  i n  t h e  
c e n t r a l  a n d  eas t e rn  Pac i f i c  prunote increased 
c o n v e c t i o n  wh ich  t h e n  t r anspor t s  mre water 
v a p o r  i n t o  t h e  atmosphere (Figures 2, 5 ) .  The 
n e g g t i v e  w i n d s e  ananaly i n  Figure 7 between 
180  E a n d  230 E c o r r e s p o n d s  i n  Figure 5 to 
t h e  l a r g e  pos i t i ve  water vapor ananaly i n  t h e  
same p l a c e .  I n  a d d i t i o n ,  t he re  is a largq 
n e g a t i v e  water v a p o r  anomaly of -.8 q / a n  
a n d  a gositiveowindspeed ananaly of 4-5 dsec 
a t  ( 2 0  S ,  200 E) i n  November 1982 (Figure 
3 )  . A w e l l - d e f i n e d  region of negafjive water 
v a p o r  a n o m a l i e s  (-1.2 to -.4 gm/an ) extends 
f rom I n d o n e s i a  across t h e  P a c i f i c  to Mexico 
( s e e  F i g u r e  2 f o r  J a n u a r y  1 9 8 3 ) .  T h i s  
c o r r e s p o n d s  t o  a similar region of pos i t i ve  
w i n d s p e e d  a n o m a l i e s  i n  December 1 9 8 2  and 
J a n u a r y  1 9 8 3 .  The 1000 mb ananalous vector 
wind  f i e l d  i n  t h e  CaC (1983) f o r  January 1983 
shows t h a t  t h e r e  is  a n  anomalous law-level 
c o n v e r g e n 9  i n t o  8 region belaw t h e  equator at  
a b o u t  1 9 0  E-230 E. T h i s  r e g i o n  coincides 
w i t h  t h e  area w h e r e  t h e  mimm water vapor 
ananaly is seen. 

The t i m e  series behavior of t h e  c e n t r a l  
P a c i f i c  water vapor and windspeed ananal ies  is 
s imilar  t o  t h e  S o u t h e r n  O s c i l l a t i o n  index 
( d i f f e r e n c e  o f  t he  ananaly pressures between 
T a h i t i  a n d  Darwin, Australia) and t h e  850 m b  
t r a d e  wind  i n d e x  ( e a s t e r l y  anomaly  f r o m  
180°E-2200E) r e p o r t e d  by t h e  CAC (1983).  

T h e s e  i n d i c e s  m e  i n t o  the negative phase of 
t h e i r  o s c i l l a t i o n s  i n  May-June 1982, peak i n  
December 1982  - J a n u a r y  1983, and re tu rn  to 
z e r o  June 1983. Though the  t i m e  series is not 
e x p l i c i t l y  p l o t t e d ,  t h i s  b e h a v i o r  ( w i t h  
o p p o s i t e  s ign )  is evident pa r t i cu la r ly  f o r  t he  
p o s i t i v e  wate8 v a p o r  a n o v l y  that develops 
b e t w e e n  1 8 0  E a n d  2 3 0  E ( F i g u r e  5). 
T h e r e f o r e ,  it should be usefu l  to de f ine  water 
v a p o r  a n d  w i n d s p e e d  anomaly  i n d i c e s  as 
a d d i t i o n a l  measu res  o f  t h e  S o u t h e r n  
Osc i l la t ion .  

4. (IINQLUDING REMARKS 

The SMMR data set provides a continuous 
h i s t o r i c a l  record of SST, water vapor and 
s u r f a c e  w i n d s p e e d  s t a r t i n g  i n  November 1978 
w i t h  wh ich  to study t h e  m c h a n i m  of El Nino. 
W e  are using t h i s  record to s t d y  t h e  onse t  of 
E l  Nino including t h e  years  prior to 1982. In  
t h i s  p a p e r ,  a t t e n t i o n  has been focused on t h e  
E l  Nino  phenomenon i n  the  equator ia l  P a c i f i c  
r e g i o n  f rom 120°E t o  t h e  S o u t h  Amer ican  
coast .  However there are other  regions, f o r  
e x a m p l e  i n  t h e  A t l a n t i c  and Indian Oceans, 
where  the re  is s i g n i f i c a n t  ananalous behavior. 
T h o u g h  t h e  d i s c u s s i o n  h e r e  h a s  b e e n  
q u a l i t a t i v e ,  it p r o v i d e s  a p i c t u r e  of t h e  
e v o l u t i o n  o f  E l  Nino  as  r e f l e c t e d  i n  t h e  
r e l a t i o n s h i p s  of SST, atmospheric water vapor 
content,  and sur face  windspeed. 
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1. INTRODUCTION 

It is  g e n e r a l l y  a c c e p t e d  t h a t  t h e  l a r g e -  
scale c i r c u l a t i o n s  i n  t h e  t r o p o s p h e r e  su r round ing  
a t r o p i c a l  cyc lone  ac t  as t h e  s t e e r i n g  c u r r e n t  
f o r  t h e  s t o r m  and are b e s t  approximated by mid- 
t r o p o s p h e r i c  winds.  However, s i n c e  t h e s e  
c i r c u l a t i o n s  are o f t e n  n o t  a c c u r a t e l y  d e s c r i b e d ,  
f o r e c a s t i n g  t r o p i c a l  cyc lone  motion i s  a d i f f i c u l t  
t a s k ,  p a r t i c u l a r l y  f o r  s to rms  t h a t  are undergoing 
r e c u r v a t u r e .  T h i s  i s  because  rawinsondes are t o o  
wide ly  spaced i n  areas where s to rms  u s u a l l y  e x i s t  
and o p e r a t i o n a l  a n a l y s i s  methods are  i n a d e q u a t e l y  
tuned i n  s p a r s e  d a t a  r e g i o n s .  Better d e f i n i t i o n  
of  t h e  i n i t i a l  t r o p i c a l  cyc lone  environment  is  
needed t o  improve motion f o r e c a s t s .  S a t e l l i t e  
measurements are a major  p o t e n t i a l  d a t a  s o u r c e .  

This s t u d y  e v a l u a t e s  t h e  u s e f u l n e s s  of  
GOES I R  and TOVS measurements from s a t e l l i t e s  
f o r  t r o p i c a l  cyc lone  motion f o r e c a s t i n g .  T h i s  
s a t e l l i t e  d a t a :  1) can be  r e l a t e d  t o  t h e  atmos- 
p h e r i c  c i r c u l a t i o n  su r round ing  t h e  s to rm,  2 )  are 
a v a i l a b l e  f o r  a s u f f i c i e n t l y  l a r g e  number of  
c y c l o n e s  t o  d e r i v e  s t a t i s t i c a l  models ,  and 3) can  
be  o b t a i n e d  o p e r a t i o n a l l y .  The s a t e l l i t e  i n f r a r e d  
measurements of  c l o u d  areas and c lear  r e g i o n s  pro-  
v i d e  a n  i n d i c a t o r  of t h e  p o s i t i o n  and t h e  s t r e n g t h  
of  t h e  l a r g e - s c a l e  c i r c u l a t i o n  f e a t u r e s  surround-  
i n g  a t r o p i c a l  cyc lone  (Shenk and Rodgers.  1978) 
and ,  t h e r e f o r e ,  are  r e l a t e d  t o  t h e  middle  t ropo-  
s p h e r i c  f low.  These c i r c u l a t i o n  f e a t u r e s  i n c l u d e  
b a r o c l i n i c  zones i n  t h e  westerlies. t r o p i c a l  con- 
v e c t i o n  sys t ems  ( e . g . ,  ITCZ), c i r r u s  a s s o c i a t e d  
w i t h  j e t  streams and c lear  areas a s s o c i a t e d  w i t h  
s u b t r o p i c a l  and m i d l a t i t u d i n a l  a n t i - c y c l o n e s .  
Fu r the rmore ,  i n f r a r e d  measurements of  t h e  t r o p i c a l  
c y c l o n e ' s  c e n t r a l  dense  o v e r c a s t  (CDO) may b e  
r e l a t e d  t o  storm motion s i n c e  a r e l a t i o n s h i p  h a s  
been demons t r a t ed  between s t o r m  i n t e n s i t y  and 
motion.  The r e l a t i o n s h i p  was sugges t ed  by Rossby 
(1948) .  H e  i n d i c a t e d  t h a t  l a r g e r  and more 
i n t e n s e  storms have a tendency t o  accelerate n o r t h -  
ward more r a p i d l y  than  smaller and weaker s to rms  
due t o  a l a r g e  r a d i u s  of maximum s u r f a c e  winds and 
t h e r e f o r e ,  a l a r g e  B e f f e c t .  

A r e l a t i o n s h i p  between t h e  CDO c h a r a c t e r -  
i s t i c s  and f u t u r e  changes i n  s t o r m  i n t e n s i t y  h a s  
been demons t r a t ed  by Gentry e t .  a l .  (1980).  They 
found t h a t  t h e r e  i s  a r e l a t i o n s h i p  between t h e  

storm maximum wind speed a t  a f u t u r e  time and 
s a t e l l i t e  measured e q u i v a l e n t  blackbody tempera- 
t u r e s  (TBB) of t h e  s t o r m ' s  CDO. L a t e n t  h e a t  re- 
lease (LHR), which i s  e s s e n t i a l  t o  t h e  maintenance 
and i n t e n s i f i c a t i o n  of t r o p i c a l  c y c l o n e s  a t  t h e  
l a te r  s t a g e s  of development (Palmen and R i e h l ,  
1957, and R i e h l  and Malkus, 1961) ,  can be  i n f e r r e d  
from t h e  a r ea l  e x t e n t  and h e i g h t  of t h e  CDO as mea- 
s u r e d  from i n f r a r e d  s e n s o r s .  

It would be even more d e s i r a b l e  Lo have a 
d i r e c t  measurement of  t h e  middle  t r o p o s p h e r i c  c i r -  
c u l a t i o n  from s a t e l l i t e  d a t a .  A n e a r l y  d i r e c t  
estimate can  b e  made from c loud  mot ions ,  d e t e r -  
mined from geosynchronous s a t e l l i t e  image sequen- 
ces, mos t ly  a t  t h e  950 and 200 mb l e v e l s  i n  t h e  
t r o p i c s .  I n  t h e  m i d l a t i t u d e s ,  t h e  middle  t ropo-  
s p h e r i c  c i r c u l a t i o n  can b e  d e r i v e d  from t h e  mass 
f i e l d  th rough  t h e  the rma l  wind r e l a t i o n s h i p  u s i n g  
s a t e l l i t e - d e r i v e d  t empera tu re  p r o f i l e s .  Chon e t .  
a l .  (1980) have  d e r i v e d  t h e  t empera tu re  g r a d i e n t s  
and ,  t h e r e f o r e ,  v e r t i c a l  wind s h e a r  p r o f i l e s  
around 13 t r o p i c a l  c y c l o n e s  by u s i n g  t h e  Nimbus- 
6 Scanning Microwave Spectrometer  (SCAMS) measure- 
ments.  These measurements were used t o  i n d i c a t e  
whether  i n  24 h r .  a t r o p i c a l  cyc lone  moved to  t h e  
l e f t  o r  r i g h t ,  o r  n o t  a t  a l l ,  from i ts  p r e s e n t  
c o u r s e  w i t h  abou t  an  80% c e r t a i n t y .  
sounding p r o d u c t s  o f f e r  t h e  o p p o r t u n i t y  t o  o b t a i n  
m o i s t u r e  and mean l a y e r  t empera tu re  p r o f i l e s  
from t h e  s u r f a c e  t o  200 mb. 
p r o v i d e  c l o u d  c o v e r ,  ozone and c loud  f ree  l l m  
r a d i a t i o n  f i e l d s  which were e v a l u a t e d  i n  t h i s  
s tudy . 

The TOVS 

These p r o d u c t s  a l s o  

An o b j e c t i v e  e m p i r i c a l  a n a l y s i s  t echn ique  
was employed t o  i n v e s t i g a t e  t h e  e x t e n t  t o  which 
s a t e l l i t e  o b t a i n e d  measurements of a t r o p i c a l  
c y c l o n e  and i t s  environment  c a n  be used t o  p r e d i c t  
cyc lone  motion.  
c e s s f u l l y  used wi th  Nimbus-5 microwave d a t a  to 
estimate f u t u r e  t r o p i c a l  cyc lone  i n t e n s i t y  from 
i n f e r e n c e s  of t h e  r a i n f a l l  ra te  d i s t r i b u t i o n  i n  
areas w i t h i n  and immediately su r round ing  n 
cyc lone  (Hunter e t .  a l . ,  1981) .  S i m i l a r l y ,  
cyc lone  motion h a s  been e s t i m a t e d  from I K  d e r i v -  
ed  c loud  t o p  t e m p e r a t u r e s  from NIMBUS and N O M  
p o l a r  o r b i t i n g  s a t e l l i t e s  (Hunter e t .  a l .  1984) .  
The d a t a  i n  t h e  p r e s e n t  s t u d y  were examined a l o n e  
and i n  c o n j u n c t i o n  wi th  o t h e r  r e a d i l y  a v a i l a b l e  
n o n - s a t e l l i t e  c l i m a t o l o g i c a l  and p e r s i s t e n c e  

A similar approach  h a s  been suc- 
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v a r i a b l e s  f o r  each s torm.  These p r e d i c t o r s  are  
s imi la r  t o  t h o s e  used i n  t h e  N a t i o n a l  Hur r i cane  
Cen te r  (NHC) CLIPER model. I n  t h i s  s t u d y ,  t h e s e  
w i l l  be  r e f e r r e d  t o  as t h e  (Nicho l s  Research 
Corpora t ion )  NRC CLIPER p r e d i c t o r s .  
a n c e  o b t a i n e d  u s i n g  t h e  NHC CLIPER model w i l l  be  
compared and major  d i f f e r e n c e s  between t h e  NRC 
and NHC CLIPER performances w i l l  b e  r e l a t e d  t o  
d i f f e r e n c e s  i n  t h e  models.  

The perform- 

This pape r  w i l l  d e s c r i b e  how t h e  s a t e l l i t e  
d e r i v e d  d a t a  were p rocessed  t o  o p t i m i z e  t h e i r  
p o s s i b l e  p r e d i c t i v e  v a l u e ,  t h e  t echn ique  t h a t  was 
used i n  deve lop ing  t h e  r e g r e s s i o n  a l g o r i t h m s .  and 
the r e s u l t s  of  t e s t i n g  t h e s e  a l g o r i t h m s  u s i n g  t h e  
Lachenbrach and Mickey (1968) U-method independent  
test p rocedure .  

Homogeneous ( i . e . ,  i d e n t i c a l  o b s e r v a t i o n s )  
d a t a  sets are used f o r  t h e  comparisons p r e s e n t e d .  
These comparisons i n c l u d e :  1) a comparison of 
the NHC and NRC CLIPER model performance,  2 )  a 
comparison of t h e  NHC CLIPER performance and o f -  
f i c i a l  f o r e c a s t  performance,  3) a comparison of 
t h e  NRC CLIPER w i t h  t h e  NRC CLIPER p l u s  s a t e l l i t e  
f i e l d s ,  and 4)  a comparison of NRC CLIPER f o r e -  
casts w i t h  s a t e l l i t e  on ly  f o r e c a s t s .  

2 .  DATA DESCRIPTION AND SAMPLING METHODS 

The s a t e l l i t e  d a t a  used i n  t h i s  s t u d y  was 
o b t a i n e d  from t h e  GOES I R  (11 micron)  channe l  and 
t h e  TOVS a r c h i v e d  d a t a  d e s c r i b e d  by Gibson (1984) 
and Kidwell  (1983). The GOES d a t a  was s u p p l i e d  
i n  a g r i d d e d  format  and was n a v i g a t e d  u s i n g  t h e  
d a t a  s u p p l i e d  on t h e  t a p e s .  The g r i d d i n g  f o r  t h e  
GOES d a t a  p rov ided  a r e s o l u t i o n  of 4 km which was 
c o n s i d e r a b l y  h i g h e r  t h a n  t h e  150 km u t i l i z e d  i n  
t h i s  s t u d y .  Thus, each  of t h e  g r i d  p o i n t  v a l u e s  
i n  t h i s  s t u d y  w a s  o b t a i n e d  by a v e r a g i n g  9 a d j a -  
c e n t  p o i n t s .  The TOVS d a t a  p r o d u c t s  are s u p p l i e d  
i n  an ungr idded  f o r m a t ,  where t h e  l a t i t u d e  and 
l o n g i t u d e  of  each  o b s e r v a t i o n  is s u p p l i e d  a l o n g  
w i t h  t h e  measured v a l u e s  and computed d a t a  pro- 
d u c t s .  S ince  t h e s e  p o i n t s  are a t  d i f f e r e n t  
e a r t h  l o c a t i o n s  f o r  each d a t a  set and have  a 
v a r i a b l e  r e s o l u t i o n ,  i t  w a s  n e c e s s a r y  t o  deve lop  
a g r i d d i n g  program which i n t e r p o l a t e d  between t h e  
n e a r e s t  a v a i l a b l e  d a t a  t o  o b t a i n  t h e  d e s i r e d  195 
g r i d  p o i n t s .  
a b l e  w i t h i n  t h e  r e g i o n  cove red  by t h e  g r i d  r ange  
from approx ima te ly  150 t o  1000. Due to  t h e  
v a r i a b l e  r e s o l u t i o n  of t h i s  d a t a ,  i n  some p l a c e s  
a g r i d  p o i n t  r e p r e s e n t e d  the a v e r a g i n g  of a num- 
b e r  of nearby p o i n t s  whereas  i n  other r e g i o n s ,  
t h e  g r i d  r e q u i r e d  i n t e r p o l a t i o n  ove r  d i s t a n c e s  
sometimes l a r g e r  t han  t h e  d i s t a n c e  between two 
g r i d  p o i n t s .  

The number of d a t a  p o i n t s  a v a i l -  

The g r i d  used i n  t h i s  s t u d y  i s  shown i n  
F ig .  1 and e x t e n d s  f o r  a d i s t a n c e  of  1950 nmi i n  
l a t i t u d e  and 2250 nmi i n  l o n g i t u d e .  A s p a c i n g  
between the g r i d  p o i n t s  i n  b o t h  a l a t i t u d e  and 
l o n g i t u d i n a l  d i r e c t i o n s  i s  150 nmi. The c e n t e r  
of t h e  storm is always p l a c e d  7%' n o r t h  and 12%" 
west of t h e  s o u t h e a s t  g r i d  c o r n e r .  The g r i d  i s  
always o r i e n t e d  so t h a t  n o r t h  i s  a t  t h e  top .  

I n  a d d i t i o n  t o  t h e  g r i d d e d  s a t e l l i t e  
measurements.  t h e r e  are 14 non-gridded p r i m a r i l y  
CLIPER d e r i v e d  p r e d i c t o r s  which are appended 
t o  t h e  s a t e l l i t e  d a t a  f o r  t h e  s a t e l l i t e  p l u s  
CLIPER a n a l y s e s  and which,  when used  by them- 
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s e l v e s ,  c o n s t i t u t e  t h e  NRC CLIPER model. These 
14 non-gridded v a r i a b l e s  are d e s c r i b e d  i n  
Tab le  1 below. 

Data was o b t e i n e d  from a t o t n l  o f  120 
o b s e r v a t i o n s  of f i v e  1979, f i v e  1981, nnd f o u r  
1982 t r o p i c e l  cyc lones .  F i g .  2 shows t h e  t r a c k s  
of t h e  storms used i n  t h i s  s tudy .  The symbols 
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f o r  h u r r i c a n e s ,  t r o p i c a l  s to rms  and t r o p i c a l  
d e p r e s s i o n  show t h e  120 o b s e r v a t i o n s  used i n  
t h i s  s t u d y .  

3. EMPIRICAL METHOD 

The o b j e c t i v e  e m p i r i c a l  a n a l y s i s  method 
used t o  d e r i v e  and tes t  t h e  a l g o r i t h m s  h a s  been 
d e s c r i b e d  by Hunter  (1976).  The approach h a s  
been used i n  many o t h e r  s t u d i e s  i n c l u d i n g  Shenk 
e t .  a l .  (1973) and Hunter  e t .  a l .  (1981, 1984).  

The g e n e r a l  concep t  of t h e  approach is t o  
t a k e  a d a t a  set from t h e  o r i g i n a l  high-dimensional  
d a t a  s p a c e  and t r a n s f o r m  i t  t o  a lower-dimensional  
o p t i m a l  a n a l y s i s  space .  
ing f rom sampling t h e  195 g r i d  p o i n t s  i n  t h e  high-  
d imens iona l  d a t a  space  are t r ans fo rmed  i n t o  an  
o rde red  o p t i m a l  c o o r d i n a t e  system d e f i n e d  by t h e  
Karhunen-Loeve expans ion  (Andrews, 1972) .  Regres- 
s i o n  a l g o r i t h m s  are then  developed i n  t h e  lower- 
d imens iona l  o p t i m a l  a n a l y s i s  s p a c e  u s i n g  an  i m -  
proved independent  e i g e n s c r e e n i n g  t echn ique .  
T h i s  t echn ique  i s  r e l a t e d  t o  t h e  c l a s s i c a l  scre- 
en ing  r e g r e s s i o n  t echn ique  b u t  d i f f e r s  i n  t h a t  
t h e  s c r e e n i n g  u s e s  independent  d a t a  r a t h e r  t han  
dependent  d a t a  f o r  s c r e e n i n g  e v a l u a t i o n .  
s c r e e n i n g  d e c i s i o n  is based  on t h e  independent  
tes t  r e s u l t s  u s i n g  t h e  U-method of Lachenbrach and 
Mickey (1968) .  Another advan tage  of  u s i n g  t h e  
lower-dimensional  o p t i m a l  a n a l y s i s  space  i s  t h a t  
t h e  o r t h o g o n a l i t y  of t h e  e i g e n v e c t o r  s p a c e  e l i m i n -  
a tes  redundance problems, and,  t h e r e f o r e ,  r e d u c e s  
t h e  complex i ty  and c o s t  of t h e  more c l a s s i ca l  
s c r e e n i n g  r e g r e s s i o n  t e c h n i q u e s .  

The d a t a  v e c t o r s  r e s u l t -  

The 

S i n c e  t h e  t r a n s f o r m a t i o n  t o  t h e  a n a l y s i s  
s p a c e  i s  o r t h o g o n a l  and t h e  i n v e r s e  i s  know, t h e  
a l g o r i t h m  can b e  t r ans fo rmed  back t o  t h e  o r i g i n a l  
d a t a  space .  The o r i g i n a l  d a t a  s p a c e  is t h e  g r i d -  
ded s a t e l l i t e  d a t a  f i e l d  i n  F i g .  1 .  Thus,  t h e  
way i n  which each g r i d  p o i n t  of t h e  d a t a  v e c t o r  
c o n t r i b u t e s  t o  t h e  f o r e c a s t  a l g o r i t h m  can be  
shown p i c t o r i a l l y  by i n v e r t i n g  t h e  o r i g i n a l  
sampling p rocedure  and mapping t h e  amount of 
c o n t r i b u t i o n  of each g r i d  p o i n t .  

The f o r e c a s t  a l g o r i t h m s  were deve loped .  
u s i n g  b o t h  t h e  14 non-gridded v a r i a b l e s  shown 
i n  Tab le  1 and the g r i d d e d  d a t a  f rom t h e :  1) 
m o i s t u r e ,  2 )  500 mb t empera tu re ,  3) 200 mb 
t empera tu re ,  4 )  1 1 ~  c loud  f r e e ,  5 )  ozone,  6 )  
c l o u d  c o v e r ,  and 7 )  GOES 111.1 f i e l d s .  F ig .  3- 
4 show examples of t h e  a v e r a g e  of  some of 
t h e s e  f i e l d s .  

FIG. 3 .  AVERAGE OF TOVS 500 ME 
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FIG.  0. AVERAGE OF GOES I R  FIELD - HURRICANES 

The 14 non-gridded d e s c r i p t o r s  were 
b i a s e d  ( i . e . ,  we igh ted )  such t h a t  t h e  v a r i a t i o n  
e x p l a i n e d  by t h e  14 n o n - s a t e l l i t e  v a r i a b l e s  is 
approx ima te ly  t h a t  e x p l a i n e d  by t h e  195 s a t e l l i t e  
measurements.  T h i s  r e s u l t e d  i n  t h e  l e a d i n g  terms 
of t h e  e i g e n v e c t o r  expans ion  e x p l a i n i n g  a lmos t  
a l l  of t h e  v a r i a t i o n  i n  t h e  n o n - s a t e l l i t e  
v a r i a b l e s ,  and any redundant  v a r i a t i o n  i n  t h e  
i n f r a r e d  v a l u e s .  The remainder  of t h e  v a r i a t i o n  
t h a t  i s  e x p l a i n e d  by t h e  s a t e l l i t e  f i e l d s  
i s  c o n t a i n e d  i n  t h e  h i g h e r  o r d e r  e i g e n v e c t o r .  

To tes t  t h e  performance of t h e s e  f o r e c a s t  
a l g o r i t h m s ,  a storm-out independent  tes t  p rocedure  
similar t o  Lachenbrach 's  (1968) U-method was used.  
T h i s  p rocedure  c o n s i s t s  of  removing t h e  i n f r a r e d  
and n o n - s a t e l l i t e  i n f o r m a t i o n  f o r  a g iven  s to rm 
from t h e  dependent  d a t a ,  r e d e v e l o p i n g  t h e  r e g r e s -  
s i o n  a l g o r i t h m s ,  and then  independen t ly  t e s t i n g  
t h e  performance of t h e s e  a l g o r i t h m s  wi th  t h e  g iven  
s torm.  This p rocedure  is r e p e a t e d  s e q u e n t i a l l y ,  
o m i t t i n g  d i f f e r e n t  s to rms  a s  independent  t e s t  c a s e s  
u n t i l  a l l  t h e  a v a i l a b l e  s to rms  t h a t  were used t o  
deve lop  t h e  a l g o r i t h m s  were a l s o  used f o r  independ- 
e n t  test cases. T h i s  p rocedure  was used t o  maxi- 
mize t h e  number of o b s e r v a t i o n s  a v a i l a b l e  For 
deve lop ing  each  a l g o r i t h m .  

4 .  COMPARISON OF CLIYER MODELS 

The NRC-CLIPER model d i f f e r s  from t h e  w e l l -  
known NRC-CLIPER model i n  a t  least  f o u r  s i g n i f i c a n t  
ways: 1) t h e  NHC-CLIPER model was d e r i v e d  u s i n g  
a s i g n i f i c a n t l y  l a r g e r  sample of c y c l o n e s  t h a n  t h e  
NRC model; 2 )  t h e  NHC-CLIPER model u s e s  i n f o r m a t i o n  
o b t a i n e d  o v e r  a p e r i o d  of 18 h r s .  p r i o r  t o  t h e  f o r e -  
cast  t ime,whereas  t h e  NRC-CLIPER model on ly  u s e s  in-  
f o r m a t i o n  o b t a i n e d  up t o  12 h r s .  p r i o r  t o  t h e  f o r e -  
cast  time; 3) t h e  NHC model uses i n t e n s i t y ,  speed ,  
d i r e c t i o n ,  and c r o s s - p r o d u c t s  of t h e s e  pa rame te r s  as 
p r e d i c t o r s ,  w h i l e  t h e  NRC-CLIPER model u s e s  i n t e n s i t y ,  
speed ,  d i r e c t i o n ,  C a r t e s i a n  p o s i t i o n  and change of 
p o s i t i o n ;  and 4 )  t h e  NIfC model, when d e r i v e d  from 
b e a t  t r a c k  d a t a ,  u s e s  a c a l c u l a t e d  speed of t h e  
cyc lone  which i n  o r d e r  t o  p r o v i d e  a " b e s t  t r a c k  model" 
of t h e  f o r e c a s t e r ' s  estimate is  based  on i n f o r m a t i o n  
o n l y  a v a i l a b l e  6 h o u r s  a f t e r  t h e  f o r e c a s t  t i m e .  

Tab le  2 compares t h e  performance of t h e s e  
CLIPER a l g o r i t h m s  based  on b e s t  t r a c k  d a t a  as  
a r c h i v e d  by A s h e v i l l e  and as a r c h i v e d  by t h e  N a t i o n a l  
Hur r i cane  C e n t e r ,  a s  w e l l  as  on o p e r a t i o n a l  p o s i t i o n s  
a s  a r c h i v e d  by t h e  N a t i o n a l  Hur r i cane  C e n t e r .  Com- 
p a r i s o n  of  t h e  t h i r d  and f o u r t h  columns an Tab le  2 
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shows tha t ,  f o r  t h e  a p p l i c a t i o n  t o  t h e  b e s t  t r a c k  
d a t a ,  t h e  NHC h a s  s i g n i f i c a n t l y  s m a l l e r  e r r o r s  
t han  t h e  NRC-CLIPER f o r e c a s t  f o r  a l l  12 and 24 h r .  
f o r e c a s t s  and f o r  t h e  l o n g e r  p e r i o d  l o n g i t u d e  
f o r e c a s t s .  However, t h e  comparison of  t h e  same 
two models u s i n g  o p e r a t i o n a l  data ,  which i s  shown 
i n  the las t  two columns of Tab le  2,shows t h a t  a 
l a r g e  p o r t i o n  of t h i s  d i f f e r e n c e  d i s a p p e a r s  and ,  
i n  f a c t ,  t h e  v e c t o r  errors f o r  t h e s e  two models 
are n e a r l y  i d e n t i c a l  f o r  a l l  f o u r  f o r e c a s t  p e r i o d s .  
S i n c e  t h e  NHC-CLIPER model 's  u s e  of d a t a  6 h o u r s  
a f t e r  the f o r e c a s t  is o n l y  a p p l i c a b l e  t o  the 
b e s t  t r a c k  d a t a ,  i t  seems l i k e l y  t h a t  t h i s  d i f -  
f e r e n c e  between t h e  two models w i l l  e x p l a i n  t h e  
m a j o r i t y  of t h e  d i f f e r e n c e  i n  t h e  performance 
shown on t h e  f o r e c a s t  u t i l i z i t t e  t h e  h p s t  t r p - k  
d a t a .  F ig .  5 p r o v i d e s  f u r t h e r  j u s t i f i c a t i o n  of 
t h i s  h y p o t h e s i s .  This f i g u r e  r e p l o t s  t h e  e r r o r s  
shown i n  columns 3 and 4 of Tab le  2 as  a f u n c t i o n  
of time s i n c e  the l a t e s t  i n f o r m a t i o n  u t i l l z e d  i n  
p r e p a r i n g  t h e  f o r e c a s t .  When t h i s  is done, bo th  
t h e  NHC and NRC-CLIPER snow v e r y  similar r e s u l t s ,  
excep t  that ,  i n  general ,  t h e  NRC-CLIPER h a s  smal- 
l e r  e r r o r s  f o r  t h e  l a t i t u d e  f o r e c a s t  and t h e  NHC- 
CLIPER has smaller errors f o r  t h e  l o n g i t u d e  f o r e -  
cast .  It i s  a n t i c i p a t e d  t h a t  t h e s e  r e l a t i v e l y  
small d i f f e r e n c e s  are due t o  t h e  f i r s t  t h r e e  
d i f f e r e n c e s  between t h e  models d i s c u s s e d  above. 

0 

e o  

0 

By comparing columns 4 and 5 of Tab le  2 ,  
one sees t h a t  t h e r e  i s  ve ry  l i t t l e  d i f f e r e n c e  
between t h e  A s h e v i l l e  and t h e  N H C  a r c h i v e d  d a t a .  
This is n o t  s u r p r i s i n g .  s i n c e  t h e  A s h e v i l l e  ar- 
ch ived  d a t a  are based on t h e  NHC d a t a .  S imi ln r -  
l y .  columns 5 and 6 of Tab le  2 show t h e  e f f ec t  
of u s i n g  o p e r a t i o n a l  d a t a  a s  compared tc i  b e s t  
t r a c k  d a t a .  These e f f e c t s  a r e  a l s o  ve ry  s imi la r  
to  t h o s e  which have been p r e v i o u s l y  obse rved .  

A comparison between t h e  v e c t o r  e r r o r s  
of t h e  NRC and NIIC-CLIPER models ,  t o r  a common 
set of o b s e r v a t i o n s ,  i s  p r e s e n t e d  i n  t h e  l e f t -  
hand s i d e  of Tab le  3. I n  a d d i t i o n ,  n comparison 
of t h e  NHC-CLIPER model and t h e  c ~ F f l r l ? l  fcre- 
cast  errors ,  f o r  a se t  of 223 o b s e r v a t i o n s  ove r  
t h e  1973-1977 time p e r i o d ,  i s  shown. T h i s  com- 
p a r i s o n  i s  t aken  d i r e c t l y  from t h e  N O M  r e p o r t  
FCM-R2, 1982. Tab le  3 shows t h a t  t h e  N K C  and 
NHC-CLIPER models produce e s s e n t i a l l y  t h e  same 
v e c t o r  e r r o r s  and t h a t  t h e  NHC-CLIPER model 
produces s l i g h t l y  g r e a t e r  e r r o r  t han  t h e  o f f i c i a l  
f o r e c a s t  f o r  t h e  12-48 h r .  f o r e c a s t  and s l i g h t l y  
smaller e r r o r s  f o r  t h e  72 h r .  f o r e c a s t .  Thus,  
i t  seems r e a s o n a b l e  t o  conclude t h a t   he o f f i c i a l  
f o r e c a s t  v e c t o r  e r r o r s  are approx ima te ly  4-10% 
less  t h a n  t h e  NHC-CLlPER models e r r o r s  f u r  t h e  
12-48 h r .  p o s i t i o n  f o r e c a s t  and approxlmntely 
S% l a r g e r  t han  t h e  NRC-CLIPER e r r o r s  fo r  t h e  72 
h r .  f o r e c a s t .  

TABLE 1. COMPARISON OF CLlPeR A N 0  OFFICIAL PERFORMANCE 
ICORCCASTS PRfPARLO USING OPLRATlOHAL O A T A )  

AVC POSITION mnon IKMI 

5. COMPARISON OF SATELLITE AND CLIPER MODELS 

Tab le  4 p r e s e n t s  a cornparison of f o r e c a s t  
e r r o r s  u t i l i z i n g  CLIPER on ly  models,  s a t e l l i t e  
oii ly models and models u s i n g  combina t ions  of t h e  
s a t e l l i t e  f i e l d s  and CLIPER v a r i n b l e s .  Perform- 
anceo shown on Tab le  4 are homogeneous s i n c e  
they  are based  on t h e  same o b s e r v a t i o n s  from 
1979, 81.  and 82 ,  which c o n s t i t u t e  t h e  tield 
a n a l y s i s  set. The t r u t h  and CLIPER v n r i a b l e s  
were d e r i v e d  from t h e  A s h e v i l l e  b e s t  t r a c k  d a t a .  
Columns 2 and 3 of  t h i s  t a b l e  compare the perform- 
ance  of t h e  NRC-CLIPER models w i th  t h e  performance 
of a model developed u s i n g  t h e  t o t a l  moisture, 
t h e  500 mb t empera tu re ,  and t h e  200 mb temper- 
a t u r e  s a t e l l i t e  f i e l d s .  It can  be  seen that  f o r  
t h e  12, 24,  and 48 h r s .  f o r e c a s t s ,  t h e  CLIPER 
on ly  model h a s  R l i g h t l y  s m a l l e r  e r r o r s  t han  t h e  
s a t e l l i t e  on ly  model. These d i f f e r e n c e s  a r e  
l a r g e r  f o r  t h e  12 h r .  f o r e c a s t  and become r e l a t i v e -  
l y  small by t h e  t i m e  t h e  f o r e c a s t  p e r i n d  has 
i n c r e a s e d  t o  48 h r s .  For t h e  72 h r .  f o r e c a s t ,  
t h e  s a t e l l i t e  on ly  model h a s  a s i g n i f i c a n t l y  
smaller l o n g i t u d e  e r r o r  and j u s t  a s l l g h t l y  
l a r g e r  l a t i t u d e  e r r o r  t han  t h e  CLIPER only model. 
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W 7 O R  AVG (KM) 
b LA7 (UI) 
d LONG (U) 

VfCTOR AVG ( W )  
12.n~. FORCCA57 

b L I T  (UI) 
b Loll6 (U) 

Column 4 shows t h e  performance when t h e  
CLIPER d a t a  and the  s a t e l l i t e  d a t a  from t h e  t h r e e  
f i e l d s  a r e  combined i n t o  t h e  model. A s  would 
be expected,  a l l  of t h e  f o r e c a s t  e r r o r s  f o r  t h e  
s a t e l l i t e  p l u s  CLIPER are smal le r  than t h e  fore-  
c a s t  e r r o r s  f o r  e i t h e r  t h e  CLIPER only o r  t h e  
s a t e l l i t e  only models. 

6. EVALUATION OF I N D I V I D U A L  SATELLITE 
FIELDS 

11110  L I IAl lS l1  Sf1 

I F  
OlOHL CLO CVR SOCl-Il 

t * + (11,” ) 815l 
I R C  S A ~ E L L ~ ~ E  IOT misiunr 1500 TZM) 

L L I P I R  CLlPER C L I V I I  CLIPLR CLIQCI  CL IQCI  
CLlVfR SAILLLITC 

CLlPtR OHLI CL lVtR  

ASHCVlLLf BEST T U C K  

2 1 4 5 6 I ll 9 I O  I I  I2 

74.2 76.6 75.0 17.6 15.3 11.0 11.6 
47.4 49.9 17.9 50.9 41.1 51.1 41.1 
57.1 58.1 51.1 58.6 50.1 62.1 51.9 

72.4 81.3 117.2 73.6 
52.4 65.1 41.6 48.3 
64.7 97.4 $6.2 13.9 

158.4 151.0 
92.0 

171.5 209.0 
105.1 120.0 90.2 
I38.0 110.5 121.1 120.4 

151 .1  165.3 159.3 162.0 161.8 166.) 149.6 
91.5 97.2 94.8 98.9 92.9 101.6 90.2 

119.4 133.7 128.0 128.3 132.5 132.5 119.4 

304.9 331.1 342.5 131.4 116.1 125.1 290.1 
IK8.1 180.1 201.1 106.5 186.) 191.9 168.7 
249.1 277.7 277.2 274.0 279.6 263.2 216.0 

326.9 
194.7 
262.6 

299.2 405.1 411.8 
181.9 214.7 221.3 

141.9 146.0 216.0 

612.0 584.1 532.0 510.6 453.4 529.1 524.4 631.0 562.2 496.5 411.8 
250.7 267.8 219.5 247.7 201.1 281.1 247.1 
317.0 456.3 461.2 472.0 486.5 105.1 171.0 289.4 297.0 

562.7 503.0 454.1 
277.2 273.5 

440.6 

Columns 5-11 of Table 4 present  t h e  fore-  
cast e r r o r s  produced by models which are based on 
t h e  combination of CLIPER p l u s  a s i n g l e  s a t e l l i t e  
f i e l d .  The seven f i e l d s  considered a r e :  t o t a l  
moisture ,  500 mb temperature, 200 mb temperature ,  
1 1  micron cloud f r e e ,  ozone, cloud cover ,  and the  
GOES I R  which i s  a l s o  an 11 micron radiometer .  
Column 12 p r e s e n t s  t h e  smal les t  f o r e c a s t  e r r o r  
f o r  t h e  l a t i t u d e  and longi tude  obtained us ing  any 
of t h e  CLIPER p l u s  s a t e l l i t e  models. The v e c t o r  
average i s  t h a t  which would be obtained by u t i l i z -  
ing  t h e  smallest l a t i t u d e  and longi tude  e r r o r s  
shown. 

On comparing t h e  i n d i v i d u a l  f i e l d s  p l u s  
CLIPER i n  Table 4, one would expect  t h a t  each 
f i e l d  would have f o r e c a s t  e r r o r s  smal le r  than t h e  
CLIPER only presented i n  column 2, but  l a r g e r  
than o r  equal  t o  t h e  sa te l l i t e  p l u s  CLIPER 
presented  i n  column 4. This  i s  s a t i s f i e d  with- 
i n  t h e  u n c e r t a i n t y  of t h e s e  numbers f o r  a l l  of t h e  
f o r e c a s t s  except  t h e  48 h r .  l a t i t u d e  and t h e  72 
h r .  f o r e c a s t s .  This  sugges ts  t h a t  more terms 
should have been r e t a i n e d  i n  t h e  e igenvec tor  
r e p r e s e n t a t i o n  f o r  t h e  development of t h e s e  
f o r e c a s t  a lgori thms.  However, because t h e  
number of t r a i n i n g  c a s e s  was l i m i t e d  t o  120, 
i t  was not  f e a s i b l e  t o  o b t a i n  a d d i t i o n a l  terms 
i n  t h e  e igenvec tor  expansion. In  order  t o  do 
t h i s ,  i t  would be necessary t o  i n c r e a s e  s i g n i f i -  
c a n t l y  t h e  number of t r a i n i n g  cases u t i l i z e d ,  
both t o  develop t h e  e igenvec tor  expansion and 
t o  develop t h e  r e g r e s s i o n  a lgor i thms.  
w e  have compelling evidence suggest ing t h a t  a 
maximum of t h r e e  s a t e l l i t e  f i e l d s  cannot be 
exceeded with the  t r a i n i n g  set a v a i l a b l e  a t  
t h i s  t i m e .  Consequently, a major o b j e c t i v e  
of t h e  a n a l y s i s  presented i n  columns 5-12 w i l l  

Thus, 

be  t o  a s s i s t  i n  s e l e c t i n g  t h e  b e s t  f i e l d s  t o  uae 
f o r  each parameter t o  be forecas ted  and each 
f o r e c a s t  per iod.  Note t h a t  i t  is  not  necessary 
t o  use t h e  same f i e l d s  f o r  each per iod parameter 
t o  be forecas ted .  For example, f o r  the  12 h r .  
l a t i t u d e  f o r e c a s t ,  cloud cover produces t h e  
s m a l l e s t  e r r o r  with t h e  500 mb temperature; 
200 mb temperature and 11 micron cloud f r e e  
f i e l d s  provides  c l o s e  seconds. Thus, the  fore-  
c a s t  of the  12 h r .  l a t i t u d e  would probably 
inc lude  a cloud cover f i e l d  whereas f o r  the  12 
h r .  longi tude  t h e  s m a l l e s t  e r r o r  occurs  when 
t h e  t o t a l  moisture  f i e l d  i s  used. T h u s ,  one 
would a n t i c i p a t e  t h a t  t h e  t o t a l  moisture  f i e l d  
would be one of t h e  f i e l d s  u t i l i z e d  i n  any 
a lgor i thm t o  f o r e c a s t  a 12 h r .  longi tude .  
S i m i l a r l y ,  f o r  t h e  72 hr .  l a t i t u d e  f o r e c a s t ,  the  
ozone, 11p cloud f r e e  and 500 mb temperature 
f i e l d s  have t h e  smal les t  e r r o r  and would probably 
be used u t i l i z e d  f o r  the  f o r e c a s t .  For t h e  
72 h r .  longi tude  f o r e c a s t ,  t h e  500 mb temperature 
h a s  by f a r  t h e  smal les t  f o r e c a s t  e r r o r s  and i t  
i s  not  c l e a r  which a d d i t i o n a l  f i e l d s  should be 
added t o  i t  a t  t h i s  p o i n t ,  

Upon comparing t h e  f o r e c a s t  e r r o r s  based 
on u t i l i z i n g  t h e  b e s t  of t h e  s a t e l l i t e  f i e l d s  
i n  combination with t h e  CLIPER (column 12), with 
t h e  CLIPER model presented i n  column 2, the  
improvements f o r  t h e  12 and 24 h r .  f o r e c a s t s  range 
from 10 t o  16% and f o r  t h e  48 and 72 h r .  f o r e c a s t s  
from approximately 15-30%. Thus, the  a d d i t i o n  of 
t h e  s a t e l l i t e  d a t a  provides  these  improvements 
r e l a t i v e  t o  t h e  CLIPER model. In  s e c t i o n  4, we 
showed t h a t  t h e  CLIPER model was only s l i g h t l y  
i n f e r i o r  t o  t h e  o f f i c i a l  f o r e c a s t  f o r  the  12-48 
h r .  f o r e c a s t .  and s l i g h t l y  s u p e r i o r  f o r  the  72 h r .  
f o r e c a s t .  Thus, the  approach presented in t h i s  
paper, i n  combination with t h e  a d d i t i o n a l  
information a v a i l a b l e  from s a t e l l i t e  d a t a ,  o f f e r s  
t h e  p o t e n t i a l  f o r  r e l a t i v e l y  modest improvements 
i n  t h e  s h o r t  per iod  f o r e c a s t s ,  but  improvement 
of 30-352 f o r  t h e  f o r e c a s t  of t h e  48-72 h r .  
p o s i t i o n s  of A t l a n t i c  hur r icanes .  Because of 
t h i s  p o t e n t i a l ,  p lans  have been made t o  eva lua te  
a lgor i thms der ived  using these  techniques a t  
t h e  Nat ional  Hurr icane Center during the  1986 
h u r r i c a n e  season. 
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6.2 

FORECASTING THE MAXIMUM RAINFALL I N  TROPICAL CYCLONES 

1 .  I NTRODUCT I ON 

James B. Lushine 

NOAA, NWS, Na t iona l  Hur r i cane  Center 
Miami, F l o r i d a  

Y I I * l , l  2 I  !,, ' 9  79 In 52 
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f o r e c a s t i n g  the  heavy r a i n f a l l  assoc iated w i t h  

c i s e  task. A r u l e  o f  thumb (ROT) developed by 

rrnw 191," 11"1 w n  ,.,I? 1,70-11,9 1~,".1~,1 11h0-,111 198.1111 ,?L".l9l? ,9,".I1R 
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r a i n f a l l  i n  inches f o r  hu r r i canes  a f f e c t i n g  the  

d i v i d e d  by the  speed o f  t r a n s l a t i o n  (SOT) o f  t he  
h u r r i c a n e  i n  knots. Th i s  ROT has been opera t i on -  
a l l y  a p p l i e d  t o  o t h e r  A t l a n t i c  b a s i n  t r o p i c a l  
systems and was used as the  bas i s  f o r  maximum 
r a i n f a l l  est imates i n  p u b l i c  a d v i s o r i e s  issued by 
t h e  NHC f o r  many years. Beginning i n  t h e  mid 
19705, a technique us ing  weather s a t e l l i t e  c loud  
t o p  temperature data has been used a t  t h e  NHC t o  
fo recas t  o p e r a t i o n a l l y  t r o p i c a l  cyc lone r a i n f a l l  
f o r  coas ta l  l o c a t i o n s  up t o  36 hours i n  advance. 
The technique e n t i t l e d  t h e  Gr i f f i t h -Wood ley  r a i n -  
f a l l  technique (GWRT), Waters (1975), used sa t -  
e l l i t e  i n f r a r e d  (11 micron) c loud  t o p  tempera- 
t u r e  data t o  es t ima te  t h e  area r a i n f a l l  averaged 
over  t h e  t r o p i c a l  cyc lone c loud  canopy. Woodley 
m o d i f i e d  t h e  o r i g i n a l  technique t o  i nc lude  a 
"core" r a i n f a l l  in tended t o  s imu la te  t h e  maximum 
r a i n f a l l  no rma l l y  l oca ted  near the  inner  core o f  
iiie t r o p i c a l  cycloria. T l i is  was done by appor- 
t i o n i n g  t h e  r a i n f a l l  i n t o  a t h e o r e t i c a l  d i s t r i -  
b u t i o n  whereby 50% o f  t h e  t o t a l  area average 
r a i n f a l l  occurs i n  t h e  co ldes t  10% o f  t h e  c loud  
top  area. Th is  apport ionment was taken a f t e r  
radar s t u d i e s  by Woodlye (1975). Th is  m o d i f i e d  
GWRT has been automated and used o p e r a t i o n a l l y  a t  
t he  NHC s i n c e  1977. 

Table 1. S t r a t i f i c a t i o n  o f  t r o p i c a l  cyclones 

For a l l  230 t r o p i c a l  cyc lone cases, a l l  b u t  two o f  
which were United States l a n d f a l l i n g  t r o p i c a l  
cyclones, t he  average maximum observed r a i n f a l l  
i n  coas ta l  l o c a t i o n s  was 10.6 inches and t h e  aver- 
age SOT was 10.5 knots. Th i s  y i e l d s  a formula o f  
111/SOT. I n  the  f o l l o w i n g  d iscuss ion,  keep i n  
mind t h a t  t h e  numerator i n  the  formula i s  a mea- 
sure o f  t h e  wetness o f  a t r o p i c a l  cyclone no t  
r e l a t e d  t o  t h e  SOT, s i n c e  t h e  denominator i s  
always t h e  SOT. The two f a c t o r s  which would 
a f f e c t  t h e  wetness o f  a cyc lone a r e  i t s  s i z e  and/ 
o r  i t s  o v e r a l l  r a i n f a l l  r a te .  Comparing t r o p i c a l  
cyclones o f  t r o p i c a l  s torm versus h u r r i c a n e  in ten -  
s i t y ,  t h e  131 h u r r i c a n e  cases a r e  s l i g h t l y  w e t t e r  
than t h e  99 cases o f  t r o p i c a l  storms w i t h  a d i f f -  
erence i n  t h e  numerator o f  114 versus 107. When 
l o o k i n g  a t  t h e  l o c a t i o n  o f  l a n d f a l l  s t r a t i f i c a t i o n  
i t  i s  seen t h a t  t he  79 cases o f  hu r r i canes  making 
l a n d f a l l  i n  t he  Gu l f  o f  Mexico coast o f  t h e  U.S. 
a r e  s l i g h t l y  w e t t e r  than t h e  58 cases o f  those 
a f f e c t i n g  F l o r i d a  o r  t h e  52 cases a f f e c t i n g  the  
U.S. east  coast. I n  f a c t ,  t he  formula f o r  h u r r -  
icanes a f f e c t i n g  t h e  U . S .  Gul f  o f  Mexico d u r i n g  
t h e  e n t i r e  t w e n t i e t h  century  i s  121/SOT r a t h e r  
than the  ROT 100/SOT developed by K r a f t  and used 
f o r  so many years a t  t h e  NHC. 

2. RULE OF THUMB VERIFICATION 

To t e s t  the ROT, maximum r a i n f a l l  measure- 
ments f o r  t r o p i c a l  storms and hu r r i canes  a f f e c t -  
i ng  t h e  coas ta l  sec t i ons  o f  t he  Un i ted  States 
east  coast and Gu l f  o f  Mexico were taken from t h e  
Na t iona l  Hur r i cane  Research P r o j e c t  Report No. 3 
(1956) f o r  data f rom 1900 through 1955 and from 
i n d i v i d u a l  sot rm r e p o r t s  from 1956 through 1984. 
I n  a d d i t i o n ,  two t r o p i c a l  cyclones t h a t  a f f e c t e d  
p o r t i o n s  o f  t h e  Caribbean Sea were included. To 
c a l c u l a t e  the  SOT o f  these same t r o p i c a l  cyclones, 
the t r a c k  data from the  p u b l i c a t i o n ,  Tro i c a l  
Cyclones o f  t h e  Nor th A t l a n t i c  Ocean *were 
used f o r  data from I900 through 1977 and i n d i v i d -  
u a l  s torm r e p o r t s  from 1978 through 1984. The 
SOT was u s u a l l y  c a l c u l a t e d  by averaging over  a 
24 hour p e r i o d  from 12 hours p r i o r  u n t i l  12 hours 
a f t e r  cyc lone l a n d f a l l .  A t o t a l  o f  230 cases 
were obtained. 

The 230 cases were s t r a t i f i e d  by i n ten -  
s i t y ,  by l o c a t i o n  o f  l a n d f a l l ,  and by decade o f  
occurence. Table 1. 

The t r o p i c a l  cyclones were broken down 
i n t o  decade o f  occurence exc lud ing  the  incom- 
p l e t e  1980s t o  see i f  any d i f f e r e n c e s  were noted 
t h a t  might  r e l a t e  t o  a change i n  r a i n f a l l  obser- 
v a t i o n  accuracy over  the  years o r  i n  the  a b i l i t y  
t o  pos t - t rack  t r o p i c a l  cyclones. L i t t l e  d i f f e r =  
ence i n  the  average SOT f o r  any p a r t i c u l a r  decade 
was noted, i n d i c a t i n g  t h a t  t r o p i c a l  cyc lone post -  
t r a c k i n g  f o r  U.S. l a n d f a l l i n g  t r o p i c a l  cyclones 
has shown l i t t l e  change i n  o v e r a l l  accuracy d u r i n g  
the  t w e n t i e t h  century .  I n  the  area o f  maximum 
r a i n f a l l  observat ions,  i t  i s  noted t h a t  values o f  
wetness were somewhat lower i n  the  f i r s t  two dec- 
ades o f  t he  t w e n t i e t h  century  compared t o  the  
remainder o f  t h e  decade (90 i n  t he  p e r i o d  from 
1900-1919 versus an o v e r a l l  average o f  111) i n d i -  
c a t i n g  t h a t  r a i n f a l l  observat ions may have been 
e i t h e r  l ess  accurate o r  fewer i n  number e a r l y  i n  
t h i s  century .  As a s i d e l i g h t ,  a f u r t h e r  s t r a t i -  
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f i c a t i o n  o f  a l l  230 cases was made by month o f  
occurence(not shown). 
ber  o f  which t h e r e  was an i n s i g n i f i c a n t  number o f  
cases, t he  average maximum r a i n f a l l  was g rea tes t  
i n  the  month o f  J u l y  (13.3 inches versus an over- 
a l l  average o f  10.8 inches) owing t o  a slower 
average SOT i n  t h a t  month. Exc lud ing t h e  SOT as 
a f a c t o r  t he  average wetness was g rea tes t  d u r i n g  
the  month o f  October w i t h  a va lue o f  129 i n  the  
numerator. 

Exc lud ing May and Novem- 

A regress ion equat ion o f  t he  maximum obser- 
ved r a i n f a l l  and t h a t  p r e d i c t e d  by t h e  o r i g i n a l  
ROT was developed f o r  all 230 cases. F igu re  1 
shows t h e  p l o t t e d  data and t h e  second o rde r  curve 
bes t  f i t t e d  t o  t h e  l e a s t  squares 
t ion. 
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=ig.  1. Observed maximum r a i n f a l l  versus ROT 
der i ved  r a i n f a l l  f o r  230 cases and bes t  f i t  curve. 

The s a l i e n t  p o i n t s  are:  a l i n e a r  f i t  produced a 
c o r r e l a t i o n  c o e f f i c i e n t  o f  0.50 which i s  s i g n i f i -  
cant a t  t he  99% conf idence l e v e l .  It showed a 
r e d u c t i o n  o f  var iance o f  25% and a s tandard e r r o r  
o f  es t ima te  o f  +/- 5.0 Inches. A second o rde r  
polynomial f i t  reduced the va r iance  o n l y  an addi -  
t i o n a l  1%. 

3. SATELLITE TECHNIQUE VERIFICATION 

S a t e l l i t e  core r a l n f a l l  est imates have 
been o p e r a t i o n a l l y  made a t  t h e  NHC w i t h  the  mod- 
i f i e d  GWRT s i n c e  1977. The o p e r a t i o n a l  proce- 
dure has been t o  fo recas t  t he  core r a i n f a l l  begin- 
n i n g  approx imate ly  36 hours p r i o r  t o  p r e d i c t e d  
l a n d f a l l  and a t  6 hour i n t e r v a l s  t h e r e a f t e r  u n t i l  
l a n d f a l l  occurs. Cases were examined i n  which 
fo recas ts  o f  t h e  maximum r a i n f a l l  were made a t  
36, 30, 24, 18, 12, and 6 hours p r i o r  t o  l a n d f a l l .  

A t ime 24 hours p r i o r  t o  l a n d f a l l  was chosen f o r  
v e r i f i c a t i o n  based on the  f a c t  t h a t  i t  was the  
longest  t ime  p e r i o d  p r i o r  t o  l a n d f a l l  which had 
a s u f f i c i e n t  number o f  cases. From the  opera- 
t i o n a l  est imates,  1 4  cases were ob ta ined  i n  which 
a 24 hour fo recas t  o f  t he  maximum r a i n f a l l  was 
made. To p rov ide  a v e r i f i c a t i o n  o f  the technique 
i t s e l f ,  exc lud ing  t h e  e r r o r  inherent  i n  making a 
24 hour fo recas t  o f  the SOT, the best  t r a c k  e s t i -  
mates o f  the SOT made i n  the same manner descr ibed 
above f o r  t he  ROT cases were used i n  p lace  o f  t he  
o p e r a t i o n a l  est imates o f  t h e  SOT. Th is  also 
al lowed a d i r e c t  comparison between ROT and sa t -  
e l l i t e  est imates. Table 2 l i s t s  the  names, dates, 
l a n d f a l l  l oca t i ons ,  observed maximum r a i n f a l l  and 
24 hour s a t e l l i t e  fo recas ts  o f  maximum r a i n f a l l  
f o r  these 14 cases. 

9.1" 
3.3'' 

1.b" h1.0" 

,.C" 
11.1' ' 
9.9" 
1n.s 
10.1'' 

1.1" 2 . R "  

11.7' 
5.6, '  

n.1" 

Table 2. 14  cases f o r  v e r i f y i n g  s a t e l l i t e  
maximum r a i n f a l l  forecasts .  

A regress ion equat ion was de r i ved  f o r  t h i s  data 
and i s  presented i n  f i g u r e  2. 

Fig. 2. Observed maximum r a i n f a l l  versus 24 hour 
fo recas ts  o f  r a i n f a l l  made from GWRT.and bes t  f i t .  

The best f i t  was a s t r a i g h t  l i n e  w i t h  a c o r r e l -  
a t i o n  c o e f f i c i e n t  o f  0.98 which i s  s i g n i f i c a n t  
a t  g rea te r  than the  99% l e v e l  o f  confidence. A 
r e d u c t i o n  o f  var iance o f  96% w i t h  a standard 
e r r o r  es t ima te  o f  +/- 2.2 inches was found. 

4. COMPARISON OF ROT AND GWRT METHODS 

To compare the  s k i l l  o f  t he  s a t e l l i t e  
technique aga ins t  t he  ROT, a homogeneous data se t  
was compiled f o r  t h e  14 cases a v a i l a b l e  from the 
s a t e l l i t e  v e r i f i c a t i o n  t e s t .  F igure 3 shows the 
ROT data p l o t t e d  f o r  t he  same' 1 4  cases used i n  
v e r i f y i n q  t h e  s a t e l l i t e  technique. 
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Fig. 3. Observed maximum r a i n f a l l  versus ROT 
de r i ved  r a i n f a l l  f o r  14 cases used i n  F igu re  2 .  

The ROT f o r  t h i s  homgeneous sample showed a 
c o r r e l a t i o n  c o e f f i c i e n t  w i t h  observed r a i n f a l l  
o f  0.89 s i g n i f i c a n t  a t  t h e  99% l e v e l  f o r  a l i n e a r  
best  f i t  w i t h  a r e d u c t i o n  o f  va r iance  o f  80%. 
Using a second o r d e r  polynomial f i t ,  an a d d i t i o n a l  
r e d u c t i o n  o f  va r iance  o f  8% was accomplished. 
F i n a l l y ,  t h e  data from b o t h  techniques i n  t h e  
homogeneous sample a r e  p l o t t e d  toge the r  (Fig. 4) 
and a s t a t i s t i c a l  c o r r e l a t i o n  between the  two was 
made. 

A 

.111 
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OBSERVED MAXIPlUM RAINFALL ( I N )  

Fig. 4. Observed maximum r a i n f a l l  versus 
r a i n f a l l  f o recas ted  from b b t h  the  ROT and t h e  
GWRT f o r  a homogeneous sample o f  14 cases. 

I t  was found t h a t  a l a r g e  i n t e r c o r r e l a t i o n  be t -  
ween t h e  two techniques was present  (0.86 c o r r -  
e l a t i o n  c o e f f i c i e n t ) .  Stepwise screening re- 
gress ions showed t h a t  t h e  ROT i s  a redundant 
p r e d i c t o r  when combined w i t h  t h e  s a t e l l i t e  
technique. Therefore, t h e  s a t e l l i t e  technique 
i s  s u p e r i o r  t o  t h e  ROT. 

5. CONCLUSIONS AND FUTURE WORK 

Two methods f o r  o p e r a t i o n a l l y  fore-  
c a s t i n g  t h e  maximum coas ta l  r a i n f a l l  i n  A t l a n t i c  
t r o p i c a l  cyclones have been tested.  Both tech- 
niques showed s k i l l  i n  p r e d i c t i n g  observed maxi- 
mum r a i n f a l l  amounts. When t h e  methods were 
intercornpared, t h e  s a t e l l i t e  technique produced 
s u p e r i o r  r e s u l t s  t o  those o f  t h e  r u l e  o f  thumb. 

A d d i t i o n a l  m o d i f i c a t i o n s  were made t o  t h e  
GWRT i n  the  1980s t o  i nc lude  among o t h e r  th ings  
a one dimensional p r o f i l e  o f  t h e  r a i n f a l l  amounts 
normal t o  t h e  t r a c k  o f  t h e  t r o p i c a l  cyclone. 
V e r i f i c a t i o n  o f  t h i s  p r o f i l e  i s  underway b o t h  i n  
t h e  Un i ted  States and i n  o t h e r  c o u n t r i e s  o f  t h e  
A t l a n t i c  h u r r i c a n e  basin. 
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6 . 3  Analysis of Mesoscale Air Masses w i t h  VAS R e t r i e v a l s  

Raymond M .  Zehr 

R A M M  Branch, NOAA/NESDIS 
Cooperative I n s t i t u t e  f o r  Research i n  t h e  Atmosphere 

Colorado S t a t e  Universi ty  
Fort  C o l l i n s ,  Colorado 

1.0 In t roduct ion  

V e r t i c a l  p r o f i l e s  of temperature  and humidity 
der ived from s a t e l l i t e  rad iances  measured by VAS 
(VISSR' Atmospheric Sounder) became a v a i l a b l e  a s  a 
research  t o o l  i n  1980 (Smith, e t  a l . ,  1982). More 
r e c e n t l y ,  VAS r e t r i e v a l s  have been used f o r  
opera t iona l  f o r e c a s t i n g  a t  t h e  National Severe 
Storms Forecast  Center  (Wade, e t  a l . ,  1985) and a s  
input  t o  mesoscale numerical models (Cram and 
Kaplan, 1985). During t h e  PRE-STORM' program, VAS 
r e t r i e v a l  information was a v a i l a b l e  i n  rea l - t ime 
t o  a i d  research  s c i e n t i s t s  (Green and Weaver, 
1985). 

be used t o  diagnose t h e  mesoscale environment and 
enhance our a b i l i t y  t o  f o r e c a s t  mesoscale 
convect ive systems (MCS). A c a s e  s tudy is 
presented with VAS d a t a  s e t s  c o l l e c t e d  over t h e  
c e n t r a l  Great P l a i n s  i n  1984 i n  support  of t h e  
AIMCS' p r o j e c t .  VAS r e t r i e v a l s  i d e n t i f y  p e r t i n e n t  
c h a r a c t e r i s t i c s  of s e v e r a l  mesoscale a i r  masses 
which play an important ro l e  i n  t h e  evolu t ion  of 
mesoscale convect ive systems. Analyses of VAS- 
der ived thermodynamic parameters a r e  shown t o  be 
va luable  to013 i n  a s s e s s i n g  convect ive p o t e n t i a l  
of mesoscale a i r  masses. 

2.0 Mesoscale Air Mass Analysis 

This  paper i l l u s t r a t e s  how VAS r e t r i e v a l s  can 

VAS r e t r i e v a l s  a t  approximately 80 km 
r e s o l u t i o n  were a v a i l a b l e  a t  i n t e r v a l s  varying 
from one t o  t h r e e  hours  during a 24-hour period 
f o r  both 21-22 June 1984 and 14-15 J u l y  1984. 
(The 14-15 J u l y  1984 case s t u d y  w i l l  be presented 
a t  t h e  conference,  but not i n  t h e  p r e p r i n t  paper 
due t o  lack  of space . )  The r e t r i e v e d  temperatures  
and dew p o i n t s  were computed a t  t h e  ASPP' a t  
Univers i ty  of Wisconsin and t ransmi t ted  t o  C I R A  
f o r  a d d i t i o n a l  computations and a n a l y s i s .  The 
technique descr ibed  by Smith (1983) was used t o  
genera te  t h e  r e t r i e v a l s .  

involved ana lyses  of geopotent ia l  he ights  and 
th icknesses .  Weak g r a d i e n t s  provided l i t t l e  
u s e f u l  information on mesoscale f e a t u r e s .  I t  was 
found t h a t  superpos i t ion  of temperature  and 
dewpoint v e r t i c a l  p r o f i l e s  t o  s e e  d i f f e r e n c e s  and 
s i m i l a r i t i e s  provided a b e t t e r  method f o r  

I n i t i a l  research  e f f o r t s  w i t h  VAS r e t r i e v a l s  

' VISSR V i s i b l e  and I n f r a r e d  Spin Scan 
Radiometer 

Experiment - Stormscale 
Operat ional  and Research 
Meteorology 
Airborne I n v e s t i g a t i o n s  of 
Mesoscale Convective Systems 
Advanced S a t e l l i t e  Products 
Pro jec t  

PRE-STORM Prel iminary Research 

' AIMCS 

' ASPP 

i d e n t i f y i n g  mesoscale f e a t u r e s .  IHM-PC sof tware 
allowed a quick comparison among r e t r i e v a l s .  
S imi la r  ad jacent  r e t r i e v a l s  were grouped t o  d e f i n e  
an a r e a  of a p a r t i c u l a r  a i r  mass. This  a n a l y s i s  
w i t h  VAS r e t r i e v a l s  a lone  revealed i l l - d e f i n e d  
boundaries o r  t r a n s i t i o n  zones which separa ted  
a r e a s  w i t h  r e l a t i v e l y  uniform r e t r i e v a l  p r o f i l e s .  
Differences i n  water vapor and temperature  a t  
var ious l e v e l s  and t h e i r  in f luence  on convect ive 
i n s t a b i l i t y  provided t h e  b a s i s  f o r  d i f f e r e n t i a t i n g  
between a i r  masses. Along most of t h e  boundaries ,  
t h e  temperature  o r  dew point  d i f f e r e n c e  between 
a i r  masses extended only through a s p e c i f i c  layer' 
r a t h e r  than t h e  e n t i r e  depth of t h e  t roposphere.  
Therefore ,  f o r  t h i s  procedure,  " a i r  mass" was 
def ined a s  a homogeneous v e r t i c a l  p r o f i l e  of a i r  
masses through t h e  t roposphere.  

Figure 1 shows an example of t h e  mesoscale 
a i r  mass a n a l y s i s  f o r  2318 GMT, 21 June 1984. The 
"blocky" a r e a s  a r e  a i r  rnasscs as defined by t h e  
VAS r e t r i e v a l s .  The more p r e c i s e  l o c a t i o n s  of 
boundaries s e p a r a t i n g  a i r  masses a r e  based on 
a n a l y s i s  of coriventional observa t ions  and 
s a t e l l i t e  images. Four independent VAS d a t a  s e t s  
dur ing  t h e  per iod 1948 CMT, 21 June,  t o  0418 CMT. 
22 June, i d e n t i f y  a i r  masscs w i t h  s i m i l a r  
c h a r a c t e r i s t i c s  t o  those  a t  2318 CMT. The time 
c?ont-inuity among analyses l ends  credence to  t h e  
a n a l y s i s  f o r  a given time per iod.  

of each a i r  mass. The mesoscale inf luences  a r e  
evident  when t h e  a n a l y s i s  i n  Figure 1 is compared 
w i t h  t h e  convent ional  s u r f a c e  a n a l y s i s  i n  
Figure 2 .  Of t h e  f e a t u r e s  i n  t h e  synopt ic -sca le  
s u r f a c e  a n a l y s i s  (F igure  2) only t h e  t rough l i n e  
which corresponds t o  t h e  boundary between a i r  
masses 1 and 2 is included i n  the mesoscale a i r  
ma33 a n a l y s i s .  (The warm f r o n t  i n  Iowa and 
Missouri l i k e l y  corresponds t o  t h e  e a s t e r n  edge of 

Table 1 b r i e f l y  descr ibes  t h e  c h a r a c t e r i s t i c s  
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Table  1 

Mesoscale Air Mass Characterlstlcs 

Surface Surface Average 500mb 
Temperature Dew Point Temperature 

No. Descrlptlon ( O F )  ( O F )  ( " C )  

1 capped. very 83-88 70-75 -8 
moist 

2 hot, molst 93-97 62-67 -7 

3 hot, dry 88-97 48-62 -8 

4 very warm, 82-92 35-48 - 1  1 

5 warm, moist, 83-92 62-70 -12 

6 rain cooled, 65-81 62-68 -12 

very dry 

cold aloft 

subsidence 

7 cool, very 76-82 68-72 -8 
molst 

a i r  mass 7 ,  b u t  t h i s  was out  of t h e  a r e a  of 
i n t e r e s t . )  The convent ional  s u r f a c e  and upper a i r  
d a t a  summarized i n  Table 1 r e v e a l s  l i m i t e d  
information about t h e  convect ive p o t e n t i a l  of each 
a i r  mass. The VAS p r o f i l e s  r e v e a l  c h a r a c t e r i s t i c s  
unique t o  each a i r  mass type which have important 
impl ica t ions  t o  t h e  development and evolu t ion  of 
mesoscale convect ive systems. Figure 3 d e p i c t s  
t h e  a i r  mass d i f f e r e n c e s  a c r o s s  s e v e r a l  boundaries 
w i t h  p l o t s  of VAS r e t r i e v a l s  r e p r e s e n t a t i v e  of 
d i f f e r e n t  a i r  mass pa i r s .  Severa l  radiosonde 
observa t ions  assigned t o  t h e  a i r  mass a t  their  
l o c a t i o n  are p l o t t e d  a s  corresponding p a i r s  i n  
F igure  4. The VAS-detected a i r  mass d i f f e r e n c e s  
i n  Figure 3 a r e  s i m i l a r  t o  t h e  d i f f e r e n c e s  
measured by radiosondes i n  Figure 4. 

evapora t ive  cool ing  and subsidence i n  response t o  
a. mesoscale convect ive s y s t e m  l o c a t e d  i n  s o u t h e r n  
Iowa. An a r c  cloud l i n e  (Purdom, 1973) seen  i n  
t h e  v i s i b l e  s a t e l l i t e  image (F igure  5 )  is a l igned  
along a por t ion  of t h e  boundary between a i r  masses 
5 and 6.  Figure 3a shows t h e  V A S  de tec ted  
d i f f e r e n c e s  between t h e  two a i r  masses, showing a 
cooler  and d r i e r  a i r  mass i n  t h e  rain-cooled a i r .  
Figure 4a shows radiosonde observa t ions  a t  Omaha, 
NB before  and a f t e r  passage of t h e  outflow 
boundary. Note t h a t  t h e  cool a i r  is confined t o  a 
very Shallow l a y e r  (600 m )  a t  t h e  s u r f a c e ,  and t h e  
a i r  l a y e r  above i t  is warm and d r y  having 
undergone a d i a b a t i c  descent .  The VAS r e t r i e v a l s ,  
t h e r e f o r e ,  sometimes c o r r e c t l y  i n d i c a t e  a warm, 
d r y  boundary l a y e r  i n  a r a i n  cooled a i r  mass 
d e s p i t e  t h e  c o o l ,  moist s u r f a c e  observa t ions ,  due 
t o  lack  of v e r t i c a l  r e s o l u t i o n .  However, i n  t h i s  
c a s e ,  V A S  ind ica ted  a cooler  and drier a i r  mass i n  
t h e  rain-cooled a i r  mass. 

The boundary between a i r  mass 5 and a i r  
masses 1 and 3 is l o c a t e d  along an upper- level  
f r o n t  i n  t h e  300-500 mb l a y e r .  An a n a l y s i s  of V A S  
400-mb temperature  (not  shown) d e p i c t s  t h e  
a s s o c i a t e d  temperature  g r a d i e n t .  The upper 
t roposphere temperature  d i f f e r e n c e  as measured by  
V A S  r e t r i e v a l s  is shown i n  Figure 3b. Air mass 5 
is a l s o  determined t o  be s e v e r a l  degrees c o o l e r  i n  
the  u p p e r  t roposphere by t h e  radiosonde 
(F igure  4 b ) .  The higher  l a p s e  r a t e  through t h e  
mid-troposphere has  important  impl ica t ions  t o  t h e  
convect ive p o t e n t i a l  of t h e  a i r  mass as w i l l  be 
shown i n  Sec t ion  4 .0  of t h i s  paper. 

Air mass 1 is r e f e r r e d  t o  i n  Table 1 a s  
"cappedft. A s t r o n g  invers ion  is measured by t h e  

Air mass 6 ( F i g u r e  1 )  has been modified by 

Figunc 2 .  

radiosonde a t  around 880 mb ( s e e  Figure 412). 
Although V A S  does not i n d i c a t e  an i n v e r s i o n ,  a 
s i g n i f i c a n t  smal le r  l a p s e  r a t e  below 700 mb is 
measured by V A S  i n  a i r  mass 1 compared w i t h  a i r  
mass 2 (see Figure 3c) .  The low l e v e l  moisture  i n  
a i r  mass 1 is very high s o  t h a t  p o t e n t i a l  
i n s t a b i l i t y  is h igh ,  however t h e  a i r  mass is 
unfavorable  f o r  i n i t i a t i o n  of convect ion without 
s t r o n g  f o r c i n g .  The  h i g h  l a p s e  rates i n  a i r  mass 
2 a long w i t h  t h e  moist boundary l a y e r  is conducive 
t o  i n t e n s e  convect ion.  Note t h a t  a i r  mass 1 
remains completely c l e a r  a t  2315 GMT (F igure  51, 
w h i l e  deep convect ive clouds were developing i n  
a i r  mass 2. 

During t h e  af ternoon of 21 June 1984, a 
severe  thunderstorm formed i n  northwest Kansas 
a long t h e  boundary between a i r  masses 1 and 3 (see 
Figure 1 ,  and t h e  s a t e l l i t e  image, i n  Figure 5 ) .  
During t h e  evening hours ,  t h i s  a c t i v i t y  evolved 
i n t o  a mesoscale convect ive sys t em i n  c e n t r a l  and 
e a s t e r n  Kansas. A l a r g e r  MCS developed i n  e a s t e r n  
Montana and propagated i n t o  western North Dakota. 
Another MCS formed i n  n o r t h e a s t  Colorado. Each of 
these were supported by a i r  mass 5.  The IR 
s a t e l l i t e  image i n  Figure 6 shows t h e  e a s t e r n  
Kansas system near t h e  t ime of i ts  maximum e x t e n t .  
Addit ional  d e t a i l s  of t h i s  case  s t u d y  w i t h  regard 
t o  s u r f a c e  a n a l y s i s  enhanced w i t h  v i s i b l e  and IR 
s a t e l l i t e  images, is given i n  a paper by Weaver, 
e t  a l . ,  1985. 

3.0 VAS -- Radiosonde Comparisons 

ConvenRiond! AwLAuce U n d Y h i A ,  0000 GMT, 
22 .Tune- 1 9 8 4 .  

The s t a t i s t i c a l  c o r r e l a t i o n  of v e r t i c a l  
p r o f i l e s  from VAS and rad iosondes ,  both f o r  
temperature  and dew poin t  has been w e l l  documented 
( Jed lovec ,  1984). I t  is l i k e l y  t h a t  t h e  soundings 
p l o t t e d  i n  F igure  3 a r e  t y p i c a l  of t h a t  
populat ion.  Note t h a t  a l though t h e  V A S  p r o f i l e s  
lack  v e r t i c a l  r e s o l u t i o n ,  t h e  key f e a t u r e s  which 
determine convect ive p o t e n t i a l ,  i . e .  low-level 
moisture  and l a p s e  r a t e  both i n  t h e  c loud l a y e r  
and sub-cloud l a y e r  a r e  s u f f i c i e n t  t o  
d i f f e r e n t i a t e  t h e  a i r  mass types .  T h i s  eva lua t ion  
l e d  t o  t h e  development of t h e  procedure descr ibed 
h e r e  where VAS r e t r i e v a l s  a r e  used as a t o o l  f o r  
mesoscale a n a l y s i s .  Furthermore, t h e  results 
suggest  t h a t  q u a n t i t a t i v e  VAS-derived b u l k  
thermodynamic parameters ( s e e  Sec t ion  4.0) may be 
va luable  i n  f o r e c a s t i n g  mesoscale convect ive 
systems a s  well as synopt ic -sca le  convect ive 
events  and o t h e r  types of convect ion.  
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F.igum 3. kitr mabb diddchenccn a6 i n d i c a t e d  by 
VAS hQRhicvakb, 2318 GMT, 2 1  June 
1984. 

-20 0 20 40 
a. A h  ma6beb 5 and 6, o c d @ o W  boundahlj. 

-20 0 20 40 
b.  A h  mCLnhcA 1 and 5 ,  uppeh-tcvcY d tan- t .  

-20 0 20 40 
a. Ain mnib 5 (Ottinha. NE (OMA)  n t  2315 GAIT) aiid 
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T ~ ~ ~ J J I P  5 .  ViniiiYv a d t U e  image, 2311, ( I N ,  
2 1  June 1484.  

Caution is advised when comparing radiosonde 
and V A S  soundings. I t  is important  t o  be aware 
t h a t  a l though each d a t a  source  is i n t e r p r e t e d  a s  a 

p r o f i l e  of temperature  and humidity, 
the  sampling methods a r e  v a s t l y  d i f f e r e n t .  The 
radiosonde g ives  a poin t  source  measurement over a 
30-45 minute ascent  through t h e  t roposphere along 
a non-vert ical  path. VAS, on t h e  o t h e r  hand, 
samples a r e l a t i v e l y  l a r g e  volume of a i r  a t  a 
skewed viewing angle  from geos ta t ionary  a l t i t u d e .  
For optimum mesoscale a n a l y s e s ,  t h e  two d a t a  
sources  should be complementary and not  
compet i t ive.  For example, VAS provides  
information on time changes and h o r i z o n t a l  a i r  
mass e x t e n t  not  a v a i l a b l e  from radiosondes.  The 
l o c a t i o n  and magnitude of mesoscale h o r i z o n t a l  
temperature  and moisture  g r a d i e n t s  can be 
s p e c i f i e d  by VAS. However, VAS cannot r e s o l v e  
f i n e  v e r t i c a l  r e s o l u t i o n  s t r u c t u r e  such  a s  , the 
h e i g h t  of invers ions  and f r o n t a l  s u r f a c e s .  Since 
a radiosonde g ives  a po in t  measurement, a quest ion 
of r e p r e s e n t a t i v e  area is a s s o c i a t e d  with each 
observa t ion .  The V A S  information may h e l p  d e f i n e  
uniform reg ions  or a i r  masses f o r  which a 
radiosonde observa t ion  i s  v a l i d .  

4.0 VAS-Derived Thermodynamic Parameters i n  
Mesoscale Analysis  and Forecas t ing  

Mesoscale convect ive systems derive most of 
t h e i r  energy from t h e  convect ive a v a i l a b l e  
p o t e n t i a l  energy (CAPE)  of t h e  pre-storm 
environment. CAPE is measured by i n t e g r a t i n g  t h e  
p o s i t i v e  temperature  d i f f e r e n c e  between a sub- 
cloud l a y e r  p a r c e l  d i sp laced  upward under 
a d i a b a t i c  c o n s t r a i n t s  w i t h  no en t ra inment ,  and t h e  
environmental temperature .  T h i s  energy s o u r c e ,  
o f t e n  r e f e r r e d  t o  as buoyant energy ( B )  o r  
" p o s i t i v e  area", is e a s i l y  computed from sounding 
d a t a .  Addi t iona l ly ,  "negat ive  a reas"  which m u s t  
be overcome by l i f t i n g  (N) or hea t ing  (H) i n  order  
t o  r e a l i z e  t h e  buoyant energy,  can a l s o  be 
computed (see Figure  7 ) .  Assuming t h a t  each of 
t h e  a i r  masses i n  Figure 1 have c h a r a c t e r i s t i c  
values  of der ived  thermodynamic parameters and 
t h a t  t h e y  can be  r e l i a b l y  measured by V A S ,  
sugges ts  a new and va luable  mesoscale a n a l y s i s  
t o o l .  An a n a l y s i s  of t h e  thermodynamic parameters 
all0WS convect ive p o t e n t i a l  t o  be estimated on 
mesoscale space  and time scales. 

run on each i n d i v i d u a l  VAS r e t r i e v a l .  
Outputs a wide v a r i e t y  of parameters w h i c h  a r e  

A sounding a n a l y s i s  program was a v a i l a b l e  t o  
The program 
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c h a r a c t e r i s t i c s .  Large va lues  of p o s i t i v e  a r e a  
(B) a r e  a s s o c i a t e d  with t h e  very high dewpoints i n  
the  lowest ki lometer  of a i r  mass 1 ,  and a l s o  the  
high cloud l a y e r  l a p s e  r a t e s  (cool  mid-and u p p e r  
t roposphere)  i n  a i r  mass 5 .  The reg ions  which a r e  
dry i n  t h e  lowest ki lometer  have low p o s i t i v e  
areas. The maximum negat ive  a r e a  (N) values  a r e  
found i n  a i r  masses 1 ,  6 and 7 due t o  t h e  more 
s t a b l e  l a p s e  r a t e s  i n  t h e  lower l a y e r .  

5.0 Diurnal Var ia t ion  of Thermodynamic Parameters 

During t h e  e a r l y  morning hours ,  when an 
invers ion  i s  o f t e n  present  i n  t h e  lowest 
k i lometer ,  B va lues  a r e  v e r y  low and f requent ly  
zero  due t o  t h e  cool parcel temperature .  However, 
t h e  a i r  mass may be c o n d i t i o n a l l y  uns tab le  with 
high B values  a f t e r  t h e  boundary l a y e r  undergoes 
d i u r n a l  hea t ing .  

and lowest ki lometer  dew poin t  d e f i n e  a p a r c e l ,  
with p o s i t i v e  a r e a  ( B C C L )  computed by parce l  

ascent  from t h e  convect ive condensation l e v e l  
(CCL). Addi t iona l ly ,  t h e  h e a t  energy (H) which 
must  be added t o  a t t a i n  convect ive temperature  is 
computed, Therefore ,  a s  the  boundary l a y e r  is 
hea ted ,  N and H approach z e r o ,  and B approaches 

BCCL. 
Figure 7 .  Of course ,  advect ive and dynamic 
processes o f t e n  modify a i r  masses, as diurnal 
heat ing  occurs ,  but a t  l e a s t  BCCL a l lows an 

The convect ive temperature  ( T c )  

These q u a n t i t i e s  a r e  def ined  graphica l ly  i n  

2 3 1 8  GMT, 2 1  JUMC 1984 

assessment of a f te rnoon convect ive p o t e n t i a l  from 
morning soundings,  while D values  may not .  

An example taken from t h e  PRE-STORM d a t a  s e t s  
i l l u s t r a t e s  t h e  p r e d i c t i v e  c a p a b i l i t y  of BCCL from 

morning soundings. 

1418 CMT on 1 2  May 1985 is shown i n  Figure 9.  A t  
t h i s  t ime,  B values  a r e  less than 1000 Jkg-’ over 
most of t h e  a r e a  (not  shown). Figure 10 shows t h e  
a n a l y s i s  of B during the  e a r l y  af ternoon 
(1918 CMT). Note t h a t  t h e  BccL-2000 Jkg-’ l i n e  i n  

Figure 9 is  near ly  co inc ident  w i t h  t h e  8-2000 Jkg-1 
l i n e  i n  Figure 10,  f i v e  hours l a t e r .  Thus i n  the  
absence of s t r o n g  advec t ion ,  t h e  BCcL a n a l y s i s  i n  

t h e  morning g i v e s  a p r e d i c t i o n  of t h e  af ternoon 
a n a l y s i s  of B.  

6.0 Summary 

The a n a l y s i s  of BccL a t  

The VAS-derived l l p o s i t i v e  areal1 a n a l y s i s  
(F igure  8a) i d e n t i f i e d  a maximum of convect ive 
a v a i l a b l e  p o t e n t i a l  energy i n  reg ions  where 
nocturnal  MCS’s occurred.  In  a d d i t i o n ,  t h e  
i n i t i a l  development occurred i n  an a r e a  with 
r e l a t i v e l y  low N values .  The a n a l y s i s  of N a130 
i d e n t i f i e d  a reg ion ,  a i r  mass 7 i n  nor thern  
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Missouri, which was unfavorable for thunderstorm 
development even though surface dewpoints were 
very high. It appears that the nocturnal MCS in 
eastern Kansas derived some of its energy from air 
mass 1 ,  which had high "positive area" but was 
slightly capped and therefore unfavorable for 
initial thunderstorm development. Additional 
research work is needed to assess the forcing 
needed to overcome VAS-derived negative areas. 
Since boundary layer structure and dynamics are 
very different at night, it is quite likely that 
afternoon situations must be approached in a 
different manner than nighttime situations. 

unanswered as to the applicability of VAS-derived 
parameters to forecasting MCSIs, several 
preliminary forecast aids can be stated. These 
are based on case studies from 1984, as well as 
experience gained in the real-time test of VAS- 
derived products during PRE-STORM in 1985. 

for using VAS-derived thermodynamic parameters to 
forecast mesoscale convective systems: 

Although a number of questions remain 

The following "rules of thumbto are proposed 

1. Maxima of B and BccL identify favored 

regions for MCS's. However, they are not 
necessarily favorable for initial 
development of convection. 

Areas with BccL > 1000 Jkg-' where Tc, N 
or  H are minimum are favored regions for 
thunderstorms to develop. 

2 .  

3. Although B > 1500 Jkg-' occurs 
frequently, B > 750 Jkg-' is sufficient 
for deep convection. 

4. MCS's do not occur in: 1 )  regions with 
Tc > 35OC, and 2) regions with 
BccL < 500 Jkg-'. 

Various synoptic-scale meteorological 
conditions and mesoscale features have been 
documented which are used to forecast the 
development of mesoscale convective systems 
(Maddox, 1983; Rodgers, et al., 1984). Some of 
these forecast techniques require a careful re- 
analysis of routinely available data with emphasis 
on the mesoscale (Doswell, 1982). VAS retrievals 
offer a new data source with mesoscale space and 
time scales to supplement other data sources for 
optimum mesoscale air mass analysis. 

With the anticipated operational use of VAS 
and the added capabilities of future GOES (I, J 
and K), further development of forecast techniques 
utilizing VAS-derived thermodynamic parameters, is 
needed. Additional refinements of information 
available from VAS, particularly in measuring 
temperature and moisture in the sub-convective 
cloud layer may also prove invaluable to the 
applicability of VAS to mesoscale convective 
systems. 
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6.4 

AN OBJECTIVE COMPARISON OF SEVERE LOCAL STORM PREDICTORS 
DERIVED FROM VAS TEMPERATURE AND DEW POINT PROFILES 

David H. Kitzmiller 

Techniques Development Laboratory 
OIfice of Systems Development 
National Weather Service, NOAA 
Silver Spring, Maryland 20910 

1. INTRODUCTION 

Judging the potential for the occurrence of 
severe local storms several hours in advance re- 
quires a knowledge of the middle and upper tropo- 
sphere’s temperature, moisture, and winds. Stat- 
ic instability and vertical wind shear character- 
ize the severe thunderstorm environment. A large 
number of indices involving temperature and hu- 
midity stratification and wind shear have been 
applied to this forecasting problem (see, for ex- 
ample, Miller, 1972). Prior to the development 
of satellite sounding systems, rawinsondes were 
the primary source of the observations needed to 
define these parameters. 

Since 1981, the National Environmental Satel- 
lite, Data and Information Service (NESDIS) has 
produced vertical profiles of temperature and 
moisture retrieved from measurements of the Visi- 
ble and Infrared Spin Scan Radiometer Atmospheric 
Sounder (VAS). This sounding system (described 
by Smith et al., 1981) is carried aboard later 
versions of the Geostationary Operational Environ- 
mental Satellite (GOES). During the spring and 
early summer months, a number of stability indi- 
ces derived from VAS profiles are forwarded in 
near real time to the National Severe Storms Fore- 
cast Center (NSSFC) for assessment by forecast- 
ers. The results of this investigation have been 
summarized by Anthony and Wade ( 19831, Anthony 
and Leftwich (1984). and Wade et al. (1985). 

The National Weather Service’s Techniques De- 
velopment Laboratory (TDL) is investigating possi- 
ble uses for these satellite sounding products in 
developing objective probabilistic short-range 
forecasts of thunderstorms and severe local 
storms. The focus of this report is the initial 
phase of this research, in which we evaluated and 
compared the information content of several se- 
vere storm predictors. We show which indices and 
combinations of indices contain the most reliable 
information on severe storm potential. 

2 .  VAS DATA USED IN THE STUDY 

The VAS temperature and dew point profiles 
used in this study were prepared in real time by 
personnel of the NESDIS Advanced Satellite Prod- 
ucts Project in Madison, Wisconsin. The profiles 
were prepared during the period March-July in 
1984 and 1985. Operations with VAS were often 

precluded by rapid-interval scanning for visible 
and infrared images and by computer difficulties, 
so that retrievals from only 77 days in this pe- 
riod are available. The dataset contains sound- 
ings from VAS observations at 1100. 1300,1400, 
and 1700 GMT. Retrievals were made over the con- 
tinental United States east of the Rocky Moun- 
tains. 

The profiles were retrieved via a physical 
regression algorithm in which temperature and hu- 
midity are computed simultaneously (Smith and 
Woolf, 1984). This algorithm differs substantial- 
ly from earlier schemes so that data prepared pri- 
or to 1984 were not employed in this investiga- 
tion. The new algorithm constrains the sounding 
surface temperature and dew point to match hourly 
surface observations in order to improve the accu- 
racy of the retrievals at lower levels. 

While the VAS instrument was designed to mon- 
itor changes in atmospheric temperature and mois- 
ture over time, its ability to detect such 
changes is presently impaired by mechanical prob- 
lems. Menzel and Schreiner (1985) have reported 
on the failure of the servo mechanism that ini- 
tially maintained a constant VAS filter wheel tem- 
perature. Changes in the filter wheel tempera- 
ture can cause unrealistic fluctuations in the re- 
trieved mid-tropospheric temperatures over the 
course of the day. However, we found very few 
cases in which the 500-mb temperature changed by 
more than 10 K during the 1400-1700 GMT period. 
Our results show no degradation in the informa- 
tion content of several stability indices between 
1100 and 1700 GMT. Also, the 3-h change of the 
500-mb temperature and dew point appear to con- 
tain valid information on changes in stability. 
While mechanical difficulties with the VAS instru- 
ment have some effect on the accuracy of the re- 
trievals, existing errors do not appear to over- 
whelm the ability of VAS to detect changes in the 
atmospheric state. 

3. PREDICTORS INVESTIGATED IN THE STUDY 

Our interest centered on a number of 
empirically-formulated and physically-based stabi- 
lity indices. The empirical predictors are sim- 
ple linear combinations of temperature and dew 
point at several vertical levels. Physically- 
based indices are computed by applying the laws 
of thermodynamics applied to ascending air 
parcels. 

353 



The empirically-formulated K stability index 
is defined: 

where T and DP refer to temperature and dew point 
in degrees Celsius, and the subscripts refer to 
the pressure level in millibars. The K index was 
originally developed to indicate general thunder- 
storm potential. Charba (1979) modified the K in- 
dex by replacing the 850-mb temperature and dew 
point with the mean value of the surface and 
850-mb values. This modified K index is symbol- 
ized as MK. 

Another empirical index, more commonly used 
in severe storm prediction, is the Total Totals 
index, defined: 

Charba (1979) also introduced a modified Total 
Totals index (MTT) by averaging the 850-mb and 
surface temperature and dew point. 

Two physically-based stability parameters in 
common use are the Showalter and lifted indices. 
The Showalter index is the difference between the 
ambient 500-mb temperature and the temperature of 
a parcel lifted to 500 mb from the 850-mb level. 
The rising parcel is assumed to cool adiabatical- 
ly until it reaches its lifting condensation lev- 
el (LCL), and pseudoadabatically thereafter. The 
lifted index is computed in a similar manner, ex- 
cept that the parcel is lifted from the surface. 
In unstable situations, the parcel's temperature 
is greater than the environment's at 500 mb, and 
the index is negative. 

The Showalter and lifted indices make use of 
temperature data at two vertical levels. Recent- 
ly, several researchers have introduced new para- 
meters that use data from all available levels. 
One such index is the change in kinetic energy 
(DKE) realized by a surface parcel rising from 
its lifting condensation level to the 400-mb lev- 
el. This term is formulated: 

where T' is the parcel temperature, T i s  the en- 
vironmental temperature, p the pressure, and R 
the gas constant €or dry air. We take the lower 
limit of integration (pol to be the lifting 
condensation level, and p1 to be the equilibri- 
um level or 400 mb, whichever is  lower. In un- 
stable environments, DKE is positive and large. 

We have tested another predictor, DTMAX, 
which we define as the largest difference between 
the temperature of a surface parcel rising to its 
equilibrium level and the ambient temperature. 
This temperature excess may occur at any level, 
while the lifted and Showalter indices show only 
the excess at the 500-mb level. In this experi- 
ment, we allow no negative values for DTMAX or 
DKE. Since the depth of the convectively unsta- 
ble layer may be associated with severe storms, 
we also tested as a predictor the pressure dif- 
ference between the LCL and the equilibrium lev- 
el; this term we refer to as DPTH. 

We computed these predictors from both the 
1700 and 1100 GMT soundings to assess the differ- 
ences in their magnitude and information content 
caused by diurnal temperature and moisture 
changes. To facilitate our statistical compari- 
son between the stability indices and subsequent 
severe storm occurrences, we mapped the predictor 
data onto a uniform grid. Each of the predictors 
was computed at the VAS profile locations, then 
interpolated to an 80-km polar stereographic grid 
via a two-pass Barnes (1973) analysis scheme. 

The average spatial separation of the sound- 
ings in clear areas is approximately 100 km, but 
the sounding density varies greatly due to cloud 
gaps. Because the final analysis may contain un- 
realistic features within data gaps, we eliminat- 
ed from consideration all grid points that are 
more than two grid increments from the nearest 
sounding. Approximately 15X of all grid blocks 
were lost in cloud gaps. We hope to overcome 
this problem in future by using a continuous 
first guess field (from a model forecast or ra- 
winsondes) for the objective analysis. 

4 .  SEVERE LOCAL STORM REPORTS 

Reports of tornadoes, surface hail 2 cm in 
diameter, and convective wind gusts 93 km h-l 
or wind damage are routinely collected and edited 
at the NSSFC. We tabulated these reports for 
each hour and for each block of the 80-km grid on 
which the variables were analyzed for easy com- 
parison with the predictor values. A severe 
storm was considered to occur when at least one 
of these convective phenomena was observed within 
the grid block during the period from 2000 to 
0000 GMT. 

The reports forwarded to us by NSSFC for the 
1985 season had not yet been edited to remove du- 
plicate reports. However, since any number of 
storm reports within a grid block define a severe 
event, we do not expect that using the unedited 
data will impact our results. 

5. OBJECTIVE ASSESSMENT OF THE PREDICTORS' 
INFORMATION CONTENT 

To judge the ability of the predictors to 
indicate severe storm potential, we used the com- 
puted information ratio (IC) developed by 
Holloway and Woodbury (1955). The abbreviation 
IC was adapted from Keller and Smith (19831, to 
avoid possible confusion with the common abbrevia- 
tion for infrared radiation. In a form similar 
to that below, the IC was also used by Lund and 
Wohl (1955) in experiments in statistical weather 
forecasting, and by Keller and Smith in a compari- 
son of convective stability indices derived from 
rawinsonde profiles and satellite retrievals. 
The IC measures a predictor's relative ability to 
forecast the occurrence and nonoccurrence of a 
particular event. In our application of the IC, 
the predictor is stratified into a number of 
classes, and the number of cases with and without 
severe storms in each class is tabulated. If 
there are k classes, and if the predictand is 
divided into two categories (as it is here), the 
information ratio is defined: 5 E i  1 n E i  - s i  1nSi - O i  1nQi 

-- i= 1 I C = l - -  
N 1nN - M 1nM - P I nP  
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where i is the index of the predictor class, 
Ei is the number of cases in class i, 
Si is the number of severe cases in class i, 
Oi is the number of nonsevere cases in 

N is the total number of cases, 
M is the total number of severe cases, and 
P is the total number of nonsevere cases. 

class i, 

The range of the IC is zero to one. If the 
predictor has no predictive information (the rela- 
tive frequency of severe events is identical in 
all classes), then the IC vanishes. If the pre- 
dictor has perfect information (all severe events 
fall into a limited number of classes that have 
no nonsevere events), then the IC is one. 

A prime reason for introduction of the IC as 
a verification measure is that the IC is not ad- 
versely affected by a nonlinear relationship be- 
tween the predictor and predictand, as is the lin- 
ear correlation coefficient. As noted by Charba 
(1979) and by Reap and Foster (1979), stability 
indices often have a nonlinear relationship to se- 
vere local storm relative frequency. In many 
cases, the linear correlation coefficient of such 
indices does not reveal their true predictive 
potential. 

In practice, the nonlinearity between the 
predictor and predictand may be dealt with by 
performing a mathematical transformation of the 
original stability indices to ensure a linear re- 
lationship to the predictand relative frequency, 
which is determined empirically from the depen- 
dent data sample. The transformed predictor then 
corresponds to the observed relative frequency 
for any given value of the original stability in- 
dex. The main advantage in using the IC lies in 
its ability to directly estimate the predictive 
potential of the stability indices without resort- 
ing to the time-consuming linearization process 
described above. 

6. RESULTS OF SINGLE PREDICTOR TESTS 

We considered predictor values and severe 
storm reports over the region from the Great 
Plains to the Appalachian Mountains in evaluating 
the predictor information content. Approximately 
33,500 individual cases were available for consid- 
eration in computing values of IC (77 days times 
542 grid blocks, minus missing blocks due to 
cloudiness). Each of the predictors described in 
section 3 was stratified into 15 categories, with 
at least 900 events in each category. The values 
of IC for each predictor at 1100 GMT and 1700 GMT 
are listed in Table 1. 

Table 1 .  Computed information ratlo (IC) of vari- 
ous convective stability indices. Predictors 
are indices derived from 1100 and 1700 GMT VAS 
retrievals, and the predictand is the occurrence 
of severe local storms during the period from 
2000 to 0000 GMT. The IC I s  multiplied by 1000. 

Predictor 
IC at IC at 

1700 GMT 1100 GMT 

K index 100 
MK index 109 
TT index 76 
MTT index 78 
Showalter index 101 
Lifted index 121 
DKE 125 
DTMAX 133 
DPTH 89 
Maximum expected random IC 10 

99 
106 
75 
84 
96 
90 
80 
86 
55 
10 

of 0.101 (or 101 i n  our scale €or  Table 1 )  for 
the Showalter index derived from rawinsonde 
soundings, and 125 €or the same index derived 
from 1500 GMT NOAA-6 satellite soundings. These 
values are comparable to those found In this 
study. 

The information content of many of the predic- 
tors is considerably less at 1,100 than at 
1700 GMT, as might be expected. The magnitude of 
most of the physically-based indices is strongly 
dependent on surface temperature, which of course 
undergoes radical changes between morning and af- 
ternoon. The IC values for DTMAX and DKE are 
much lower in the morning, while those for K and 
MK are only slightly lower. 

The value of IC will tend toward zero for an in- 
finite data sample if there is no relationship be- 
tween predictor and predictand. If the data sam- 
ple is limited, however, random influences can re- 
sult in appreciable values of IC. It is possible 
to estimate the greatest IC that might occur 
strictly by chance (Lund and Wohl, 1955). Hollo- 
way and Woodbury (1955) state that the numerator 
of the expression for IC is distributed as one- 
half "chi-squared" with (k-l)(n-l) degrees of 
freedom, where k is the number of predictor 
classes and n is the number of predictand 
classes. The denominator is constant for any 
given sample of predictand data. The maximum ex- 
pected random IC at the 991: confidence level is 
shown in Table 1. There is clearly very little 
likelihood that the IC values for any of the pre- 
dictors could have occurred by chance alone. 

In general, the best predictors at 1700 GMT The results of this portion of the experi- 
are physically-based and dependent on surface ob- ment indicate that DTMAX possesses the greatest 
servations. The lifted index has a larger IC predictive information at 1700 GMT, while the MK 
than the Showalter index, and the K and Total TO- 
tals indices have a larger IC when modified by Figures la and lb show the observed severe local 
surface temperature and dew point. It appears storm relative frequency as a function of these 
that the surface observations. which have high ab- two predictors. Though the frequency values are 
solute accuracy, add predictive information. Two low, it should be remembered that the verifica- 
"bulk" indices that depend on temperature data at tion grid blocks cover only' 6400 km2 and that 
all levels between the surface and equilibrium le- only a portion of the day is considered. Further- 
vel, DTMAX and DKE, have the largest IC of all. more, few active storm days are included in our 
In their study of satellite-derived convective in- sample, since on such days VAS operations are pre- 
dices, Keller and Smith (1983) used a substantial- cluded by use of the GOES for rapid-interval scan- 
1Y different definition of the Severe storm Pre- ning. Consequently, the observed severe storm re- 
dictand. We note, however, that they found an IC lative frequency within the sample is only 0.8%. 
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index possesses the most information at 1100 GMT. 
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Figure 1. Observed severe local storms relative frequency during the period 2000-0000 GMT as a func- 
tion of (a) 1700 GMT DTMAX and (b) 1100 GMT MK index. 

7. INFORMATION CONTENT OF PREDICTOR 
COMBINATIONS 

Earlier work with VAS soundings (Keller and 
Smith, 1983; Anthony and Leftwich, 1984) showed 
that substantial information about severe storm 
potential is gained when several other factors 
are considered along with static instability. 
For example, strong 500-mb winds appear to en- 
hance severe storm likelihood indicated by a 
large negative lifted index. Therefore, we exam- 
ined the influence of additional predictors upon 
the severe storm probability potential by DTMAX 
and the MK index alone. These predictors include 
surface variables, VAS-derived winds and vertical 
wind shear, and climatic severe storm frequency. 

Many investigators have documented the impor- 
tance of surface variables, such as moisture di- 
vergence, in determining the location of thunder- 
storm formation. Charba (1979) also found that 
surface equivalent potential temperature (ee) 
advection is associated with severe storm develop- 
ment. We used Charba's (1979) Cressman-type 
scheme to objectively analyze surface tempera- 
ture, dew point, winds, and surface pressure. 
Reap and Foster (1979) and Charba (1984) showed 
that climatic frequency is a highly useful predic- 
tor when combined with a stability index. We 
used a 24-h severe storm relative frequency de- 
rived from reports from 1974 to 1983. 

Keller and Smith (1983) showed that parame- 
ters from VAS-derived gradient winds, including 
the 850-mb and 500-mb windspeed and the sine of 
the angle between the 850-mb and 500-mb winds, 
are useful predictors of severe storms. We in- 
cluded these terms as well as the total precipi- 
table water in our tests. 

Upper-level cooling and drying have often 
been associated with severe storms. Our dataset 
permitted us to compute time rates of change of 
several variables directly. Therefore, we com- 
puted the change in dew point and temperature at 
500 mb between 1400 and 1700 GMT for use as 

predictors. The brightness temperature in VAS 
channel 10 ( 6 . 7  microns) has often been used to 
track dry mid-tropospheric air (see Anthony and 
Wade, 1983). We computed the 3-h change of this 
brightness temperature as another measure of mid- 
level drying. Finally, the 3-h change in Show- 
alter index was used to indicate thermodynamic 
destabilization. 

In combining these variables, we derived his- 
tograms of severe storm relative frequency as a 
function of two predictors at the same time. The 
frequency values are stored in the form of a ta- 
ble, and forecast probabilities may be obtained 
from the table by interpolating to the necessary 
predictor values. This procedure was described 
by Panofsky and Brier (1965). and it was used by 
Keller and Smith (1983) and by Charba (1984) in 
creating severe storm predictors. The IC is com- 
puted using the formula given earlier; the predic- 
tor categories now depend on the stratification 
of two variables at once. 

Each of the variables was combined with the 
MK index for 1100 GMT data, and with DTMAX for 
1700 GMT data. The resulting IC values appear in 
Table 2. Combining DTMAX and surface moisture di- 
vergence or 0, advection yields the greatest IC 
for 1700 GMT observations. The combination of MK 
and surface 0, advection or 850-mb windspeed 
gives the most predictive information at 
1100 GMT. Among the time-change predictors, the 
Showalter index change appears to be the most use- 
ful. Since the time change of the Showalter in- 
dex adds predictive information to DTMAX, it is 
apparent that the VAS can accurately detect 
changes in dew point and temperature despite its 
present mechanical problems. 

Figures 2a and 2b show the severe storm rela- 
tive frequency for the DTMAX-moisture divergence 
combination and for the MK-Oe advection combina- 
tion. As shown in Pig. 2a, the combination of 
moisture divergence and DTMAX delineates regions 
containing severe storm probabilities as high as 
6.8%. Severe storm potential increases as both 
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Table 2. Computed information ratio (IC) for vnr- 
ious predictors i n  combination with DTMAX 
(1700 GMT data) and with MK index (1100 GMT 
data). The predictand is the occurrence of se- 
vere local storms during the period 2000- 
0000 GMT. Time-change predictors were not 
available at 1100 GMT. The IC is multiplied by 
c 1poo. 
Predictor 1700 GMT 1100 GMT 

8. - 6. 

4 .  

I 2. 

E 0. 

-2. 

E -4. 

2 - 6 .  

~r. - E .  

-10. 

rn 
0 - 
- 

4 

u 

Among the 1700 GMT stability indices, the 
temperature excess parameter DTMAX had the larg- 
est computed information ratio (IC). Physically- 
based parameters that depend upon surface observa- 
tions of temperature and moisture had the great- 
est values of IC. Among the 1100 GMT predic- 
tors, the K index modified by surface data (MK) 
had the largest IC. The predictive value of some 
parameters such as DTMAX was much lower at 
1100 GMT than at 1700 GMT. 

0.1 0.1 0.1 0.8 1.0 0.3 1.0 2.9 2.5 1.9 

- 0.1 0.1 0.1 0.6 0.8 0.6 1.6 2.8 2.5 2.3 

- 0.1 0 .2  0.1 0.4 0.7 0.7 1.6 2.6 2.5 2.3 

- 0.1 0.2 0.1 0.1 0.4 0.5 1.7 2.8 2.7 2.5 

- 0.1 0.2 0.2 0.2 0 .3  0.3 1.6 2.8 2.7 3.0 

- 0.1 0.1 0.0 0.1 0.4 0.7 0.6 0.9 1.0 1.0 

- 0.0 0.0 0.0 0.1 0 .2  0.2 0.4 0.7 0.6 0.6 

- 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.5 0.5 0.4 

- 0.0 0.0 0.0 0.0 0.0 0.3 0.2 0.5 0.6 0.3 

- 0.0 0.0 0.0 0.0 0.0 0.2 0.3 0.7 0.6 0.5 

I I I I I I I  1 1 1  

500-mb windspeed 
850-mb windspeed 
Sine of wind shear 
Precipitable water 
24-h climatological 
relative frequency 
Sfc moisture divergence 
Sfc 8, advection 
3-h 500-mb temperature 
change 
3-h 500-mb dewpoint 
change 
3-h Ch. 10 brightness 
temperature change 
3-h Showalter change 
Maximum expected random 

- 4. 
a 

7 0. 
Do 
9 -4. 

-8. E 
-12. 

-16. 

? -20. 

m -24. 

184 
170 
172 
169 

176 
196 
183 

167 

164 

167 
174 

IC 43 

- 0.1 0.1 0.3 1.0 1.3 1.4 1.3 1.3 1.6 1.6 

- 0.1 0.2  0.4 0.8 1.0 2.0 2.7 2.7 2.8 2.8 

- 0.5 0.4 0.6 1.1 1.1 1.4 2.0 2.3 2.7 2.8 

- 0.4 0.5 0.8 1.4 1.4 1.9 2.6 2.8 2.9 2.9 

- 0.4 0.5  1.1 2.0 2.2 3.1 3.9 4.1 4 . 3  4.3 

- 0.4 0.6 1.4 2.8  2.8 4.3 5.0 5.0 5.0 5.0 

- 0.5 0.b 1.6 3.4 3.5 5 . 4 ,  6.0 5.9 5.9 5.8 

- 0.5 0.6 1.4 2.5 4.2 5.6 6.8 6.2 6.1 6.1 

I I I I I I I I  I L 

147 
153 
145 
125 

142 
147 
159 

43 

Several other variables derived from VAS 
soundings, surface observations, or climatic fre- 
quencies were examined for their ability to en- 
hance the predictive information in DTMAX and MK. 
The largest values of IC were those for a combina- 
tion of DTMAX and surface moisture divergence at 
1700 GMT, and MK and surface equivalent potential 
temperature advection at 1100 GMT. 

Figure 2 .  Observed severe local storm relative frequency during the period 2000-0000 GMT, in Per- 
cent, 
surface equivalent potential temperature advection at 1100 GMT. 

as a function of (a) DTMAX and surface moisture divergence at 1700 GMT and (b) MK index and 

moisture convergence and instability increase. 
The relative frequency distribution shown in 
Fig. 2b shows that severe storm potential is not 
E monotonic function of MK or of 0, advection. 
We found that severe storm frequency actually de- 
creases slightly for very large values of most 
stability indices. 

8 .  SUMMARY AND CONCLUSIONS 

We have tested several convective stability 
indices derived from VAS temperature and moisture 
retrievals for their ability to measure severe lo- 
cal storm potential. The indices were computed 
from VAS observations taken at 1100 and 1700 GMT, 
while the severe storm events were observed 
during the subsequent period 2000-0000 GMT. 
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When forecasting afternoon convection from 
morning (1100 GMT) soundings, predictors such as 
the MK and Showalter stability indices appear to 
be good choices since they are less sensitive to 
details in the vertical temperature structure, 
which can change radically from morning to after- 
noon. Predictors such as these have traditional- 
ly been used by operational forecasters to fore- 
cast thunderstorms in many parts of the country. 

In a broader context, our results would tend 
to support the conclusion of Stone (1985) that 
potential instability is important in defining 
general areas in which severe storms may occur. 
However, to accurately define local areas of se- 
vere storm occurrence a knowledge of existing 



dynamical forcing is required on fairly small 
time and space scales. 

In the future, we will test more combina- 
tions of severe storm predictors, and we will ex- 
amine predictors of general thunderstorm occur- 
rence. The final goal of this study is the incor- 
poration of VAS predictors into TDL's operational 
short-range thunderstorm and severe local storm 
probability guidance. 
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6.5 

RESULTS OF THE PROFS REAL-TIME VAS PRODUCT ASSESSMENT 
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1. INTRODUCTION 

The Program for Regional Observing and 
Forecasting Services (PROFS) has been improving a 
prototype workstation developed in 1981 to study 
mesoscale nowcasting (Reynolds, 1983; Schlatter 
et al., 1985; Haugen et al., 1984; Birkenheuer, 
1983). 
have been conducted in the past (Schultz, et al., 
1985). The latest forecasting exercise was con- 
ducted from 15 May through 23 August 1985 to 
study severe weather nowcasting. For the first 
time, the workstation incorporated both satellite 
products and applications from the VISSR 
Atmospheric Sounder (VAS) together with a set of 
conventional and advanced data sources (Table 1). 
(A detailed listing can be found in Wunderlich, 
1985.) 

Forecast exercises using the workstation 

PROFS has operated a satellite mode A and 
mode AA groundstation since the fall of 1984, 
enabling the preparation and presentation of 
visible, infrared ( I R ) ,  and VAS image products 
for real-time operation at the workstation. The 
national and northern hemispheric products in 
Table 1 were remapped to a polar stereographic 
projection; the regional and local products were 
remapped to a Lambert conformal projection 
centered over Colorado. All products were 
accessed through a mouse-driven menu system, 
Three Ramtek color graphic terminals were used, 
two €01- image display and one for the menu. 512 
x 512-pixel images were available in 4 -  and 
&frame loops. Imagery was degraded to 256 x 
256-pixel resolution for 16- and 32-frame loops. 
Zoom, loop rate, graphic overlays, and the color- 
enhancement curve were all user selectable. 

The 1985 real-time VAS assessment objec- 
tives, procedures, daily log, and initial 
findings are detailed in Birkenheuer and Snook 
(1985). Briefly, the assessment consisted of a 
review of products and meteorological conditions 
from the previous day prior to a daily discussion 
of that day's weather events attended by the 
forecasters, exercise participants, and visitors. 
Discussion topics included damage reports, 
watches and warnings issued, chase team 
observations, and product utility. Significant 
observations relevant to VAS product use were 
demonstrated and addressed by the forecasters and 
the VAS assessment team. The observations and 
conclusions of this paper were acquired from this 
work and a follow-up case study. 

2 .  VAS PRODUCT GENERATION 

VAS images are received in the satellite 
projection (line and element) and then remapped 
into the desired map projection producing R 512 x 
512 pixel-image product. The remapped regional 
scale image is digitally smoothed using a 9-point 
filter. Filtering does not contribute informa- 
tion, but serves to make the image more 
asthetically pleasing by reducing high-frequency 
spatial perturbations more evident in smaller 
scale imagery. The local scale VAS image is a 
subset of the VAS regional scale product, and 
pixels are replicated to fill in the smaller 
scale image. The image is color enhanced for 
display using a look-up table (color table). 
Each pixel in the 512 x 512 image is an 8-bit 
brightness count that references the color table 
relating the 256 possible 8-bit values (ranging 
from 0 to 255) to a specific color and intensity. 
VAS workstation products have specific color 
tables designed to highlight product features. 

Workstation products are generated by 
either an automatic scheduled process or as an 
application initiated by the forecaster. 
Scheduled products are created immediately upon 
ingest of all required data and appear 
automatically at the workstation. In contrast, 
application algorithms are operated by the 
forecaster. Application algorithms are necessary 
because computing resources are limited (CPU 
constraints), and it is desirable for some 
routines to be forecaster interactive. 

2.1 Scheduled VAS Image Products 

VAS image products generated in-house 
included: 1) a linear-enhanced 6.7 um water Vapor 
image; 2) a "split-window" low-level water vapor 
image; and 3) a convective stability image 
derived from the two former products, 

The 6.7 pm image is computed using the equation: 

Brightness count = 1105.- 4.25 TB (6.71, (1) 

where TB (6.7) is the 6.7 
temperature in Kelvin, and the computed 
brightness count is constrained between 0 and 255. 

um band brightness 
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Tab le  1. Major Works t a t ion  Product  C l a s s i f i c a t i o n s  - 
Produc t  S c a l e s +  Freq.  (min)  

VISSR v i s i b l e  
VISSR I R  
*VAS S p l i f  Window 
*VAS S t a b i l i t y  
*VAS 6.7 
SA0 
PROFS Mesonet 
Den RAOB Skew-T 
Pro f  i l e r  p r o d u c t s  
MAPS Analyses  
MAPS F o r e c a s t s  
MAPS/LFM G r i d s  
AFOS 
NCAR Doppler Radar 
NEXRAD Algori thms 

NCAR x-Band 
WSR-57 PPI 

L*/ R /  N / H 
L / R / N / H  
L / R / N  
L / R / N  
L / R / N  
R 
L 
V 
V 
N 
N 
N 
N 

L 
L 
L 

(CP-2) L 

30/30/60/180 
30/30/60/180 
30/30/60 
30/30/60 
30/30/60 
60 
5 
720 
60 
720 
720 
7 20 
720 
5 & 10 
5 
5 
5 

+ S c a l e s  a r e :  H = Nor the rn  Hemisphere P o l a r  S t e r e o g r a p h i c  
N = N a t i o n a l  S c a l e  (48  S t a t e s )  P o l a r  S t e r e o g r a p h i c  
R = Regiona l  S c a l e  Lambert Conformal (Colorado and p o r t i o n s  o f  

L = Local  S c a l e  Lambert Conformal ( E a s t e r n  Co lo rado)  
V = V e r t i c a l  S c a l e  

su r round ing  s t a t e s )  

* 
a t  5 min. i n t e r v a l s ,  and VAS d a t a  are n o t  a v a i l a b l e .  

During Rapid I n t e r v a l  Scanning O p e r a t i o n  (RISOP) VISSR v i s i b l e  i s  a v a i l a b l e  

The s p l i t  window image i s  g e n e r a t e d  from 
a d i f f e r e n t i a l  a b s o r p t i o n  t echn ique  u s i n g  t h e  11- 
and 12 urn VAS bands.  The s p l i t  window a l g o r i t h m  
( C h e s t e r s  e t  a l . ,  1983)  r e q u i r e s  an i n p u t  tem- 
p e r a t u r e  r e p r e s e n t a t i v e  o f  t h e  boundary l a y e r  and 
b r i g h t n e s s  t empera tu res  from t h e  two VAS bands.  
The boundary l a y e r  t empera tu re  i s  a s s i g n e d  a 
c o n s t a n t  t empera tu re  f o r  a l l  p roduc t  s c a l e s .  
Using a v a r i a b l e  i n p u t  t empera tu re  s u p p l i e d  by 
o t h e r  d a t a  s o u r c e s  ( e .g .  t h e  Denver p r o f i l e r )  
gave more i n c o n s i s t e n t  r e s u l t s  t han  s imply u s i n g  
a c o n s t a n t  v a l u e  r e g a r d l e s s  of  a i rmass  tem- 
p e r a t u r e  o r  g e o g r a p h i c a l  l o c a t i o n .  S ince  t h e  
imagery was o n l y  used q u a l i t a t i v e l y  t o  e s t a b l i s h  
water  vapor  d i s t r i b u t i o n  i n  t h e  p r e c o n v e c t i v e  
env i ronmen t ,  t h i s  approach was presumed t o  be 
s a t  i s  f a c  t o r y .  

Low-level wa te r  vapor  i n f o r m a t i o n  i s  
con tamina ted  i n  c loudy  areas because  l i q u i d  
and /o r  f r o z e n  water  o b s c u r e s  emmissions i n  t h e  11 
and 12 pm bands.  The a l g o r i t h m  compares t h e  two 
VAS bands ( t h e  " s p l i t  window") and t h e  i n p u t  
boundary-layer  t empera tu re  t o  e s t a b l i s h  t h e  
p r e s e n c e  o f  c louds .  Any p i x e l  f o r  which a c loud  
i s  i n d i c a t e d  i s  f l a g g e d  and b l acked  o u t  i n  t h e  
f i n a l  imagery. Clouds appea r  as d a r k  a r e a s  
r e p r e s e n t i n g  empty space  i n  t h e  d a t a  f i e l d .  

The s t a b i l i t y  p roduc t  i s  assembled by: 1 )  
i n v e r t i n g  t h e  6.7 pm image by c o n v e r t i n g  each 
8 - b i t  p i x e l  t o  i t s  b i t  complement, 2 )  no rma l i z ing  
t h e  b r i g h t n e s s  c o u n t s  of  t h e  i n v e r t e d  6.7 pm and 
t h e  s p l i t  window p r o d u c t s  t o  span 0 t o  1 6 ,  and 3 )  
m u l t i p l y i n g  bo th  t o g e t h e r  t o  produce a new hybr id  
image hav ing  b r i g h t n e s s - c o u n t  v a l u e s  r ang ing  from 
0 t o  255. T h i s  i s  similar t o  t h e  t echn ique  
d e s c r i b e d  i n  P e t e r s e n  e t  a l .  (1984) .  The 
s t a b i l i t y  p roduc t  enhances a r e a s  of  c o n v e c t i v e  
i n s t a b i l i t y :  u p p e r - l e v e l  d r y n e s s  from 6.7 u m  

imagery a t o p  low-level  mo i s tu re  from s p l i t  window 
imagery. The p roduc t  i n h e r i t s  t h e  problems 
p r e s e n t  i n  t h e  p a r e n t  imagery (e .g .  c loud  and fog 
c o n t a m i n a t i o n  from t h e  s p l i t  window p r o d u c t ) .  
The p roduc t  can  o n l y  be  used q u a l i t a t i v e l y  s i n c e  
i t  i s  g e n e r a t e d  from two normalized p r o d u c t s .  
Cloudy r e g i o n s  a r e  b l acked  o u t ,  i n d i c a t i n g  a r e a s  
v o i d  o f  good d a t a .  

2.2 VAS A p p l i c a t i o n  P r o d u c t s  

The PROFS w o r k s t a t i o n  o f f e r s  bo th  g r a p h i c  
and image VAS a p p l i c a t i o n  p r o d u c t s .  There are 
two g r a p h i c  a p p l i c a t i o n  p r o d u c t s ,  Composite Skew 
T and VAS Region P l o t .  These a l g o r i t h m s  u s e  
p rocessed  VAS-derived t empera tu re  and wa te r  vapor  
sound ings  r e c e i v e d  from t h e  U n i v e r s i t y  o f  
Wisconsin--Madison t o  p rov ide  h o r i z o n t a l  and 
v e r t i c a l  thermodynamic i n f o r m a t i o n .  I n  a d d i t i o n ,  
two o t h e r  VAS a p p l i c a t i o n  p r o d u c t s  i n t e g r a t e  VAS 
and c o n v e n t i o n a l  s a t e l l i t e  d a t a ,  p roduc ing  image 
p roduc t  s . 

2.2.1 Graph ics  

The Composite Skew T a p p l i c a t i o n  combines 
VAS, microwave ground-based r ad iomete r  
( p r o f i l e r ) ,  and Radiosonde Obse rva t ion  (RAOB) 
sound ings  from any a v a i l a b l e  t ime p e r i o d  on t h e  
same Skew T - Log p diagram. I n  a d d i t i o n ,  
p o s i t i v e  and n e g a t i v e  buoyant  e n e r g i e s ,  
p r e c i p i t a b l e  wa te r  ( i n t e g r a t e d  from t h e  water 
vapor  sound ing)  and l i f t e d  index  a r e  computed and 
l i s t e d  f o r  each color-coded sounding.  The 
d i s p l a y  e n a b l e s  comparison o f  t h e  d i f f e r e n t  d a t a  
s o u r c e s  and t r e n d  a n a l y s e s  f o r  a g i v e n  s e n s o r .  

VAS Region P l o t  g e n e r a t e s  p l o t s  of  
p r e c i p i t a b l e  w a t e r ,  l i f t e d  index ,  p o s i t i v e  and 

360 



n e g a t i v e  buoyant  e n e r g i e s ,  i s o b a r i c  f i e l d s  o f  
t e m p e r a t u r e ,  dew p o i n t  t e m p e r a t u r e ,  dew p o i n t  
d e p r e s s i o n ,  r e l a t i v e  humid i ty ,  g e o p o t e n t i a l  
h e i g h t ,  wind s p e e d ,  and wind d i r e c t i o n .  Wind 
d a t a  are d e r i v e d  from a n  ana lyzed  g e o s t r o p h i c  
f i e l d  g e n e r a t e d  from t h e  VAS the rma l  p r o f i l e s .  
The wind i n f o r m a t i o n  i s  p r o c e s s e d  a t  Madison and 
t r a n s m i t t e d  w i t h  t h e  sound ing  d a t a .  The p l o t s  
can  be  super imposed  ove r  any r e g i o n a l - s c a l e  image 
o r  d i s p l a y e d  i n d i v i d u a l l y .  By d i s p l a y i n g  
computed v a l u e s  a t  t h e  l o c a t i o n  o f  t h e  sampled 
i n f o r m a t i o n ,  t h e  u s e r  can  i n f e r  t h e  q u a n t i t a t i v e  
f i e l d .  O b j e c t i v e  a n a l y s e s  o f  d a t a  a r e  avo ided  
u n t i l  b e t t e r  q u a l i t y  c o n t r o l  i s  a v a i l a b l e ,  s i n c e  
ana lyzed  e r r o n e o u s  d a t a  can  e a s i l y  d e s t r o y  what 
would o t h e r w i s e  be  a u s a b l e  g r a p h i c .  

2.2.2 Images 

The PROFS w o r k s t a t i o n  h a s  a p p l i c a t i o n  
programs c a p a b l e  o f  p roduc ing  two combined VAS 
images: I n f r a r e d  ( I R ) / 6 . 7  and IR/VIS/6.7.  The 
combined images were a v a i l a b l e  l a t e  i n  t h e  
e x e r c i s e  as a p p l i c a t i o n s .  The images would 
no rma l ly  be  cumbersome t o  o b t a i n  because  t h e  u s e r  
must i n i t i a t e  and a w a i t  p roduc t  g e n e r a t i o n .  
However, s i n c e  b o t h  a p p l i c a t i o n s  u s e  schedu led  
p r o d u c t s  i n s t e a d  o f  raw d a t a  as t h e  i n p u t  s o u r c e ,  
g e n e r a t i o n  t ime i s  c o n s i d e r a b l y  r educed .  The 
IR/6.7 image merges c o n v e n t i o n a l  c loud  imagery 
from t h e  VISSR I R  d a t a  wi th  t h e  6 .7  image by 
r e p l a c i n g  6 .7  pm p i x e l s  w i t h  VISSR I R  p i x e l s  
wherever c loud  t o p s  are c o l d e r  t h a n  -35" C .  To 
d i s t i n g u i s h  between t h e  two bands ,  a c o l o r  t a b l e  
i s  used  w i t h  b l a c k  aud wh i t e  enhancement f o r  t h e  
6.7 p o r t i o n  o f  t h e  image and c o l o r  enhancement 
f o r  t h e  I K  c loud- top  t e m p e r a t u r e s .  The p roduc t  
g i v e s  t h e  f o r e c a s t e r  i n f o r m a t i o n  from b o t h  I R  and 
6.7 pm bands  s i m u l t a n e o u s l y .  Thus ,  c l e a r  a i r  
mot ion  i n  t h e  v i c i n i t y  o f  c l o u d s  can  be  obse rved  
and r e l a t e d  t o  s t o r m  s t r u c t u r e  and 
i n t e n s i f i c a t i o n .  

The second a p p l i c a t i o n  image i s  a 
combined IR/VIS/6.7 image, s i m i l a r  t o  t h a t  
d e s c r i b e d  by P e t e r s e n  e t  a l . ,  1984. Each 
i n s t r u m e n t  o r  band i s  a s s i g n e d  a d i f f e r e n t  c o l o r :  
I R  i s  g r e e n ,  v i s i b l e  i s  r e d ,  and 6 .7  i s  b l u e .  The 
Ramtek d i s p l a y  used  i.n t h e  PROFS w o r k s t a t i o n  i s  
n o t  c a p a b l e  o f  d i r e c t l y  a c c e s s i n g  gun i n t e n s i t y ;  
i n s t e a d ,  a c o l o r  t a b l e  scheme i s  used  t o  s i m u l a t e  
mixing  c o l o r s .  The IR/VIS/6.7 c o l o r  t a b l e  p e r m i t s  
a l l  c o l o r  combina t ions  o f  d i s c r e t e  i n t e n s i t y  
v a l u e s  t h a t  u t i l i z e  216 o f  t h e  256 p o s s i b l e  
co lor -enhanced  b r i g h t n e s s  c o u n t s .  The c o l o r  
t a b l e  i n d e x  i s  fo rmula t ed  i n  b a s e  6 by  t h e  
e q u a t i o n :  

B r i g h t n e s s  coun t  - (621, + 6g + b ,  ( 2 )  

where v a r i a b l e s  r ,  g, and b each  r ange  from 0 t o  
5 ,  r e p r e s e n t i n g  t h e  i n t e n s i t i e s  o f  t h e  r e d ,  
g r e e n ,  and b l u e  guns r e s p e c t i v e l y .  T h i s  approach  
o n l y  approx ima tes  t h e  d e s i r e d  e f f e c t  s i n c e  each  
c h a n n e l ' s  measurement is  c o n s t r a i n e d  t o  6 
p o s s i b l e  l e v e l e .  However, t h e  method p roduces  
c o l o r  combina t ions  w i t h  t h e  same s i g n i f i c a n c e  as 
c i t e d  by P e t e r s e n  e t  a l .  1984. The p roduc t  
i n d i c a t e s  c l o u d  l e v e l  ( h i g h  o r  low) as w e l l  a s  
t h e  m o i s t u r e  c o n t e n t  o f  c l e a r  a i r .  

3. RESULTS FROM 1985 SUMMER EXERCISE 

The 6.7 imagery was found t o  be t h e  most 
i n f o r m a t i v e  VAS imagery s t u d i e d .  Many 
f o r e c a s t e r s  e l e c t e d  t o  b e g i n  t h e  d a y ' s  weather  
b r i e f i n g  by showing n a t i o n a l  s c a l e  loops  o f  6.7 
imagery .  They found t h i s  t o  be  an  e f f e c t i v e  
ove rv iew p r i o r  t o  f o c u s i n g  on t h e  Colorado  a r e a .  
Hal f -hour  loops  o f  6.7 imagery were used a t  t h e  
r e g i o n a l  s c a l e  t o  d e t e c t  s h o r t  waves and nowcast 
t h e i r  movement. T h i s  he lped  de te rmine  t h e  
a r r i v a l  t ime o f  s u p p o r t i v e  uppe r - l eve l  dynamics 
t o  b e t t e r  f o r e c a s t  t h e  o n s e t  o f  c o n v e c t i o n ,  
O f t e n ,  many c o n v e c t i v e  i n g r e d i e n t s  were p r e s e n t  
e x c e p t  f o r  a t r i g g e r i n g  mechanism t o  i n i t i a t e  
s t o r m  fo rma t ion .  Loops o f  6.7 imagery f r e q u e n t l y  
showed when t h e  s u p p r e s s i v e  c o n d i t i o n s  would 
s w i t c h  o v e r  and f a v o r  c o n v e c t i v e  deve lopment .  
Co lo r  t a b l e s  were used  t o  enhance  moi s t  and d r y  
zones  i n d i c a t i v e  o f  s y n o p t i c - s c a l e  dynamics.  
P r o p e r  c o l o r  enhancement made i t  much e a s i e r  t o  
d e t e c t  and t r a c k  t h e s e  f e a t u r e s .  

The 6.7 imagery i s  c a p a b l e  o f  d i s p l a y i n g  
mesosca le  f e a t u r e s  as w e l l .  F i g u r e  1 shows a 
d e v e l o p i n g  d r y  r e g i o n  beh ind  (wes t  o f )  a 
c o n v e c t i v e  c e l l .  T h i s  i s  ev idence  o f  
compensa t ing  s u b s i d e n c e  i n  r e sponse  t o  s t r o n g  
u p d r a f t s  w i t h i n  t h e  s to rm.  The d r y  r e g i o n  
d e v e l o p s  a s  d r i e r  a i r  moves down from h i g h e r  
l e v e l s .  

The q u a l i t y  o f  t h e  s p l i t  window imagery 
w a s  dependent  on t h e  a v a i l a b l e  m o i s t u r e .  When 
p r e c i p i t a b l e  wa te r  amounts exceeded  abou t  1.8 cm, 
t h e  p roduc t  was more r e l i a b l e .  Cloud and fog  
c o n t a m i n a t i o n  a d v e r s e l y  a f f e c t e d  t h e  imagery ,  
c a u s i n g  f a l s e  moi s t  and d r y  r e a d i n g s  t o  o c c u r .  
The d u a l - d i s p l a y  w o r k s t a t i o n  a i d e d  i n  t h e  
i n t e r p r e t a t i o n  o f  t h e  imagery s i n c e  s p l i t  window 
p r o d u c t s  cou ld  be s i m u l t a n e o u s l y  d i s p l a y e d  and 
compared t o  b o t h  v i s i b l e  and I R  imagery. 

Mois tu re  b o u n d a r i e s ,  d e t e c t e d  by t h e  6 .7  
and s p l i t  window imagery ,  were a l s o  s i g n i f i c a n t  
d u r i n g  t h e  summer e x e r c i s e .  Boundar i e s  have been  
shown t o  be  i m p o r t a n t  i n  mesosca le  p r o c e s s e s .  
Common examples a r e  f r o n t s ,  d r y  l i n e s ,  and 
o u t f l o w  boundar i e s .  The l a t t e r  a r e  o f t e n  
obse rved  w i t h  Doppler r a d a r  (Wakimoto, 1982).  An 
example o f  an  impor t an t  u p p e r - l e v e l  m o i s t u r e  
boundary  is  found i n  t h e  c a s e  s t u d y  i n  Snook and 
R i rkenheue r ,  1986. A d r y  i n t r u s i o n  (boundary )  
was obse rved  moving from t h e  s o u t h e a s t  i n t o  
e a s t e r n  Co lo rado  where t h e  s p l i t  window imagery 
and SA0 r e p o r t s  showed a deep ,  mo i s t  boundary  
l a y e r .  When t h e  d r y n e s s  a l o f t  r eached  t h e  
l o c a t i o n  o f  t h e  low- leve l  m o i s t u r e ,  c o n v e c t i o n  
o c c u r r e d ,  p roduc ing  a mesosca le  c o n v e c t i v e  
complex (MCC) o v e r  e a s t e r n  Colorado .  The MCC 
l a t e r  moved i n t o  s o u t h e r n  Nebraska p roduc ing  
f l a s h  f l o o d s  . 

Convec t ive  s t a b i l i t y  imagery was p lagued  
by problems i n h e r i t e d  from t h e  p a r e n t  imagery ,  
p r i m a r i l y  c loud  and f o g  c o n t a m i n a t i o n  from t h e  
s p l i t  window p roduc t .  I n  a few c a s e s ,  t h e  image 
i n d i c a t e d  p o t e n t i a l l y  u n s t a b l e  r e g i o n s  where 
l a t e r  c o n v e c t i o n  o c c u r r e d ,  b u t  t h e  f a l s e  alarms 
f a r  outnumbered t h e  s u c c e s s e s .  P roduc t  
r e l i a b i l i t y  can  b e  improved wi th  a b e t t e r  p a r e n t  
p r e c i p i t a b l e  wa te r  image. 
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F i g u r e  1. 
1985 a t  2000, 2030, 2230, and 2300 GMT show a thunde r s to rm deve lop ing  i n  an a r e a  of r e l a t i v e l y  uniform 
m o i s t u r e .  
l i k e l y  due t o  d r i e r  a i r  from above descend ing  and warming. The s to rm produced f l o o d i n g  and to rnadoes .  
The c e l l  i n  Nebraska d i d  n o t  deve lop  t h i s  f e a t u r e  and was not a s  i n t e n s e .  

Development of subs idence  west of a c o n v e c t i v e  c e l l .  

By 2230 GMT t h e  s to rm i n  NE Colorado had developed a n o t i c e a b l y  d ry  r e g i o n  t o  t h e  west, most 

The f o u r  6 . 7  p m  images r eco rded  31 J u l y  
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Bulk pa rame te r s  d e r i v e d  from t h e  
q u a n t i t a t i v e  VAS sound ings  were more u s e f u l  t han  
t h e  i n d i v i d u a l  t he rma l  p r o f i l e s .  I n  one c a s e ,  
v a l u e s  o f  l i f t e d  index ,  p r e c i p i t a b l e  wa te r  and 
buoyant  e n e r g i e s  enab led  f o r e c a s t e r s  t o  i d e n t i f y  
a r e g i o n  i n  no r thwes t  Kansas and sou thwes t  
Nebraska as a p o t e n t i a l  s torm-producing  a r e a  on 9 
J u l y  1985 ( F i g u r e  2.) The VAS d a t a  p rov ided  
f o r e c a s t e r s  a 5-hour l e a d  t i m e  t o  c o n v e c t i v e  
development.  

P r e c i p i t a b l e  water v a l u e s  o b t a i n e d  from 
i n t e g r a t i n g  t h e  VAS sound ings  s u p p o r t e d  t h e  s p l i t  
window imagery i n  c l e a r  a r e a s .  Composite Skew T 
compar isons  o f  t h e  Denver RAOB d a t a  w i t h  VAS 
sound ings  n e a r  Denver showed t h e  VAS the rma l  
sound ings  i n  agreement  wi th  RAOB measurements,  
i n c l u d i n g  a s u r p r i s i n g l y  good r e p r e s e n t a t i o n  o f  
weak, summertime low- leve l  i n v e r s i o n s .  RMS 
d i f f e r e n c e  e r r o r s  f o r  VAS the rma l  sound ings  and 
t h e  Denver RAOB a r e  on t h e  o r d e r  o f  1 t o  2 
Kelv ins .  The VAS m o i s t u r e  p r o f i l e s  r a r e l y  
c o i n c i d e d  wi th  t h e  RAOB m o i s t u r e  sounding .  The 
d i f f e r e n c e s  i n  p r e c i p i t a b l e  wa te r  v a l u e s  computed 
from i n t e g r a t e d  Denver RAOB and n e a r e s t  c l e a r  VAS 
m o i s t u r e  p r o f i l e s  (a lways  w i t h i n  100 km), showed 
t h e  VAS p r o f i l e s  t o  be  d r i e r .  The mean 
p r e c i p i t a b l e  wa te r  d i f f e r e n c e  (RAOB - VAS) was 
0.5 cm wi th  a s t a n d a r d  d e v i a t i o n  o f  0 . 3  cm. 
D e s p i t e  t h i s ,  r e l a t i v e  d i f f e r e n c e s  i n  VAS 
p r e c i p i t a b l e  wa te r  ove r  b o t h  t ime and space  were 
s i g n i f i c a n t  and q u a l i t a t i v e l y  u s e f u l .  

Both VAS r e t r i e v a l s  and d e r i v e d  imagery 
had mixed r e s u l t s  ove r  mountainous a r e a s .  Low 
b r i g h t n e s s  t e m p e r a t u r e s  ove r  t h e  mounta ins  o f t e n  
caused  t h e  s p l i t  window a l g o r i t h m  t o  f l a g  t h e s e  
a r e a s  as c loudy .  I n  sound ings ,  t h e  s u r f a c e  
p r e s s u r e  and s u r f a c e  h e i g h t  were u s u a l l y  
r e a s o n a b l e .  G e o p o t e n t i a l  h e i g h t s  d e r i v e d  from 
t h e  the rma l  sound ings  caused  e r r o r s  i n  t h e  PROFS 
Mesoscale A n a l y s i s  and P r e d i c t i o n  System (MAPS), 
a mesosca le  o b j e c t i v e  a n a l y s i s  and f o r e c a s t  model 

( s e e  Benjamin e t  a l . ,  1985) .  I n s t e a d  o f  u s i n g  
t h e  a b s o l u t e  h e i g h t s  i n  t h e  model,  a new approach  
u s i n g  g e o p o t e n t i a l  g r a d i e n t s  w i l l  be  a t t empted .  

D i f f e r e n c e s  between t h e  VAS soundings  
d e r i v e d  ove r  Denver and t h e  Denver RAOBs may be  
e x p l a i n e d  by Denver ' s  p r o x i m i t y  t o  t h e  mounta ins ,  
s i n c e  t h e  d a t a  i n c o r p o r a t e d  i n t o  a VAS sounding  
may be  i n f l u e n c e d  by mountainous t e r r a i n .  
R e l i a b i l i t y  o f  VAS r e t r i e v a l s  may be b e t t e r  a t  
l o c a t i o n s  w e l l  e a s t  o f  t h e  mounta ins  than  a round 
Denver. 

F i n a l l y ,  t h e  l o c a l - s c a l e  imagery was t h e  
l e a s t  used  by f o r e c a s t e r s  and w i l l  l i k e l y  be 
dropped  i n  t h e  f u t u r e .  Most VAS imagery had 
16-km r e s o l u t i o n ,  and ha l f -hour  loops  o f  16-km 
imagery on t h e  l o c a l  s c a l e  was t o o  c o a r s e  i n  t i m e  
and space .  T h i s  l e d  t o  n o i s y  images and loops  i n  
which t h e  movement o f  f e a t u r e s  was d i s c o n t i n u o u s .  

4 .  POST-EXERCISE RESULTS 

The 6.7 pm imagery d i s p l a y s  l i t t l e  
u s e f u l  i n f o r m a t i o n  i n  c loudy  r e g i o n s .  The 
combined IRJ6.7 image p r o v i d e s  t h e  same l e v e l  o f  
d e t a i l  as t h e  u s a b l e  p o r t i o n  o f  t h e  6.7 image and 
i s  more i n f o r m a t i v e  i n  c loudy  a r e a s  because  i t  
shows I R  c loud  top  t e m p e r a t u r e s .  Thus ,  t h e  
combined image has  more u t i l i t y  t han  t h e  6.7 
image a l o n e  and i s  a good r ep lacemen t  f o r  t h e  6 .7  
image. With s u i t a b l e  c o l o r  t a b l e  s e l e c t i o n ,  t h e  
combined p roduc t  cou ld  be  made wi th  
co lor -enhanced  6.7 o r  co lor -enhanced  I R ,  l e a v i n g  
t h e  remainder  o f  t h e  image i n  g r a y  s c a l e .  

F o r e c a s t e r s  d e s i r e d  a h i g h e r  deg ree  o f  
q u a n t i t a t i v e  i n f o r m a t i o n  i n  t h e  s p l i t  window 
imagery ,  r e s u l t i n g  i n  a s e a r c h  f o r  a r ep lacemen t .  
One c a n d i d a t e  i s  an  image d e r i v e d  from t h e  
q u a n t i t a t i v e  VAS sound ings  and t h e  M u l t i  S p e c t r a l  
Image (MSI) d a t a .  L i n e a r  r e g r e s s i o n  c o e f f i c i e n t s  
are d e r i v e d  from t h e  p rocessed  p r e c i p i t a b l e  wa te r  

F i g u r e  2. The mesosca le  u t i l i t y  o f  d e r i v e d  VAS sound ings .  A c l u s t e r  o f  u n s t a b l e  l i f t e d  index  v a l u e s  
r a n g i n g  from -5 t o  -6 appea red  a t  1400 GMT on 9 J u l y  1985 i n  n o r t h w e s t e r n  Kansas and s o u t h w e s t e r n  

Nebraska.  
VISSR I R  image. 

A s t o r m  developed  i n  t h e  area 5 h o u r s  l a t e r  and p e r s i s t e d  through 2200 GMT, as shown i n  t h e  
The shor t - r ange  u t i l i t y  o f  VAS sounding  d a t a  i s  c l e a r l y  e v i d e n t  i n  t h i s  c a s e .  
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v a l u e s ,  r e c e i v e d  as p a r t  of  t h e  p rocessed  VAS 
sound ings  and VAS b r i g h t n e s s  t empera tu res  from 
which t h e  soundings were produced. The 
c o e f f i c i e n t s  a r e  t h e n  used t o  d e r i v e  a 
p r e c i p i t a b l e  wa te r  image from t h e  v a r i o u s  MSI 
bands.  The advantage of  t h e  r e g r e s s i o n  method i s  
t h a t  i t  i s  f r e e  from any dependence on 
c l i m a t o l o g y ,  d i u r n a l  h e a t i n g  e f f e c t s ,  and i t  can 
i n c o r p o r a t e  more VAS r a d i a n c e  in fo rma t ion .  
T e s t i n g  i s  now underway t o  de t e rmine  whether t h e  
p roduc t  i s  worthwhile .  

5. SUMMARY 

R e s u l t s  from t h e  PROFS 1985 summer 
e x e r c i s e  show t h a t  VAS p r o d u c t s  a r e  a n e c e s s a r y  
p a r t  of  a modern automated m e t e o r o l o g i c a l  
w o r k s t a t i o n .  Loops of  6 .7  imagery were found t o  
be  most u s e f u l  a l o n g  wi th  b u l k  pa rame te r s  d e r i v e d  
from t h e  VAS soundings.  Data u t i l i t y  improved 
wi th  a p p r o p r i a t e  c o l o r  r e p r e s e n t a t i o n .  E a r l y  
morning VAS q u a n t i t a t i v e  d a t a  and imagery were 
u s e f u l  f o r  s h o r t  r ange  f o r e c a s t i n g ,  b u t  t h e  
nowcast a p p l i c a t i o n  o f  VAS i n f o r m a t i o n  r e q u i r e s  
f u r t h e r  s t u d y .  C l o u d i n e s s ,  which i s  c o n s i d e r e d  
n o i s e  i n  some images and an o b s c u r i n g  phenomenon 
i n  o t h e r s ,  and mountainous t e r r a i n ,  remain t h e  
most s e r i o u s  problems. 
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1. INTRODUCTION 
Tab le  1 

Radiosonde o b s e r v a t i o n s  n e a r  t h e  s u r f a c e  
and a l o f t  o f t e n  d e t e c t  p r e s s u r e ,  t empera tu re ,  and 
wind p a t t e r n s  a s s o c i a t e d  w i t h  l a r g e  scale atmospher- 
i c  wave f e a t u r e s  which govern o u r  d a i l y  weather  
c o n d i t i o n s .  The d e t e c t i o n  of s m a l l  scale waves 
such as g r a v i t y  and bouyancy o s c i l l a t i o n s  however, 
u s u a l l y  r e q u i r e  s p e c i a l  o b s e r v a t i o n s  t o  measure t h e  
p e r t u r b a t i o n s  d i r e c t l y .  These waves need n o t  al- 
ways b e  measured o r  s ensed  d i r e c t l y  and t h e i r  oh- 
s e r v a b l e  s i g n a t u r e s  ( i . e . ,  c l o u d s )  can  b e  d e t e c t e d  
i n  v i s i b l e  photography o r  s a t e l l i t e  imagery. 

s t r u c t u r e s  is o f t e n  done by o b s e r v i n g  c loud  s i g -  
n a t u r e s  i n  r e g i o n s  where v e r t i c a l  o s c i l l a t i o n s  are 
f o r c e d  by t e r r a i n .  S a t e l l i t e  o b s e r v a t i o n s  of t h e s e  
small scale c l o u d s  are p o s s i b l e  w i t h  h i g h  r e s o l u t i o n  
v i s i b l e  s e n s o r s .  Direct o b s e r v a t i o n  o f  wind and 
thermodynamic pa rame te r s  is ach ieved  by in s t rumen t -  
ed a i r c r a f t ,  l i d a r ,  and r a d a r  measurements.  From 
t h e s e  o b s e r v a t i o n s ,  q u a n t i t a t i v e  in fo rma t ion  is 
a v a i l a b l e  abou t  mountain and lee waves, t h e i r  form- 
a t i o n  and t h r e e  d imens iona l  s t r u c t u r e .  However, 
because  a moi s t  environment is n o t  n e c e s s a r y ,  many 
wave f e a t u r e s  may go unde tec t ed  by t h e s e  convent ion-  
a l  measurements because of t h e  absence of c louds .  

t ral  Atmospheric Mapping S e n s o r  (MAMS) on a NASA 
U2 h i g h  a l t i t u d e  a i r c r a f t  i n  1985, wave f e a t u r e s  
were found i n  water vapor  channe l  imagery i n  c l o s e  
p rox imi ty  t o  t h e  S i e r r a  Nevada mountains  o f  Cali- 
f o r n i a  (Fig.  1 ) .  V i s i b l e  channe l  imagery from t h e  
f l i g h t  w a s  examined f o r  c loud  f e a t u r e s  b u t  none 
were found. T h i s  pape r  p r e s e n t s  ev idence  t h a t  t h e  
waves i n  t h e  imagery r e f l e c t  changes i n  t h e  v e r t -  
i c a l  t empera tu re  and m o i s t u r e  d i s t r i b u t i o n  pro- 
duced by t h e  v e r t i c a l .  o s c i l l a t i o n s .  
on t h e  downwind o r  lee s i d e  on t h e  mountains  arc 
c a l l e d  lee waves. 

2. BACKGROUND 

The d e t e c t i o n  of mountain and lee  wave 

During one o f  t h e  f l i g h t s  of t h e  Mul t i spec -  

These f e a t u r e s  

2 .1  Ins t rumen t  C h a r a c t e r i s t i c s  

The MAMS is a m u l t i s p e c t r a l  s canne r  capab le  
of producing h i g h  r e s o l u t i o n  imagery i n  v i s i b l e  
a n d . i n f r a r e d  bands w i t h  d e t a i l e d  s p e c t r a l  r e so lu -  
t i o n .  Tab le  1 summaries t h e  c h a r a c t e r i s t i c s  of t h e  
in s t rumen t  and i t s  s p e c t r a l  bands.  The MAMS is 
flown on a NASA U2/ER2 a t  a n  a l t i t u d e  of 2Okm pro- 
v i d i n g  a r e s o l u t i o n  ce l l  of 50-1OOm on t h e  ground. 

W: The g u l t i s p e c t r a l  Atmospheric  Mapping S e n s o r  

P r o v i d e s  h i g h  r e s o l u r i o n  v i s i b l e  and 
I R  s c a n n i n g  c a p a b i l i t i e s  from a h i g h  
a l t i t u d e  a i r c r a f t  p l a t f o r m .  

Scan rate 6.25 o r  12.50 r p s  
I n s t a n t a n e o u s  f i e ld -o f -v i ew 2 .5  o r  5 .0  mrad 
Ground r e s o l u t i o n  (nadir , l9 .8km) 50m o r  l O O m  
Tot a1 f i e l d - o  f -view 8 6" 
R o l l  c o r r e c t i o n  -I 15O 
C a l i b r a t  i o n  s o u r c e s  I R ,  2 c o n t r o l l a b l e  bbs 
P i x e l s  p e r  s c a n  l i n e  716 

S p e c t r a l  Bands 

iBbiXeSTS"ple 
(microns)  2 .5/5.0@6.25rps 

Channel Wavelength S p e c t r a l  Region 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

.42 - .45 b l u e  

.45 - .52 b l u e l g r e e n  

.52 - .60 g reen  

.60 - .62 ye l low/o range  

. 6 3  - .69 r e d  

.69 - .75 r e d l n e a r  IR 

.76 - .90 n e a r  I R  
n e a r  I R  

6.20 - 6.90 water vapor  
10.32 - 12.02 window ( c o l d )  
10.32 - 12-02 window (warm) 
12.20 - 12.56 w a t e r  vapor 

.90 -1.05 

1.0 
.5  
.4 
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. 4  
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. 4  

.40/ .20 

.15/ .  1 0  

. 15 / .  10 

.75/.40 

(1) NEAT ( m / s t e r / m 2 / c m ' )  f o r  1-8, NEAT (T) f o r  9-12. 

The wid th  o f  t h e  e n t i r e  c r o s s  t r a c k  f ie ld-of-view 
is 40kn1, p r o v i d i n g  d e t a i l e d  r e s o l u t i o n  ove r  a rel- 
a t i v e l y  l a r g e  a r e a .  

E igh t  channe l s  of t h e  I n s t r u m e n t  are used t o  
s e p a r a t e  t h e  v i s i b l e  and n e a r - i n f r a r e d  r a d i a t i o n  
i n t o  narrow bands which s e n s e  r e f l e c t e d  s o l a r  energy 
from t h e  e a r t h ' s  s u r f a c e  and c louds .  The t h r e e  
i n f r a r e d  channe l s  (one of which is redundant)  cove r  
s e l e c t e d  r e g i o n s  where i n f r a r e d  emis s ion  from t h e  
e a r t h  and atmosphere .are of i n t e r e s t .  These bands 
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Figure 1. MAMS water vapor and visible channel composite imagery from four adjacent flight tracks on 
22 January 1985 from 1942-2109 GMT. 
Nevada mountains over which the imagery was collected. 

The inset shows the major terrain features of the Sierra 

include the mid-tropospheric (channel 9, 6.5 microns) 
and low-tropospheric (channel 12, 12.3 microns) water 
vapor region, and a window region (channel 10111, 
11 microns) where the atmosphere i s  relatively trans- 
parent. The 11 and 12 micron bands form what has 
become known as the split window channels ( Cheaters 
et al., 1983). Further details about the instrument 
and spectral bands may be found in Jedlovec et al. 
(1986). 

2.2 Structure of Lee Waves 

Stationary waves such as mountain or lee waves 
are a local phenomena which may have significant 
effect on local weather conditions because of their 
associated cloud patterns and wind distributions. 
They may also feedback to the larger scales of mo- 
tion. The presence of either mountain or lee waves 

is  due to vertical oscillations of air parcels as 
air is  forced over the mountain. Mountain wav'es 
usually consist of one vertical oscillation of the 
flow pattern between two mountain peaks and are 
mainly governed in size by the spacing of the ridges. 
Lee waves, although forced by mountains, are not 
restricted in size to one or two vertical oscil- 
lations as with the mountain waves, In fact, the 
overshooting of the downward flow (the restoring 
force i s  gravity) on the lee side of the obstacle 
produces vertical oscillations which may extend for 
many wavelengths downstream. 

The water vapor image in Fig. 1 shows wave 
structures in the lee of the Sierra Nevada moun- 
tains. Three or four waves are discernable, each 
having an estimated wavelength of 15-2Okm. The 
waves extend away from the face of the mountain 
range for about 70km and along the face for at least 
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12Okm. The waves appear  somewhat i r r e g u l a r ,  pos- 
s i b l y  due t o  v a r i a t i o n s  i n  t h e  mountain peaks,  tan-  
g e n t a l  d i s t o r t i o n  from t h e  scanne r  geometry 
(Jedlovec et a l . ,  1986) ,  limb b r i g h t e n i n g  (due t o  
i n c r e a s e d  wa te r  vapor  pa th  l e n g t h  a t  t h e  edges of 
t h e  f l i g h t  t r a c k ) ,  as w e l l  as o t h e r  unknown causes .  

ducing lee waves was s t u d i e d  i n  d e t a i l  by Brunt(1927) 
who d e r i v e d  a set  of equa t ions  which can b e  used t o  
d e s c r i b e  t h i s  f low p a t t e r n .  From Brun t ' s  work, a 
s imple v e r t i c a l  o s c i l l a t i o n  i n  t h e  atmosphere has  
a pe r iod  given by 

The n a t u r e  of t h e  v e r t i c a l  o s c i l l a t i o n  pro- 

where 
8 i s  t h e  environmental  l a p s e  rate,  

t h e  d r y  a d i a b a t i c  l a p s e  rate,  
g t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  and 
T t h e  environmental  temperature .  

An a i r  p a r c e l  moving h o r i z o n t a l l y  w i t h  a v e l o c i t y  
of V and under t h i s  v e r t i c a l  o s c i l l a t i o n  w i l l  
complete one c y c l e  over  a d i s t a n c e  of 

Upon examining t h i s  e q u a t i o n ,  i t  becomes appa ren t  
t h a t  t h e  h o r i z o n t a l  wavelength ( A )  i s  governed by 
t h e  wind speed and atmospheric  s t a b i l i t y .  Strong 
winds and low s t a b i l i t y  f avor  long wavelengths ,  
w h i l e  weak winds and s t r o n g  s t a b i l i t y  f a v o r  s h o r t e r  
ones.  

waves by obse rv ing  t h e i r  v i s i b l e  s i g n a t u r e s  and 
w i t h  d i r e c t  measurements of temperature  and wind 
v e l o c i t y .  Atkinson (1981) p r e s e n t s  a f a i r l y  ex- 
t e n s i v e  review of t h i s  r e s e a r c h .  The c h a r a c t e r -  
i s t i c s  of t h e s e  waves v a r y  from occurance t o  oc- 
curance b u t  r e p r e s e n t a t i v e  v a l u e s  a r e  p r e s e n t e d  
below. The wavelengths  of lee waves range from 
2-7Okm b u t  most occurances are i n  t h e  range of 
5-20km. The wavelengths  tend t o  i n c r e a s e  w i t h  
h e i g h t  and seem t o  be  r e l a t e d  t o  t h e  mean wind 
speed.  Corby (1957) performed a l i n e a r  r e g r e s s i o n  
of wind speed on wavelength and suggested t h a t  a 
h igh  enough c o r r e l a t i o n  e x i s t e d  f o r  t h e  wavelength 
t o  be  determined from t h e  wind speed a l o n e .  

Another f e a t u r e  which is of i n t e r e s t  is t h e  
wave ampli tude,  de f ined  as t h e  v e r t i c a l  d i s t a n c e  
between t h e  peak and t rough of a s t r e a m l i n e .  Th i s  
is more d i f f i c u l t  t o  de t e rmine  from t h e  cloud it- 
s e l f  and r e q u i r e s  a number of s p e c i a l  measurements 
of t h e  wind f i e l d .  From t h e  a v a i l a b l e  e m p i r i c a l  
d a t a ,  t h e s e  wave ampl i tudes  are t y p i c a l l y  about  
lkm b u t  ampl i tudes  of 7km have been measured. Tlie 
l a r g e r  ampli tudes may occur  when t h e  wavelength 
c l o s e l y  matches t h e  s i z e  of t h e  o b s t a c l e  f o r c i n g  
t h e  wave. 

parameters  c o n t r o l  t h e  appearance and s i z e  of lee  
waves; namely, s t a b i l i t y  and wind. Of  cou r se  t h e  
o b s t a c l e  (mountain) i s  necessa ry  t o  i n i t i a t e  t h e  
v e r t i c a l  o s c i l l a t i o n  and m y  have some c o n t r o l  ove r  
t h e  wave ampl i tude .  S t a b i l i t y  and wind are a l s o  
impor t an t  pa rame te r s  i n  ( l ) ,  however, t h e  import-  
ance of s t a b i l i t y  i n  de t e rmin ing  wavelength seems 
less important  t han  i n d i c a t e d  by ( 2 ) .  A t y p i c a l  
environmental  t empera tu re  and wind p r o f i l e  would 

A number of i n v e s t i g a t o r s  have s t u d i e d  lee 

From t h e s e  s t u d i e s ,  i t  appea r s  t h a t  two 

c o n s i s t  of l a y e r s  of va ry ing  s t a b i l i t y  and a n  ab- 
s ence  of h o r i z o n t a l  wind shea r .  I n  t h e  lowest  
l a y e r ,  t h e  atmosphere would be n e u t r a l  w i t h  a 
s t r o n g  l a y e r  of s t a b i l i t y  a l o f t .  Th i s  s t a b l e  l ay -  
er is necessa ry  f o r  t h e  formation of t h e  waves and 
should occur  n e a r  t h e  l e v e l  of t h e  mountain peak. 
A l a y e r  of weaker s t a b i l i t y  u s u a l l y  e x i s t s  above 
t h i s  l e v e l .  The f low should be pe rpend icu la r  t o  
t h e  mountain a t  a l l  l e v e l s  and i n c r e a s e  i n  speed 
w i t h  h e i g h t .  S i g n i f i c a n t  h o r i z o n t a l  s h e a r  reduces 
t h e  l i k l i h o o d  f o r  t h e  development of l e e  waves. 

2.3 Atmospheric Cond i t ions  

I n  t h e  p rev ious  s e c t i o n ,  t h e  atmospheric  
c o n d i t i o n s  r equ i r ed  f o r  t h e  development of lee waves 
were summarized. 
they a r e  governed by t h e  l a r g e  s c a l e  a tmospheric  
p a t t e r n s .  Thus ,  a d i s c u s s i o n  of t h e  l a r g e  scale 
f e a t u r e s  on 22 January 1985 corresponding t o  t h e  
MAMS o b s e r v a t i o n s  is necessa ry .  The upper a i r  
d a t a  (P ig .  2) e x h i b i t e d  a pronounced r i d g e  of h igh  
p r e s s u r e  ove r  t h e  e a s t e r n  P a c i f i c  ocean and over  
t h e  no r thwes te rn  p o r t i o n  of t h e  U .  S.  A t rough was 
p o s i t i o n e d  ove r  t h e  c e n t r a l  p a r t  of t h e  coun t ry  
w i t h  a p o r t i o n  of i t  hanging back i n t o  Utah and t h e  
sou the rn  Dnrt i n n s  of Nevada and C a l i f o r n i a .  T h i s  
. l i t  up a , , I  l i n g  flow p a t t e r n  from the  n o r t h e a s t  

Although they a r e  l o c a l  c o n d i t i o n s ,  

mu c 2 S i e r r a  Nevada mountains.  

F igu re  2. a)  500mb rawinsonde s taLion  p l o t s  and 
h e i g h t  a n a l y s i s ,  and b )  700mb p l o t s  and streamljii1.s 
f o r  23 J a n  1985 a t  0000 GMT. P l o t s  and a n a l y s e s  
a r e  i n  t h e i r  s t anda rd  u n i t s .  
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The reg ion  of i n t e r e s t  ( t h e  S i e r r a s )  i s  i n  
a d a t a  void reg ion  of t h e  rawinsonde observing ne t -  
work. However, s i n c e  only 3h d i f f e r e n c e  e x i s t s  
between t h e  MAMS and radiosonde observa t ions ,  and 
given t h e  s t a t i o n a r i t y  of t h e  weather systems, a 
reasonable  es t imat ion  of t h e  temperature, moisture ,  
and wind p r o f i l e  may be a v a i l a b l e  from t h e  upwind 
sites. For t h i s  reason,  d a t a  from two Nevada loca- 
t i o n s  is presented i n  Fig.  3. A moderate t o  s t rong  
invers ion  e x i s t s  around 70Omb in both soundings. 
The atmosphere is q u i t e  dry above and below t h i s  
l e v e l .  The n e a r l y  s a t u r a t e d  l a y e r  a t  t h e  l e v e l  of 
t h e  invers ion  i n d i c a t e s  a shallow l a y e r  of c louds.  
Clouds are not  observed over t h e  Sierras so t h e  
a c t u a l  dewpoint w i l l  b e  somewhat co lder .  The winds 
are weaker a t  72486 but  both p r o f i l e s  i n d i c a t e  
flow from t h e  mortheast without  much d i r e c t i o n a l  
shear  wi th  he ight .  From t h e s e  diagrams, it seems 
reasonable  t o  assume t h a t  condi t ions  would be 
favorable  f o r  l ee  waves over  t h e  S i e r r a s .  

4J 
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44 
34 
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3. DISCUSSION 

Although Fig. 1 was b r i e f l y  discussed i n  
previous s e c t i o n s ,  f u r t h e r  d i scuss ion  seems appro- 

ci. 

42/ 4 
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Figure 3. SkewT-LogP diagrams f o r  two Nevada 
rawinsonde si tes a )  72486, and b)  72583 a t  0000 
GMT 23 Jan 1985. Winds are p l o t t e d  i n  knots .  

p r i a t e  a t  t h i s  t i m e .  The MAMS 6.5 micron and v i s -  
i b l e l n e a r - i n f r a r e d  channel imagery is displayed 
from four  ad jacent  f l i g h t  t r a c k s  on 22 January 1985. 
The d a t a  were c o l l e c t e d  from 1942-2109 GMT over t h e  
p la teau  reg ion  of Nevada, t h e  S i e r r a  Nevada moun- 
t a i n s  and t h e  c e n t r a l  v a l l e y  of C a l i f o r n i a  a s  in-  
d ica ted  by t h e  i n s e t  map. The peaks of t h e  Sierras 
climb t o  about 400Om and drop sharp ly  t o  t h e  south- 
w e s t .  Each f l i g h t  t r a c k  i s  about 40km wide making 
t h e  e n t i r e  ground d i s t a n c e  of t h e  west-east e x t e n t  
160km. 
For d isp lay  purposes, t h e  r e s o l u t i o n  has  been de- 
graded t o  about  40Om. 

Many very small scale f e a t u r e s  are apparent 
i n  t h e  water vapor imagery. I n  t h e  center  of t h i s  
imagery, a l t e r n a t i n g  b r i g h t  (coldlmoist)  and dark 
(warm/dry) f e a t u r e s  e x i s t  i n  wave-like p a t t e r n s .  
They are o r i e n t a t e d  i n  a northwest-southeast d i r -  
e c t i o n  p a r a l l e l  t o  t h e  mountains. It is not  pos- 
i b l e  t o  determine t h e  p o s i t i o n  of t h e  waves wi th  
respec t  t o  t h e  p o s i t i o n  of t h e  mountains from t h i s  
image a lone .  The accompanying f l i g h t  t r a c k s  of  
v i s i b l e  d a t a  capture  t h e  cloud/ land f e a t u r e s  a t  
t h e  same i n s t a n t  as t h e  water vapor imagery. 
Therefore  t h i s  d a t a  can be over la id  and used t o  
determine t h e  exac t  p o s i t i o n  of t h e  waves. Several  
landmarks are v i s i b l e  i n  t h e  scene,  t h e  b e s t  being 
t h e  quas i -c i rcu lar  Lake Mono i n  t h e  r i g h t  hand 
f l i g h t  t r a c k .  The b r i g h t  reg ions  i n  t h e  lower por- 
t i o n  of t h e  v i s i b l e  image are fog and low clouds 
over  t h e  c e n t r a l  v a l l e y .  The b r i g h t  a r e a s  in t h e  
c e n t e r  r e p r e s e n t  snow in t h e  mountains above t h e  
240Om l e v e l .  Thus t h e  snow region  can be used t o  
o u t l i n e  t h e  major mountain f e a t u r e s .  From t h i s  
and t h e  t e r r a i n  map, i t  is clear t h a t  most of t h e  
water vapor wave f e a t u r e s  r e s i d e  on t h e  downwind 
s i d e  of t h e  mountains where s u r f a c e  e l e v a t i o n s  
are below 2000m. It should a l s o  be noted t h a t  "0 
clouds are present  i n  t h e  v i s i b l e  imagery over  
t h i s  region.  

(descr ibed i n  s e c t i o n  2.2) can be compared t o  t h a t  
obtained from (2) o r  est imated from t h e  mean tropo- 
s p h e r i c  wind speed. The environmental l a p s e  rate, 
temperature ,  and wind speed used i n  (2)  i s  somewhat 
a r b i t r a r y .  A value  of y of O"K/km (T=250°K) , and 
V of 10 m / s ,  y i e l d s  3.2 km, a r a t h e r  s h o r t  wave- 
length .  Since t h e  wave s t r u c t u r e s  occupy more 
than a s i n g l e  l e v e l  i n  t h e  v e r t i c a l ,  i t  may be more 
appropr ia te  t o  uses  va lues  r e p r e s e n t a t i v e  of a 
l a y e r  of t h e  atmosphere. Using va lues  from t h e  
800-4OOmb l a y e r  (T=256, )(= 6.5,  and V-20) , a wave- 
l e n g t h  of 10.7 km i s  obtained.  This  is somewhat 
less than t h e  est imated l e n g t h  of 15-2Okm. As pre- 
v ious ly  mentioned, Corby (1957) used an  empir ica l  
r e l a t i o n s h i p  between wind speed and wavelength 
with a good c o r r e l a t i o n .  The l i n e a r  f i t  of h i s  
d a t a  (wavelength versus  wind speed) produced a s lope  
of roughly 0.45. For a mean environmental wind 
speed of 2Om/s, a wavelength of 9km is predic ted .  
In e i t h e r  case, a s t r o n g e r  wind speed would be need- 
ed t o  match t h e  one est imated from t h e  water vapor 
imagery. Considering t h a t  t h e  a c t u a l  wind p r o f i l e  
over t h e  S i e r r a s  i s  somewhat uncer ta in ,  these  
c a l c u l a t i o n s  are r e l a t i v e l y  c l o s e  t o  t h e  estimates 
from t h e  observed d a t a .  

It is much more d i f f i c u l t  t o  estimate t h e  am- 
p l i t u d e  of t h e s e  lee  wave f e a t u r e s  without  d i r e c t  
in s i t u  measurements. However, t h e  next  s e c t i o n  
d e s c r i b e s  an approach t o  estimate t h e  amplitude 
by simulating t h e  MAMS water vapor channel radiances.  

The north-south e x t e n t  is roughly 4OOkm. 

The est imated wavelengths of t h e s e  waves 
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4. RADIATIVE TRANSFER SIMULATIONS 

The water vapor image presented i n  Fig. 1 
represents energy emitted by atmospheric water va- 
por somewhere in the mid-troposphere. The pro- 
cedure to determine this layer or level has been 
the subject of investigation by researchers for 
many years. In the case of cloud height determina- 
tions using window channel radiances, the altitude 
of the cloud can be estimated by comparing the 
measured blackbody temperature to a local rawinsonde. 
The water vapor signal does not come from a single 
level but actually a layer of the atmosphere 
(Jedlovec, 1984), and depends on the amount, ver- 
tical distribution, and temperature of the vapor 
itself. It is unclear whether blackbody temper- 
atures i n  this channel can be used directly to in- 
fer a mean height from which the signal originates. 

the lee waves observed i n  Fig. 1, several approaches 
were considered. Table 2 presents the observed 
blackbody temperatures measure i n  the peaks and 
troughs of the lee wave features. Typical values 
indicate a 6'temperature difference 'from the peak 
to the trough of the wave. It is difficult to use 
one of the soundings i n  Fig. 3 to directly infer 
the levels of the peak and trough of the lee waves. 
It may be reasonable to assume that the level of 
the neutral point of the wave is 246'K (-2PC) and 
the peak and trough occuring at the level of their 
measured temperature (Table 2), however. If this 
is done, the estimated wave amplitude is about lkm. 
While this is consistent with the amplitudes of a 
typical lee wave, it depends heavily on the lapse 
rate of the sounding used. Because of the lifting 
of the lower level inversion by the mountains, a 
smaller lapse rate of temperature probably existed 
over the Sierras, producing a greater vertical 
amplitude for the lee wave. 

Another approach to estimate the lee wave 
amplitude used a composite of the two soundings i n  
Fig. 3.  From the composite sounding, MAMS water 
vapor channel radiances were simulated (McMillan 
and Fleming, 1976; Fleming and McMillan, 1977; and 
Weinreb and Neuendorffer, 1973). In order to ob- 
tain a representative profile in both the peak and 
trough of the waves, the inversion layer near 700mb 
and the accompanying moisture distribution were 
raised and lowered adiabatically i n  increments of 
1 km. 

In an attempt to estimate the amplitude of 

Blackbody temperatures were computed from 

Table 2 

Observed and simulated blackbody temperatures 
for the lee waves. Units are in degreesOK. 

Observed Blackbody Temperatures 

mean extreme 

Wave peak 243.5 242.0 
Wave trough 249.5 251.0 

Simulated Blackbody Temperatures (4km) 

Wave peak 243.9 

Wave trough 249.5 

the channel radiances. Temperature differences 
of 6°K were observed (similar to the measure values 
from Fig. 1) as well as the appropriate blackbody 
temperatures when the inversion was at 2 and 6km 
level for the trough and peak, respectively. This 
4km vertical amplitude, while larger than most lee 
wave amplitudes, is more consistent with the level 

of the mountain peaks which produce them. 

5. CONCLUSIONS 

The above work has presented evidence for 
the existence of lee waves i n  the absence of clouds 
using high resolution MAMS moisture imagery. A l -  
though verifying measurements do not exist, an eval- 
uation of wind profiles and stability in the sur- 
rounding region support the existence of these waves. 
Estimations of the horizontal wavelengths of the 
observed lee wave features are not inconsistent 
with those from previous studies. The estimated 
vertical amplitude, although less certain, seems 
realistic for the setting. Further work is neces- 
sary to more accurately determine this vertical 
amplitude. 
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6 . 8  

APPLICATIONS OF SATELLITE YETEOROLOGY IN 
SUPPORT OF SPACE SHUTTLE OPERATIONS 

B. F. Boyd, T. M. Myers, and C. S. Funk 

Office o f  the Staff Meteorologist 
Eastern Space and Missile Center 
Patrick Air Force Base, Florida 

1. INTRODUCTION 

The United States Air Force (USAF) Air 
Weather Service's Detachment 1 1  of the 2nd 
Weather Squadron is tasked to provide 
meteorological and environmental support to the 
IJSAF Eastern Space and Yissi le Center (ESMC), 
t h e  National A e r o n a u t i c s  a n d  S p a c e  
Administration's (NASA) Yennedy Space Center 
(KSC), and the Department o f  Defense (DOD) 
Manager for Space Shuttle Support Operations. 
They provide weather support to the Cape 
Canaveral Air Force Station (CCAFS), Patrick Air 
Force Base (PAFB), KSC, and the entire Eastern 
Test Range (ETR); primarily through the Cape 
Canaveral Forecast Facility (CCFF). The CCFF is 
a 24-hour-a-day forecasting and observing 
operation. As part o f  its normal support, it 
provides specialized forecasts for a1 1 missile 
and space launches from the ETR/YSC and weather 
services for recovery forces. By far, the 
launch, landing, and ground operations of the 
Space Shuttle require the most precise weather 
support. Most aspects of Space Shuttle 
operations are sensitive to one or more 
meteorological parameters. As the Shuttle 
proved itself in its early missions (Table 1) 
and became operational with a significant 
increase in the number of scheduled missions 
(Table 21, it was evident that weather and 
weather support would become critical elements 
in achieving and maintaining the higher launch 
rate. 

TABLE 1 

SHUTTLES LAUNCHED BY YEAR 

- YEAR 

1981 
1982 
1983 
1984 
1985 

TOTAL LAUNCHED 

2 
3 
4 
5 
9 

TABLE 2 

PROJECTED SHUTTLE LAUNCHES BY YEAR 

YEAR TOTAL LAUNCHES - 
1986 
1987 
1988 

17 
23 
24 

To deal with this problem, NASA and the USAF, at 
the local level, formed a joint Meteorological 
Systems Modernization Program (MSMP). This 
group is co-chaired by the Technology Projects 
Office of the YSC and the Office of the Staff 
Meteorologist o f  the ESMC. Through the efforts 
of the YSMP, and joint funding by the Air Force 
and NASA, several improvements in meteorological 
systems were accomplished, allowing better 
utilization of satelljte data. The key 
improvement was the Meteorological Interactive 
Data Display System (MIDDS). 

2. THE METEOROLOGICAL INTERACTIVE DATA 
DISPLAY SYSTEM (MIDDS) 

T o  assist the forecaster wlth the 
problems of integrating data from various 
sources and producing mission support products 
which use all of the available data in an 
internally consistent manner, the MIDDS was 
developed under contract with the Space and 
Science Engineering Center (SSEC). The MIDDS 
(Young, 1985) consists of an IBM 4341 computer 
with appropriate peripherals and workstations in 
supporting a variation o f  the Man Computer 
Interactive Data Access System (McIDAS) software 
(Suomi, 1983). The system provides integrakion 
of the data sources available to the CCFF into a 
single data base where the various types of data 
can be melded and displayed together for 
forecaster use. It also provides growth for new 
data sources and allows for a significant 
increase in applications. Utilization of the 
MIDOS over an 18 month period has been presented 
previously by Kolczynski, Myers, and Boyd (1985, 
1986, 1986). To better understand weather 
impacts to the Shuttle, one must look at Shuttle 
operations and weather constraints. 
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3.2 Prelaunch Processing. 

Although launch and landings are the most 
visible Shuttle operations, there is much to be 
accomplished between flights. When a payload is 
returned from outer space aboard the orbiter, 
the vehicle is towed back along the tow road to 
one of the Orbiter Processing Faci 1 ities (OPFs). 
In the OPF the payloads are removed, the payload 
bay is reconfigured for the next mission, broken 
tiles are repaired, brakes are fixed, etc. Once 
the orbiter is ready, it is towed to the 
Vehicle Assembly Building (VAB) where it is put 
in an upright position and stacked on top of the 
Mobile Launch Platform. There it is mated with 
the Solid Rocket Boosters (SRBS) and the 
External Tank (ET). Once this process is 
complete the entire Mobile Launch Platform is 
transported along the crawlerway 4.1 miles to 
Launch Complex 39A, typically a 6 to 8 hour trip 
during which the vehicle I s  vulnerable to 
weather. The Mobile Launch Platform, along with 
the vehicle, is left on the pad after the 
crawler pulls out from underneath it. The 
vehicle is launched from the Yobile Launch 
Platform. Any loss of production during this 
processing cycle may well impact launches when 
the number of processing days are condensed due 
to more frequent launches. The single largest 
loss of processing time is due to thunderstorms. 
Loss of production time due to lightning 
occurrences has been a problem since the origin 
of the space program at the ETR. (Gibbons, et 
al, 1985) 

4. SHUTTLE WEATHER CONSTRAINTS 

As shown In Table 3, weather impacts 
nearly all facets of Shuttle operations from 
rollover and rollout to final recovery of the 
Shuttle at end of mission. This table clearly 
illustrates the sensitivity of Shuttle 
operations to the environment and the subsequent 
impact of forecast support in maintaining 
Shuttle launch schedules. 

, . .---- , - 
'\\ ~ /*' 

- 

\,,.' 

TABLE 3 

STS WEATHER SENSITIVITIES 

Temperature, Winds, Precipitation 

Temperature less than 3loF or greater than 
99OF. 

Precipitation forecast or occurring from the 
start of external tank loading through 
launch. 

Ice accumulation greater than 1/16 inch on 
the external tank. 

Surface winds (measured at 60 feet above 
natura 1 grade) greater than 34.4 knots 
(peak) or 22.6 knots (steady state) from any 
azimuth (lift off). 

Prelaunch surface winds greater than 49 
knots steady state while on the pad. 

Upper air wind shears outside vehicle load 
limits. 

Fig. 2. Percent Probability No Go 1400L 
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Fliqhtpath (Nominal or RTCS) 
Severe Weather Constraints 

(to protect the vehicle from lightninq strikes) 

Cannot be within 2NM above or 5NM horizontal 
distance of the anvil associated with a 
thunder storm. 

Cannot be through any cloud (convective or 
layered) from which precipitation (including 
virga) is observed. 

Cannot be through clouds in the dissipating 
stage which have detected lightning by the 
electric field mill network within 15 
minutes prior to launch. 

Cannot be through any cloud if a 1,000 volt 
per meter or greater ground level electric 
field contour encompasses launch (or 
landing) site. 

Offshore Crew Recovery Area Constraints 
(from launch pad to 50NM in the Atlantic) 

Surface wind greater than 25 knots. 

Ceiling less than 500 feet. 

Visibility less than 0 . 5 ~ ~ .  

Seas. greater than 8 feet. 

Solid Rocket Qooster (SR8) 
Recovery Area Constraints 

Sea state greater than sea state code 3 (3-5 
feet moderate waves). 

Visibility less than 1.5YV. 

Land i nq Constraints 
(RTLS and EOY) 

Cei 1 ing less than 10,000 feet (8,000 feet if 
'licrowave Landing System (VLS) available). 

Visibility less than 7 statute miles (5 
statute miles if VLS). Final launch 
decision re1 ies on slant range evaluation by 
weather reconnaissance flights along the 
return to launch site path at YSC and 
reentry profile at Edwards AF8 or White 
Sands. 

Surface wind component (including gusts) 
qreater than 25 knots headwind, 20 knots 
crosswind (l?kebed), 15 knots crosswind 
(runway), 10 knots crosswind (EOM), or 10 
knots tai lwind. 

Any precipitation (RTLS), or precipitation 
within 50NM (EOY at YSC). 

Turbulence greater than 1 ight to moderate. 

Ranqe Safety Constraints 

The ESVC Office of Range Safety also has 
restrictions under the following weather 
conditions, due to tracking and blast damage 
considerations: 

Visibility less than 5 statute miles. 

Blast due to destruct sequence resulting 
in predicted fatal ity probabi 1 ity values 
greater than one per hundred thousand 
will result in hold or scrub. 

Shuttle Ferry Fliqht 
'(Edwards AFR to YSC) 

If the Shuttle lands at Edwards AFB instead of 
the Kennedy Space Center, the following weather 
constraints apply to the return f 1 ight of the 
NASA rj-747 Shuttle Carrier Aircraft: 

F1 ight conducted day1 ight hours only. 

No flight through visible moisture. 

Flight level temperature must be greater 
than 15OF. 

No turbulence greater than moderate. 

Crosswinds must be less than 15 knots for 
takeoff and landing. 

Take-off runway ambient air temperature 
must be less than 92OF. 

5. A CASE STUDY 

Weather has impacted the Shuttle in 
various ways over the history o f  the program. A 
general overview i s  contained in Table 4. 

TABLE 4 

MISSION 

STS-3 

STS-7 

STS-8 

41-C 

41 -D 

51-A 

51-C 

51-D 

51-D 

SCA 

WEATHER IMPACTS 
(THROUGH DEC 85) 

IMPACT 

EOM diverted to WSSH and delayed 1 day 
(Mar 82) 

EOM diverted to Edwards vice KSC (Jun 83) 

L a u n c h  d e l a y e d  17 m i n u t e s  b y  
thundershowers (Aug 83) 

EOM diverted to Edwards due to K S C  
weather (Apr 84) 

SCA flight delayed 1 day due to tropical 
storm Diana (Aug 84) 

Launch delayed 1 day by windshears 
(Nov 84) 

Delayed due to cold temperature impacts 
on ET fuellng (Jan 85) 

Held to end of launch window by clouds 
and showers (Apr 85) 

Landing delayed 1 orbit due to showers. 
Landed with maximum crosswind at K S C  
(Apr 85) 

Orbiter Columbia TPS damaged by precipi- 
tation during transft to KSC (Jul 85) 

Ceiling less than 1,600 feet. 
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51-1 Launch delayed 1 day by e l e c t r i c a l l y  
ac t ive  convective clouds (Aug 85) 

61-C Weather (clouds) hold t o  near end of 
window, then aborted due t o  vehic le  
problem (Dec 85) 

5.1. Mission 61A Background. 

A recent case where the use of sate1 l i t e  
da t a  v i a  t h e  MIDDS prevented  a weather impact 
was Mission 61A, 30 October 1985. T rop ica l  
S tormJuan had domina ted thewea the r  a long  t h e  
Gulf s t a t e s  and Florida f o r  severa l  days pr ior  
t o  launch, requiring a de t a i l ed  metwatch d u r i n g  
p re launch  process ing  a s  w e l l  a s  t h e  launch 
i t s e l f .  In t h e  48 hours p r i o r  t o  launch a 
number of operations occurred which a re  weather 
s e n s i t i v e  such as:  loading  of the  e x t e r n a l  
tank ,  l a s t  minute payload work, and work a long  
the  exposed serv ice  s t r u c t u r e s .  F o r e c a s t e r s  a t  
the Cape Canaveral  Forecas t  Faci 1 i t y  (CCFF),  
using t h e  MIDDS looping  c a p a b i l i t y  of G O E S  
imagery  and i n c o r p o r a t i n g  w i n d  tower  and 
1 ightning detection data were ab le  t o  minimize 
the impact of the  t rans ien t  squa l l  l i n e  feeder 
bands of T rop ica l  Storm Juan r e s u l t i n g  in  a 
nominal launch countdown. Figures 3 thru 6 show 
d a i l y  accumulated r a i n f a l  1 f o r  t h e  s o u t h e a s t ,  
and the eastward movement along the Gulf coast 
of t h e  r a i n f a l l  maximum through 30 October 
(NOAA,  1985). Figures 7 and 8 show the 1200 GMT 
posit ion of Juan on 30 October. 

Fig. 3 .  24 Hour P r e c i p i t a t i o n  T o t a l s  f o r  28 
Oct 85. 

F i g .  4 .  24 Hour P r e c i p i t a t i o n  T o t a l s  f o r  29 
Oct 85. 

Fig. 5. 24 Hour P r e c i p i t a t i o n  T o t a l s  f o r  30 
Oct 85. 

Fig. 6. 2 4  Hour P r e c i p i t a t i o n  T o t a l s  f o r  31 
Oct 85. 

F i g .  7. Sur face  Weather Map a t  0700 [.ST, 30 
Oct 85. 

F i g .  8. 500-Mi l  l i b a r  H e i g h t  C o n t o u r s  a t  
0700 EST, 30 Oct 85. 
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5.2. Yission 61A Weather Support. 

At the launch minus 24 (-24) hours 
briefing, through utilization of the MIDDS 
graphic analysis and image looping, the Shuttle 
Weather Officer (SWO) was able to assure the 
launch control officials that the only direct 
impact of Tropical Storm Juan would be in the 
form of the squall 1 ine feeder bands. On launch 
day, the local weather situation was further 
compl jcated by a weak frontal boundary 
approaching north Florida and forecast 
temperatures in excess of 8OoF contributing to 
the already unstable environment. At launch 
-8 hours the launch director was briefed of the 
possibil ity of intermittent rainshowers and 
thunderstorms during the launch window (1700- 
2000 GMT). Looking at the most current near 
realtime satellite imagery on the closed circuit 
television system and forecast guidance by the 
Shuttle weather forecasters, the launch director 
made the decision to load the external tanks and 
begin final preparations for launch. As the 
launch countdown progressed a squall line in the 
Gulf of Mexico off the west coast of Florida 
presented an area of particular concern. After 
sunrise, clear skies over most of central 
Florida allowed rapid warming of the land 
surface and the convective process began. By 
1600 GYT (1100 EST) the squall 1 ine was along 
the west coast of Florida (see Figure 9 for 
clouds as depicted by the MIDDS). 

window approached, so did the thunderstorms. At 
1700 GMT on 30 October, (Figure 101, STS 61-A 
was launched successful ly from Pad 39A at the 
Kennedy Space Center. According to the official 
NASA release, despite a tropical storm 
threatening the Gulf coast states and Florida 
for several days, the 'countdown was uneventfu 1 
and ascent to orbit normal". 

Fig. 10. Cloud Depiction 1700, 30 Oct 85. 

6. SUMMARY 

This paper has presented a background to 
Shuttle operations and their sensitivities to 
the weather. A brief overview of weather 
impacts was presented to establish the impacts, 
and one specific mission application used as an 
illustration of typical sate1 1 ite applications 
to Shuttle missions. The MIDDS and its readilv 
available satellite data are key elements o'f 
weather support essentlal to the successful 
Shuttle operations. 
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6 . 1 0  

Development of Mesoscale Forecast Products from 
Satellite Microwave Sounding Data 

1.0 INTRODUCTION 

James F.W. Purdom"', Donald W. Hillger', Thomas H. Vonder Haar"', 
Carl A. Johnson', Debra A. Lubich' and Patrick Laybe' 

Cooperative Institute for Revearch in the Atmosphere 
Colorado State University 

Fort Collins, C0 80523 

The purpose of this brief paper is to point 
out some of the new and exciting work underway at 
CIRA using polar orbiting microwave sounder 
brightness temperature data. This work is part of 
our continuing effort to use satellite data to aid 
i n  the analysis of regional and mesoscale 
meteorological phenomena. The results to be 
presented below are a continuation of CIRA studies 
concerning the March 28, 1984 Carolina tornado 
outbreak (Purdom, 1985; Hillger, et al., 1985). 
Those studies utilized GOES image data along with 
TIROS infrared sounding data to diagnose the 
mesoscale state of the atmosphere that locally 
supported that tornadic storm's development and 
evolution. The area covered by TIROS microwave 
data used in this case is shown in Figure 1. The 
information presented below will focus more on the 
regional scale uses of the TIROS microwave data, 
the results point to the tremendous potential of 
innovative uses of a type data that has been 
around for some time. 

Figure 1. Area covered by TIROS microwave data 
at ~ 2 1 0 0  GMT, March 28, 1984 

Figure 2. MSU scan patterns projected on earth. 
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Figure 3. Weighting functions calculated for nadir 
and scan limit positions for the 
TIROS-NINOAA Microwave Sounding Unit 
(MSU) . 
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2.0 MICROWAVE DATA 

During the past several years, microwave 
sounding data have been routinely available from a 
variety of meteorological satellites. Those data 
a r e  g e n e r a l l y  accessible as brightness 
t e m p e r a t u r e s  c e n t e r e d  o n  v a r i o u s  
latitude/longitude locations or as derived 
soundings from the various microwave channels over 
an area. Their use as an image product (similar 
to conventional vislbl e and infrared imagery) has 
been very limited. This is for a variety of 
reasons, foremost perhaps being the data's 
relatively poor horizontal and vertical resolution 
as well as the effects of limb darkening. Figures 
2 & 3 illustrate those problems: notc that as the 
instrument's observations move from nadir toward 
scan limit that both the horizontal resolution 
decreases and the temperature weighting functions 
for each of thp channels peak higher in the 

atmospherc. The limb darkening effect is 
graphically illustrated in Figure I t ,  which is a 
depiction of the MSU's channel 2 with the 
horizontal resolution of the elements all 
displayed at the same size. In Figure 4, T, is 
the warmest region, while T (on the limb in 
relation to T ) is several degrees cooler. 

also cooler than T,, this is duc to the south to 

north temperature decrease one normally observes 
at mid-latitudes in the Northern Hemisphere 
troposphere. As with T, vs T3, T4 is several 
degrees cooler than T2 due to the limb effect. An 

image of Figure 4, even when smoothed as shown in 
Figure 5 ,  makes little sense. An appropriate 
question is: "Are there simple ways to treat MSU 
brightness temperature data so that meaningful 
meteorological products may be obtained?" 

3 
T2 is 1 

Figure  41). Isolines of brightness temperature data 
f o r  4 3 .  

Fi}:iirc> 511. Isolines of lirlfiht-ness temprrnturc> <l;lta 
i n  F igu re  50. 
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1'iF;ure Oa. Smootticcl  a n o m a l y  f i e l d  for rip,urc, 11 
(troposphere). Black area across the for 6a. Shaded area is zero anomaly 
center of the image is zero anomaly 
level. 

Figure 6b. Isolines of brightness temperature data 

level. 

Fi;;urcs i n .  '~l1KJOLt1f2t l  a i iomnly  f ieId f ( > r  (;ttann<*l j Figure 7b .  Isolines of brightness temperature data 
(tropopause). Black area is zero for 7a. Shaded area is zero anomaly 
anomaly level. level. 

i. ij;iirt. ?;I. : ; i i i o c ~ t t ~ c - r l  ;in(~iii;ily f i c * I d  fo r  f:li;innc,l 4 
(stratosphere). Black area is zero 
anomaly level. 

Figure 8b. Isolines of brightness temperature data 
for 8a. Shaded area is zero anomaly 
leve 1. 
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3.0 DEVELOPMENT OF A MICROWAVE IMAGE PRODUCT 

The answer t o  t h e  above q u e s t i o n  a p p e a r s  t o  
be yes .  There a r e  two underlying reasons f o r  t h i s  
t h a t  w i l l  only be ment ioned  b r i e f l y  h e r e .  They 
are :  1 )  A t  t h e  f requencies  (wavelengths) observed 
by t h e  MSU, t h e  R a y l e i g h - J e a n s  r a d i a t i o n  law is  
a p p l i c a b l e  and t h u s  t h e  b r i g h t n e s s  temperatures  
from t h e  MSU relate  d i r e c t l y  t o  t h e  t h i c k n e s s  o f  
t h e  l a y e r  being observed; and 2)  Adjacent volumes 
observed a l o n g  s c a n  l i n e  and s c a n  t r a c k  by MSU 
c h a n n e l s  2 ,  3 and  4 a r e  w e l l  c o r r e l a t e d  w i t h  
respec t  t o  their  mean t e m p e r a t u r e s .  W i t h  t hese  
t h o u g h t s  i n  mind,  a u s e f u l  image product may be 
der ived  by p r o d u c i n g  an a romaly  f i e l d  f o r  e a c h  
c h a n n e l .  T h e  a n o m a l y  f i e l d  i s  p r o d u c e d  by 
s e p a r a t e l y  a v e r a g i n g  e a c h  c o l u m n ' s  b r i g h t n e s s  
t e m p e r a t u r e  f o r  e a c h  s c a n  a n g l e  o v e r  t h e  image 
a r e a  and s u b t r a c t i n g  t h a t  average temperature  from 
e a c h  i n d i v i d u a l  o b s e r v a t i o n ' s  b r i g h t n e s s  
temperature  a t  t h a t  s c a n  a n g l e .  The r e s u l t  f o r  
F i g u r e  4 ,  shown a s  a smoothed image i n  Figure 6 ,  
e f f e c t i v e l y  e l imina tes  t h e  limb e f f e c t  and a t  t h e  
same time provides a ve ry  usefu l  product: a south 
t o  nor th  anomaly f i e l d  of t h e  mean t e m p e r a t u r e  of  
t h e  m i d d l e  t roposphere.  Figures  7 and 8 a r e  a l s o  
mean temperature  anomaly f i e l d s ,  i n  t h i s  c a s e  f o r  
c h a n n e l  3 (near  t h e  t ropopause)  and channel 4 ( i n  
t h e  s t r a t o s p h e r e ) .  

Temperature anomaly f i e l d s  were ~ ~ ~ l a s s i c a l l y ~ ~  
u s e d  t o  b r i n g  i m p o r t a n t  f e a t u r e s  o f  t h e  
a t m o s p h e r e ' s  t e m p e r a t u r e  s t r u c t u r e  i n t o  sharper  
focus ,  e s p e c i a l l y  i n  j e t  s t r e a m  s i t u a t i o n s  ( see  
f o r  example Riehl ,  1962) .  Figure 9 Shows both t h e  
wind and temperature  f i e l d  a t  300 mb d e r i v e d  from 
r a w i n s o n d e  r e l e a s e s  taken 3 hours a f t e r  t h e  TIROS 
pass .  That f i g u r e  s h o u l d  be r e f e r r e d  t o  i n  t h e  
d i s c u s s i o n  below.  The anomaly f i e l d s  shown i n  

T4;- Approximate TIROS 
Microwave Coverage-7 

I 

Figure  9 .  300 mb winds and temperatures  f o r  OOZ 
March 29 ,  1984. 

F i g u r e s  6 ,  7 and 8 g r a p h i c a l l y  d e p i c t  c e r t a i n  
f e a t u r e s  known t o  b e  a s s o c i a t e d  w i t h  j e t  s t reams.  
For example, Figure 6 shows t h e  mean t e m p e r a t u r e  
i n  t h e  t r o p o s p h e r e  changing from warm t o  co ld  a s  
we go from south  t o  n o r t h ,  w i t h  t h e  z e r o  anomaly 
i n  c l o s e  p r o x i m i t y  t o  t h e  j e t  a x i s .  A s i m i l a r  
f e a t u r e  i s  shown i n  t h e  s t r a t o s p h e r e ' s  mean 
t e m p e r a t u r e  f i e l d ,  F i g u r e  8 ,  however t h e  warm 
anomaly is on t h e  poleward s i d e  of t h e  j e t  and t h e  
c o l d  anomaly e q u a t o r w a r d :  t h i s  r e v e r s a l  of t h e  
hor izonta l  temperature  g r a d i e n t  w i t h  h e i g h t  i s  a s  
one  s h o u l d  e x p e c t .  F i g u r e  7 ,  t h e  anomaly f i e l d  
near t h e  t ropopause,  is s l i g h t l y  more d i f f i c u l t  t o  
a n a l y z e .  However, t h e r e  i s  e v i d e n c e  of  a warm 
anomaly i n  t h e  b a s e  of  t h e  upper  t r o u g h  t o  t h e  
n o r t h  of  t h e  j e t  a x i s :  t h i s  is o f t e n  observed i n  
s t r o n g  j e t  s t ream s i t u a t i o n s .  

There  a r e  many o t h e r  f e a t u r e s  of i n t e r e s t  i n  
t h e  images t h a t  a r e  r e g i o n a l  and m e s o s c a l e  i n  
n a t u r e .  For example, i n  Figures  6 and 8 note  t h e  
wave l i k e  s t r u c t u r e  i n  t h e  anomaly f i e l d s  between 
New O r l e a n s  (MSY) and A t l a n t a  ( A T L ) .  The warm 
anomaly i n  Figure 7 between S a i n t  Louis (STL) and 
MSY would i n d i c a t e  t h e  western wave s t r u c t u r e  may 
be a s s o c i a t e d  w i t h  t h e  major t r o u g h .  What a b o u t  
t h e  wave a p p e a r a n c e  n e a r  ATL? The s m a l l  c o l d  
region i n  Figure 6 j u s t  nor theas t  of t h e  L i n  ATL 
is due t o  p r e c i p i t a t i o n  contamination by t h e  major 
storm: Is t h e  small  warm anomaly t o  i t s  n o r t h e a s t  
e v i d e n c e  of  s u b s i d e n c e ,  p e r h a p s  showing u p  a s  a 
type of  convect ive response? 

4.0 HIGHER RESOLUTION MICROWAVE S O U N D I N G S  

As was shown i n  Figures  4 and 5 ,  a smoothed 
f i e l d  d e r i v e d  f r o m  r a w  microwave  b r i g h t n e s s  
t e m p e r a t u r e  d a t a  makes l i t t l e  s e n s e  f o r  i m a g e  
a p l i c a t i o n s .  However, i t  is a p p a r e n t  t h a t  t h e  
smoothed f i e l d  i n  F i g u r e  5 p r o v i d e s  d a t a  a t  a 
" h i g h e r  r e s o l u t i o n "  t h a n  t h e  b locky f i e l d  i n  
F i g u r e  4 .  An a p p r o p r i a t e  q u e s t i o n  i s :  "Can 
smoothed d a t a  a s  shown i n  F i g u r e  5 ,  b u t  f o r  a l l  
t h e  c h a n n e l s ,  be used  t o  h e l p  p r o d u c e  h i g h e r  
s p a t i a l  r e s o l u t i o n  microwave soundings?" If t h i s  
is t h e  c a s e ,  then through a p p r o p r i a t e  s m o o t h i n g ,  
t h e  microwave d a t a  could be used more e f f e c t i v e l y  
t o  supplement mesosca le  i n f r a r e d  s o u n d i n g s  from 
TIROS a n d  VAS. T h i s  h a s  v e r y  i m p o r t a n t  
i m p l i c a t i o n s  f o r  t h e  f i e l d  o f  m e s o s c a l e  
meteorology. 

An i n i t i a l  s t e p  t o w a r d  a n s w e r i n g  t h i s  
q u e s t i o n  is under  i n v e s t i g a t i o n  a t  C I R A  u s i n g  
s t r u c t u r e  f u n c t i o n  a n a l y s i s  ( a s  is done f o r  VAS 
d a t a  i n  t h e  paper by H i l l g e r ,  e t  a l .  elsewhere i n  
these  proceedings) .  I f  t h e  r e a d e r  is u n f a m i l i a r  
w i t h  t h e  u s e  of s t r u c t u r e  f u n c t i o n s ,  o r  how t o  
i n t e r p r e t  t h e i r  resul ts ,  we suggest  they r e f e r  t o  
t h e  above mentioned paper before  proceeding. 

Figures  1 0 ,  1 1  and 12 a r e  s t r u c t u r e  f u n c t i o n  
a n a l y s e s  f o r  u n s m o o t h e d  MSU c h a n n e l s  2 
( t r o p o s p h e r e ) ,  3 ( n e a r  t r o p o p a u s e )  a n d  4 
( s t r a t o s p h e r e )  r e s p e c t i v e l y .  The l'all por t ion  of 
each of those  f i g u r e s  is f o r  each scan  a n g l e  i n  a 
n o r t h - s o u t h  d i r e c t i o n ,  w h i l e  t h e  llbtl por t ion  1s 
f o r  e a c h  e a s t - w e s t  s c a n  l i n e .  The r e a s o n  t h e  
s t r u c t u r e  func t ions  f o r  each channel were not  done 
i s o t r o p i c a l l y  ( r a d i a l l y )  f rom e a c h  p o i n t  was 
because i t  was f e l t  t h a t  a combination of t h e  limb 
e f f e c t  and n o r t h  t o  s o u t h  t e m p e r a t u r e  g r a d i e n t  
would complicate t h e  i n t e r p r e t a t i o n .  
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Inspection of Figures 10-12 reveal some 
interesting facts. Noise may be determined for 
each of the channels by extrapolation of their 
structure function curves to zero separation. The 
noise in Kelvins may then be determined by 
dividing by two and taking the square root of that 
value. Each data point along the structure curve 
may then be thought of as a combination of the 
noise plus information concerning the temperature 
gradient. The noise plus gradient information (in 
Kelvins) at the minimum separation distanqe for 
each channel is given in Table 1 below. 

Table 1 

200. - 
180. - 
160. 1 
140. - 

a: 120. - 
3 - 
o 100. - 

- 

Y - 
v 

W - 

I- 

3 - 
E 80. - 
v, - 

60. - 
E 
Q 4 0 .  - 
'I - 

20. - 
0. 

- .- 

7 

- 

Noise + Gradient (Kelvin) and 
MSU Channel Signal-to-Noise (dimensionless) 

* 
m * 

* * * * 
* . *  

, . * I 8  
l i l ~ l l I l l l l l l l l l l l 1 1  

2 0.71 K and 9.6 S/N 
3 0.41 K and 8.6 S/N 
4 0.59 K and 7.2 S/N 

The values in Table 1 may be thought of as 
the maximum noise since they over estimate the 
noise due to the gradient contribution. Only 
noise would remain if zero separation were 
attainable. Through deblocking the data and 
performing structure function analyses, 
improvements in (reductions of) noise are being 
realized. For example for MSU Channel 2, a 
smoothing by a factor of 2 results in a noise of 
0.34 K and a signal to noise ratio of 18.8. This 
strongly, indicates that higher spatial resolution 
soundings with low noise may be obtained by 
smoothing the various MSU channel data! Comparing 
Figure 13 with Figure 10a graphically illustrates 
this point. 

* 
* 

8 

* 
* 

8 

Inspection of Figures 10-12 while referring 
to Figures 4-8 point out some interesting 
features. Figure 10a shows larger structure 
values as distance increases, a result of the 
north to south temperature gradient evident in 
Figures 4, 5 and 6. Figure 10b has a structure 
which indicates an east to west wave in the 
thermal field - obviously this is showing us the 
limb effect on either side of nadir. Figure Ita 
has a leveling off in structure as distances 
become large - in this particular case with strong 
relative warming near north to south image center 
this should be expected. As in Figure lob, the 
limb effect in Figure llb (note this is for the 
raw Channel 3 data, not Figure 7) shows up as a 
wave. Figure 12a shows the north to south 
temperature gradient, while Figure 12b shows 
little limb effect. This decrease in limb effect 
is a reflection of a more homogeneous temperature 
structure in the stratosphere. 

5.0 CONCLUSIONS 

Work underway at CIRA is showing strong 
potential uses for microwave data for both image 
and sounding applications in regional and 
mesoscale applications. Future work at CIRA will 
focus on the utilization of image products for a 
variety of meteorological situations including 
those that lead to the development of severe 
storms, winter storms and hurricanes. Work with 
the data for sounding applications will focus on 
blending the higher resolution (smoothed) 
microwave data with TOVS and VAS infrared sounding 
data to produce satellite soundings for regional 
and mesoscale applications. 
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6.11 
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Tropical Cyclones as Inferred from Total Ozone Measurements 
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NASA/Goddard Space Flight Center 

1. Introduction 

Atlantic and Pacific tropical cyclones at 
various stages of development was analyzed for 
the purpose of monitoring the lower- 
stratospheric and upper-tropospheric NUIS 
adjustment processes associated with the 
tropical cyclone and its environment. The 
analysis is based on the total ozone 
measurements from the Nimbus-7 Total Ozone 
- Mapping spectrometer (TOMS). 
total ozone may improve the understanding of 1) 
how the lwer stratosphere and upper troposphere 
cause or respond to trmical cvclone structure 

Total ozone associated with western 

lrlijnitoring the 

changes and 2 )  why tropical cyhones rapidly 
intensify. 

In examining the total ozone within 
and surrounding the tropical cyclone, the storm 
was partitioned into four specific regions: 1) 
the environment; 2)  the moat (cloud-free region 
surrounding the storm's central dense overcast 
(CDO) ;  3) the CDO; and 47 the eye. 
Cyclone Allen (1-9 August 1980) will be used to 
discuss the total ozone features that are 
typical of other western Atlantic and Pacific 
storms. Since the Joint w h o o n  Warning Center 
(JTWC) is the only <roup -that sysxematically 
collects eye information for all tropical 
cyclones, western Pacific storms will be 
emphasized in the discussion of the eye total 
ozone distribution. 

Tropical 

2. Nimbus-7 TOMS 

1978 on Nimbus-7 into a sun-sychronous polar 
orbit, uses six wavelengths from 312.5 to 380 nm 
to separate the effects of ozone absorportion, 
molecular scattering, and surface (including 
cloud) albedo. From these wavelengths and 
measurements of cloud amunt and height, total 
ozone is determined from TOMS to be within 2% 
relative to the ground- based observations 
(Shapiro et al., 1982). 

angular steps perpendicular to the orbital path, 
which is repeated wery 8 seconds with a 50 x 50 
km instantaneous field-of-view (IFW) at nadir; 
the-35 angular stzps prauze a 2800 km swatch of 
data that is contiguous between swaths at the 
equator and overlapping near the poles. Since 
total ozone is estimated using the ultraviolet 
spectrum, observations are only obtained during 
local noon. 

TOMS, which was launched in October 

The "04S is designed to scan at 35 

John Stout and Joseph Steranka 
General Software Corporation 

Landover, MD 20785 

3. Total Ozone and Tropopause 
Relationship 

Since ozone may be considered a 
passive tracer in the lower stratosphere and 
ozone gradients are strongest just above the 
tropopause, fluctuations of total ozone are 
primarily due to variations of tropopause height 
caused by vertical and horizontal advection 
(Reed, 1950). For example, the combination of 
upper-tropospheric cold air advection from 
higher latitudes and subsidence within the lower 
stratosphere may lower the tropopause locally 
and, thereby, increase the amount of total 
ozone. Cold air advection will both lower the 
height of the tropopause as well as advect air 
from higher latitudes where ozone is more 
abundant. Lower-stratospheric subsidence, on 
the other hand, will lower the tropopause height 
through adiabatic warming and turbulent mixing 
and will subside ozone-rich stratospheric air 
from above. 
horizontal convergence of more ozone-rich air 
from above in the column will, thereby, increase 
the total ozone as the bottom of the column 
lowers in height. 
lowers in height, the total ozone in the column 
increases. Conversely, upper-tropospheric warm 
air advection and lower-stratospheric ascent 
increase the tropopause height and decrease 
total ozone. This negative correlation between 
total ozone and tropopause height was first 
documented by Meethan (1937). 

Continuity requires that the 

Thus, as the tropopause 

et al. ( 3  
neqative 

However, as pointed out by Shapiro 
.982) and Sechrist et al. (1986), this 
relationship betwezopopause height 

a d  total ozone does not always exist. This is 
particularly true in regions where a transverse 
circulation associated with jet streaks are 
found. Within these jet streaks, the 
dynamically forced mass circulation associated 
with these jet streaks may include a transverse 
circulation below the jet in the upper 
troposphere that is in an opposite circulation 
to what is found above the jet in the lower 
stratosphere. This wuld imply either 
lower-stratospheric ascent (subsidence) above 
upper-tropospheric subsidence (ascent). depending 
on what region of the jet streak is being 
examined. Therefore, the negative correlation 
between tropopause height and total ozone may 
not necessarily occur.. 

that KmS-measured total ozone within and 
surrounding tropical cyclones may give 
information concerning the storm's structure and 
intensity change. In the following section, the 
distribution of total ozone will, be examined and 
related to storm structure and intensity change. 

From these findings, it is expected 
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4. Results 

features that have been observed in the total 
ozone within and surrounding a tropical cyclone 
of hurricane intensity, Fig. 1 shows the 
TOMS-measured total ozone pattern associated 
with Hurricane Allen at 1800 GMT 8 August 1980. 
During this period, Allen was in the western 
Gulf of Mexico moving westward and intensifying 
wiGlits maximum winds increasing from 65 to 78 
m s in a 12-h period. “he figure depicts the 
total ozone that was gridded every lo latitude 
and 1.25O longitude and contoured every 5 Dobson 
- Units ( W r s )  interval (solid line), cloud albedo 
of 40 and 80% (dashed line), and Allen‘s 
location (shown as hurricane symbol). 
of interest will be discussed as outlined in the 
introduction. 

a. Allen’s environment 

Since total ozone patterns appear to 
be reflecting the mass adjustment processes near 
the tropopause level that are associated with 
the upper-tropospheric and lower-stratospheric 
circulation, upper- tropospheric wind associated 
with heights and horizontal divergence fields 
(Figs. 2 and 3, respectively) were cornpared to 
total ozone patterns seen in Fig. 1. The height 
and wind fields were observed 6 h earlier at 
1200 Gb3T 8 August 1980. Winds were obtained 
from both rawinsonde observations and 
observations of cirrus tracers from the GOES 
satellite. Considering the 6-h time difference 
between the observations of total ozone and the 
height and wind observations and the fact that 
the tropopause increases with height toward 
lower latitudes, the following are large-scale 

To best delineate the c o m n  

Regions 

ALLEN 
1800 Q M T  8 AUQ 1Q80 

TOTAL OZONE (DU)  

Fig. 1. TOMS-obberrved toM ozone contowed evmy 
!i VU [ b a t i d  f i n e s )  and d o u d  he@kc t i vdy  
1Lt 4 0  and 80 p a c e n t  (da6hed f ines1  604 

depicted b y  huhhicane b p b o e .  
1 8 0 0  GMT 8 August  1 9 8 0 .  Aeeen’A C&eh 

Fig. 2.  Uppy-RhopobphuLic wind6 (wind bahbb in 
m b I and 200 mb g e o p o t e n t i d  h ~ g k t d  
( l Z M 0  m l  doh 1200 GMT 8 Augudt 1980. 
Aeeen’A  cent^ depicted by  hwuicane 
b p b o l .  

ALLEN 
1200  QMT 8 AUQ lD80 
2 0 0  MB WINDS (M S-1 )  

4 0 N  

3 0 N  

2 0 N  

70W 
1 ON 

1 l o w  1oow QOW 8 0 W  

Fig. 3.  Upp~-&topobph&c uknd6 (wind b a d  
m d ) and d k v e d  Uppa-VpogphuLic  
hohizontae divmgence ( 1  0- A -  I .  Shaded 
aha .h hohizontae d ivagence .  Aeeen‘A 
cents depicted by  hwrhicane bymboe. 

environmental features observed in Figs. 1-3 
that are common in all three fields: 

o Ridge of high total ozone that stretches north 
of Allen from North Carolina westward to Texas 
and southward through Mexico appears to be 
associated with lower upper-tropospheric 
heights and horizontal convergence. 

o Allen‘s outflow jet corresponds to large total 
ozone gradient north and east of the storm. 
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o High total ozone east of Florida corresponds 
with the lower upper-tropospheric heights and 
horizontal convergence that is associated with 
the exit region of Allen's outflow jet. 

If it can be assumed that the 
changes in topography in the upper-tropospheric 
geopotential height fields reflect changes in 
topography in the tropopause, the observation 
within Allenrs environment basically supports 
the negative correlation between total ozone and 
tropopause height that was first observed by 
Meethan (1937) and documented by Reed (1950). 
From these observations, it appears that 
upper-tropospheric heights surrounding tropical 
cyclones could be monitored using TOMS. Since 
Holland and Merrill (1984) have suggested that 
the upper troposphere forces rapid 
intensification of tropical cyclones, the 
analysis may be used to examine this hypothesis. 
For example, upper- tropospheric disturbances 
such as the _tropical upper-tropospheric troughs 
( T U I T r s )  can be monit6red for their stresgth and 
location in order to better determine their 
affect on tropical cyclone structure changes 
(i.e., initiation and strength of outflow jets, 
enhancement of convection) and, thereby, 
possibly predicting whether the system will 
rapidly intensify. Since the TOMS measurements 
imply height rather than thickness as derived 
from infrared and passive microwave sounders and 
since the TOMS measurements are apparently not 
cloud contaminated, the "0% will be of 
particular value in monitoring these shallow 
m ' S .  

I 

using 
waves 

To demonstrate the feasibility of 
TOMS data to monitor upper-tropospheric 
within Allen's environment and to assess 

how these waves affect storm intensity change, 
the time change in total ozone and storm 
intensity was examined. Fig. 4 shows a smoothed 
longitude and time distribution of total ozone 
anomalies (derived by subtracting a mean field 
for a given day from the actual observation) for 
Tropical Cyclone Allen for the period 1-9 August 
1980 (left panel). Total ozone anomalies were 
used to acquire a more representative temporal 
change in total ozone. 
averaged for a loo latitudinal band centered on 
Allen's center and extending 16O longitude east 
and west of the storm's center. 
ozone anomalies depict upper-tropospheric 
troughs, while low total ozone anomalies depict 
ridges. 
Allen's maximum winds at a 6-h interval during 
the 9-day period. 

encountered two troughs on its westward movement 
toward Texas (dashed line depicts the 
approximate trough location). The first 
encounter was prior to 1200 (34" 5 August 1980 
and the second encounter was prior to 1800 (34" 7 
August 1980. 
within 4 O  latitude of the axis of the troughs, 
the maximum winds began to increase. Once Allen 
passed through the base of the trough, maximum 
winds decreased. Upper-tropospheric 
interaction, however, was not evident during 
Allen's reintensification on 8 August. 
should be pointed out that on 5 August, Allen 
passed just south of Hispaniola, which may have 
also contributed to itaweakening. 

These anomalies were 

High total 

The right panel of the figure shows 

The figure suggests that Allen 

It appears that as Allen came 

It 
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o b b a v e d  at 6 - h  ~A?JLv& ~ O J L  t h e  bMle 

b. Allen's moat region 

cloud free due to upper-tropospheric horizontal 
convergence between the outflow and the basic 
current and subsequent upper- and middle- 
tropospheric subsidence. The low total ozone 
observed south and west of Allen (Fig. 1) can 
best be explained using the argument given by 
Shapiro et al. (1982) and Sechrist et al. (1986) 
for the jet streaks. 
subsidence exists below the troppause, rising 
motion will be found above the tropopause, 
thereby giving low total ozone superimposed upon 
the dry upper troposphere. 
time change of total ozone in the moat region 
approximately 4 O  latitude east and west of the 
center. Minimum ozone is most evident east of 
the center, which appears to decrease as Allen's 
outflow became more established. 

The moat region of the storm is 

In the moat r- where 

Fig. 4 shows the 

It can be seen in Figs. 5, 6, and 7, 
which depict the total ozone (at full spatial 
resolution), cloud reflectivity, and 
THIR-derived cloud top heights, respectively, at 
1800 GWI' 8 August that the region of minimum 
ozone is found on the 0 edge where 
upper-tropospheric horizontal convergence (Fig. 
3 )  is evident. The cloud edge delineates the 
upper-tropospheric subsidence, while the lower 
total ozone infers lower-stratospheric ascent. 
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C. Allen's CDO region 

6, and 7, in Allen's CDO (delineated by cloud 
reflectivity and pressure heights greater than 
80 percent and 150 mb, respectively), the low 
total ozone (less than 270 W ,  area A) near and 
east of the center appears to be associated with 
Allen's high tropopause as inferred from the 
cloud heights. Cloud heights in this area were 
estimated, using a satellite stereographic 
technique (Rodger6 et al., 1983), to be greater 
than 16.5 km. H i g h m a 1  ozone amounts 
(greater than 288 w in Fig. 5, area B) 
northwest of the center correspond to cloud 

As can be observed again in Figs. 5, 

ALLEN 

1800  G M T  8 AUG 1 9 8 0  

T O T A L  O Z O N E  (DU)  

Fig. 5 .  TOMS-obdmved totat ozone at &&! hU0- 
L u X o n  contouhed at 5 VU L n t e h v d  doh 
1800 GMT 8 August 1980.  A&n'b c e n h  
d e p i c t e d  by W c a n e  bymbol. Regions 
A and 8 me htdmed t o  i n  t h e  tex t .  

A L L E N  

1 8 0 0  Q M T  8 AUG 1 9 8 0  

R E F L E C T I V I T Y  ($)  

3 0 N  

2 5 N  

2 0 N  

1 5 N  
l O O W  0 5 W  o o w  8 5 W  BOW 

Fig. 6 .  Cloud and buhgace hed;lecLivi.ty contouhed 
at 20 pmcent doh 1 8 0 0  GMT 8 August 19b0. 
keeen'd centeh depicted by M c a n e  
symbol.  

A L L E N  

1 8 0 0  G M T  8 AUG 1 9 8 0  

P R E S S U R E  H E I G H T S  (ME)  

Fig. 7 .  Cloud h a k t  (mbl i n d m e d  dhom THIR (T81 
and kegionat btatandahd a t m o b p h u k  t a p e  
hahu contouhed at 150 mb doh 1800 GMT 
8 Augubt 1980 .  keeen'b tenia d e p i c t e d  
by hwuicane bymbol. 

reflectivity and heights less than 80 percent 
and 350 mb, respectively. It appears that 
subsidence in this region is occurring within 
both the upper troposphere and lower 
stratosphere. Ozone-rich stratospheric air is 
descending as it is advected cyclonically around 
Allen's western convective region (note the 
upper-tropospheric cyclonic outflow near Allen's 
center in Figs. 2 and 3). The CDO northwest of 
the center that has high total ozone amounts 
greater than 275 W (Figs. 1 and 5) may be due 
to both the intrusion of ozone-rich 
stratospheric air and lower tropopause height. 
Tropopause heights as inferred by the satellite 
stereographic-derived cloud heights were 1.5 km 
lower than what was found in the convective 
region near and southeast of Allen's center. 

being influenced by Allen's upper-tropospheric 
dynamics above the (Pg, a time/longitude 
depiction of Allen's total ozone anomalies 
together with Allen's CD3 reflectivity and THIR- 
inferred cloud top heights is seen in Fig. 8. 
The parameters were sampled using the same 
method that was followed to construct Fig. 4. 
The only difference was that the data were 
sampled every 0.5O longitude along a latitude 4 O  

west to east across the storm's center using the 
full spatial resolution of TOMS. No latitudinal 
averaging was perfonned in constructing these 
figures. Points of interest that can be gleamed 
from this figure are as follows: 

o Within the CDO region (cloud heights and 

To examine how the total ozone is 

reflectivity are greater than 150 mb and 80 
percent, respectively), total ozone decreases 
from +12 W to -8 W on 6,August. 
decrease in total ozone is most likely in 
response to the increase in the tropopause 
height. 

This 
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o L a w  total ozone anomalies near the edge of the 
Qx) are in response to ascending lower- 
stratospheric air within the moat region (see 
Section 4b). 

west of Allen's center on 8 August is 
associated with cyclonic intrusion of 
ozone-rich stratospheric air. 

o Increased total ozone 2O longitude east and 

T R O P I C A L  C Y C L O N E  ALLEN 
AUGUST 1980 

T O T A L  O Z O N E  
R E F L E C T I V I T Y  (X) CLOUD H E l Q H T  (ME) ANOMALY ( D U )  

1 

2 

3 

4 

6 

8 

7 

8 

9 

10 

T , , , , , , ,  1 

4 2 0 2 ' 4  4 2 0 2 4  
D E G R E E S  D E Q R E E S  
L A T I T U D E  L A T I T U D E  

W E S T  E A S T  W E S T  E A S T  

10 

4 2 0 2 4  
OEQREES 
L A T I T U D E  
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From this figure, it is interesting to note that 
the evolution of total ozone over the CDO does 
not necessarily reflect the changes in Allen's 
CDO, except where strong upper-tropospheric 
forcing is occurring. Thus, it appears, at 
least for the Allen case, that high opaque 
clouds are not contaminating the TOMS 
measurements. 

d. Allen's eye 

During U-2 flights over Hurricane 
Ginny (October 19641, Penn (1965) observed a 
sonwhat larger concentration of ozone within 
the top of the eye. 
eye of Allen, however, was not observed with 
TOMS even though Allen was a more intense storm. 
Although Allen had an eye during most of its 
mature stage, Allen's small eye size (diameter 
was approximately 20 km) cwld,not be resolved 
by the TOMS (large IFOV particularly off nadir) 
and, therefore, the sensor was not able to 
substantiate Perm's (1965) observations. 
However, because of the availability of eye 
infomation from JTWC, eyes associated with 
western Pacific tropical cyclones were examined 
instead. To eliminate the scan angle problem in 
these observations, the storms were chosen so 
that the center fell within +loo of nadir (earth 
latitude). The difference &tween total ozone 

Ozone- rich air within the 

at the center of the eye and the average total 
ozone for a ring lo latitude from the center was 
compared to the size of the eye and to the 
intensity of the storm. 
found between eye size and total ozone 
difference (difference between high total ozone 
in the eye and less total ozone outside the 
eye). However, considering the TQMS I P W  
problem, there was some suggestion (correlation 
coefficient of 0.44) that storm intensity may be 
related to the total ozone difference. 
be speculated that the strength of the 
subsidence within the eye which could be related 
to the strength of stratospheric intrusion also 
may be related to storm intensity. It had been 
noted by Edson (1984) in his comparison of 
composite radiosonde data for western Pacific 
storms that the difference between rapidly 
intensifying (242 mb/ 24 h) tropical cyclones, 
moderate intensifying (18-35 mb), and steady 
state systems was that the rapidly intensifying 
systems had greater cyclonic inflawing 
lower-stratospheric air near the center than the 
other systems. 
total ozone may indicate that the tropical 
cyclone may be rapidly intensifying. 

No relationship was 

It can 

Thus, eyes that are rich in 

5. Conclusions 

study that TOMS-measured total ozone may present 
important information about the geostrophic 
adjustment processes within tropical cyclones 
and their environment. 
storm structure change and possibly future 
intensity changes. However, to completely 
appreciate what the TQMS-measured total ozone is 
implying about the tropical cyclone and its 
environment, it would be desirable to do further 
work in comparing upper-tropospheric and 
lower-stratospheric mass and wind fields with 
total ozone by using both aircraft in situ 
measurements and model simulations. 

It appears from this qualitative 

This may indicate both 
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1. Introduction 

While upper-atmospheric 
photochemical ozone production is maximized over 
low latitudes in summer, ozone reaches its peak 
concentrations at high latitudes in spring. 
Since ozone is highly subject to atmospheric 
transport processes, it can be used as a 
valuable tool for tracing air motions along the 
jet stream, not only at large scales, but, as we 
shall show, at smaller scales as well. 

A thorough review of early work 
relating ozone amount to pressure systems, 
fronts, upper-air patterns, tropopause height, 
upper-air isotach gradients, and other factors 
is provided by Reed (1955). Unfortunately, the 
ability to fully exploit ozone's potential as a 
diagnostic tool by these and subsequent studies 
had been restricted to very limited 
observations. The launch of the Nimbus-7 
satellite on October 24, 1978, however, has 
greatly enhanced our observational capabilities. 
Placed in a local-noon-midnight sun-synchronous 
orbit, the satellite system includes a sensor 
capable of measuring the worldwide distribution 
and variations of total ozone at local noon on a 
spatially continuous basis. This Total Ozone 
Mapping Spectrometer (TOMS) is described in 
detail by Heath et al. (1975) and has been used 
for the ana1ysis-t streaks and tropopause 
folds (Shapiro et al., 1982; Uccellini et al., 
1985). 

studies will be presented with the following 
objectives: 
relate and synthesize TOMS data with 
conventional radiosonde analyses and with 
mid-tropospheric moisture data available from 
the VISSR (Visible Infrared Spin-Scan 
Radiometer) Atmospheric Sounder (VAS) onboard 
the &OStatiOMry Orbiting Environmental 
Satellite (GOES). Second, case studies will be 
described which relate the potential vorticity 
structure of the upper troposphere to the total 
ozone distribution as measured by TOMS. 
effort complements numerous other studies since 
the early 1950's which used balloon and aircraft 
measurements of ozone and should further our 
knowledge of stratospheric-tropospheric exchange 
processes on the synoptic scale. Concomitant 
with the potential vorticity studies, we shall 
relate smaller-scale features of the ozone and 

In this paper, some preliminary 

First, an attempt will be made to 

This 

potential vorticity distributions to the 
vertical circulations in the vicinity of jet 
streaks. Third, cyclogenesis, frontogenesis, 
and the formation of severe weather outbreaks 
will be related to jet streaks and their 
characteristic ozone signature. The last 
objective will lead to the development of a 
schematic, conceptual model relating the 
position and structure of jet streaks to 
specific signatures in the ozone concentration 
fields. 

2 .  Background 

ground-level ozone concentrations, it was 
deduced that since there was insufficient ozone 
at the surface to explain the observed 
extinction of the ultraviolet solar radiation, 
high ozone concentrations must exist at much 
higher levels of the atmosphere. Subsequent 
continuous measurements showed that the total 
columnar ozone in the atmosphere underwent 
significant day-to-day variations at individual 
stations. Moreover, these changes were highly 
correlated with weather systems. 
relations between total ozone and various types 
of weather systems will be briefly reviewed 
below. 

From the earliest measurements of 

Some of the 

Dobson et al. (1927) showed that 
maximum positive deviations of daily surface 
ozone values from the monthly means were 
generally found in the clear air to the rear of 
surface low pressure systems. maximum negative 
deviations were found to the rear of surface 
high pressure systems. 

recognize how both advection and vertical motion 
could alter the ozone distribution in 
upper-level trough and ridge systems. 
ozone-rich stratospheric air subsides, 
continuity requires the horizontal convergence 
of more ozone-rich air from above to take its 
place. 
column increases as the bottom of the column 
moves to lower levels. In addition, the ozone 
in the bottom portion of the column tends to 
persist because it is then protected from 
destructive ultraviolet solar radiation 
reactions. 
be relatively ozone-rich, while nearby ridges 
would be relatively poor in ozone amount. 

Reed (1950) was the first to 

when 

Thus, the total ozone in a vertical 

Reed concluded that troughs should 

388 



Reed (1955) also pioneered the 
concept of the folded tropopause, whereby a thin 
wedge of stratospheric air descends deep into 
the troposphere in the vicinity of jet cores. 
He also established the relation between air of 
stratospheric origin and large values of 
potential vorticity-the negative product of 
absolute vorticity and the static stability. 
Danielsen (1968) later produced the first figure 
which explicitly related large values of ozone 
and potential vorticity to the tropopause fold. 
Implicit in Danielsen's work was the need for a 
consistent relation between the fold and an 
accompanying jet core. 
authors have established that unique vertical 
circulations are associated with the jet core 
and thereby with the fold as well. 

reviewed the direct and indirect circulations 
associated with jet streaks and then related 
these vertical circulations to a severe weather 
outbreak. Generally, an indirect circulation in 
the troposphere occurs in the exit region of jet 
streaks, while a direct circulation occurs in 
the entrance region. 
circulation about the jet streak also can be 
significant to ozone studies if they are 
extended to include the region above, as well as 
below, the jet streak (see Fig. 1). In this 
case, continuity requires that subsidence be 
found above the areas of tropospheric ascent. 
This would suggest that the left front quadrant 
of a jet streak be characterized by cloudiness 
beneath the streak and by large values of ozone 
and potential vorticity above the streak. 

theoretical considerations involving jet streak 
vertical circulations on a number of other 
severe weather cases. Also, we shall determine 
if a signature related to the upper-level 
forcing of these tropospheric circulations is 
evident in the TOMS imagery and if these data 
have operational potential. The remainder of 
this,paper will address these topics using a 
case study approach. 

Since then, numerous 

Uccellini and Johnson (1979) 

The patterns of vertical 

It is our purpose to test these 

3. Case Study of 20 July 1981 

Since details of the synoptic 
situation and related convective developments 
are presented in Petersen et al. (19841, only a 

Fig. 1. Schmmatic v W c d  chobb b e d o n  t h o u g h  
t h e  6hont quadhants above and b&w a 
bimpLe j e t  bakeah. Shading . indicatu 
MU 0 6  enhanced t m p o b p h d c  maLba2ne. 

brief description is given here. 
summertime case is characterized by a relatively 
strong baroclinic short wave at 500 mb. 
trough line extended from Minnesota 
southwestward toward Texas at 1200 GMT 20 Gyly 
1981. At that time, a well-defined 50 m s jet 
streak on the west side of the trough was 
oriented in a northwest-southeast direction. 
This wave with its accompanying jet streak 
propagated southeastward during the day to a 
position near the Illinois-Indiana border. 

diffuse low pressure center was located over the 
Great Lakes at 1200 W. From this center, a 
developing cold front extended westward into 
central Colorado. A secondary cold front moved 
from the U.S.-Canada border southeastward into 
southern Wisconsin by 0000 GNT 21 July 1981. 

convective cells in the Midwest had developed in 
the vicinity of the cold front over eastern 
Nebraska, in Minnesota, and in Wisconsin. These 
southeastward-moving storms were moderate in 
intensity and were relatively short-lived. 
After 1800 W, however, an area of extremely 
intense convective developnent occurred over 
central Mssouri and eventually spread over most 
of Illinois by 2300 W. 

This 

The 

At the surface, a rather large but 

Before 1800 GMT 20 July 1981, 

I *  

Fig. 2 .  A d y b L b  0 6  ( A )  Aoai~chd ( m  b-' and 181 
p o t e m  v o h t i c i t y  ( 1 0 - 6  K mb-1  d - 1 )  on 
t h e  342  K L b i 6 o p i c  buhdacc! 60h 1 2 0 0  
GMT 20 J u l y  1 9 8 1 .  
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a. Potential vorticity 

To locate the level of maximum winds 
within this jet streak, isentropic analyses were 
generated by an objective analysis scheme 
developed by Petersen (1986). An isotach 
analysis at the level of the jet streak was 
generated for the 342 K isentropic surface. 
FrOm this, the absolute vorticity was found and 
combined with the static stability to give the 
distribution of potential vorticity shown in 
Fig. 2 .  
vorticity lie in an area centered Over the 
Dakotas, in a region corresponding to the left 
front.quadrant of the jet streak. 

b. Total ozone amount 

total ozone in Dobson Units (MI) as determined 
from the MMS instrument for 1710 GMT 20 July 
1981. Recall that previous investigators have 
established that high values of potential 

The maximum values of potential 

Fig. 3 shows the distribution of 

t. . -  

I <  
I 

/ 

Fig. 4 .  
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vorticity characterize air of stratospheric 
origin. 
hypothesized to have subsidence above the level 
of the jet streak, one could expect the total 
ozone, also of stratospheric origin, to have 
high values there also. 

shows that there is a striking subjective 
coincidence between the location of the maxima 
of potential vorticity and ozone as measured by 
MMS. For example, note that the location of 
the highest values of potential vorticity in 
south-central South Dakota is nearly coincident 
with the largest values of ozone found in 
extreme southeastern North Dakota. 
difference could be attributed to the time 
differential in data acquisition, keeping in 
mind the slow progression of the jet streak. 

stratospheric air over the left front quadrant 
of the jet streak is sufficient to enrich both 
the ozone and the potential vorticity 
concentrations in this region. 
provides strong support for the motions deduced 
to be above the jet streak as shown in Fig. 1. 

C. W mid-level moisture data 

once daily, it remiins to be investigated if 
MMS observations can be related to (and 
inferred from) features found in the temporally 
continuous 6.7 micron W misture informtion, 
and if these data also support the jet streak 
circulation model of Fig. 1. 
6.7 micron, mid-level water vapor channel of VAS 
are presented in Fig. 4. The darker areas of 
this figure show the location of mid-level 
dryness. 
higher amxlnts of mid-tropospheric misture and, 
most likely, cloudiness. In the region of the 
Dakotas, two obvious features reveal themselves. 
First, the orientation of the moisture pattern 
in this area agrees with the orientation of the 
total ozone shown in Fig. 3. 
moisture gradient separates the very dry air 
from the cloudy region. 

and moisture analyses in this case are in good 
agreement insofar as the vertical circulation of 
jet streaks is concerned, with the sinking and 
ozone enrichment in the upper atmosphere above 
the left front quadrant, while ascent and 
cloudiness are apparent below that quadrant in 
the tropospheric moisture data. 

These results provide extremely good 
qualitative agreement between the three 
independent observing systems, viz., RADBS, 
TOMS, and VAS. This agreement also enhances the 
credibility of the jet streak circulation model. 

Since the left front quadrant is 

Inspection of Figs. 2 and 3 together 

The slight 

Etridently, the sinking of the 

This result 

Since Toms data are available only 

Imagery from the 

The lighter or white regions show 

Second, a large 

The obvious similarity of the ozone 

4. 

other severe weather cases show the same 
relationships between ozone, potential 
vorticity, and jet streaks, another case study 
was undertaken. 
Wichita Falls tornado outbreak of 10 April 1979. 
“his case was chosen, not only because of the 

Case Study of 10 April 1979 

To ascertain the degree to which 

The case selected was the 



severity of the weather, but also because of the 
availability of three-hourly rawinsonde data and 
nearly synchronous (within one hour) 
observations of ozone with TOMS. Detailed 
synoptic descriptions of the Wichita Falls 
storms are given by Kocin et al. (1982). For 
our purposes, it is s u f f i c m o  discuss only 
the relation of the distributions of potential 
vorticity and ozone to the severe weather. 

analysis for the 330 K isentropic surface at 
1800 GMT on the tenth. 
Over New Mexico and are associated with the 
position of the upper-level trough. 
this large maximum, a secondary maximum of 
potential vorticity extends into western 
Oklahoma and central Texas. It is this 
secondary maximum which agrees best with the 
location of the left front quadrant of the jet 
streak. Note also that, as in the previous 
case, the severe weather again occurs southeast 
(to the right) of the secondary maximum. 

The total ozone distribution for 
nearly the same time (1700 GMT) is given in Fig. 
6. Again, we see good agreement between the 
potential vorticity distribution and the total 
ozone pattern. The primary maxima are over New 
Mexico and the secondary maximum forms a ridge 
protruding southward into central Texas. 

Fig. 5 gives the potential vorticity 

The largest values occur 

Ahead of 

Fig .  5 .  A d y b h  06 ( A )  hoXizchs and ( B J  potentide 
vohticity on t h e  330 K i.beenth0p.i~ dwt6ace 
60h 1 8 0 0  GMT 10 A p t ~ d  1979 .  
dame a6 in Fig. 2. 

U n i t s  me 

Fig. 6 .  To&& ozone d a t a  doh 1 7 0 5  GMT 10 A M  
1 9 7 9 .  Range: 2 5 0 - 4 5 0  Dobaon U n i t d ,  w i t h  
U g M a  6eatwLeb heP)Lebeenting h i g h  
vaeUeb 06 ozone. 

Finally, note that minimum values of 
ozone appear in the area to the south of Wichita 
Falls, corresponding to the right front quadrant 
of the jet streak and the minimum of potential 
vorticity. As in the previous case, these 
features are located just to the southwest of 
the severe weather that occurred later that day. 
This consistent relationship between ozone, 
potential vorticity, and severe weather points 
to the possible operational utility of ozone 
distribution signatures for diagnosing the jet 
streak's influence on the development of severe 
weather. 

5. A Jet Streak-Ozone Model 

this paper, an effort was made to relate the 
horizontal total ozone amount to the 
distribution of potential vorticity. Since 
larger values of both these variables are 
characteristic of stratospheric air, it became 
clear that they had to be related, not only to 
each other, but to the vertical circulations 
around jet streaks. 
streak, one must expect relatively large values 
of potential vorticity in its left front 
quadrant. 
found. 

From the case studies presented in 

By the very nature of a jet 

This is precisely what has been 

The above characteristics have been 
incorporated into a simple jet streak-ozone 
model presented in Fig. 7. The main features of 
the schematic are: (a) the primary ozone 
maximum appears in the region of strongest cold 
advection and subsidence west of the main 
trough; (b) the secondary ozone maximum is 
associated with the left front quadrant of the 
jet streak and is produced,by subsidence above 
the level of the streak; and (c) a relative 
minim of ozone south and to the right of the 
jet streak. 
minimum occurs because of the ascent above the 
level of the jet streak, in the same region of 
the jet streak (right front quadrant) where the 

It is hypothesized that this 
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characteristic clear tongue of a cyclone is 
produced by subsidence below the level of the 
jet streak. 

the jet streak-ozone model. The subsidence in 
the clear tongue can lead to low-level 
convergence in the very warm and very unstable 
air to the right (southeast) of the exit region 
of the jet streak. This low-level convergence 
can, in turn, sene as a low-level forcing 
mechanism to produce upward vertical motion and 
destabilization which would enhance the severe 
weather so characteristic of the warm sector of 
a developing mid-latitude cyclone. 

There is one further implication of 

Fig. 7. let bheak-ozone  bchemat.ic model   hauling 
4p.iCae 300 m6 contom (bo&d &nu I , 
D o t a c h  [dashed k%neb), and aea6 06 
ozone concenthation (hatching 1 . 

6. Summary and Conclusions 

study suggest a unique distribution of ozone, 
potential vorticity, and vertical motion 
relative to jet streak vertical circulations. 
Primary maxima of ozone and potential vorticity 
are associated with cold advection and 
subsidence in the main upper-air trough as 
already shown by Reed (1955). The secondary 
maxima of the three quantities diagnosed in this 
study, however, appear in the left front 
quadrant of a jet streak, indicating the 
importance of transverse, secondary circulations 
induced by jet streak above the level of m a x i m  
winds in further modifying the potential 
vorticity and ozone structures. 
the model deduced here is in good agreement with 
the wind field and ozone analysis of Shapiro et 
al. (1982) further substantiates the validity of 
E hypothesis. 

The traditional notion of an 
indirect circulation in the exit region of the 
jet streak must be expanded to include a 
thermally direct cell above the jet to explain 
the above observations (see Fig. 1). Due to the 
vertical circulations present at high levels 
above a jet streak, ozone values tend to be 
large in the left front quadrant of a jet 

The case studies presented in this 

The fact that 

streak. By the same argument, the ozone values 
are small above the right front quadrant. 
the jet streak, an indirect thermal circulation 
gives rise to cloudiness under the left front 
quadrant and to a clear area under the right 
front quadrant. Mid-level moisture patterns 
from the VAS 6.7 micron channel show patterns 
consistent with these conclusions and thereby 
complement these results. The subsidence in the 
clear area may, in turn, produce low-level 
convergence in the very warm, moist and unstable 
air to the right of the jet core exit region. 
It is in this area, to the right of the clear 
area, that the most severe weather forms. 

The agreement between the results 
from three highly independent observing 
platforms (balloon-borne radiosondes, the TOMS 
instrument on Nimbus 7, and the VAS instrument 
aboard GOES) suggests that data from these 
observing systems can be combined to better 
diagnose the evolution of jet streaks and trough 
systems. 
the TOMS instrument are extremely valuable for 
detecting the various quadrants of a jet streak. 
Isolation of the jet streak quadrants then 
permits identification of the area in which 
severe weather is most likely to occur. 
potential value of temporally continuous 
geosynchronous TOMS data in this regard becomes 
clear. 

Under 

The total ozone amounts measured by 

The 
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I. INTRODUCTION 

A s  a r e s u l t  of be ing  involved i n  two 
S e a s a t  v a l i d a t i o n  workshops - GOASEX I Workshop 
( c i t ,  1979) a t  JPL, J anua ry ,  1979, and GOASEX I1 
( c i t ,  1980) ,  Pasadena,  i t  was obvious t h a t  t h e  
p l o t t e d  s c a t t e r o m e t e r  maps con ta ined  p a t t e r n s  
t h a t  were r e l a t e d  t o  well-known m e t e o r o l o g i c a l  
f e a t u r e s  such  as h igh  and low p r e s s u r e  c e n t e r s .  
A s t u d y  performed as p a r t  of t h e  S e a s a t - J a s i n  
Workshop (Woiceshyn e t  a l .  1981) demonstrated t h e  
a b i l i t y  of marine a n a l y s t s  t o  s e l e c t  t h e  c o r r e c t  
wind d i r e c t i o n s  under "Worst-case Condlt ions" ,  
(1.e.  no s h i p ,  l and  o r  s a t e l l i t e  imagery) .  Sub- 
sequen t  p u b l i c a t i o n s  demonstrated t h e  u t i l i t y  of 
u s ing  S e a s a t  s c a t t e r o m e t e r  d a t a  i n  r e g i o n a l  wea- 
t h e r  f o r e c a s t i n g  (Peteherych e t  a l .  1981a, b ) .  
Wurtele e t  a l .  (1982) proposed a methodology f o r  
s e l e c t i o n  of t h e  c o r r e c t  wind d i r e c t i o n .  
A l i shouse  (1983) found good argument between 
S e a s a t  SMMR o b s e r v a t i o n s  of p r e c i p i t a b l e  wa te r  
vapour and s u r f a c e  M O B  o b s e r v a t i o n s  as w e l l  as 
between s a t e l l i t e  r a i n  r a t e  and s u r f a c e  r a i n  gau- 
ges .  

The Ark Royal s torm occur red  on September 
16 and 1 7  1978, n o r t h  o f  Sco t l and .  I t  r e c e i v e d  
i t s  name from t h e  n a v a l  v e s s e l  which, a long  w i t h  
many o t h e r  s h i p s ,  was b u f f e t e d  by t h i s  unusua l ly  
v i o l e n t  s torm.  

By supplementing conven t iona l  l a n d ,  marine,  
upper a i r  d a t a  and s a t e l l i t e  imagery w i t h  SEASAT 
S c a t t e r o m e t e r  (SASS) winds and Scanning M u l t i -  
channel  Microwave Radiometer (SMMR) moi s tu re  d a t a ,  
i t  was p o s s i b l e  t o  i l l u s t r a t e  how t h e  Ark Royal 
Storm evolved from t r o p i c a l  s to rm F l o s s i e  ( F i g s .  
l a ,  l b ,  IC; Figs .  2a,  2b,  2c ) .  For purposes  of 
t h i s  p r e s e n t a t i o n ,  a s  l o n g  a s  t h e  s to rm i s  a t r o -  
p i c a l  s to rm i t  w i l l  be c a l l e d  F l o s s i e .  When t h e  
t r o p i c a l  s to rm becomes an  e x t r a t r o p i c a l  s to rm i t  
w i l l  be  c a l l e d  t h e  Ark Royal s torm.  

2. THE DATA 

I n  a d d i t i o n  t o  a good set of conven t iona l  

s h i p  and l a n d  d a t a ,  t h i s  s t u d y  i n c l u d e s  SEASAT 
s c n t t e r o m e t e r  winds (100 km spac ing )  and column 
abundances of SMMR water vapour ,  l i q u i d  water and 
r a i n  r a t e  o b s e r v a t i o n s .  Un i t s  f o r  wa te r  vapour 
were g/cm2. 
p e r  hour .  The SMMR wate r  vnpour con tour s  a r e  
shown i n  F i g s .  3a ,  3b,  and 3 c .  

Rain r a t e  i s  g iven  i n  m i l l i m e t r e s  

The a n a l y s e s  of l i q u i d  w a t e r  and r a i n  r a t e  
a r e  n o t  shown as they were sub-synopt ic  i n  s c a l e ,  
and c h a r t s  of much l a r g e r  s c a l e  would be needed 
t o  show them. The l i q u i d  w a t e r  r e p o r t s  showed a 
series of maxima a long  t h e  co ld  s i d e  of t h e  wa te r  
vapour moi s t  tongue (0000 GMT September 15)  rang- 
i n g  from 222 t o  313 m i l l i g r a m  p e r  s q u a r e  c e n t i -  
metre .  The r a i n  r a t e  maxima were v i r t u a l l y  coin-  
c i d e n t  w i t h  t h e  l i q u i d  wa te r  maxima, w i t h  v a l u e s  
r ang ing  from 5.0 t o  7 .8  m i l l i m e t r e s  p e r  hour .  
The r a i n  r a t e  maxima were observed t o  be a long  o r  
as much a s  200 km on t h e  co ld  s i d e  of t h e  s u r f a c e  
warm f r o n t .  

The SASS windspeeds were de r ived  from 
s c a t t e r o m e t e r  r e t u r n  s i g n a l s  u s i n g  t h e  SASS 1 
a l g o r i t h m  developed a t  J e t  P ropu l s ion  Laboratory.  
The u n i t s  f o r  wind speeds a r e  metres p e r  second.  

3 .  ANALYSES 

The i s o b a r i c  and f r o n t a l  s u r f a c e  c h a r t s ,  
i s o t a c h s  and s t r e a m l i n e s  of t h e  SASS winds,  and 
con tour s  o f  w a t e r  vapour a r e  shown i n  t h e  analy-  
ses a t  24 hour  i n t e r v a l s  (0000 GMT September 15 ,  
0000 GMT September 16  and 0000 GMT September 17), 
( F i g s .  l a ,  l b ,  IC; F i g s .  2a,  2b,  2c;  Figs .  3 8 ,  3b, 
3c ) .  

Th i s  pape r  i s  based on a n a l y s e s  performed 
independen t ly  by two o f  t h e  a u t h o r s ,  and then  by 
consensus w i t h  a t h i r d ,  which inc luded  a n a l y s e s  
of s y n o p t i c  d a t a  a t  6 h r .  i n t e r v a l s ,  s t r e a m l i n e  
and i s o t a c h  a n a l y s e s  of a l l  SEASAT o r b i t s  1144 t o  
1187, and a n a l y s e s  of all t h r e e  moi s tu re  para-  
me te r s  from t h e  SMMR d a t a .  Upper a i r  c h a r t s  
(500 mb) were used f o r  t h i s  s t u d y .  
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4. METEOROLOGICAL COMMENTS 

T r o p i c a l  s to rm F l o s s i e  was moving no r th -  
eas tward  a t  s l i g h t 1 8  more hhan 50 km/h when i t  
passed through 41.5 N 37.5 W ;  i . e . ,  1300 km 
s o u t h e a s t  of Newfoundland, a t  0000 GMT September 
15.  I t  passed through a t r a n s i t i o n a l  phase t o  
become an  e x t r a t r o p i c a l  s to rm a t  1800 GMT, 
September 1 5 ,  when t h e  c e n t e r  w a s  c o i n c i d e n t  w i t h  
t h e  sou theas tward  moving mari t ime co ld  f r o n t  a t  
47.5'N 30.5OW. It then a c c e l e r a t e d  t o  a speed i n  
excess  of 100 km/h a s  a s t a b l e  wave which i n i -  
t i a l l y  weakened by 4 mb i n  12 11. A f t e r  1600 GMT, 
September 1 6 ,  however, a number of s u r f a c e  and 
upper  a i r  f a c t o r s  combined t o  produce 20 mb de r -  
pening i n  12 hour s .  These inc luded  t h e  low l e v e l  
i n j e c t i o n  of v e r y  co ld  a i r  from Greenland and 
I c e l a n d ,  a v igo rous  s h o r t  wave a l o f t ,  t h e  
s t r e n g t h e n i n g  of t h e  t h i c k n e s s  r ibbon  and j e t  
stream, and t h e  r e l e a s e  of l a t e n t  h e a t  due t o  
l i f t i n g  of t h e  w a r m  a i r  a l o n g  t h e  f r o n t .  Th i s  
w a r m  a i r  con ta ined  up t o  5400 mg/cm2 of wa te r  
vapour .  The deepening con t inued  a t  a r a t e  of 
1 mb/h u n t i l  0006 GMT September 1 7  w i t h  t h e  s torm 
a t t a i n i n g  a maximum dep th  of 958 mb. The low, 
then  completely occ luded ,  changed d i r e c t i o n  and 
moved d i r e c t l y  eas tward  a long  l a t i t u d e  64.5'N 
toward c e n t r a l  Norway, f i l l i n g  t o  970 mb by 1800 
GMT September 1 7 .  

5. CONVENTIONAL W I N D  REPORTS 

Apparent ly  due t o  good in fo rma t ion  about  
t h e  expected motion o f  F l o s s i e ,  s h i p s  dvoided t h e  
f o r e c a s t  t r a c k  of t h e  s to rm,  t o  such  an  e x t e n t  
t h a t  from 0000 GMT September 1 5  t o  0000 GMT 
September 16 on ly  25 s y n o p t i c  hour s h i p  r e p o r t s  
n e a r  t h e  s to rm were r e c e i v e d ,  t h e  c l o s e s t  a t  a 
d i s t a n c e  o f  150 km from t h e  c e n t e r ,  t h e  remainder 
from 200 t o  500 km. A t  0000 GMT September 16 an  
e l o n g a t e d  a r e a  p a r a l l e l  t o  t h e  f r o n t ,  3000 kin i n  
l e n g t h  and about  800 km i n  wid th ,  was completely 
wi thou t  s h i p  r e p o r t s .  As ii r e s u l t ,  tlie s t r o n g e s t  
winds r e p o r t e d  p r i o r  t o  1200 GMT September 16 
were 35 k n o t s .  
Royal s to rm appeared a t  59.0 N 10.OoW 300 km 
nor thwes t  of t h e  Hebr ides ,  w i th  a t  l e a s t  10 s h i p s  
e x p e r i e n c i n g  winds i n  e x c e s s  of 60 k n o t s .  Winds 
of t h i s  s t r e n g t h  were expe r i enced  ove r  an  expan- 
d i n g  a r e a  f o r  t h e  fo l lowing  36 hour s .  

A t  1200 GMT geptember 16  t h e  Ark 

6. SEASAT SCATTEROMETER WINDS 

During t h e  36 hour s  b e f o r e  t h e  emergence 
of t h e  Ark Royal s to rm,  t h e  SASS winds consi-  
d e r a b l y  i n c r e a s e d  t h e  in fo rma t ion  about  t h e  f ron- 
t a l  wave and t r o p i c a l  s to rm from which i t  
developed.  

Thcre were 1 4 4  SASS r e p o r t s  w i t h i n  500 km 
of t h e  low dur ing  t h a t  t ime ,  a s  compared w i t h  25 
conven t iona l  r e p o r t s .  

The c l o s e s t  conven t iona l  r e p o r t  was 150 kni 
from tlie c e n t e r  a t  0600 GMT September 15 showing 
a speed of 32 k n o t s ,  wh i l e  12 of t h e  SASS r e p o r t s  
were w i t h i n  0 t o  150 km of t h e  c e n t e r ,  and showed 
speeds  of 20 t o  29 m / s  (39' t o  56 k n o t s ) .  Where 
c o n v e n t i o n a l  and SASS r e p o r t s  were c o i n c i d e n t  
they were almost  i d e n t i c a l ,  s o  t h e  emphasis he re  
i s  n o t  on t h e  s u p e r i o r i t y  of e i t h e r ,  b u t  on t h e  
f a c t  t h a t  t h e  SASS winds supplemented t h e  conven- 
t i o n a l  winds i n  a r e a s  where s h i p  d a t a  was n o t  
a v a i l a b l e .  
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The s c a t t e r o m e t e r  winds n e a r  t h e  s to rm 
c e n t e r  were o b t a i n e d  from 6 SEASAT o r b i t s  1145,  
1150,  1151, 1159, 1163 and 1164. 

Descending o r b i t s  1145 a t  0100 GMT 
September 1 5  and 1159 a t  0100 GMT September 16  
passed  d i r e c t l y  o v e r  t h e  c e n t e r  o f  F l o s s i e  and 
t h e  t r a n s i t i o n a l  wave. Ascending o r b i t  1150 
passed  on t h e  east s i d e  of F l o s s i e  and o r b i t  1151 
passed  on t h e  west s i d e  o f  F l o s s i e  a t  0800 
September 15  t o  1000 GMT September 1 5 ,  p a s s i n g  
o r t h o g o n a l l y  a c r o s s  t h e  a s s o c i a t e d  f r o n t ,  and 
o v e r l a p p i n g  o r b i t  1145 t h u s  p r o v i d i n g  i n f o r m a t i o n  
abou t  t h e  l o c a t i o n  o f  t h e  s torm,  a s  w e l l  a s  a 
h i g h l y  d e t a i l e d  r e c o r d  o f  t h e  changes i n  winds a t  
t h e  s u r f a c e ,  and of m o i s t u r e  a l o f t  ove r  a 7 t o  
9 h r  i n t e r v a l .  There were 130 such  r e p o r t s  w i t h i n  
500 km o f  t h e  f r o n t .  S i m i l a r  s t a t e m e n t s  a r e  t r u e  
of o r b i t s  1163 and 1164 a t  0800 September 16  t o  
1000 GMT September 16  which b racke ted  t h e  Ark 
Royal s t o r m  as  w e l l  as o v e r l a p p i n g  and u p d a t i n g  
o r b i t  1159. 

The SASS winds a t  0100 GMT September 15  
showed a t y p i c a l  d i s t r i b u t i o n  of winds around a 
t r o p i c a l  s to rm w i t h  speeds  from 15  t o  29 m / s  
w i t h i n  a 400 km r a d i u s ,  and t h e  maximum wind 
abou t  50 km from t h e  c e n t e r .  A t  0100 GMT 
September 16  t h e  d i s t r i b u t i o n  of t h e  winds was 
asymmetric,  w i t h  a s h a r p  drop t o  1 0  m / s  t o  t h e  
no r thwes t  ( i n  t h e  co ld  a i r ) ,  w h i l e  t h e  r a d i u s  o f  
winds i n  e x c e s s  of 1 5  m / s  i n  t h e  warm a i r  had 
i n c r e a s e d  t o  500 km. 

A t  0000 GMT September 1 7  i n  t h e  occluded 
Ark Royal phase ,  t h e r e  were winds i n  excess o f  
15  m / s  o v e r  an a r e a  1200 km x 1600 km, i n  t h e  
w e s t  and sou thwes t  q u a d r a n t s  of t h e  s to rm,  and 
w i t h  maximum speeds  of 31 m / s ,  500 krn southwest  
of t h e  c e n t e r .  (F ig .  2 c ) .  

7. SCANNING MULTICHANNEL MXCROWAVE RADIO- 
METER DATA 

7.1 Water Vapour 

The SMMR w a t e r  vapour d a t a  d e f i n e d ,  i n  
d e t a i l ,  t h e  d i s t r i b u t i o n  of m o i s t u r e  o v e r  t h e  
n o r t h  A t l a n t i c  d u r i n g  t h e  48 hour p e r i o d .  

2 A t  0100 GMT September 1 5 ,  a tongue of 
m o i s t u r e  extended from a maximum of 5434 mg/cm 
abou t  1000 km southwest  o f  F l o s s i e  northward 
a l o n g  t h e  mar i t ime  f r o n t  w i t h  v a l u e s  i n  e x c e s s  of 
4000 mg/cm2, and t h e n  eas tward  w i t h  v a l u e s  of 
3000 mg/cm2 a l l  t h e  way t o  n o r t h e r n  S c o t l a n d .  
S t eep  g r a d i e n t s  a l o n g  t h e  f r o n t  had water vapour  
amounts d e c r e a s i n g  a t  10 mg/cm p e r  km t o  v a l u e s  
less t h a n  2000 mg/cm2 200 km i n t o  t h e  co ld  a i r .  

The tongue of moi s tu re  moved sou theas tward  
a t  27 km/h d u r i n g  t h e  f o l l o w i n g  24 hour s .  The 
maximum of w a t e r  vapour  a s s o c i a t e d  w i t h  F l o s s i e  
moved nor theas tward  a t  an  a v e r a g e  speed o f 6 0 k m / h .  
The tongue o f  3.0 g/cm2 v a l u e s  extended t o  
n o r t h e r n  S c o t l a n d .  

A d r a m a t i c  change i n  t h i s  p a t t e r n  occur red  
j u s t  a f t e r  0600 GMT, September 1 6 ,  when t h e  
4000 mg/cm2 maximum fo rmer ly  a s s o c i a t e d  w i t h  
F l o s s i e  a r r i v e d  ove r  t h e  Hebr ides ,  wh i l e  d r y  a i r  
w i t h  v a l u e s  l e s s  t h a n  1000 mg/cm2 moved r a p i d l y  
eas tward  behind i t ,  p i n c h i n g  t h a t  maximum o f f  

from t h e  o r i g i n a l  mo i s t  tongue 1500 km t o  t h e  
sou thwes t .  

By 0000 GMT September 17  t h e  on ly  eviden-  
c e s  of t h e  m o i s t  maximum w e r e  v a l u e s  s l i g h t l y  
ove r  2000 mg/cm2 n e a r  t h e  occluded Ark Royal low 
c e n t e r ,  and a long  t h e  f r o n t  which by t h a t  t i m e  
extended southward a c r o s s  t h e  North Sea and 
Eng l i sh  Channel t o  t h e  Bay of Biscay.  Th i s  sug- 
g e s t s  t h a t  about  2000 mg/cm2 o f  w a t e r  vapour had 
been conve r t ed  t o  r a i n  i n  about  12  h ,  a t  t h e  
r a p i d l y  deepening c e n t e r .  The i a t e n t  h e a t  re- 
l e a s e d  would have been a s i g n i f i c a n t  f a c t o r  i n  
t h e  extreme development o f  t h e  low. 

7.2 L iqu id  Water and Rain Ra te  

The SMMR r e p o r t s  of t h e s e  two pa rame te r s  
showed a s e r i e s  of maxima of abou t  150 t o  ove r  
300 mg/cm2, and 5 t o  8 mm/hr r e s p e c t i v e l y ,  gene- 
r a l l y  where t h e  moi s t  tongue would have expe r i en -  
ced maximum l i f t  a t  t h e  f r o n t .  These f e a t u r e s  
were h i g h l y  d e t a i l e d  on a sub-synopt ic  s c a l e .  
The maximum v a l u e s  o f  l i q u i d  w a t e r  and r a i n  r a t e  
o f  246 mg/cm2 and 6.5 mm/hr were observed a t  t h e  
low c e n t e r  a t  1200 GMT September 16  dropped t o  
v a l u e s  o f  44 and 0.2 r e s p e c t i v e l y  by 0000 GMT 
September 17 .  It may a l s o  b e  no ted  t h a t  2 .0  
g/cm2 o f  water vapour conve r t ed  t o  r a i n  would 
produce approximately 2 cm of l i q u i d  r a i n  p e r  
s q u a r e  cm a t  t h e  s u r f a c e .  A t  t h e  r e p o r t e d  maxi- 
mum rate  of 6 .5  mm/h,  i t  would t a k e  3 hours  f o r  
t h i s  t o  happen. 

8. METEOROLOGICAL SUMMARY 

Convent ional  l a n d  and marine and upper  a i r  
d a t a ,  when supplemented by s c a t t e r o m e t e r  winds 
and SMMR mois tu re  d a t a ,  i n d i c a t e  t h a t  t h e  i n t e n s e  
development of t h e  Ark Royal s t o r m  was due t o  t h e  
phas ing  o f  a number of f a c t o r s :  A r e l a t i v e l y  
modest t r o p i c a l  s to rm became a r a p i d l y  moving 
s t a b l e  wave when i t  was p i cked  up by a v igo rous  
upper  s h o r t  wave and s u r f a c e  c o l d  f r o n t .  I t  t h e n  
r e c e i v e d  s t r o n g  dynamic and thermodynamic s u p p o r t  
f o r  development,  from such  f a c t o r s  as t h e  release 
of l a r g e  amounts of l a t e n t  h e a t  due t o  t h e  t r a n s -  
p o r t  o f  t y p i c a l  t r o p i c a l  mo i s tu re  v a l u e s  t o  h igh  
l a t i t u d e s ,  t h e  i n j e c t i o n  of c o l d ,  d r y  a i r  from 
Greenland and I c e l a n d ,  and a d d i t i o n a l  f a c t o r s  n o t  
d e a l t  w i t h  i n  t h i s  r e p o r t  such  a s  convec t ive  
development,  t h e  i n c r e a s e  i n  t h e  t h i c k n e s s  g ra -  
d i e n t ,  t h e  h igh  l e v e l  j e t ,  and t h e  a s s o c i a t e d  
the rma l  and v o r t i c i t y  a d v e c t i o n  p a t t e r n s .  
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7.1 

EFFECTS OF DATA RlSOLUTION ON SATELLITE CLOUDINESS ESTIMATION 

Chi-Fan Shih 
G. G a r r e t t  Campbell 

T. E. Vonder Haar 

Department of Atmospheric Science 
Colorado S t a t e  Univers i ty  
F o r t  Col l ins ,  CO 80523 

1.0 IN'lRODUCTION 

Since meteorological  s a t e l l i t e s  became 
a v a i l a b l e  i n  t h e  19608, process ing  and s t o r i n g  
s a t e l l i t e  d a t a  of high s p a t i a l  and temporal 
r e s o l u t i o n s  has  been a d i f f i c u l t  job.  Users 
normally choose t o  process  d a t a  of reduced s i z e s  
( e i t h e r  sampled o r  averaged down) t o  ge t  around 
t h e  l a r g e  d a t a  volume problem. We address  t h i s  
d a t a  r e s o l u t i o n  problem by comparing the 
his tograms and var iances  of d a t a  s e t s  of t h e  
same o r i g i n  b a t  with d i f f e r e n t  r e s o l u t i o n s .  
Severa l  case s t u d i e s  w i l l  be presented  a t  the  
conference, some of which a r e  d iscussed  below. 

2.0 DATA 

A t  t h e  Department of Atmospheric 
Science,  Colorado S t a t e  Univers i ty ,  we have a 
Direc t  Readout S a t e l l i t e  Earth S t a t i o n  (DBSES) 
which r e c e i v e s  GOES-6 t ransmiss ion  r o u t i n e l y .  
On August 26, 1985 we c o l l e c t e d  two s a t e l l i t e  
images covering t h e  C a l i f o r n i a  coas t  (4Oo-25"N, 
130°-115%), and South America (0°-150S, 90'- 
7 5 9 )  a s  our  t e s t  da ta  s e t .  The s p a t i a l  
r e s o l u t i o n  of t h i s  t e s t  d a t a  i s  2 km f o r  t h e  raw 
v i s i b l e  d a t a  and 8 km f o r  the  raw i n f r a r e d  da ta .  
Using t h e  raw da ta ,  we made two l e v e l s  of 
degrade v i s i b l e  d a t a  by averaging 4x4 ( o r  8x8) 
v i s i b l e  p i x e l s  i n t o  one p i x e l  us ing  t h e  
fol lowing formula: 

Degrade P i x e l  Count = ( t Count++2/N)**0.5 

where N i s  t h e  number of p i x e l s  averaged. The 
4x4 and 8x8 area-averaged d a t a  a r e  named 
degraded A and degraded B data .  
the  d i f f e r e n t  e f f e c t s  of d a t a  r e s o l u t i o n  between 
a uniform cloud f i e l d  and a non-uniform cloud 
f i e l d ,  we chose f o u r  t a r g e t  r e g i o n s  of d i f f e r e n t  
c loud  condi t ions  (Table 1 ) .  

3.0 ANALYSIS 

N 

1 

To i n v e s t i g a t e  

To s imula te  the  sampling of t h e  
I n t e r n a t i o n a l  S a t e l l i t e  Cloud Climatology 
p r o j e c t  (ISCCP)(Schiffer and Bossow, 19831, we 
sampled the  raw i n f r a r e d  d a t a  every 3 p i x e l s  of 
every scan l i n e  f o r  form l e v e l  1 reduced da ta .  
A f u r t h e r  sampling of every 3 p i x e l s  of  every 3 
scan  l i n e s  were used t o  make l e v e l  2 reduced 
data .  For t h e  v i s i b l e  da ta ,  sampling of every 6 
p i x e l s  of every 4 scan l i n e s  was done t o  make 
l e v e l  1 data .  Level 2 v i s i b l e  d a t a  was f u r t h e r  

sampled every 4 p i x e l s  of every 4 scan l i n e s  of 
l e v e l  1 v i s i b l e  data .  The reduced i n f r a r e d  and 
v i s i b l e  d a t a  w i l l  have t h e  same s p a t i a l  
r e s o l u t i o n .  We then c a l c u l a t e d  t h e  averages, 
var iances  and skewness of a t a r g e t  reg ion  of 
2.5'12.5' i n  s i z e .  
f u r t h e r  d iv ided  i n t o  25 small 0.5°x0.50 boxes. 
Thei r  s t a t i s t i c s  were computed f o r  a l l  l e v e l r  of 
i n f r a r e d  and v i s i b l e  data .  This  means t h a t  f o r  
every 2.5Ox2.5' region,  we had one s e t  of 
reg iona l  and 25 s e t s  of subregional  s t a t i s t i c s .  
Tables  2 and 3 l i s t  out  the  r e g i o n a l  s t a t i s t i c s  
of 4 t a r g e t  regions.  For s i m p l i c i t y ,  the  
subregional  s t a t i s t i c s  w i l l  not  be presented  
here .  

Each t a r g e t  reg ion  i s  

Tab le  1. The geograph ica l  l o c a t i o n s  of t a r g e t  
r e g i o n s  and t h e i r  c loud c o n d i t i o n s .  

~ ~~~~ 

[NAME LATITUDE/LONCITUDE CLOUD CONDITION 

CA1 130W, 127.5W uniform low cloud with a 
40N, 37.51 l i t t l e  t h i n  c i r r u s  

CA2 130W, 127.5W uniform l o w  cloud with an 
37.58, 35N up-aide down V c l e a r  sky 

SA1 9OW, 87.511 ha l f  f i l l e d  with unfiorm 
5s, 7.5s  lud cloud and h a l f  f i l l e d  

with shallow convection 

SA2 WW, 82.5W deep convection, high clouds 
2.5.5, 5s with l o w  cloud below 

4 .O DISCUSSION 

Tables  2 and 3 summarize t h e  s t a t i s t i o s  
of t h e  i n f r a r e d  and v i s i b l e  d a t a  of 4 t a r g e t  
regions.  I n  Table  2 we found t h a t  t h e  r e g i o n a l  
mean, var iance  and skewness of a l l  4 reg ions  a r e  
wel l  represented  by t h e  sampled subse ts .  
Compared t o  the o t h e r  reg ions ,  the  SA2 r e g i o n  
l o s t  some s t a t i s t i c a l  information w i t h  sampling. 
This  i s  not s u r p r i s i n g  because, a s  mentioned i n  
Table  1, t h e  cloud condi t ions  of SA2 a r e  t h e  
most complicated among a l l  4 reg ions ,  while  t h e  
o t h e r  reg ions  a r e  mostly covered by uniform low 
clouds ( v i s u a l l y  determined from t h e  warm cloud 
t o p  temperature  of i n f r a r e d  images) with some 
c l e a r  sky o r  l i t t l e  t h i n  c i r r u s  clouds. Thua, 
sampling d a t a  of reg ions  having complicated 
cloud condi t ions  w i l l  l o s e  some s t a t i s t i c a l  
information which e x i s t s  i n  t h e  o r i g i n a l  da ta .  
This  e f f e c t  can be seen i n  F igure  1, a s  the  
his tograms of sampled 1 and 2 d a t a  become mors 
blocky than the o r i g i n a l  da ta .  However, the  
major peaks of sampled d a t a  s tayed  a t  about t h e  
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same b r i g h t n e s s  l e v e l  ( t h e  x-axis)  a s  i n  t h e  
o r i g i n a l  d a t a .  T h i s  means t h a t  o n l y  sampled 
d a t a  r e t a i n s  t h e  f i r s t  o r d e r  s t a t i s t i c a l  
c h a r a c t e r i s t i c s  w e l l ,  bu t  no t  n e c e s s a r i l y  t h e  
h igh  o r d e r  s t a t i s t i c a l  i n fo rma t ion  such a s  t h e  
v a r i a n c e  and skewness, which depends on t h e  
c loud  c o n d i t i o n .  
c l e a r  w i th  a few clouds c o n d i t i o n s  of a 
2.5'12.5~ r e g i o n  i s  underway t o  see i f  t h e  
f i n d i n g s  of r e g i o n s  of mos t ly  c l e a r  sky with few 
c louds  a r e  d i f f e r e n t .  

A f u r t h e r  comparison of mos t ly  

Un l ike  t h e  i n f r a r e d  d a t a ,  t ho  G O D  
V i s i b l e  d a t a  h a s  v e r y  h i g h  s p a t i a l  r e s o l u t i o n  
and sometimes a n  area-averaging t echn ique  i s  
used t o  reduce the  s i z e  of t h e  v i s i b l e  d a t a .  
Compared wi th  o r i g i n a l  d a t a ,  area-averaged d a t a  
i s  more smooth and t h u s  l e s s  v a r i a n c e .  T h i s  
e f f e c t  shows up i n  bo th  Tab le  3 and F i g u r e  2 a s  
t h e  b r i g h t n e s s  coun t s  of area-averaged d a t a  h a s  
a narrower range h o r i z o n t a l l y .  Another e f f e c t  
of area-averaging i s  t o  s h i f t  t h e  low end of t h e  
energy spectrum ( low b r i g h t n e s s  coun t s )  t o  a 
h ighe r  end ( h i g h  b r i g h t n e s s  coun t )  a s  shown i n  
F i g u r e  2.  Neve r the l e s s ,  t h e  sampling e f f e c t s  on 
t h e  i n f r a r e d  d a t a  s t i l l  app ly  h e r e  and t h e  
combining e f f e c t  of sampling and ave rag ing  t h e  
v i s i b l e  d a t a  w i l l  i n c r e a s e  t h e  l o s s  of h igh  
o r d e r  s t a t i s t i c a l  information.  T h i s  smoothing 
e f f e c t  i s  c l e a r l y  d i s p l a y e d  i n  F i g u r e  3,  i n  
Which t h e  v a r i a n c e  of 25 subreg ions  of SA1 i s  
P l o t t e d  u s i n g  t h e  v a r i a n c e  of o r i g i n a l  d a t a  a s  
t h e  x-axis  and A1 ( q u a n t i z e d  l e v e l  A wi th  
sampling l e v e l  1, F i g u r e  3 a ) ,  B1 ( d e f i n e d  a s  u. 
F i g u r e  3b)  a s  t h e  y-axis .  As t h e  area-averaging 
goes from l e v e l  A ( F i g u r e  3 a )  t o  B ( F i g u r e  3 b ) ,  
We c a n  see i t s  co r re spond ing  v a r i a n c e  v a l u e s  
become sma l l e r .  Also n o t i c e  t h a t  i n  F i g u r e  3a  
t h e  p o i n t s  a r e  s c a t t e r e d  a l o n g  a d i agona l  l i n e  
of s l o p e  1, w h i l e  i n  F i g u r e  3b t h e  p o i n t s  a r e  
widely s c a t t e r e d  under  t h e  lower h a l f  of t h a t  

d i agona l  l i n e .  The i r  skewness diagrams ( n o t  
shown h e r e )  show a s i m i l a r  p a t t e r n .  One 
i m p l i c a t i o n  of t h i s  f i n d i n g  i s  i f  v a r i a n c e  or 
skewness of a t a r g e t  r e g i o n  i s  used i n  a c loud  
a lgo r i thm or i n  o t h e r  a p p l i c a t i o n s ,  c a r e  must be 
t aken  t o  i n s u r e  t h e  c o r r e c t n e s s  of t h e  r e s u l t s  
i f  u s ing  d a t a  of reduced r e s o l u t i o n .  

Table 2. The summary of regional s t a t i s t i c s  of 
a l l  target  regions of infrared data. 

Region Original Sampled Sampled 
Name Level 1 Level 2 

CA 1 N* 
MEAN** 
VAR 
SKEW 

CA2 N* 
MEAN** 
VAR 
SKEW 

SA1 N* 
MEAN** 
VAR 
SKEW 

SA2 N* 
MEAN** 
VAR 
SKEW 

1476 
25.4 

4 .O 
-3.3 

1616 
26.1 

1.2 
1.1 

3607 
27.8 
0.8 
0.6 

3524 
20.1 
20 .o 
10 .g 

491 
25.4 

4 .O 
-3.3 

53 9 
26 .l 

1.2 
1.1 

1208 
27.8 

0.8 
0.5 

1160 
20 .o 
19.8 
11.2 

55 
25.4 

3 -6  
-0.6 

58 
26.1 

1.2 
1.3 

140 
27.8 

0.8 
0.6 

130 
19.8 
19.7 
14.2 

N is  the number of pixels. 
** U n i t  is proportional t o  radiance (W/M**2/STER). 

Table 3. The summary of regional s t a t i s t i c s  of a l l  target  regions of v i s ib l e  data. 

Degraded A Degraded B Degraded A Degraded B 
Region Original Sampled Sampled Sampled Sampled Sampled Sampled 
Name Level 1 Level 2 Level 1 Level 2 Level 1 Level 2 

CA 1 N* 11785 491 55 491 55 491 55 

120 118 95 93 84 73 

CA2 N* 128711 491 58 53 9 58 53 9 58 

MEAN" 33.5 32.0 32.3 31.9 31 - 7  31.8 32.1 

VAR 130 -652 -674 -500 -540 SUEW -838 -878 -764 

28.8 MEAN** 30.7 29.0 28.6 28.7 28.6 28.8 
VAR 83 
SKEW -488 -467 -329 

72 63 63 6 9  52 63 
-441 -472 -3 95 -545 

SA1 N* 28686 1208 140 1208 140 1208 140 
MEAN" 121.0 116.9 117.8 116.6 117.5 115.7 116.8 
VAR 4541 4510 4333 4039 4073 3748 3858 
SKEW -82729 -83353 -881 55 -56235 -721 97 -36717 -56 122 

SA2 N* 281 46 1160 130 1160 130 1160 130 
MEAN** 122.8 120.3 122.1 11 8.7 119.4 117.9 ' 118.6 
VAR 3664 3534 3 856 3260 3355 3185 3287 
SKEW 86723 82691 100709 791 27 88098 80445 82 406 

I 
N i s  t h e  number of pixels. 

** U n i t  is proportional t o  radiance (W/M**E/STER). 
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0 B r i g h t n e s s  Count 1 2 7  

T O T R L  1160 I 

0 B r i g h t n e s s  Count 1 2 7  

T O T R L  130 

0 B r i g h t n e s s  Count 1 2 7  

F i g u r e  1 .  Histograms of i n f r a r e d  d a t a  o v e r  SA2 
region for or ig ina l  ( a ) ,  sampled level  1 
( b ) ,  and sampled l e v e l  2 ( c )  r e s o l u t i o n .  
The l o n g  t i ckmark  on t h e  t o p  of each 
diagram is  t h e  relative i n f r a r e d  back- 
ground b r i g h t n e s s  count  for  reference. 

(4 

0 B r i g h t n e s s  Count 127  

90 

4 
m 

B r i g h t n e s s  Count 

O O  127 
B r i g h t n e s s  Count 

F i g u r e  2. Histograms of sampled level  1 v i s i b l e  
d a t a  o v e r  SA2 region for original ( a ) ,  
degraded l e v e l  A ( b )  , and degraded l eve l  
B ( c ) .  The l o n g  t i ckmark  on t h e  t o p  of 
each diagram is t h e  re la t ive v i s i b l e  
background b r i g h t n e s s  coun t  for  refer- 
ence. 



5 .O SUMMARY 
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Using GOES 2 km v i s i b l e  and 8 km 
i n f r a r e d  d i g i t a l  d a t a ,  we computed t h e  
s t a t i s t i c s  of 4 t a r g e t  r e g i o n s  of o r i g i n a l  and 
reduced r u s o l u t i o n .  We a l s o  looked i n t o  t h e  
e f f e c t s  o f  area-averaging h igh  r e s o l u t i o n  
v i s i b l c  d a t a  on i t s  r e g i o n a l  s t a t i s t i c s .  As i t  
t u r n s  o u t ,  i f  a t a r g e t  r e g i o n  i s  covered wi th  
uniform c louds ,  sampling of t h e  i n f r a r e d  d a t a  
does not  change i t s  s t a t i s t i c s  compared t o  t h a t  
of t h e  o r i g i n a l  d a t a .  But i f  t h e  c l o u d  
c o n d i t i o n  becomes complicated,  t h e  sampled d a t a  
w i l l  b e g i n  t o  l o s e  i t s  h igh  o r d e r  s t a t i s t i c a l  
information.  S i m i l a r  f i n d i n g s  a l s o  app ly  t o  t h e  
sampling e f f e c t s  of v i s i b l e  d a t a .  And t h e  
area-averaged v i s i b l e  d a t a  l o s e s  i t s  h i g h  o r d e r  
s t a t i s t i c e l  i n fo rma t ion  f a s t e r  compared t o  t h e  
sampled d a t a .  F u r t h e r  t e s t s  of d a t a  r e s o l u t i o n  
e f f e c t s  on mos t ly  c l e a r  t a r g e t  r e g i o n s ,  a s  w e l l  
a s  t h e i r  e f f e c t s  on e s t i m a t e d  c l o u d i n e s s ,  w i l l  
be p r e s e n t e d  a t  t h e  meeting. 
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7.2 
NEIGHBOR-TO-NEIGHBOR OBJECTIVE SATELLITE ANALYSIS FOR THE DETERMINATION 

OF SURFACE AND CLOUD MEAN RADIATIVE PROPERTIES 

S . K .  Cox, S. A. Ackerman a n d  T.H. Vonder War 
Depar tment  of Atmospher ic  S c i e n c e  

Colorado State U n i v e r s i t y  

a .  MEAN CLEAR-SKY AND CLOUD R A D I A N C E S  1 .  INTRODUCTION 

Clouds  p l a y  a ma jo r  r o l e  in d e t e r m i n i n g  t h e  
r a d i a t i v e  p r o p e r t i e s  o f  t h e  e a r t h ' s  a tmosphe re  
and  s u r f a c e ,  and  are  t h u s  a s i g n i f i c a n t  
component of t h e  ea r th ' s  climate. The effects  
of c l o u d s  on t h e  e n e r g y  b u d g e t  w i t h i n  and  a t  the  
b o u n d a r i e s  of t h e  a tmosphe re  are f u n c t i o n s  of 
c l o u d  amount,  c l o u d  o p t i c a l  p r o p e r t i e s  and  t h e  
c l o u d  t o p  and  b a s e  h e i g h t .  S t u d i e s  of t h e  
effect  o f  c l o u d s  on the  r a d i a t i v e  e n e r g y  budge t  
have  t a k e n  two a p p r o a c h e s :  model ing  s t u d i e s  and 
o b s e r v a t i o n a l  s t u d i e s .  Fo r  t h e  l a te r  case i t  is 
e s s e n t i a l  t h a t  a n  o b j e c t i v e  scheme for d e r i v i n g  
c l o u d  p r o p e r t i e s  be used .  

R e c e n t l y  Rossow e t  a l .  (1984)  have  compared 
s i x  d i f f e r e n t  c l o u d  d e t e c t i o n  schemes u s i n g  t h e  
same s a t e l l i t e  r a d i a t i o n  measurements .  A l l  t h e  
methods worked well for some c l o u d  t y p e s  or 
climate r e g i m e s ,  and d i d  p o o r l y  for  o t h e r  
s i t u a t i o n s .  A l l  t h e  a l g o r i t h m s  r e q u i r e  a c c u r a t e  
estimates of t h e  c l e a r - s k y  r a d i a n c e .  While 
s a t e l l i t e  time c o m p o s i t e s  c a n  a c c o u n t  for  mean 
s p a t i a l  v a r i a t i o n s  of c l e a r - s k y  r a d i a n c e ,  t h e  
time v a r i a t i o n  of t h e s e  p a r a m e t e r s  p o s e s  a 
p a r t i c u l a r  problem t o  c l o u d  d e t e c t i o n  
a l g o r i t h m s .  This p a p e r  p r e s e n t s  a s i m p l e  
o b j e c t i v e  a n a l y s i s  scheme t o  i d e n t i f y  un i fo rm 
r a d i a t i v e  f e a t u r e s .  Under t h e  a s sumpt ion  t h a t  
v a r i a t i o n s  i n  t h e  measured  r a d i a n c e  of a g i v e n  
s u r f a c e  t y p e  ( e . g .  c l o u d  o r  g round)  is small 
compared t o  t h e  r a d i a n c e  d i f f e r e n c e  be tween 
t y p e s ,  o n e  c a n  e a s i l y  i d e n t i f y  d i f f e r e n t  s u r f a c e  
t y p e s .  Thus t h e  t e c h n i q u e  is p o t e n t i a l l y  ve ry  
u s e f u l  in e s t i m a t i n g  c l e a r - s k y  r a d i a n c e s  a3 wel l  
as mean c l o u d  r a d i a n c e s  and  c l o u d  amount.  The 
t e c h n i q u e  is referred t o  as t h e  
ne ighbor - to -ne ighbor  ( N T N )  method. 

2 .  ANALYSIS TECHNIQUE 

The N T N  methodology is s t r a i g h t  fo rward  and  
s i m p l e .  It c o n s i s t s  of d i s p l a y i n g  r a d i a n c e s  o f  
a d j a c e n t  s a m p l e s  ( p i x e l s )  in a g i v e n  s a t e l l i t e  
s c a n  in a two d i m e n s i o n a l  histogram. The 
h i s t o g r a m ,  which  c o n s i s t s  o f  t h e  number o f  
o c c u r r e n c e s  in which a g i v e n  r a d i a n c e  in p i x e l  I 
was followed by a r a d i a n c e  i n  the  p i x e l  I+1, is 
t h e n  a n a l y z e d  u s i n g  a c l u s t e r  t e c h n i q u e  (Debo i s  
e t  a l .  1982) .  

I n  t h e  a p p l i c a t i o n s  which f o l l o w ,  t h e  N T N  
was a p p l i e d  t o  d i g i t a l  da ta  from t h e  TIROS-N 
m u l t i c h a n n e l  Advanced Very High R e s o l u t i o n  
Radiometer ( A V H R R )  (Hussey ,  1979; Schwalb, 
1978) .  Global Area Coverage  (GAC)  da ta  
( K i d w e l l ,  1979)  for  c h a n n e l  1 (552-.904 pm),  
c h a n n e l  2 ( .71-1 .02  pm) ,  c h a n n e l  3 (3 .58-3 .97  
pm) and  c h a n n e l  4 (10.52-11.45 pm) were used  in 
t h e  r e t r i e v a l  t e c h n i q u e .  The r e s o l u t i o n  o f  t h e  
GAC data is a p p r o x i m a t e l y  8 km a t  n a d i r .  
E q u a t o r i a l  c r o s s i n g s  are 0300 and  1500 mean 
solar time. 

Examples of t h e  r e s u l t i n g  two-dimens iona l  
h i s t o g r a m  for  t h e  f o u r  c h a n n e l s  o f  t h e  TIROS-N 
are shown in f i g u r e s  la-d.  The a n a l y s i s  was 
conduc ted  o v e r  t h e  Arab ian  Sea on 2 3  June  1979 
f o r  t h e  r e g i o n  15 '  N t o  18 '  N and  64' E t o  67' 
E .  A research f l i g h t  m i s s i o n  was conduc ted  o v e r  
t h i s  same r e g i o n  as p a r t  of t h e  summer monsoon 
expe r imen t  (Smith e t  a l . ,  1980) .  Obse rve r s  
onboard  t h e  a i rc raf t  o b s e r v e d  t h e  e x i s t a n c e  of 
a n  a l t o s t r a t u s / a l t o c u m u l u s  c l o u d  deck whose t o p  
was located a t  a p p r o x i m a t e l y  6 .7  km. The data 
a n a l y z e d  from t h e  a i rc raf t  m i s s i o n  are  compared 
w i t h  NTN r e t r i e v a l s .  

I n  f i g u r e  1 ,  t h e  data a r r a y s  were 
n o r m a l i z e d  t o  t h e  maximum c o u n t  in t h e  a r r a y  and  
c o n t o u r s  were drawn a t  0.1 i n t e r v a l s .  Values  
a l o n g  t h e  m a t r i x  d i a e o n a l  are  t h e  number of 
o c c u r r e n c e s  in which t h e  r a d i a n c e  of p i x e l  I 
e q u a l s  t h e  r a d i a n c e  of p i x e l  I+1. Thus un i fo rm 
f e a t u r e s  are r e a d i l y  d e c e r n i b l e  i n  t h i s  t y p e  
a n a l y s i s .  In t h i s  case a n  estimate of c l e a r - s k y  
r a d i a n c e s  ( shown as  mean s u r f a c e  t e m p e r a t u r e  
and  r e f l e c t a n c e )  c a n  be o b t a i n e d  from a c l u s t e r  
( o r  t h r e s h o l d )  a n a l y s i s  of t h e  a p p r o p i a t e  
h i s t o g r a m .  I t  is i m p o r t a n t  t o  n o t e  h e r e  t h a t  in 
s e a r c h i n g  for t h e  c l u s t e r  c e n t e r  o f  g r a v i t y  one  
need  o n l y  search a l o n g  t h e  d i a g o n a l .  The NTN 
a n a l y s i s  r e t r i e v e s  s u r f a c e  v i s i b l e  and  n e a r  
i n f r a r e d  ( N I R )  r e f l e c t a n c e 3  of 8.5 and  6 p e r c e n t  
r e s p e c t i v e l y ,  which compare well w i t h  t h e  
a i rc raf t  o b s e r v a t i o n s  of v i s i b l e  ( .28-.7 pm) and  
N I R  ( .7-2.8 urn) b roadband a l b e d o e s  of 7 and 4 
p e r c e n t  r e s p e c t i v e l y .  The r e t r i e v e d  11 pm 
r a d i a t i v e  t e m p e r a t u r e  is 291'  K wh i l e  t h e  
' c l e a n e r '  3.7 um window t e m p e r a t u r e  is 300' K 
which is in e x c e l l e n t  ag reemen t  w i t h  t h e  
a i r c f a r t  measured  s u r f a c e  t e m p e r a t u r e  of 299' K.  

A NTN a n a l y s i s  c a n  a l s o  be used  t o  estimate 
the  mean r a d i a t i v e  p r o p e r t i e s  of t h e  c loud  
layer. The a i r c r a f t  research f l i g h t  m i s s i o n  
conduc ted  o v e r  t h i s  r e g i o n  measured  a c l o u d  mean 
r a d i a t i v e  t e m p e r a t u r e  of 284' K ,  compared t o  a 
1 1  pm N T N  r e t r i e v a l  of  281'  K .  I t  is d i f f i c u l t  
t o  r e t r e i v e  a r e p r e s e n t a t i v e  s p e c t r a l  
r e f l e c t a n c e  owing t o  t h e  wide  scatter i n  t h e  
histograms. This d i s p e r s i o n  is due  t o  p h y s i c a l  
p r o c e s s e s  ( n o n l i n e a r  dependence  o f  t h e  
s a t e l l i t e  measured  r a d i a n c e  w i t h  c l o u d  c o v e r ,  
c l o u d  a l b e d o ,  s u r f a c e  albedo, s u n - s a t e l l i t e  
geomet ry ,  and  t h e  f i n i t e  s t r u c t u r e  of t h e  t h e  
c l o u d )  and  is i n h e r e n t  in any c l o u d  r e t r i e v a l  
t e c h n i q u e .  S i m i l a r l y ,  owing t o  t h e  p h y s i c a l  
n a t u r e  of t h e  3.7 pm c h a n n e l  (Ark ing  and  C h i l d s ,  
19851, i t  is d i f f i c u l t  t o  r e t r i e v e  a 
r e p r e s e n t a t i v e  v a l u e  for t h e  c l o u d  l a y e r ;  
however,  t h e  combina t ion  of c h a n n e l s  3 and  4 c a n  
be q u i t e  u s e f u l  i n  d e s c r i b i n g  mean c l o u d  
r a d i a t i v e  p r o p e r t i e s .  
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b. T o t a l  Cloud Cover 4 .  REFERENCES 

A f t e r  de t e rming  t h o s e  p i x e l s  a s s o c i a t e d  
w i t h  the  s u r f a c e  u s i n g  t h e  c l u s t e r  a n a l y s i s ,  
estimates of t h e  t o t a l  c l o u d  cove r  can  be  made 
u s i n g  a t h e  t h r e s h o l d  t e c h n i q u e  or by c o u n t i n g  
t h e  t o t a l  number of p i x e l s  n o t  i n  t h e  s u r f a c e  
c l u s t e r .  The d i s a d v a n t a g e  o f  u s i n g  t h e  above 
c l o u d  amount a n a l y s i s  is t h a t  i t  does n o t  
a c c o u n t  For p a r t i a l l y  f i l l e d  f i e l d  o f  v iews  
(FOV). The NTN can ,  under  c e r t a i n  c o n d i t i o n s ,  
a c c o u n t  For p a r t i a l l y  f i l l e d  FOV. For example,  
c o n s i d e r  a s a t i l l t e  v iewing  an area w i t h  a 
s i n g l e  homogeneous c l o u d  l a y e r  w i t h  areal  
cove rage  F, mean p l anck  r a d i a n c e  Ncld w i t h  an  
e m i t t a n c e  ccld, and a s u r f a c e  mean r a d i a n c e  o f  

w i t h  a n  e m i t t a n c e  o f  1 .0 .  Then t h e  
r a s i a n c e  measured a t  t h e  s a t e l l i t e  ( n e g l e c t i n g  
I R  r e f l e c t i o n )  is 
NS c 

The c l u s t e r  a n a l y s i s  o f  t h e  mean s u r f a c e  
r a d i a n c e  p r o v i d e s  N s f c  as well as  those p i x e l s  
a s s o c i a t e d  w i t h  t h e  s u r f a c e .  The e f f e c t i v e  
c l o u d  r a d i a n c e  (EC1 * Ncl ) is o b t a i n e d  from 
c l u s t e r  a n a l y s i s  op t h e  dean  c l o u d  r a d i a n c e  
where i t  is assumed t h a t  t h e  FOV is e n t i r e l y  
f i l l e d  w i t h  c l o u d  ( i . e .  F = l ) .  Now i f  one  
assumes  t h a t  other r a d i a n c e  measurements ar ise  

from u n f i l l e d  F O V ' s  one  can  s o l v e  e q u a t i o n  1 f o r  
a t o t a l  e f f e c t i v e  c l o u d  c o v e r  ( E ~ ~ ~  * F ) .  

3. SUMMARY 

An o b j e c t i v e  method is p r e s e n t e d  f o r  
a n a l y s i s  of s a t e l l i t e  r a d i o m e t r i c  d a t a  f o r  t h e  
e s t i m a t i o n  o f  c l o u d  c o v e r  and  s u r f a c e  and  c loud  
mean r a d i a t i v e  character is t ics .  The major 
advan tage  o f  t h e  ne ighbor - to -ne ighbor  t e c h n i q u e  
is t h a t  i t  is a s i m p l e  y e t  a c c u r a t e  a n a l y s i s  
r o u t i n e  f o r  e s t i m a t i n g  uni form r a d i a t i v e  
f e a t u r e s  . The method o f  a n a l y s i s  for 
d e t e r m i n i n g  mean r a d i a t i v e  s u r f a c e  p a r a m e t e r s  
r e q u i r e s  a search i n  one -d imens iona l  s p a c e ,  e .g .  
a l o n g  t h e  h i s t o g r a m  d i a g o n a l .  While o n l y  
a n a l y s i s  o f  one  s c e n e  was p r e s e n t e d ,  a d d i t i o n a l  
a n a l y s i s  i n d i c a t e s  t h a t  t h e  NTN (by  i t s e l f )  is 
b e s t  a p p l i e d  t o  l a y e r e d  t y p e  c l o u d  sys t ems  when 
c l o u d  cove r  estimation is r e q u i r e d .  Complex 
c l o u d  s t r u c t u r e s  r e s u l t  i n  t h e  merging Of 

c l u s t e r s  making t h e  NTN c l o u d  c o v e r  a n a l y s i s  
d i f f i c u l t .  

Due t o  t h e  s i m p l i c i t y  o f  t h e  t e c h n i q u e ,  t h e  
NTN can  b e  combined w i t h  o ther  c l o u d  r e t r i e v a l  
t e c h n i q u e s .  For example ,  t h e  NTN can  b e  used  t o  
i d e n t i f y  un i fo rm r a d i a t i v e  f e a t u r e s ,  S u r f a c e  
t y p e  can  t h e n  be i d e n t i f i e d  by compar ison  w i t h  
s p e c i f i e d  t h r e s h l o l d  v a l u e s .  I n  t h i s  way, i t  is 
p o s s i b l e  t o  estimate c l e a r - s k y  r a d i a n e s  a t  a 
p a r t i c u l a r  time, a n  e s s e n t i a l  pa rame te r  in any 
c l o u d  d e t e c t i o n  a l g o r i t h m .  The methodology may 
a l so  b e  used  i n  d e r i v i n g  c l i m a t o l o g i c a l  s u r f a c e  
and c l o u d  mean r a d i a t i v e  p r o p e r t i e s .  
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7 . 3  

VALIDATION OF NIMBUS-7 CLOUD A N D  SMMH DATA 

P. H. Hwang 
NASA/Goddard Space Flight Center, Greenbelt, MI)  20771 

and 
H. Y. M. Yeh, D. S. MacMillan, and C. S. Long 

SASC Technologies, 5809 Annapolis Road, Hyattsville, MD 20784 

1. INTRODUCTION 

The earth's cloudiness and moisture 
exterts a profound influence on the budgets of solar 
and thermal radiation, and thus on the net radiation 
in  the earth-atmosphere sytem. The presence of 
clouds and moisture affects the atmospheric heating 
through reflection, absorption and emission of 
radiation, and the surface heating through 
modification of the solar and infrared fluxes 
reaching the ground. The evolution and distribution 
of cloud and moisture fields when coupled with 
radiative processes are found to be the most 
significant factors in  the energetics and general 
circulation of the atmosphere (e. g. Ohring and 
Clapp, 1980; Liou and Zheng, 1984). 

In recent years, t h e  availability of global 
satellite data has stimulated the devclopmcni of 
many techniques for visible, infrared and microwave 
remote sensing of cloud, moisture and other 
geophysical parameters (e. g. Rossow et. al., 1985; 
Yeh et. al., 1985; Prabhakara et. al., 1982; Chang 
and Milman, 1982; and Chang et. al., 1984). The 
visible and infrared instruments obviously are more 
sensitive LO the presence of any type of clouds, 
however, quickly become opaque when a thick or 
multiple-layered clouds are present within field-of- 
view (FOV). On the other hand, cirrus and 
stratoform clouds are virtually transparent to 
microwave frequency. Microwave radiometry, 
however, has  the advantage of measure vertically 
integrated water vapor and liquid water content in 
the atmosphere and surface characteristics in 
cloudy conditions. 

Although different frequencies of 
instruments are used to measuring different 
parameters in the atmosphere, all the atmospheric 
parameters are related. For instance, it is known 
that the distribution of water vapor is highly 
dependent upon the tropospheric dynamics 
associated with the circulation features in the 
atmosphere. The water vapor content 1s usually 
expected to be closely related to the cloud amount 
present in the atmosphere. In  t h e  past, the relation 
between radiosonde relative humidity profiles and 
observed cloud amount have been derived from 
synoptic data (Smagurinsky, 1960; Ricketts, 1973), 
although Ricketts comments that the relation is 
rather indefinite. Problems were also encountered 
with GATE data where the diagrams of observed 
relative humidity versus cloud amount showed a 
high degree a scatter (Slingo, 1980). This is because 
the radiosonde only observes a single point which is 
not necessarily representative of the large 

horizontal area covered by an observer's field-of- 
view.  For instance, i n  situtations wi ih  partial cloud 
cover the relative humidity profile is dependent on 
whether the radiosondc ascends through clear or 
cloudy area. Consequently little quuntitative 
relationship can be obtained from ground based 
observations. In contrast to the conventional 
surface observations, the measuremrnts from 
present satellites provide large sptially-rontiguous 
distributions of cloudiness and moisture content. 
The availability of six years of continuous Nimbus-7 
satellite deio presenu an excellent opportunily for 
studying the relationship between clouds end the 
governing parameters, such as water vapor content, 
of general circulation models. 

The liquid water content and rainfall over 
the oceans, acting as a source of energy to drive the 
atmospheric circuletion through the rcleasr of 
latent heat, also play an important role in the 
weather systems (Gill, 1980). It is desirable io 
validate the Scmning Multichannel Microwave 
Radiometer (SMMR) derived liquid water content 
(LWC) in order to accurately map the global LWC 
distribution. Because of the high spatial variabilitv 
of atmospheric LWC, the verification of satellite 
derived LWC by comparing with in situ observations 
will encounter difficulties similar to the cloud- 
water vapor problem mentioned abuve. We 
therefore, validate the values of LWC by a 
comparison wi th  the Nimbus-7 cloud data for the 
same target areas. 

Recently, the anomalous sea-surface 
temperature (SST) in  the equatorial ocean has 
become an important subject in climate and 
weather studies because of its association with 
large changes not only in the equatorial atmosphere 
but also midlatitude circulation. The coherence of 
the fluctuations in SST and other meteorological 
parameters is shown by Philander (1985). I t  can 
readily be explained that large-scale motion in the 
tropical atmosphere corresponds primarily to a 
direct thermal circulation. During El Nino periods, 
the increasing area of high sea surface temperature 
enhances the release of latent heat to the 
atmosphere and subsequently drives the instability 
of an atmospheric circulation. In this validation 
study, we compare the SST retrieved from SMMR 
data to the Air Force surface temperature data 
available from the three ' dimensional ( 3 4 )  
nephanalysis archive. Both SST data sets are 
averaged into the same spatial resolution for direct 
com parison. 

In summary, the purpose of this paper is to 

405 



validate the  quality of Nimbus-7 LWC and cloud 
data. The investigation is conducted by comparing 
regional distributions of WV and LWC during July 
1979 with the cloud distribution for the same 
month. Furthermore, t h e  SMMR derived SST is also 
compared with t h e  Air Force SST. The initial 
results show that the SST derived from SMMR 
corresponds closely to  the Air Force data, and the 
W V  and LWC are strongly related to the Nimbus-7 
cloud amount. 

l ' l ' l ' l ' l ' l ' ~ ' ~ ' l '  
COR. CMF.-O.IO 

81. ERR. -0.70 
9 -  - 

2. DATA BASE 

Starting in April 1979 for THIR and 
November 1979 for SMMR, more than six years of 
continuous data have been archived from Nim bus-7 
satellite measurements. The Nimbus-7 cloud data 
set is generated from Temperature-Humidity 
Infrared Radiometer (THIR) 11.5 micron radiances 
together with Total Ozone Mapping Spectrometer 
(TOMS) UV reflectivities, climatological 
temperature lapse rate from Subtarget Area 
Geographical Season (STAGS) data by NOAAINCC, 
and concurrent surface t e m  perature information 
from t h e  Air Force 3-D nephanalysis archive. The 
Nimbus-7 cloud-MATRIX (CMATRIX) tape contains 
117 parameters including daily and monthly average 
daytime and nighttime values of cloud amount and 
rcldiances as well as their variances in space and 
time in t h e  resolution of Earth Radiation Bu get 
(ERB) target area (TA), approximately (500 km) f . 

The SMMR flown on board the Nimbus-7 
satellite is a 10-channel microwave radiometer 
delivering orthogonally polarized antenna 
temperatures a t  five frequencies, 6.6, 10.7, 18, 21  
and 37 GHz (Gloersen and Hardis, 1978). Each of 
these 10 channels is sensitive in a different manner 
to various geophysical parameters. In general, the 
lowest two frequencies are more sensitive to the 
surface characteristics such as sea surface 
temperature and surface wind, while the highest 
three frequencies are mainly designed for t h e  
retrieval of atmospheric parameters: water vapor 
and liquid water content over the oceans. A 
multiple regression technique was initially applied 
to obtain the SMMR retrieval algorithms under non- 
precipitating conditions over the ocean (e. g. 
Wilheit and Chang, 1980). Further tuning of the 
algorithm was  then carried out by comparing with 
the in situ measurements. The retrieved data of 
WV, sea surface wind speed, SST and surface 
snow/ice are stored in the Nimbus-7 SMMR PARM 
tapes, which contain values of 19 parameters. The 
SST information is only retained for t h e  descending 
(midnight) orbits due to the more serious calibration 
errors in daytime. These calibration errors, 
apprently caused by solar driven temperature 
gradients within the SMMR, have latitudinal and 
seasonal dependence, and can differ between t h e  
Northern and the Southern Hemisphere (Prabhakara 
et. al., 1983). The effect of the calibration errors 
on other parameters is less significant and has been 
taken into consideration in the retrieval algorithms. 

3. INTERCOMPARISON BETWEEN 
NIMBUS-? CLOUD A N D  SMMR DATA 

It is recognized that the  most active 
weather systems over the globe often occur in the 
tropics. The spectacular instances of interannual 
variability in t h e  ocean, such as El Nino events, 

1 

have profound consequences for climate and the 
ocean ecosystem. Therefore w e  have selected July 
1979 monthly average cloud and SMMR measure- 
ments over 18ON - 18OS covering important regions 
of heating like the  Intertropical Convergence Zones 
(ITCZ) and South Pacific Convergence Zone (SPCZ) 
for a satellite measurement initial validation 
study. The Nimbus-? cloud data is originally 
designed to independently detect the presence of 
clouds in ERB subtarget area (STA), approximately 
(160 kmI2. The cloud information is then further 
averaged into ERB TA, and stored in CMATRIX 
tapes. The spatial resolutions of SMMR der ved 

WV and LWC, and (156 km) for SST. For this 
paper, we have averaged t h e  available SMMR 
measurements into ERB TA. Since the SMMR 
parameters are not retrieved over land, only TA in 
ocean are utilized in the  case studies. Total of 543 
TA is examined to determine t h e  relationship of 
cloud information and the SMMR measurements. 

parameters, stored on PARM y p e s  are (60 km) a for 

Figwe 1 Scatter diagram of Nimbus-? total 
cloud amount versus SMMR derived 
water vapor content in a column. The 
quantities of total cloud amount and 
water vapor are averaged to ERB TA 
for direct comparison. Total of 543 TA 
is used for study. 

W e  first carry out a statistical analysis of 
Nimbus-? total cloud amount, WV and LCW. Fig. 1 
it shows that the total cloud amount and WV 
retrieved from SMMR data are reasonably well 
correlated with correlation coefficient = .?O and 
standard error of estimate = 0.70 gm/cm . Note 
t h a t  Nimbus-? cloud information is retrieved over 
the  entire globe twice a day; but global coverage 
for SMMR derived parameters requires about six 
calendar days. The technique for WV retrieval over 
oceans w a s  based on an experience with data from 
the multispectral microwave radiometers on board 
the Nimbus-5 and 6 satellites (e. g. Staelin et al., 
1976; Chang and Wilheit, 1979). The rms error of 

B 
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the w ter vapor retrieval in this study is about 0.21 
g/cm< which is comparable to the values reported 
by Wilheit and Chang (1980) and Prabhakara et. al. 
(1982). The Nimbus-7 cloud data has also been 
statistically compared with analyst estimates 
derived from independent, concurrent GOES 
satellite images and conventional meteorological 
reports (Stowe et. al., 1984). The Nimbus-'? cloud 
amount closely corresponding to the analyst 
estimate with correlation coefficient equal 0.96 and 
11% rms for water areas. As  mentioned earlier, 
Slingo (1980) encountered the problems with GATE 
data in correlating radiosonde relative humidity and 
surface observed cloud amount. In our colocated 
data analysis, a positivt? relationship was found. 
This is expected since an abundance of W V  i n  the 
atmosphere, in general, fosters the environment for 
the cloud formation as atmospheric circulation 
theory has suggested (Palmen and Newton, 1969). 
When there is convergent air motion i n  the lower 
layers of the atmosphere, a vertical veolocity is 
induced which can increase the vertical transport 
and thereby the water vapor content. Such a 
situation rapidly leads to a convectively active 
atmosphere forming cIou& and precipitation. On 
t h e  other hand, when there is divergent motion in 
the lower layers the accompany subsidence brings 
down drier air from above. This dry air tend to 
dissipate the existing clouds or prevent the 
formation of clouds. 

estimated that the LWC c n be retrieved with an 

evaluation for the algurithm by comparing with in 
s i tu  data is, however, not available so far. The 
accuracy estimation is still in process as part of this 
validation effort. It is shown in Figure 2 that some 
of the computed LWC have negative values. This 
may be because of a systematic bias in t h e  LWC 
algwrithm itself. Some low Values or even negative 
values of LWC values corresponding to large 
percentage of total cloud amount may be due to the 
presence of high thin cirrus which is transparent to 
SMMR instruments, or the overestimation of low 
cloud amount by Nimbus4 cloud algorithm. Since 
low altitude cIouds usually have weak infrared 
radiance contrast with the surface, the TOMS 
reflectivity at 0.38 micron is utilized to help detect 
the existence of low clouds in Nimbus-7 cloud 
algurithm. The complexity of merging THIR and 
TOMS data may have resulted in somewhat 
overestimating the total cloud amount, especially 
the low level clouds. In general, however, two 
parameters are quite well correlated, wit! 
correlation coefficient = 0.67 and 6.38 mg/cm 
standard error of estimate, consfdering the 
uncertainty of the atmospheric compositions and 
the problems of remote sensing techniques. It is 
desirable that the values of LWC be further by 
compared with the colocated total cloud amount 
when the six years of Nimbus-7 satellite data is 
utililzed for the validation. Any systematic bias of 
the LWC product can then be removed in the final 
tuning. 

accurancy of 4 mg/cm 4 . A comprehensive 

The comparison between Air Force 
surface temperature and SMMR drivad SST as shown 
in Figure 3, demonstrates high correlation of two 
measurements with correlation Coefficient equal to 
0.94 and 0.74OK standard error of estimate. The 
SMMR SST is calculated from the calibrated 
brightness temperature in 156 km resolution 
measured during descending orbits in sevenof the 

A . F .  SFC TEMP VS.  SMMR SST (DESCENDING) 

w 

Figure 2 Scatter diagram of Nimbus-7 total 
cloud amount versus vertically 
integrated liquid water content derived 
by SMMR data. The quantities of total 
cloud amount and water vapor are 
averaged to ERB TA for direct 
comparison. Total of 543 TA is used 
for study. 

In Figure 2, w e  compare the Nimbus-7 
total cloud amount versus vertically integrated 
LWC derived by SMMA data for the same target 
areas. The retrieval of nonprecipitating liquid 
water is h s e d  on a linear regression method 
discussed by Wilheit et. al., (1977). The basic 
formula of the algorithm is deriving a set of linear 
regression coefficients from an ensemble of models 
that represent the calculated brightness 
temperature corresponding to different vlues of the 
LWC. In the absence of rain, Wilheit et. al. 

290 
290 293 300 305 

A . F .  WAFACE TEMPERATURE 

Figure 3 Comparison between Air Force surface 
temperature and SMMR derived sea 
surface temperature for descending 
(midnight) orbits. All data sets are 
average to ERB TA for 
intercom parison. 
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ten SMMR channels. Briefly, the major sources of 
the  SMMR SST a r e  the  6.6V and H channels, 
whereas the corrections for windspeed information 
comes primarily from the 10.7 H and V channels, 
and the correction for atmospheric opacity is  
derived from 18.OH and V and 21.OH channels. The 
SMMR SST has been compared with climatology. 
For 1979-1982, the monthly rms differences 
between SMMR SST and climaiology range between 
1.3-1.5"C. Air Force surface temperature, as a 
parameter in 3-D nephanalysis archive, is obtained 
by combining satellite data  and surface-based 
reports on a time scale of 3 hour. Both of SMMR 
SST and Air  Force data  have been averaged to E R B  
TA for direct comparison. 

4. CONCLUSION 

In this preliminary validation of Nimbus-7 
cloud data  and SMMR measurements, w e  found that 
the  total cloud amount is reasonably well correlated 
t o  the SMMR derived W V  and LWC. In general, 
values of W V  and LWC increase with the  total cloud 
amount, except that about 5% of data  samples show 
l o w  values of WV and LWC correspond to  high 
percentage of total cloud average. The 
discrepancies may be due to (1) the presence of thin 
cirrus or stratoform clouds, which a r e  transperent 
t o  the microwave frequencies, or (2) somewhat 
overtsumation of Nimbus-7 total cloud amount, 
especially low level clouds which heavily rely on 
TOMS measurements. The SMMR SST has also been 
compared with Air Force surface temperature 
archive, and shows good correlation between two 
measurements. 

I t  i s  obvious that  the data  sample size of 
this experiment, based on one month of satellite 
measurements, maynot large enough to draw a 
distinctive conclusion for the validation. Further 
d f m t  utilizing the  six years of avnilable Nimbus-7 
cloud data  and SMMR measurements is desirable, 
and to further quantify the  relationship k t w e e n  
cloud amount and WV and L WC. 
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7.4 

SATELLITE AND SURFACE BASED REMOTE SENSING OF S I E R R A  NEVADA WINTER STORMS: 
APPLICATIONS TO WEATHER MODIFICATION 

David W. Reynolds 

U.S. Bureau o f  Reclamation 
Auburn, C a l i f o r n i a  

1. INTRODUCTION e a r l i e r  work of Ludlam (19551, Grant and E l l i o t t  
(19741, Hobbs (19751, H i l l  (1980) and Rauber and 

Th is  paper w i l l  t r y  t o  b r i e f l y  document 
the  me teo ro log i ca l  c o n d i t i o n s  conducive t o  the  
p roduc t i on  of SLW over t h e  S i e r r a  Nevada b a r r i e r  
and show how through t h e  use o f  GOES s a t e l l i t e  
imagery (Reynolds e t  a l ,  1978) s u i t a b l e  con- 
d i t i o n s  can be fo recas t  severa l  hours ahead o f  
t ime  t o  a l l o w  t h e  seeder a i r c r a f t ,  ground based 
salnpling equipment and the  c loud  phys ics a i r c r a f t  
t h e  t ime  necessary t o  achieve opera t i ona l  r e a d i -  
ness f o r  conduct ing a c loud  seeding research 

Dur ing t h e  pas t  t h r e e  w i n t e r  seasons, t h e  Grant (1986). 
S i e r r a  Cooperative P i l o t  P r o j e c t  (SCPP),  a 
weather m o d i f i c a t i o n  research program operated by 
t h e  Bureau o f  Reclamation (Reynolds and Dennis, 
19861, has employed a combination o f  remote and 
i n  s i t u  measurement systems near t h e  S i e r r a  
Nevada mountains i n  an e f f o r t  t o  determine when 
and where the  bes t  o p p o r t u n i t i e s  might  e x i s t  i n  
c o l d  w i n t e r  orographic  c louds f o r  p r e c i p i t a t i o n  
increases by g lac iogen ic  seeding. 

Out o f  a l l  t h e  necessary k inemat ic  and 
microphys ica l  requirements t h a t  need t o  be met mission. 
be fo re  seeding can produce increases i n  p r e c i p i -  
t a t i o n ,  Supercooled L i q u i d  Water (SLW) i s  t h e  2. SYNOPTIC CONTROLS 
most c r i t i c a l .  Knowing when i t  w i l l  e x i s t ,  and 
f o r  how long  w i l l  g e n e r a l l y  determine when c loud  Through a n a l y s i s  of Sheridan rawinsonde 
seeding w i l l  t ake  place. t ime  C r O S S  Sections, t h r e e  d i s t i n c t  c o l d  f r o n t  

The a p p l i c a t i o n  o f  a dual wavelength types can be associated w i t h  t h e  l ower ing  and 
scanning microwave rad iometer  (Hogg e t  a l ,  1983) warming Of c l oud  top  over t h e  S i e r r a  Nevada. 
t o  w i n t e r  orographic  c loud  seeding has g r e a t l y  F ig .  2 (from Marwitz, 1984) shows concep tua l l y  
enhanced our  a b i l i t i e s  t o  de tec t  SLW and i t s  f r e -  t he  s t r u c t u r e  of these t h r e e  c o l d  f r o n t  types. 
quency and d u r a t i o n  o f  occurrence. Th is  because The f i r s t  i s  t h e  more c l a s s i c  Norwegian c o l d  
t h e  inst rument  can operate 24 hours a day pro-  f r o n t  w i t h  t h e  w e l l  known westward s l o p i n g  w i t h  
v i d i n g  f a i r l y  unambiguous SLW measurements i n  a l l  
b u t  r a i n  o r  a t  c loud  temperatures above 0 "C. 

SCPP has concentrated i t s  observat ions 
over t h e  American R ive r  Basin (ARB) ( o u t l i n e d  by 
heavy l i n e  i n  F ig .  1) and s p e c i f i c a l l y  t o  a small  
f i x e d  t a r g e t  r e g i o n  i n  t h e  upper no r theas t  corner  
o f  t h e  ARB ( o u t l i n e d  by dashed l i n e  F i g  1). 
W i t h i n  t h i s  reg ion,  a h i g h  a l t i t u d e  observatory  
has been es tab l i shed  a t  K ingvale (KGV).  Th i s  
s i t e  con ta ins  t h e  dual channel radiometer, 
Ka band radar, a rawinsonde s t a t i o n ,  a ground 
microphys ics l a b o r a t o r y  and severa l  d i g i t a l  pre-  
c i p i t a t i o n  gages. Other key observat ions are 
made a t  Sheridan where a 5 cm d i g i t a l  weather 
rada r  and rawinsonde s i t e  a re  located.  A 5 cm 
Doppler radar  prov ided by t h e  Na t iona l  Center f o r  
Atmospheric Research has been made a v a i l a b l e  i n  
a l t e r n a t e  years and loca ted  a t  e i t h e r  Sheridan o r  
near Auburn as shown i n  F ig .  1. Th is  paper w i l l  . . , ! I , , , , , , , , ,  ; 
emphasize t h e  remote sensing da ta  c o l l e c t e d  a t  
KGV, t he  Sheridan rawinsonde data taken a t  3- 
h o u r l y  i n t e r v a l s ,  and GOES-W s a t e l l i t e  imagery - 3  

c o l l e c t e d  every 30 min a t  t h e  Auburn f o r e c a s t  
o f f i c e  through a d i r e c t  l i n k  t o  t h e  Redwood Ci ty  
S a t e l l i t e  F i e l d  Serv ice S ta t i on .  = I  

Wi th  the  above measurement systems, we 0 

have begun t o  r e s o l v e  a t  what stage i n  a storms 
l i f e - c y c l e  l i q u i d  water may be occu r r i ng .  The 
evidence suppor ts  t h e  shal low warm-topped oro-  
g raph ic  c loud  as p r o v i d i n g  t h e  ex tens i ve  l ong  
l a s t i n g  SLW t h a t  can be u t i l i z e d  by c loud  seeding 
t o  increase snowfa l l .  

. . --1-- 
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Fig.  1. a) Layout o f  SCPP i ns t rumen ta t i on  w i t h  
main exper imenta l  area o u t l i n e d  and b)  e l e v a t i o n  
t r a n s e c t  over t h e  American R ive r  Basin. 

These r e s u l t s  support t h e  
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3. UPPER LEVEL 
1. CLASSIC COLD FRONT 1. UPPER LEVEL H I 2  COLD SURGE 

F ig .  2. Schematic o f  a c l a s s i c  c o l d  f r o n t ,  upper 
l e v e l  Hyper B a r o c l i n i c  zone (HBZ) and upper l e v e l  
c o l d  surge. ( A f t e r  Marwitz, 1984) Symbols d i s -  
cussed i n  t h e  t e x t .  

h e i g h t  f r o n t a l  su r face  ( t y p e  o f  f r o n t  a l s o  c a l l e d  
anafront ,  Bergeron, 1937). The nex t  two types 
a re  o f  t h e  k a t a b a t i c  t ype  (warm, d r y  a i r  
descending down su r face  f r o n t a l  slope, Bergeron, 
1937) o r  as Browning and Monk (1982) c a l l  it, a 
s p l i t  f r o n t .  

Each appear t o  g i v e  r i s e  t o  SLW over t h e  
b a r r i e r  once e i t h e r  t h e  su r face  c o l d  f r o n t  passes 
o r  t h e  upper l e v e l  f r o n t  passes (Heggl i  and 
Reynolds, 1985). An example o f  each o f  t h e  t h r e e  
types w i l l  be g i ven  i n  t h e  f o l l o w i n g  sec t i ons  
a long w i t h  corresponding s a t e l l i t e  images and 
l i q u i d  water  t r a c e s  f rom t h e  rad iometer  l oca ted  
a t  t h e  K ingva le  h i g h  a l t i t u d e  observatory. 

3. CASE STUDIES 

3.1 Mar 26-27, 1985 

F ig .  3 i s  a t ime  c ross -sec t i on  o f  8, f rom 
t h e  Sheridan rawinsonde d u r i n g  t h e  passage o f  a 
more c l a s s i c  c o l d  f r o n t .  The key f e a t u r e s  o f  
i n t e r e s t  a re  t h e  warm-front (WF) o r  s t a b l e  l aye r ,  
enhanced by e x i s t i n g  c o l d  a i r  over  t h e  Sderra 
Nevada, which i s  ove r run  b y  t h e  warm mo is t  con- 
veyor b e l t  o f  h i g h  Be a i r  i n  t h e  p r e f r o n t a l  a i r -  
mass. Note t h i s  h i g h  Be a i r  i s  l i f t e d  by t h e  
f r o n t a l  band ( a n a f r o n t )  f o l l o w e d  by  a r a p i d  
descent i n  t h e  tropopause h e i g h t  and d r y i n g  i n  
t h e  lower  t roposhere as i n d i c a t e d  by t h e  c loud  
tops r a p i d  descent a f t e r  f r o n t a l  passage. Note 
t h e  r e l a t i o n s h i p  between t h e  passage o f  t h e  upper 
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F ig .  3. 
Sheridan rawinsonde, (J)-upper j e t ,  (WF)-warm 
f r o n t ,  w i t h  c loud  t o p  ( sca l l oped) ,  based on 
r e l a t i v e  humid i ty ,  annotated. 

Time c ross  s e c t i o n  o f  0, from t h e  

j e t  and descent o f  t h e  h ighe r  clouds. 
t i o n s h i p  w i l l  be emphasized l a t e r .  

0400 Gmt  GOES enhanced i n f r a r e d  images showing 
t h e  l o c a t i o n  o f  t h e  su r face  f r o n t  w i t h  respec t  t o  
t h e  upper c loud  edge. The K ingva le  (KGV)  remote 
sensing s i t e  i s  annotated on each image. 
appears f rom t h e  su r face  a n a l y s i s  t h a t  t h e  S i e r r a  
Nevada have a d i s t i n c t  i n f l u e n c e  on t h e  su r face  
f r o n t  by s low ing  i t s  southward progress such t h a t  
i t  tends t o  a l i g n  i t s e l f  near t h e  back edge o f  
t h e  h i g h e r  c louds ( f i r s t  gray-scale enhancement 
-30 "C) near t h e  b a r r i e r  b u t  moves o u t  ahead o f  
t h e  h i g h e r  c louds near t h e  c o a s t l i n e  f o r  t h i s  
case. 

The su r face  f r o n t  and back edge o f  t h e  
h ighe r  c louds pass through KGV j u s t  a f t e r  t h e  
0400 Gmt  image. F ig .  6 shows t h e  temporal t r a c e  
o f  bo th  l i q u i d  water (30.5 GHZ) and p r e c i p i t a b l e  
water (20.5 GHZ) f rom t h e  dual channel microwave 
rad iometer  which was operated e n t i r e l y  i n  t h e  
z e n i t h  p o i n t i n g  mode d u r i n g  t h i s  per iod.  The 
heav ies t  p r e c i p i t a t i o n  p e r i o d  began a t  1500 G m t  
on t h e  26 th  and ended a t  0500 Gmt  on t h e  27th. 
Th is  p r e c i p i t a t i o n  was i n i t i a t e d  by t h e  abundant 
i c e  c r y s t a l s  coming f rom t h e  c o l d e r  reaches o f  
t h e  c loud  as shown on t h e  s a t e l l i t e  images. 
However, once these c o l d e r  c louds moved pas t  
K ingva le  t o  where t h e  i c e  c r y s t a l  t r a j e c t o r i e s  
cou ld  no l onger  dep le te  t h e  low l e v e l  condensate 
produced by  t h e  l i f t  up t h e  b a r r i e r ,  t h e  l i q u i d  
water concen t ra t i ons  i n  t h e  remain ing shal low 
orographic  c loud  increased r a p i d l y  a f t e r  0500 Gmt 
as shown i n  F ig .  6. Note, however, t h a t  i n  t h i s  
p a r t i c u l a r  case t h e  l i q u i d  water t r a c e  i s  q u i t e  
v a r i a b l e  due t o  t h e  convec t i ve  na tu re  o f  t h e  
c loud  being produced i n  t h e  pos t  f r o n t a l  a i r  
mass. 

Th is  r e l a -  

F ig .  4 and F ig .  5 a r e  t h e  0200 Gmt and 

I t  

3.2 Feb 24, 1984 

Fig. 7 i s  t h e  t ime  c ross -sec t i on  o f  0, 
from t h e  Sheridan sounding centered upon t h e  
passage o f  an upper- leve l  *per B a r o c l i n i c  zone 
(HBZ) o r  s p l i t  f r o n t .  The c ross -sec t i on  shows 
t h a t  t h e  upper l e v e l  f r o n t a l  c h a r a c t e r i s t i c s  a re  
s i m i l a r  t o  a c l a s s i c  c o l d  f r o n t .  The d i f f e r e n c e  
i s  t h a t  a t  about 600-700 mb (3-4 km) t h e  f r o n t  
s p l i t s  w i t h  a v e r y  d r y  i n t r u s i o n  (Be Mn) and 
s t a b l e  l a y e r  (SL) o v e r r i d i n g  t h e  shal low mo is t  
zone o r  conveyor b e l t .  Th i s  h i g h  8 a i r  (8, Mx) 
i s  f o rced  over  t h e  b a r r i e r  g i v i n g  r f s e  t o  a 
shal low, n e u t r a l l y  s t a b l e  orographic  c loud  t h a t  
i s  mainta ined u n t i l  t h e  su r face  k a t a b a t i c  t ype  
c o l d  f r o n t  passes a t  2000 Gmt  when t h e  a i r  be- 
comes f u l l y  mixed and t h e  l a t e n t  i n s t a b i l i t y  i s  
re leased  by t h e  orographic  u p l i f t  g i v i n g  h ighe r  
b u t  more v a r i a b l e  l i q u i d  water  amounts. 

G m t  enhanced GOES i n f r a r e d  images d u r i n g  t h e  
passage o f  t h e  upper f r o n t .  One can see upon 
c l o s e  examination t h a t  t h e  h i g h  c louds (aga in  
n o t e  r e l a t i o n s h i p  t o  upper j e t  passage) con t inue  
t o  move through KGV b u t  a f a i r l y  warmed topped 
oro,graphic c loud  and su r face  f r o n t a l  boundary 
remains i n  t h e  c e n t r a l  Sacramento V a l l e y  t r a i l i n g  
ou t  through t h e  San Francisco Bay reg ion.  It 
appears t h a t  a p a r t  o f  the reason f o r  t he  s low ing  
down o f  t h e  su r face  f r o n t  i s  i t s  response t o  t h e  
b a r r i e r  induced low l e v e l  j e t  (Parish, 1982) 
which blows f rom SE t o  NW, p a r a l l e l  t o  t h e  
b a r r i e r  a t  about 1 km AGL and impedes t h e  south- 
ward progress o f  t h i s  f r o n t  a long t h e  f o o t h l l l s .  

F igs.  8 and 9 a re  t h e  1215 Gmt and 1515 
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Fig. 4 .  0200 Gmt GOES enhanced infrared image 
showing California, Kingvale observatory ( K G V )  
and position of surface front. 
begins at -30 "C. 

Enhancements 

QTf l77L 
UQ (MM) SOUD,VAP (CM) DASHED AT KINGVALE 

1.50 

1200 0800 0400 0000 2000 1600 1200 

TIME (GMT) 
Fig. 6. 

cold front on Mar. 26-27, 1985. 

Temporal plot o f  liquid water (solid line) and precipitable water 
(dashed) from the Kingvale vertically pointing radiometer during the passage of a 

(1 mm of liquid w ter through a cloud depth of 
1 km equates to an average concentration of 1 gm/m 3 .) 

31 ?lI .  I 4  U l  

Fig. 7. 
Sheridan rawinsonde showing passage o f  an upper 
level HBZ and surface Kata-front. Cloud top is 
annotated by scalloped 1 ine. 

Time cross section of Be from the 

The remaining orographic cloud is well 
depicted in Fig. 10, a 1 km resolution visible 
sector taken at 1645 Gmt. Cloud top temperatures 
(CTT) are all above -30 "C (CTT measured by KGV 
rawinsonde = -10 "C) as noted by the lack of gray 
scale enhancement around the KGV site. 

Fig. 11 is the corresponding temporal plot 
of cloud water and precipitable water from the 
KGV radiometer. Note that the liquid water tends 
to increase substantially once the upper front 
passes, with small amounts of liquid water evi- 
dent through the period of the shallow orographic 
cloud. This particular day the main precipita- 
tion fell after the upper-level front passed 
during the period of the shallow orographic cloud 
(1500-2100 Gmt). 
warm (-10 " C )  a significant ice enhancement pro- 
cess was occurring naturally in the cloud prob- 
ably due to a Hallet-Mossop (Mossop, 1985) type 
process, competing for the available liquid 
water. A s  drying and mixing continue, convection 
increases after 2100 Gmt until surface heating 
subsides and liquid water begins to diminish. 

Even though CTTs were fairly 
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F i g .  8. 1215 G m t ,  Feb. 24, 1984, GOES enhanced 
i n f r a r e d  image showing C a l i f o r n i a  and K i n g v a l e  
( K G V )  r a d i o m e t e r  s i t e .  Enhancement b e g i n s  a t  
-30 ‘C. 

3.3 Jan 20-21, 1984 

The f i n a l  case s t u d y  i s  an example o f  
ano the r  t y p e  o f  s p l i t - f r o n t ,  one t h a t  Hobbs 
(1978)  has c a l l e d  an u p p e r - l e v e l  c o l d  surge. 
F i g .  12 i s  t h e  Be t i m e - h e i g h t  p r o f i l e  f r o m  t h e  
Sher idan  sounding. U n f o r t u n a t e l y  t h e  0000 G m t  
sound ing  as w e l l  as t h e  09, 12, and 1500 G m t  
sound ings  were m i s s i n g  b u t  t h e  passage o f  t h e  
upper  l e v e l  system was w e l l  documented. Here t h e  
upper  f r o n t  i s  t i l t e d  i n  t h e  o p p o s i t e  d i r e c t i o n  
f r o m  t h e  p r e v i o u s l y  d e s c r i b e d  upper  f r o n t s  and 
appears t o  be  much weaker k i n e m a t i c a l l y .  Note  
how t ropopause  h e i g h t  changes v e r y  l i t t l e  w i t h  
t h e  passage of  t h e  upper  f r o n t .  
n o t e d  i n  t h e  a n a l y s i s  a f t e r  t h e  upper f r o n t  a r e  
somewhat i n f e r r e d  f r o m  s a t e l l i t e  images and 
i n t e r p o l a t e d  sound ing  i n f o r m a t i o n .  

s a t e l l i t e  image f o r  0615 Gmt  on 2 1  Jan, showing 
t h e  passage of  t h e  h i g h e r  c l o u d  t o  t h e  e a s t  o f  
K i n g v a l e .  Again,  t h e  upper  speed maximum ( n o t  
shown) passes i n  c l o s e  p r o x i m i t y  t o  t h e  r a p i d  
d r o p  i n  c l o u d  t o p  h e i g h t .  
a t  t h i s  t i m e  was s t i l l  l o c a t e d  a l o n g  t h e  C a l i f -  
o r n i a  c o a s t  as ev idence  o f  t h e  r a t h e r  l a r g e  t i m e  
and space s e p a r a t i o n  between t h e  upper  and lower  
f r o n t a l  boundar ies .  

F o r  t h i s  s t o r m  a v e r t i c a l l y  p o i n t  Ka band 
( .86 cm) r a d a r  p r o v i d e d  b y  t h e  Deser t  Research 
I n s t i t u t e  was r e c o r d i n g  d a t a  t h r o u g h o u t  t h e  

o u t l i n e s  t h e  c l o u d  as d e p i c t e d  b y  t h e  r a d a r .  

The f e a t u r e s  

F i g .  13 i s  t h e  enhanced GOES i n f r a r e d  

The s u r f a c e  k a t a - f r o n t  

F i g .  10. V i s i b l e  GOES s a t e l l i t e  image f o r  1645 passage o f  t h e  upper  f r o n t .  T h i s  i s  shown graph-  
Gmt.  C louds  w i t h  t o p  tempera tu re  c o l d e r  t h a n  i c a l l y  i n  t h e  upper  p l o t  o f  F i g .  14. T h i s  p l o t  
-30 “C a r e  g ray -sca led .  

8 4 0 2 3 4  
UQ (MM) SOUD,VAP (CM) DASHED AT KINGVALE 

1.50- 

1 .00- 

0400 0000 2000 1600 1200 0800 0400 

TIME (GMT) 
F i g .  11. Temporal p l o t  o f  l i q u i d  w a t e r  and p r e c i p i t a b l e  w a t e r  d u r i n g  passage o f  
s p l i t  f r o n t  (HBZ) o v e r  t h e  S i e r r a  Nevada. 
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20.21 J A N ,  8 4 ,  UT 

F i g .  12. 
Sher idan rawinsonde showing upper c o l d  surge and 
s u r f a c e  K a t a - f r o n t .  A n n o t a t i o n  same as F i g .  7. 

Note t h a t  t h e  c louds  move i n  a l o f t  as m o i s t u r e  
r i d e s  up ove r  t h e  warm f r o n t ,  w i t h  a g radua l  
descent  o f  m o i s t u r e  and p r e c i p i t a t i o n  u n t i l  v e r y  
l i g h t  p r e c i p i t a t i o n  beg ins  about 0430 Gmt .  The 
upper f r o n t a l  passage i s  w e l l  d e f i n e d  b y  t h e  
d i s t i n c t  drop i n  c l o u d  top, w i t h  a v e r y  s h a l l o w  
o r o g r a p h i c  c l o u d  l e f t  behind. The l i q u i d  wa te r  
t r a c e  aga in  no tes  t h e  i n c r e a s e  i n  c l o u d  l i q u i d  
once t h e  h i g h e r  c l o u d  moves away. Here again,  
t h e  o n l y  measurable p r e c i p i t a t i o n  ( 3 r d  panel  f r o m  
t o p  i n  F i g .  14) o c c u r r e d  a f t e r  t h e  upper f r o n t  
passed i n  response t o  h i g h e r  a c c r e t i o n  r a t e s  on 
i c e  c r y s t a l s  w i t h i n  t h e  s h a l l o w  c l o u d  ( t h o s e  
c r y s t a l  f a l l i n g  p r i o r  t o  t h e  upper f r o n t a l  
passage c o n s i s t e d  o f  p r i s t i n e  d e n d r i t e s  o f  v e r y  
1 ow d e n s i t y )  . 

Time-height  p r o f i l e  o f  Be f r o m  t h e  

IY)  

I on 
flw 
nnB 

0 no 
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F ig .  13. 0615 Gmt, Jan. 21, 1984, enhanced GOES 
i n f r a r e d  image showing passage of upper f r o n t .  
Enhancement beg ins  a t  -30 "C. 
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3.4 Other  Fo recas t  A ids  

I 

1 

As has been shown i n  F i g .  2, and i n  t h e  
case s t u d i e s  g iven,  t h e r e  i s  a c l o s e  r e l a t i o n s h i p  
between t h e  back-edge of t h e  h i g h e r  c louds  and 
t h e  upper l e v e l  j e t  o r  speed maximum. T h i s  i s  a 
w e l l  documented phenomena ( O l i v e r  e t  a l . ,  1964). 
However, Weldon (1979) has shown t h a t  t h e  r e l a -  
t i v e  v o r t i c i t y  f i e l d  ( v o r t i c i t y  b e i n g  a f u n c t i o n  
of shear and c u r v a t u r e )  as d e p i c t e d  on t h e  500 mb 
h e i g h t - v o r t i c i t y  a n a l y s i s l f o r e c a s t  p r o v i d e d  by 
NMC numer i ca l  models, w i l l  cor respond t o  t h e  
p o s i t i o n  o f  t h e  u p p e r - l e v e l  w ind  maximum i n  t h a t  
t h i s  i s  t h e  boundary between c y c l o n i c  and a n t i -  
c y c l o n i c  shear.  
v o r t i c i t y  p r o g  c h a r t  one m i g h t  t i m e  t h e  a r r i v a l  
of t h e  back-edge o f  t h e  h i g h e r  c louds .  
example, F i g .  15 shows t h e  500 mb h e i g h t -  
v o r t i c i t y  a n a l y s i s  from 1200 G m t  24 Feb. 1984, 
co r respond ing  t o  F i g .  8. I f  one draws a l i n e  a t  

By u s i n g  t h e  12 o r  24 hr  h e i g h t -  

As an 

F ig .  15. 1200 Gmt, Feb. 24, 1984, h e i g h t -  
v o r t i c i t y  a n a l y s i s  f r o m  L i m i t e d  F i n e  Mesh model. 
Proposed upper j e t  l o c a t i o n  anno ta ted  by 
heavy l i n e s .  
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t h e  l e a d i n g  edge o f  t h e  PVA, as shown, t h i s  w i l l  
correspond t o  t h e  l o c a t i o n  o f  t h e  upper - j e t  and 
denote t h e  back-edge o f  t h e  h ighe r  clouds. Note 
how t h e  wind speed maximum crosses t h e  500 mb 
h e i g h t  l i n e s  reminding one n o t  t o  assume c loud  
boundaries a r e  a l i g n e d  w i t h  upper stream l i n e s  
b u t  w i t h  t h e  " r e l a t i v e "  f l o w  f i e l d .  

4. SUMMARY AND CONCLUSION 

Knowing when and where supercooled l i q u i d  
water w i l l  develop i n  w i n t e r t i m e  mountain oro-  
g raph ic  c louds i s  o f  paramount importance t o  
weather m o d i f i c a t i o n .  I n  t h e  n o t  t o o  d i s t a n t  
pas t  t h e  o n l y  mechanism t o  determine i f  SLW was 
p resen t  was t o  f l y  i n t o  t h e  c loud  w i t h  s o p h i s t i -  
ca ted  a i r c r a f t  equipped w i t h  sampling probes. I n  
c e r t a i n  instances t h i s  l i q u i d  was e i t h e r  w i t h i n  
c loud  systems t o o  v igorous t o  sample by a i r c r a f t ,  
o r  low down i n  a c loud  below sa fe  f l i g h t  a l t i -  
tude. However, w i t h  t h e  a p p l i c a t i o n  o f  t h e  dual -  
channel microwave radiometer, l i q u i d  water can be 
sampled con t inuous ly  i n  a l l  b u t  warm storms where 
t h e  da ta  i s  biased. By documenting, through use 
of t h e  radiometer, when SLW appears, r e l a t i o n -  
sh ips  t o  o t h e r  measurement systems can be 
devel oped. 

Th is  paper has t r i e d  t o  show t h a t  a r a t h e r  
d i s t i n c t  s e t  o f  synop t i c  c o n t r o l s  i n f l u e n c e  t h e  
development of SLW and t h a t  these c o n t r o l s  can be 
moni tored r a t h e r  w e l l  w i t h  geos ta t i ona ry  s a t e l -  
l i t e  imagery. Although o t h e r  parameters besides 
SLW i n f l u e n c e  a c louds s e e d a b i l i t y ,  such as com- 
p e t i n g  i c e  processes, wind speed and d i r e c t i o n ,  
etc.,  t h e  combinat ion of these remote sensing 
t o o l s  a long w i t h  i n  s i t u  obse rva t i ons  have 
g r e a t l y  advanced t h e  knowledge necessary f o r  a 
v i a b l e  w i n t e r  c loud  seeding program. 

i n f o r m a t i o n  presented i n  t h i s  paper can be used 
t o  a c c u r a t e l y  fo recas t  t h e  onset of SLW over  t h e  
S i e r r a ,  Flueck and Reynolds (1986) p resen t  
r e s u l t s  o f  a s t a t i s t i c a l  f o r e c a s t  experiment t o  
t e s t  t h e  s k i l l  l e v e l  o f  f o r e c a s t e r s  app ly ing  
these techniques d u r i n g  t h e  SCPP 1985-86 w i n t e r  
f i e l d  season. For  b r e v i t y  these r e s u l t s  w i l l  n o t  
be presented here. 

I n  an e f f o r t  t o  document whether t h e  
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Observat ions of Arc Cloud Lines Using Research A i r c r a f t  
Data, Rapid Scan S a t e l l i t e  Data and Doppler Radar Data 

P e t e r  C .  S i n c l a i r  James F.W. Purdom 
Dept. of Atmospheric Science N O A A / N E S D I S / R A M M  Branch 

Cooperat ive I n s t i t u t e  f o r  Research i n  t h e  Atmosphere 
Colorado S t a t e  Univers i ty  

For t  C o l l i n s ,  CO 80523 

1 .  INTRODUCTION 

The convect ive storm plays  an i m p o r t a n t  r o l e  
a c r o s s  many s c a l e s  i n  m e t e o r o l o g y .  During t h e  
s p r i n g  and summer months, tornadoes,  f l a s h  f l o o d s ,  
d o w n b u r s t s  and severe thunderstorms pose s e r i o u s  
t h r e a t s  t o  l i f e  and property throughout t h e  United 
S t a t e s .  The same f lordinary*t  thunderstorm t h a t  can 
wreak havoc i n  t h e  c o n s t r u c t i o n  i n d u s t r y  may a t  
t h e  s a m e  t i m e  p r o v i d e  much needed  w a t e r  f o r  
a g r i c u l t u r a l  purposes. 

U n d e r s t a n d i n g  t h e  f o r c e s  t h a t  c o n t r o l  t h e  
development and e v o l u t i o n  of  d e e p  c o n v e c t i o n  i s  
one of t h e  most important and cha l lenging  problems 
i n  m e t e o r o l o g y  t o d a y .  P r i o r  t o  s a t e l l i t e s ,  
m e t e o r o l o g i s t s  were f o r c e d  t o  make i n f e r e n c e s  
a b o u t  t h e  m e s o s c a l e  f rom m a c r o s c a l e  p a t t e r n s .  
However, s i g n i f i c a n t  a d v a n c e s  i n  t h a t  a r e a  have 
been made using d a t a  a v a i l a b l e  from g e o s t a t i o n a r y  
s a t e l l i t e s .  B a s e d  on a n a l y s i s  of GOES imagery, 
Purdom ( 1 9 7 9 )  i n t r o d u c e d  t h e  c o n c e p t  o f  
" c o n v e c t i v e  s c a l e  i n t e r a c t i o n "  d u e  t o  a r c  c loud 
l i n e s  and d i s c u s s e d  t h e i r  r o l e  i n  c o n t r o l l i n g  t h e  
d e v e l o p m e n t  and e v o l u t i o n  of  d e e p  c o n v e c t i o n .  
Tha t  i n t e r a c t i o n  m a n i f e s t s  i t s e l f  a s  t h e  merger  
a n d  i n t e r s e c t i o n  of  t h u n d e r s t o r m - p r o d u c e d  a r c  
cloud l i n e s  w i t h  o t h e r  convect ive l i n e s ,  a r e a s  and 
b o u n d a r i e s  (Purdom, 1979). P e r t i n e n t  conclusions 
can be summarized a s  fo l lows:  

1 . Thunderstorm-produced outf low boundaries 
( a r c  c louds)  a r e  of primary importance i n  
t h e  f o r m a t i o n  and maintenance of s t r o n g  
convect ion:  

2. O u t f l o w  b o u n d a r i e s  may m a i n t a i n  t h e i r  
i d e n t i t y  a s  a r c  c louds  f o r  s e v e r a l  h o u r s  
a f t e r  t h e  convect ive a r r a y  t h a t  produced 
them has d i s s i p a t e d ;  

3. Deep c o n v e c t i v e  development a long an a r c  
c l o u d  l i n e  i s  a s e l e c t i v e  p r o c e s s  - 
h i g h l y  f a v o r e d  where two a r c s  i n t e r s e c t  
or where an a r c  moves i n t o  a convec t ive ly  
uns tab le  reg ion;  and 

4 .  I n  a w e a k l y  f o r c e d  a t m o s p h e r e ,  a r c  
b o u n d a r y  i n t e r a c t i o n s  d e t e r m i n e  t h e  
l o c a t i o n  o f  t h e  m a j o r i t y  o f  n e w  
thunderstorms by t h e  end of t h e  day. 

D u r i n g  t h e  summer o f  1 9 8 5  a n u m b e r  o f  
s e p a r a t e ,  but  coord ina ted ,  f i e l d  r e s e a r c h  programs 
took p lace  i n  n o r t h e a s t  C o l o r a d o ' s  h i g h  p l a i n s .  
Measurements were taken by a v a r i e t y  of remote and 
i n  s i t u  ins t rumenta t ion  systems inc luding  research 
Doppler  r a d a r ,  s p e c i a l  rawinsondes r e l e a s e d  from 
mobile rawinsonde u n i t s ,  r a p i d  scan  GOES s a t e l l i t e  

d a t a  ( a t  f i v e  m i n u t e  i n t e r v a l s ) ,  s u r f a c e  mesonet 
systems, and a s p e c i a l l y  instrumented Cessna  T207 
r e s e a r c h  a i r c r a f t .  P r e v i o u s  r e s e a r c h  b y  t h e  
a u t h o r s  h a s  d e s c r i b e d  t h e  d y n a m i c  a n d  
thermodynamic c h a r a c t e r  of  t h e  a i r  between t h e  
base of t h e  cumulus convect ion observed a l o n g  t h e  
a r c  c l o u d  l i n e  and t h e  t o p  o f  t h e  d e n s i t y  surge  
l i n e  which d r i v e s  t h e  a r c  cloud l i n e  ( S i n c l a i r  and 
Purdom: 1983,  1 9 8 4 ) .  T h i s  p a p e r  uses i n  s i t u  
d a t a  from r e s e a r c h  a i r c r a f t  f l i g h t s  t o  d e s c r i b e  
t h e  dynamics and thermodynamics of t h e  a r c  cloud 
l i n e  wi th in  t h e  d e n s i t y  surge  reg ion .  

One p a r t i c u l a r  research  a i r c r a f t  f l i g h t  which 
w i l l  be examined i n  d e t a i l  o c c u r r e d  on J u l y  2 2 ,  
1985.  A i r c r a f t  p e n e t r a t i o n s  of t h e  d e n s i t y  surge  
l i n e  were made a t  s e v e r a l  a l t i t u d e s  b e t w e e n  
a p p r o x i m a t e l y  700 f t / A G L  and 4000 ft/AGL. These 
p e n e t r a t i o n s  were made i n  an a r c  c l o u d  l i n e  t h a t  
was o v e r  two h o u r s  o l d  and f a r  f rom i t s  parent  
t h u n d e r s t o r m .  S p e c i a l  r a w i n s o n d e s  w e r e  a l s o  
r e l e a s e d  i n  t h e  v i c i n i t y  of t h i s  a r c  cloud l i n e .  
From the  a i r c r a f t  measurements ,  wind s p e e d s  and 
c i r c u l a t i o n s  wi th in  t h e  a r c  cloud l i n e  reg ion  a r e  
deduced and compared w i t h  c e r t a i n  o f  t h e  s p e c i a l  
r a w i n s o n d e  o b s e r v a t i o n s  and o b s e r v a t i o n s  from 
Doppler r a d a r  and r a p i d  scan  s a t e l l i t e  data. 

I t  should be noted t h a t  t h e  a r c  c loud l i n e  of 
J u l y  2 2 ,  1 9 8 5  p l a y e d  a n  i m p o r t a n t  r o l e  i n  
s u b s e q u e n t  c o n v e c t i v e  development. When t h e  a r c  
merged w i t h  a n  enhanced c o n v e c t i v e  r e g i o n  n e a r  
G r e e l e y ,  C o l o r a d o ,  a l a r g e  a n d  i n t e n s e  
thunderstorm developed (F igure  4 ) .  

2. THE EXPERIMENT 

2.1 General 

T h e  a r c  c l o u d  l i n e  i n v e s t i g a t i o n s  were 
c a r r i e d  out  i n  t h e  Colorado High P l a i n s  during t h e  
summer of 1985.  Us ing  t h e  Cessna T207 r e s e a r c h  
a i r c r a f t ,  a r c  c loud  l i n e  p e n g t r a t i o n s  were made 
t h r o u g h  t h e  d e n s i t y  s u r g e  l i n e  r e g i o n .  For  a 
v a r i e t y  of  r e a s o n s ,  i n c l u d i n g  l o g i s t i c s ,  f u e l  
a v a i l a b i l i t y  and a c c e s s  t o  weather i n f o r m a t i o n  
opera t ions  were based  o u t  of  C h r i s t m a n  f i e l d  a t  
C o l o r a d o  S t a t e  U n i v e r s i t y .  G e n e r a l  a r e a s  f o r  
p e n e t r a t i o n  were chosen using near  real  time G O E S  
s a t e l l i t e  d a t a  from t h e  CSU IRIS system and input  
f rom t h e  N C A R  CP-2 D o p p l e r  r a d a r .  Once  t h e  
a i r c r a f t  r e a c h e d  a n  a r e a  f o r  i n v e s t i g a t i o n ,  
d e c i s i o n s  concerning p e n e t r a t i o n  p o i n t s  were made 
v i s u a l l y .  A i r c r a f t  p o s i t i o n  was determined from 
VOR-DME and Doppler naviga t ion  systems, and c o u l d  
be c r o s s  re ferenced  using v i s u a l  landmarks such a s  
towns, roads  and o t h e r  ground f e a t u r e s .  
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2.2 A i r c r a f t  Observat ional  System 

The C o l o r a d o  S t a t e  U n i v e r s i t y  Atmospheric  
R e s e a r c h  F l i g h t  F a c i l i t y  ( A R F F )  has  developed a 
number of Airborne Atmospheric Data Systems (AADS) 
f o r  d i r e c t  measurements of temperature ,  dew p o i n t ,  
p r e s s u r e ,  a t m o s p h e r i c  c o n s t i t u e n t s  a n d  t h e  
a t m o s p h e r e ' s  t h r e e  d i m e n s i o n a l  v e l o c i t y  f i e l d .  
These s y s t e m s  have been s p e c i a l l y  d e s i g n e d  f o r  a 
v a r i e t y  o f  a i r c r a f t  f o r  m e a s u r e m e n t s  i n  
atmospheric s y s t e m s  ranging i n  s i z e  from mesoscale 
systems and s e v e r e  t h u n d e r s t o r m s  t o  waterspouts  
and d u s t  d e v i l s  ( S i n c l a i r ,  1 9 7 4 ;  L e v e r s o n ,  
S i n c l a i r  and Golden, 1975). A m i n i a t u r i z a t i o n  of 
t h e  AADS sys t em was d e s i g n e d  and c o n s t r u c t e d  b y  
t h e  ARFF f o r  t h e  Cessna Turbo 207 a i r c r a f t  u s e d  i n  
t h i s  experiment ( s e e  F i g u r e  1 ) .  I t  i s  b e l i e v e d  
t h a t  t h i s  i s  t h e  f i r s t  i n s t a l l a t i o n  of t h i s  type 
on a l i g h t  s ingle-engine a i r c r a f t .  

I 

A 

Figure  1 .  Cessna Turbo 207 Atmospher ic  R e s e a r c h  
A i r c r a f t .  

The Cessna T207 a i r c r a f t  i s  t h e  l a r g e s t  s i n g l e -  
e n g i n e  ( n o n - t u r b i n e )  l i g h t  plane manufactured i n  
t h e  U.S. and c o n s e q u e n t l y  i t  p r o v i d e s  maximum 
volume and p a y l o a d  c a p a b i l i t i e s  a t  minimum c o s t .  
The a i r c r a f t  is STOL e q u i p p e d  f o r  h i g h  a c c u r a c y  
w i n d  and  g u s t  measurements  and i s o k i n e t i c  a i r  
sampling requirements .  The g u s t  probe  s y s t e m  i s  
mounted i n  a pod under t h e  l e f t  wing and a doppler  
naviga t ion  - wind system is l o c a t e d  i n  a s p e c i a l l y  
designed pod l o c a t e d  on t h e  bottom of t h e  fuse lage  
near t h e  t a i l  of t h e  a j r c r a f t .  

A f a s t  r e s p o n s e  t o t a l  temperature  sensor  i s  shown 
mounted on t h e  upper p a r t  of t h e  v e r t i c a l  p l a t e  on 
t h e  r i g h t  w i n g t i p .  O n  t h e  lower  p a r t  of t h e  
p l a t e ,  a s p e c i a l  s p l i t t e r  p l a t e  mount h o u s e s  t h e  
Cambridge dew p o i n t  s e n s o r .  The s p l i t t e r  p l a t e  
provides  u n o b s t r u c t e d  f l o w  p a s t  t h e  8 e n s o r  a i r  
p o r t s .  The temperature  and dew poin t  s e n s o r s  a r e  
mounted on t h e  wingt ip  t o  minimize engine  e f f e c t s  
and c o n t a m i n a t i o n  and adverse a i r f l o w  s i t u a t i o n s  
a t  o t h e r  wing-fuselage l o c a t i o n s .  

R e l a t i v e l y  f i n e  s t r u c t u r e  of  t h e  v e l o c i t y  
f i e l d  ( u t ,  V I ,  w l )  is  obtained using a g u s t  p robe  
and g y r o  r e f e r e n c e  s y s t e m  t h a t  is designed t o  be 
i n d e p e n d e n t  of  t h e  a i r c r a f t ' s  s e n s i t i v i t y  t o  
a t m o s p h e r i c  motions and/or p i l o t  induced motions. 
T e m p e r a t u r e  a n d  dew p o i n t  a r e  c o n t i n u o u s l y  
r e c o r d e d  us ing  a s tandard  Rosemount f a s t  response 
t o t a l  temperature  sensor  and a Cambridge dew point  
s e n s o r .  I n  a d d i t i o n  t o  t h e  above measurements, a 
Doppler w i n d  system provides accura te  measurements 
of ground s p e e d  and a i r c r a f t  d r i f t  angle .  T h e s e  
d a t a ,  a l o n g  w i t h  a i r c r a f t  h e a d i n g  a n d  t r u e  
a i r s p e e d  p r o v i d e  mean hor izonta l  wind components 

(L, ; I .  A i r c r a f t  p o s i t i o n  d a t a  c a n  be o b t a i n e d  
f r o m  V O R / D M E  a n d  LORAN-C s t a t i o n s  a l o n n  w i t h  
p r e s s u r e  and r a d a r  a l t i m e t e r  i n s t r u m e n t a t i o n .  
Accuracy i n  measurement of t h e  var ious  parameters 
mentioned above i s  given i n  Table 1 .  

Table 1 

Parameter Rela t ive  Accuracy hbsolu te  Accuracy 

Temperature 0.05OC 0.2oc 
Dew Point 
Temperature 0.2oc 0 .5OC 

u ' ,  v'  0.1 msec-' 0 .5  msec-' 
W '  0.1 msec-' 0 .5  msec-' 

u ,  v 0.5 msec-' 1.0 msec-' 
- -  

+ 0 . 2  nm - + O . l  nm a / c  l o c a t i o n  - 

3. MEASUREMENTS A N D  OBSERVATIONS 

S u c c e s s i v e  p e n e t r a t i o n s  of a w e l l - d e f i n e d  
o u t f l o w  r e g i o n  were a c c o m p l i s h e d  i n  a n  o p e n ,  
farming a r e a  approximately 60 km southeas t  of For t  
C o l l i n s  and 50 km n o r t h c a s t  of  t h e  N C A R  Doppler  
radar  (CP-2) near  Boulder, Colorado. The outf low,  
gus t  f r o n t  developed along t h e  outf low boundary of 
a l a r g e ,  i n t e n s e  t h u n d e r s t o r m  some 90-100 km t o  
t h e  s o u t h e a s t  o f  t h e  m e a s u r e m e n t  a r e a .  T h e  
o u t f l o w  and preceding gus t  f r o n t  were propagat ing 
t o  t h e  northwest a t  approximately 5-7 msec-'. I n  
t h e  measurement a r e a ,  t h e  outflow winds were from 
approximately 090° t o  1 5 0 ° ,  d e p e n d i n g  on h e i g h t  
above t h e  ground.  The p e n e t r a t i o n  h e a d i n g s  of 
120° and 300° were s e l e c t e d  t o  minimize  a i r c r a f t  
d r i f t  a n g l e s  and t h e r e b y  p r o v i d e  more a c c u r a t e  
winds along t h e  outflow a x i s .  

The g u s t  f r o n t  ( C F )  p e n e t r a t i o n  measurements 
a t  f o u r  d i f f e r e n t  l e v e l s  ( 9 0 0 0 ,  7700,  6700,  and 
5700 f t  MSL) a r e  shown i n  F i g u r e s  ? and 3. The 
g u s t  f r o n t  s h a p e  a n d  b o u n d a r y  s t r u c t u r e  i n  
r e l a t i o n  t o  t h e  wind ,  t e m p e r a t u r e  and mois ture  
f i e l d s  a r e  i n d i c a t e d  b y  t h e  narrow h a t c h  r e g i o n  
which i s  bounded b y  t h e  warm, d r y  a i r  ahead and 
t h e  c o o l ,  moist a i r  b e h i n d  t h e  g u s t  f r o n t  z o n e .  
N C A R  s p e c i a l  r e l e a s e  rawinsondes ( taken  a t  point  E 
i n  Figure 5 )  showed s i m i l a r  warm and d r y  a i r  ahead 
o f  t h e  g u s t  f r o n t  ( 1 7 0 3  r e l e a s e )  and c o o l  and 
m o i s t  a i r  behind  i t  (1749 r e l e a s e ) .  S e v e r a l  
s a l i e n t  f e a t u r e s  from t h e  a i r c r a f t  measurements 
a r e  o u t l i n e d  below: 
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3.1  Thundersr-orm O u t f l o w  and Gust  F r o n t  ( G F )  
Boundary Features (F igure  2 )  

a. T h e  u p p e r  p a r t  o f  t h e  GF is n e a r l y  
v e r t i c a l  and  somewhat narrower than the  
lower p a r t .  I n  t h e  l o w e r  l e v e l s  t h e  GF 
is d i s p l a c e d  f o r w a r d  of  t h e  upper p a r t  
due  t o  i t s  h i g h e r  h o r i z o n t a l  v e l o c i t y ,  
i . e .  approximate ly  7 msec-' vs  5 msec-'. 
S ince  t h e  GF is a c o n s i d e r a b l e  d i s t a n c e  
from the parent  storm (90-100 k m ) ,  t h e  CF 
t r a n s l a t i o n  v e l o c i t y  was probably  l a r g e r  
i n  t h e  f i r s t  ha l f  of i t s  l i f e - c y c l e  than  
dur ing  our  measurement phase. 

b. Ahead of t he  GF, r e l a t i v e l y  warm, d r y  a i r  
is being forced  upward i n  a narrow band,  
a p p r o x i m a t e l y  2-3 km wide. Also, a t  a l l  
l e v e l s ,  there apperas  t o  be  a r e g i o n  o f  
s i n k i n g  motion ( o r  r e t u r n  f low) ahead of 
t h i s  r i s i n g  warm a i r  c u r r e n t .  S i m i l a r  
r e t u r n  f l o w  f e a t u r e s  h a v e  a l s o  been  
n o t i c e d  n e a r  d r y  thermal  a n d  c u m u l u s  
cloud boundaries. 

c .  I m m e d i a t e l y  b e h i n d  t h e  CF, t h e r e  is a 
cont inuous,  upward movement of r e l a t i v e l y  
c o o l ,  moist  air  t h a t  appears  t o  form one  
l e g  of a l o n g  narrow c i r c u l a t i n g  c e l l  of 
a s o l e n o i d a l - t y p e  c i r c u l a t i o n .  T h i s  
t h e r m a l l y  d i r e c t  c i r c u l a t i o n  appears  t o  
be dr iven  by t h e  s i g n i f i c a n t  t e m p e r a t u r e  
- d e n s i t y  c o n t r a s t  a c r o s s  t h e  GF from 
warm t o  co ld  a i r .  The updraf t  p o r t i o n  of 
t h i s  ce l l  is somewhat weaker and narrower 
(1-2 km wide) than t h a t  ahead of  t h e  G F .  
H o w e v e r ,  we f e e l  t h a t  i t  i s  t h i s  
c i r c u l a t i o n  t h a t  is r e s p o n s i b l e  f o r  
t r a n s p o r t i n g  l o w - l e v e l  m o i s t u r e  upward 
f o r  subsequent c loud  f o r m a t i o n  o r  c l o u d  
i n t e n s i f i c a t i o n .  I t  is i n t e r e s t i n g  t o  
n o t e  t h a t  t h i s  f e a t u r e  is n o t  t h e  
dominant  mois ture  t r a n s p o r t  mechanism i n  
m o i s t ,  boundary layer e n v i r o n m e n t s  s u c h  
a s  i n  t h e  s o u t h e a s t  U.S. I n  t h o s e  
s i t u a t i o n s  we h a v e  f o u n d  t h e  u p w a r d  
mois ture  t r a n s p o r t  is ahead of t he  GF and 
associated wi th  t h e  r e l a t i v e l y  warm a i r .  
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Figure  2: Thunderstorm Outflow and Gust Front  (GF) Boundary Features 
A i r c r a f t  p e n e t r a t i o n s  a t  f o u r  d i f f e r e n t  l e v e l s  (5700 ,  6700,  
7 7 0 0 ,  9 0 0 0  f t  MSL)  a r e  shown w i t h  t h e  a s s o c i a t e d  winds  
( h o r i z o n t a l  and v e r t i c a l ) .  V e r t i c a l  winds ( w )  are i n d i c a t e d  by 
s m a l l  v e r t i c a l  a r r o w s  p l a c e d  j u s t  be low t h e  p e n e t r a t i o n  
a l t i t udes  ( t h e  w m a g n i t u d e  and  a r r o w  l e n g t h  r e l a t i o n s h i p  is 
i n d i c a t e d  on t h e  diagram). The parent  storm p r e c i p i t a t i o n  c o r e  
is l o c a t e d  t o  t h e  r i g h t  of t h e  GF boundary ( h a t c h e d  z o n e )  a t  
a p p r o x i m a t e l y  90-100 k m .  V G  is d e f i n e d  as t h e  h o r i z o n t a l  
propagat ion v e l o c i t y  of t h e  GF boundary. See t e x t  f o r  f u r t h e r  
d i scuss ion .  
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d .  T h e  h o r i z o n t a l  winds measured b y  t h e  
a i r c r a f t  Doppler  n a v i g a t i o n  s y s t e m  a r e  
e n t e r e d  a t  1 km i n t e r v a l s  a t  each f l i g h t  
pene t ra t ion  l e v e l .  A t  t h e  6700 f t  l e v e l  
(1700 f t  A G L )  t h e r e  i s  a d i s t i n c t  wind 
s h i f t  ( e a s t  t o  n o r t h w e s t  w i n d s )  a s  one  
p a s s e s  f rom t h e  c o o l  t o  t h e  warm a i r ,  
i .e .  r i g h t  t o  l e f t  i n  F i g u r e  2. A t  t h e  
l o w e s t  l e v e l  (5700 f t  MSL, 700 f t  ACL)  
t h e  wind s h i f t  zone  is somewhat l a r g e r  
and n o t  a s  a b r u p t .  A t  t h e  lower l e v e l s  
t h e  winds normal t o  t h e  gus t  f r o n t  i n  t h e  
a d v a n c i n g  c o l d  a i r  a r e  a p p r o x i m a t e l y  
20 knts  a t  5700 f t  MSL (700  f t  A C L )  and 
1 3  k n t s  a t  6700 f t  MSL (1700 f t  A C L ) .  
W i t h  t h e  C F  m o v i n g  a t  7 m s e c - '  
( 1 3 . 5  k n t s )  a t  t h e  l o w e s t  l e v e l  
(700 f t  A C L ) ,  there is consequent ly  some 
s p e e d  c o n v e r g e n c e  i n  t h i s  l a y e r ,  b u t  i t  
appears  t o  r a p i d l y  diminish w i t h  h e i g h t .  
I n  c o n t r a s t  t o  t h e  two lowest  l e v e l s ,  t h e  
h o r i z o n t a l  winds a t  t h e  two upper  l e v e l s  
s h o w  n o  w e l l - m a r k e d  d i r e c t i o n a l  
v a r i a t i o n s  t h r o u g h  t h e  CF zone .  T h e r e  
is, however ,  some speed i n c r e a s e  through 
and on e i t h e r  s i d e  of t h e  CF zone. 

e.  The l o w - l e v e l  c o l d  a i r  l a y e r  produces a 
tempera ture  i n v e r s i o n  a t  m i d d l e  l e v e l s  
(6400 f t  - 6800 f t ) .  The N C A R  s p e c i a l  
rawinsonde taken a t  1749 ( a t  E i n  F i g u r e  
5 )  shows a s i m i l a r  low l e v e l  i n v e r s i o n  
s t r u c t u r e .  The scud c l o u d s  e n c o u n t e r e d  
i n  t h e  c o l d  a i r  a r e  capped from f u r t h e r  
g r o w t h  b y  t h i s  s t a b l e  l a y e r .  T h i s  
i n v e r s i o n  i s  s c h e m a t i c a l l y  shown t o  t h e  
r i g h t  of t h e  scud clouds - t h e  d i f f e r e n c e  
i n  t e m p e r a t u r e  between t h e  base and t h e  
t o p  of  t h e  i n v e r s i o n  i s  a p p r o x i m a t e l y  
2 . 5 O C .  The  l a t e r a l  e x t e n t  o f  t h i s  
i n v e r s i o n  is  shown by t h e  h o r i z o n t a l  
d o t t e d  l i n e s  a t  2-6700 f t  MSL and i n  t h e  
d i s t a n c e  i n t e r v a l  of 25-50 km. 

f .  I n  g e n e r a l ,  t h e r e  i s  weak subsidence i n  
t h e  co ld  a i r  behind t h e  GF. I n  a d d i t i o n ,  
t h e  t u r b u l e n c e  l e v e l s  appear t o  be very 
low i n  t h i s  reg ion  as we experienced very 
smooth f l i g h t  condi t ions  a t  a l l  l e v e l s  i n  
t h e  c o l d  a i r  - t h e  g u s t  p r o b e  d a t a  
corroborated t h e s e  observa t ions  a l s o .  

To d e p i c t  more c l e a r l y  t h e  t e m p e r a t u r e  and 
m o i s t u r e  v a r i a t i o n s  t h r o u g h  t h e  C F ,  
temperature  and moisture  p r o f i l e s  ( h o r i z o n t a l )  
f o r  e a c h  l e v e l  w e r e  c o n s t r u c t e d  f o r  e a c h  
penet ra t ion .  

a .  The temperature  p r o f i l e  ( s o l i d  l i n e s )  show 
i n  e a c h  c a s e  a marked t e m p e r a t u r e  d r o p  
from t h e  warm t o  cold a i r .  A t  t h e  lowest  
l e v e l  (5700 f t  MSL), t h i s  t e m p e r a t u r e  
d e c r e a s e  a m o u n t s  t o  a p p r o x i m a t e l y  5OC 
(26.l0C t o  21.6OC) i n  3.5 km d i s t a n c e .  A t  
t h e  upper  l e v e l s  t h i s  d e c r e a s e  i s  a l s o  
abrupt  bu t  l e s s  i n t e n s e .  A t  t h e  l o w e s t  
l e v e l  ( 5 7 0 0  f t  MSL), t h e  t e m p e r a t u r e  
cont inues t o  decrease  t o  18.1OC a t  t h e  end 
o f  t h e  p e n e t r a t i o n  i n  t h e  co ld  a i r .  The 
u p p e r  l e v e l s  d o  n o t  s h o w  a s i m i l a r  
temperature  decrease. 

b .  T h e  moisture  p r o f i l e s  (dashed l i n e s )  show 
a s i m i l a r  sharp  change through t h e  CF. In  
t h i s  case  however, t h e  dew p o i n t s  i n c r e a s e  
r a p i d l y  from t h e  warm a i r  t o  t h e  r a i n -  
c o o l e d  m o i s t  a i r  b e h i n d  t h e  GF. T h e  
l a r g e s t  v a r i a t i o n s  occur a t  t h e  two lowest 
l e v e l s  where t h e  d e w p o i n t s  show a b r u p t  
changes of 3O t o  3.5OC i n  1 km. 

The temperature  and moisture  p r o f i l e s  
a t  a l l  l e v e l s  b o t h  confirm t h e  e x i s t e n c e  
of t h e  r e l a t i v e l y  warm, d r y  a i r  ahead  of  
t h e  C F  a n d  t h e  c o o l ,  m o i s t  a i r  i n  t h e  
o u t f l o w  r e g i o n  b a h i n d  t h e  CF.  I n  
a d d i t i o n ,  t h e  r a p i d  c h a n g e  i n  t h e  
t e m p e r a t u r e  a n d  m o i s t u r e  p r o f i l e s  a t  
s u c c e s s i v e  p e n e t r a t i o n  l e v e l s  
s u b s t a n t i a t e s  t h e  s h a p e  and w i d t h  of  t h e  
GF boundary. 
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Figure  3: Gus t  F r o n t  ( C F )  Tempera ture-Mois ture  

S t r u c t u r e  

T h e  t e m p e r a t u r e - m o i s t u r e  p r o f i l e s  
t h r o u g h  CF a t  t h e  f o u r  p e n e t r a t i o n  
l e v e l s  ( 5 7 0 0 ,  6700,  7700 and 9000 f t  
MSL) a r e  shown a b o v e .  E a c h  s e t  o f  
p r o f i l e s  h a s  i t s  own temperature  ( O C )  

and dewpoint  ( O C )  s c a l e  on t h e  l e f t -  
and r ight-hand o r d i n a t e s ,  r e s p e c t i v e l y .  
The CF is a d v a n c i n g  t o  t h e  l e f t  w i t h  
t h e  p a r e n t  s t o r m  a t  t h e  90-100 k m  
l o c a t i o n  as i n  F igure  1 .  See  t e x t  f o r  
d i s c u s s i o n  o f  s p e c i f i c  s t r u c t u r e  
f e a t u r e s .  
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4 .  S a t e l l i t e  and Radar Observat ions 

Figure 4a shows t h e  l o c a t i o n  of t h e  a r c  cloud 
l i n e  ( A )  and i ts  parent  storm a t  1531 Local. T h i s  
f i g u r e  shows t h a t  t h e  a r c  c l o u d  l i n e  was w e l l  
formed almost two hours p r i o r  t o  t h e  p e n e t r a t i o n s  
ment ioned  i n  t h e  p r e v i o u s  s e c t i o n .  A t  t h i s  time 
t h e  a r c  cloud was l o c a t e d  approximately 80 km e a s t  
o f  t h e  C P - 2  r a d a r  ( s e e  F i g u r e  5 )  e x p a n d i n g  
r a d i a l l y  outward a t  a v e l o c i t y  between 5 msec-’ 
(from 90°)  and 10 msec-’ (from 1 4 0 O ) .  The cumulus 
reg ion  nor th  of Greeley,  a t  B i n  Figure h a ,  moved 
s l o w l y  southward  d u r i n g  t h e  n e x t  s e v e r a l  hours. 
When t h a t  cumulus region merged w i t h  t h e  a r c  cloud 
l i n e  l a t e r  i n  t h e  d a y ,  t h e  e n s u i n g  c o n v e c t i v e  
s c a l e  i n t e r a c t i o n  produced l a r g e  thunderstorm near  
Greeley, a t  C i n  Figure 4b. 

F igure  4a: GOES-Central 1 km r e s o l u t i o n  v i s i b l e  
image f o r  1531 L o c a l ,  J u l y  22 ,  1985. 
T h e  a r c  c l o u d  l i n e  i s  s h o w n  i n  
l o c a t i o n  A, w i t h  i t s  p a r e n t  c e l l  
approximately 30 km t o  i t s  south.  

F i g u r e  4 b :  COET, C e n t r a l  1 km r e s o l u t i o n  v i s i b l e  
image f o r  1931 L o c a l ,  J u l y  2 2 ,  1985.  
T h e  l a r g e  t h u n d e r s t o r m  a t  C ,  n e a r  
G r e e l e y ,  formed when t h e  a r c  c l o u d  
l i n e ,  A ,  merged w i t h  t h e  c o n v e c t i v e  
r e g i o n ,  B ,  i n  Figure 4a. 

The a r c  c l o u d  l i n e  shown i n  F i g u r e  4 was 
t r a c k e d  b y  N C A R ’ s  C P - 2  r a d a r  f o r  most of i t s  
l i f e t i m e .  F igure  5 shows i ts  l o c a t i o n  a t  1532 CDT 
( f o r  compar ison  w i t h  F i g u r e  4 )  a s  well a s  a t  15 
minute i n t e r v a l s  during t h e  t i m e  of  t h e  a i r c r a f t  
p e n e t r a t i o n s  shown i n  F i g u r e  3 .  Dur ing  t h o s e  
t i m e s  t h e  boundary was moving toward  t h e  CP-2 
r a d a r  ( f r o m  A t o  B )  a t  a n  a v e r a g e  s p e e d  of  
6 .4  msec-’. The b o u n d a r y ’ s  mot ion  from C t o  D 
a v e r a g e s  7 . 9  m s e c - ’ .  A l i n e  from C t o  D i s  
p a r a l l e l  t o  t h e  wind d i r e c t i o n  found i n  our lowest  
t w o  p e n e t r a t i o n s  shown i n  F i g u r e  3 ,  and t h e  
7.9 msec-’ mot ion  of t h e  boundary m a t c h e s  w e l l  
w i t h  t h e  wind s p e e d s  measured a l o n g  t h o s e  two 
f l i g h t  l e g s .  The movement of t h e  nor thern  p o r t i o n  
o f  t h e  a r c ,  i n  a l i n e  p a r a l l e l  t o  CD, slowed from 
a n  a v e r a g e  v e l o c i t y  of  7 . 6  msec-’ ( F  t o  C )  t o  
5 . 5  msec-’ ( G  t o  H). We a t t r i b u t e  t h i s  decrease  
i n  v e l o c i t y  t o  t h e  a r c  c l o u d  l i n e ’ s  i n c r e a s e d  
d i s t a n c e  from i ts  cold a i r  source  (parent  s torm) .  
Point  I along t h e  f l i g h t  t r a c k  i s  t h e  l o c a t i o n  of  
t h e  a i r c r a f t  s o u n d i n g ,  w h i l e  p o i n t  E i s  t h e  
l o c a t i o n  of t h e  N C A R  mobile ,  sounding r e l e a s e s .  

I n  t h i s  p a r t i c u l a r  c a s e ,  t h e  major por t ion  of 
t h e  Doppler  v e l o c i t y  f i e l d  a s s o c i a t e d  w i t h  t h e  
o u t f l o w  boundary was c o n f i n e d  t o  a one t o  t h r e e  
ki lometer  w i d e  p o r t i o n  of  t h e  a r c .  T h i s  i s  t h e  
same r e g i o n  t h a t  i s  a s s o c i a t e d  w i t h  cumulus 
c loudiness  a long t h e  a r c  i n  t h e  s a t e l l i t e  image ,  
and a l s o  i n  t h e  weak r e f l e c t i v i t y  f i e l d s  of t h e  5 
and 10 cm Doppler measurements ( 0 . 3  and 0 . 7  deg.  
e l e v a t i o n ) .  I t  s h o u l d  b e  n o t e d  t h a t  t h i s  
r e f l e c t i v i t y  is t o o  low t o  be t h e  c louds  o b s e r v e d  
along t h e  a r c .  I n  t h e  cool outf low a i r  behind t h e  
a r c ,  where s k i e s  were c l e a r ,  t h e  Doppler v e l o c i t y  
f i e l d  was z e r o  e x c e p t  f o r  t h e  dashed  a r e a  of 
Figure 5.  From t h e  a i r c r a f t  we o b s e r v e d  b lowing  
d u s t  i n  t h a t  region and high wind v e l o c i t i e s .  

n 

Figure  5:  T r a c e s  of  boundary l o c a t i o n s  from 0.3O 
e l e v a t i o n  CP-2 r e f l e c t i v i t y  f o r  t h e  
t i m e s  ( l o c a l )  i n d i c a t e d .  The b o l d  
dashed l i n e  shows t h e  l o c a t i o n  of t h e  
a i r c r a f t  p e n e t r a t i o n  f l i g t h  t r a c k s  i n  
F igure  3. Locat ion E shows t h e  r e l e a s e  
poin t  f o r  t h e  NCAR rawinsondes. 
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5. Summary and Conclusions 

For  a number of  y e a r s ,  one  of o u r  p r i m a r y  
g o a l s  h a s  b e e n  t o  d o c u m e n t ,  b y  i n - s i t u  
measurements ,  t h e  s t r u c t u r e  o f  t h e  thunderstorm 
outflow reg ion  and t h e  a s s o c i a t e d  gus t  f r o n t  (GF) 
boundary a t  t h e  l e a d i n g  edge of t h e  outf low.  A s  
was shown i n  t h i s  c a s e ,  s u c h  b o u n d a r i e s  a r e  
i m p o r t a n t  t r i g g e r  mechanisms f o r  new i n t e n s e  
convect ive s torms .  While  t h e s e  l a t e s t  a i r c r a f t  
measurements cor robora te ,  i n  genera l ,  our previous 
r e s u l t s  and a n a l y s e s ,  t h e y  add much more d e t a i l  
a n d  a d d  s e v e r a l  new i n s i g h t s  a s  t o  t h e  G F  
s t r u c t u r e  a n d  t h e  a d j a c e n t  w a r m - c o l d  a i r  
environments: 

1 .  One of t h e  most s i g n i f i c a n t  r e s u l t s  of  
t h i s  r e s e a r c h  has  been t h e  documentation 
o f  a n  a p p a r e n t  d i r e c t  o r  s o l e n o i d a l  
c i r c u l a t i o n  i m m e d i a t e l y  behind  t h e  C F  
b o u n d a r y  i n  t h e  c o l d  a i r .  T h i s  
c i r c u l a t i o n  we b e l i e v e  pumps t h e  boundary 
l a y e r  m o i s t u r e ,  which i n  t h i s  c a s e  was 
enhanced  by  t h e  p a r e n t  thunderstorm, t o  
higher  l e v e l s  where i t  may p r o v i d e  t h e  
m o i s t u r e  f o r  s u b s e q u e n t  cloud formation 
and/or i n t e n s i f i c a t i o n .  T h i s  f e a t u r e  i s  
n o t  s o  e v i d e n t  i n  m o i s t  e n v i r o n m e n t s  
(S.E. U.S.) where t h e  moisture  pathway is 
i n  t h e  warm air  c i r c u l a t i o n  ahead of t h e  
CF . 

2. T h e  s i g n i f i c a n t  upward m o t i o n  f i e l d  is 
confined t o  a narrow zone on e i t h e r  s i d e  
o f  t h e  GF boundary i n  t h e  warm-dry and 
cool-moist c i r c u l a t i o n s  ( F i g u r e  2 ) .  I n  
o t h e r  o u t f l o w  l o c a t i o n s ,  t h e  v e r t i c a l  
motion i s  n o t  s o  well  o r g a n i z e d  e x c e p t  
f o r  a g e n e r a l  weak subsidence throughout 
t h e  c o o l ,  m o i s t  a i r  m a s s .  T h i s  
s u b s i d e n c e  l e a d s  t o  s t a b i l i z a t i o n  and 
c l e a r i n g ,  a s  is  e v i d e n t  i n  F i g u r e  4 a ,  
w i t h i n  t h e  cool moist a i r  behind t h e  a r c  
c loud l i n e .  

3. Scud c l o u d s  formed i n  t h e  cool  a i r ,  well 
behind t h e  GF, a r e  capped by t h e  cool a i r  
i n v e r s i o n  a t  a p p r o x i m a t e l y  6400 f t  t o  
6800 f t  MSL (1400 f t  t o  1800 f t  A G L ) .  

4 .  B o t h  t h e  t e m p e r a t u r e  a n d  m o i s t u r e  
p r o f i l e s  show sharp  c h a n g e s  t h r o u g h  t h e  
CF boundary .  These  g r a d i e n t s  p r o v i d e  
p a r t  of  t h e  d r i v i n g  mechanism f o r  t h e  
d i r e c t  ( c o o l - m o i s t )  c i r c u l a t i o n  behind 
t h e  GF. 
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7 . 6  

ON THE ACCURACY OF CLOUD TRACK WINDS DERIVED FROM 

METEOSAT-2 IR IMAGES 

Johannes Schmetz and Olli Turpeinen 

European Space Operations Centre 
Robert-Bosch-Str.5, Darmstadt, FRG 

1. INTRODUCTION 

Cloud track winds are derived routinely 
in near real-time at the European Space 
Operations Centre and they are dissemin- 
ated twice daily for routine use in num- 
erica1 forecast models. The cloud 
motion vectors are determined from care- 
fully aligned subsequent infrared (IR: 
10.5 - 12.5 pm) images with a cross- 
correlation technique over segments of 
32x32 IR pixels which corresponds to an 
area of 160x160 km at the sub-satellite 
point. Only those segments are pro- 
cessed which were classified as contain- 
ing cloud tracers by two-dimensional 
histogram analysis. Correlation sur- 
faces are calculated for two subsequent 
pairs of images (i.e.3 images at half 
hourly intervals) which allows for a 
symmetry check of the two corresponding 
wind vectors. 

The height assignment is based on the IR 
radiance o f  the cloud pattern and it in- 
cludes a correction for atmospheric ab- 
sorption and emission.The black body 
temperature equivalent to the radiance 
is converted into a pressure level using 
vertical temperature profiles of the 
forecasts from the ECMWF. The satel- 
lite's channel in the 6.3 p m  water va- 
pour band is employed to correct the 
height assignment of semi-transparent 
cirrus cloud. The data are subject to 
an automatic and manual quality control 
before dissemination. 

The overall impact of the cloud track 
winds on the numerical forecast is ben- 
eficial (e.g.Baede et a1,1985). However 
the tendency of high level cloud track 
winds to underestimate the wind speed 
especially in jet stream areas can dam- 
age the analysis. 

While the speed bias has been noted by 
several authors (e.g .Bizzari and Sorani 
1980; Pierrard,l985) and it is an evid- 
ent feature of our own routine comp- 
arison with radiosondes, s o  far little 
attention has been paid to physical 
explanations and possible ameliorations. 

The height assignment of cloud has been 
identified as a major problem area 
(e.g. Whitney,l983). 

Concerning Meteosat and the present 
processing scheme it is expected that the 
use of forecast profiles implies errors 
and that the assignment to the level of 
cloud top temperature is a crude 
assumption for deep convective clouds. 
The height assignment of jet stream 
cirrus depends on the performance of 
semi-transparency correction. Our paper 
addresses two points : 
a) a brief discussion on features of the 
jet stream leading unrefusingly to an 
underestimation of the actual wind speed 
by our automatic cloud track scheme. 
b) a sensitivity analysis of the semi- 
transparency correction for height 
assignment of cloud which is applied to 
many high level winds. 

2. SPEED OF HIGH LEVEL CLOUD TRACK WINDS 

Fig.1 shows the cumulative frequency of 
winds as a function of wind speed. The 
data are from a 13 months (January 1984 - 
January 1985) data set of collocated 
radiosonde (RAS) and satellite (SAT) 
measurements. The data sample contains 
9684 pairs of high level (K400 hPa) and 
2360 pairs of low level (2700 hPa) wind 
vectors. The solid curves pertain to the 
RAS and the dashed curves to SAT measure- 
ments. An excellent agreement between 
SAT and RAS is to be observed for low 
level winds, whereas the high level SAT 
winds approach the 100% value at a lower 
speed than the RAS winds. The latter 
corresponds to a mean bias of 3.3 m/s be- 
tween RAS and SAT wind speed. Concerning 
the direction of the winds there is no 
systematic deviation and both measuring 
systems agree within 3". The RMS error 
of the algebraic direction differences 
decreases with height. 

A wind measurement with a radiosonde 
can be considered as being a random 
sampling of the air flow s o  that a 
sufficiently large number of measurements 
represents the true wind. For cloud 
track winds one can estimate an unbiased 
wind only if clouds were conservative 
tracers randomly distributed within and 
floating with the airflow. However, 
this postulation is not true. 
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For instance, in jet areas the major 
part of cloud is found below the level 
of maximum wind speed and there are 
seldom any clouds above that level 
(e.g.Englandand Ulbricht, 1980). The jet 
core itselfis also mostly cloud free. 
The vertical and horizontal wind shear 
can be as large as 10 m/s per 1 km and 5 
m/s peYl.00 km, respectively. Thus, it is 
not unreasonable to expect from the 
present cloudtrack scheme significant 
under estimations. 
Even if there are clouds in the high- 
speed zone those are not likely to be 
useful tracers since they are not long- 
lived enough to be trackable over a per- 
iod of one hour. Fig.2 is a sketch of 
the prevailing vertical motions in prox- 
imity to a jet stream. 
The above is also an explanation for the 
observation that Meteosat cloud track 
winds seldom exceed values higher than 
60 m/s. In a recent campaign with the 
UK Meteorological Office (J.Turner, per- 
sonal communication) some 75 severely 
underestimated winds were examined in 
near-real time, including a later class- 
ification according to the synoptic sit- 
uation. Interestingly nearly 40% were 
classified as either being jet core or 
winds east of a trough in regions of 
frontal disturbances. 

It should be mentioned that the tendency 
of cloud track winds to be biased to the 
low side is not specific to Meteosat 
cloud track winds (Delsol , 1985). 

3 HEIGHT ASSIGNMENT OF SEMI-TRANSPARENT 
CLOUDS 

Cirrus cloud are very often semi- 
transparent to infrared radiation. It is 
therefore not feasible to determine the 
effective emittance and the temperature 
from measurements in one channel. Since 
Meteosat observes emitted radiation from 
cirrus cloud in two channels (IR and 
WV:water vapour) a combination of both 
wavelengths allows a correction to be 
made to observed bright nes s temperature 
(Cayla and Tomassini, 1978). The meas- 
ured radiances L,, and L,,are given by: 

3 G  3G where LIR,LWY are the background radian- 
ces corresponding to clear sky (highest 
radiance cluster), L:% ,L:, are the 
desired radiances from cloud top with an 
emittance of 1, N is the fractional 
cloud amount, and ,&," are the actual 
cloud emittances. L, is the contribution 
of the atmosphere above the cloud in the 
WV band which is only negligible for 
high level clouds. 

Assuming that the products 6raN and t,,N 
are equal and neglecting L A  , one can 

linear relation: write a 

LLV= a LfR + b 
L k v  is then obtained from the additional 
relationship L:" - f(LiQ) which relates 
the black-body radiance from cloud top in 
the two channels. a and b are constants 
for a given background and cloud scene. 
This correction is applied operationally 
to Meteosat cloud track winds (Bowen and 
Saunders, 1984). Tests are performed be- 
fore its application: First L,,, is all- 
owed to vary only by 10% around the theo- 
retical function f(LLq). 
Second the contrast between the back- 
ground and the actual cloud radiances 
must be sufficient, and third no correct- 
ion is applied if there is no intersec- 
tion between the straight line and f(L). 

Although the semi-transparency correction 
significantly improves the height assign- 
ment of high level cloud the subject can- 
not be considered as being solved with 
sufficient accuracy. Fig.3 intends to 
bring into perspective some limiting fac- 
tors. The solid curve is the function 
LGv - f(Lcm ) for a black cloud in a mid- 
latitude summer atmosphere as calculated 
with a multispectral radiative transfer 
scheme (Schmetz and Raschke, 1981). 
Points along the curve denote clear sky 
and clouds at 2,4,6,7.2,9.2, and 11 km 
altitude. The dashed line pertains to a 
semi-transparency correction for an opaq 
ue cloud with 50% cloud cover (N-0.5) at 
11KM. The dash-dotted line corresponds 
to a cirrus with&- 0 . 5  and N-1, but con- 
sidering that the relative humidity with- 
in the cloud (9-11 km) is 100%. This re- 
duces the water vapour radiance by 2 
counts (the radiance to count conversion 
is linear) and leaves the IR radiance 
virtually unaffected. As a consequence 
the intersection occurs at a lower count 
yielding an overestimation of the actual 
cloud height by about 1.5 km. Similar 
magnitudes of cloud misplacement are ob- 
tained if the background radiance is var- 
ied; for instance, the cross in Fig.3 de- 
notes a clear atmosphere with 100% relat- 
ive humidity between 9 and 11 km. Fig.3 
indicates also that the 6-bit resolution 
of the WV channel is rather crude, and 
that the correction depends strongly on 
the theoretical bispectral function LL, - 
F(LCTR ) .  One can conclude that cirrus 
cloud misplacements which could bring the 
cloud track winds into levels of much 
higher wind speed are likely to occur. 
Nevertheless it should be mentioned that 
the WV channel is a precondition for our 
automatic and objective' processing scheme 
and it is therefore a tremendous improve- 
ment over a single IR channel. 

%G 
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Fig.4 demonstrates that it is justified 
to assume &rK=t',. , ,; the flux emittance of 
a CS cloud at the wavelengths 6.3, 10 an 
1 2 p m ,  is plotted as a function of cloud 
optical thickness in terms of ice water 
path. The optical constants are taken 
from Kinne (1981) and were determined 
for a modified CS ice column distri- 
bution after Heymsfield (Table 1). 
There is close agreement between the em- 
ittance curves and reflectance8 approach 
values of 2-3% for thick clouds. 

rJ 

6 ' A  w 

4. FINAL REMARKS 

8 

Comparison of Meteosat high level winds 
with radiosonde winds shows on the mean 
an underestimation of the wind speed by 
satellite measurements. The bias can be 
attributed partly to the non-occurence 
of long-lived cloud tracers in the high 
speed areas of a jet. Inaccurate cloud 
height assignment is believed to in- 
crease the apparent discrepancy. While 
the semi-transparency correction to cir- 
rus cloud is theoretically sound limited 
factors exist for an operational appli- 
cation. Improvements to the automatic 
cloud tracking and results from case 
studies will be discussed during the 
conference. 
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Table 1: Optical constants for a CS 
cloud (after Kinne, 1981) in 
the IR and ,WV channel. ( X - 
wave1ength;u - single scatter- 
ing albedo; d - mass extinction 
coefficient; 8 - asymmetry 
parameter). 
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0.898 

12.0 0.536 0.095 0.868 
0.636 0.100 

z 
W 60. 
3 E 50. 
LL  uo. 
oc 

5 30. 
+-I 

I- 20. 
U 

100. 

90. 
S - 80. 

70. 

- 

JAN 8U - JAN 85 

SATELL 1 TE ---- 
- RROIOSONOE 

0. 10. 20. 30. UO. 50. 60. 70. 80 .  

I SPEED ( M I S )  I 
I I 

Fig. 1 : Cumulative frequency of cloud 
track (---- ) and radiosonde 
(- ) winds versus wind speed 
for low level (L) and high level 
(H) cloud. 
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Fig.2: Ascending and descending air in 
the branches of a polar jet 
(from England and Ulbricht, 
1980) 
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Pig.3: Outline of the semi-transparency 
correction scheme: The solid 
curve is the bispectral curve 
for an opaque cloud at different 
altitudes. Straight lines pert- 
ain to the correction for an 
opaque cloud with a fractional 
cloud cover of N-0.5 (dashed), 
and for a cloud with N-1 and an 
emittance of 0 . 5  (dash-dotted). 
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Fig.4: Flux emittance of C S  cloud at 
the wavelengths 6 . 3  )Am (solid), 
12.Opm (upper dashed) and 10.0 
,um(lower dashed) as a function 
of the ice water path. 
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8.1 

ABSTRACT : 

SCALE AND DIMENSION DEPENDENCE IN THE DETECTION AND 
CALIBRATION OF REMOTELY SENSED ATMOSPHERIC PHENOMENA 

S. Lovejoy and S. Schertzer 

Physics Dept. 
McGill Radar Weather Observatory 
Ste Anne de Bellevue, Quebec 

Canada H9X lC0 ISOTROPIC 
=SELF 'SIMI LARlTY 

We consider the problem of remotely 
sensing extremely variable geophysical 
phenomena. 'Theoretically, we argue that 
it can be understood by a synsrrietry 
principle called qeneralised scale 
invariance (GSI), in which the small and 
large scales are related by a 
magnification coupled with a geometrical 
transformation such as a rotation or 
compression we empirically investigate 
GS I in the rain field. 
Phenomenologically, we show how to 
construct stochastic, fractal models of 
extremely variable phenomena. Using 
radar data, we empirically investigate 
two basic aspects: the dependence ot 
all statistical properties on both the 
scale and dimension over which they are 
averaged. The d i miens i ona 1 dependence of 
averages is important because we also 
analyse the global meteorological ground 
station network and show that -due to 
inhomogeneities at all scales- it has a 
fractal dimension of rv1. '75 which is 
considerably less than that of most 
remote sensing 
This places a 
resolution of 
1 rripor t an t when 
calibrate satel 
f j el ds. 

1. INTRODUCTION 

A fundarrlen 

devices ( i . e .  2 or 3 ) .  
limit on the dimensional 
the network? and is 

usinq network data to 
ite or radar detected 

a1 problem in the remote 
sensing o f  geophysical parameters is the 
extreme variabi 1 i ty of the phenomena. 
Typical syrr~ptomis are the existence of 
sharp gradients, sudden transitions, 
erratic fluctuations, structures 
spanning a wide range of scales, 
apparent non-s t a t i onav i tq , 
and in some cases, difficulty in 
obtaining the convergence o f  high order 
statistical moment s. In physics, 
particularly in turbulence, these 
symptoms have long been studied under 
the rubric "intermittency". It is known 
for example, that when phenomena are 
i n t er VI i t ten t . that the standard 
stat i st i cal techn isues involving the 
assumption both o f  the existence of 
characteristic time and distance scales 
(hence an exponential fall-off o f  
correlations), and the existence of 
characteristic amp1 i tudes of. 
fluctuations (hence an exponential 
fa1 1-of f of probabi 1 i ty distributions) 
are inappropriate. Below, following 
Schertzer and Love,Joy ( 1985a), we argue 
that the type of extreme var iabi 1 i ty 
encountered in many geophysical 

st at is t i ca 1 

;LIZ- p p - b  

HOMOGENeOUS INHOMOGENEOUS 
(INTERMITTENT) 

A B 
phenomena, (and hence relevant to remote 
sensing), can be understood in terms of 
a synimetry principle that w e  call 
generalised scale invariance (GSI - 
Schertzer and Lovejoy (1985b) ). 

GSI grew out of developments in 
hydrodynamic modelling in which the 
variability was consider to arise as a 

cascade process resu 1 t 
concentrating energy from one scale to 
another, while conserving its average 
value (see e.g. the simple cascade 
scheme shown in Fig. 1 ) .  GSI is a 
formal ism that develops these cascade 
ideas in two directions. 

First, it shows with the aid of a 
general ised scale changing operator, how 
anisotropic scale invariance (for 
example that between the horizontal and 
vertical directions in the atmosphere, 
or that associated with surface 
texture), can b e  accounted for (and 
modelled), and second, it leads to a 
systematic study of the various rrieasures 
that can be invariant under the action 
of the scale changing operators. These 
scale invariant quantities are expected 
tQ have a fundamlental physical 
significance, since the ensemble average 
of their spatial means does not depend 
on the scale (or dimension ' o f  space) 

are averaged. over 
Conversely, quantities defined by the 
various powers of the scale invariant 
quantity are strongly scale d pendent. 

densitg ot the invariant ( E ) ,  where 
'IC::. : > . I '  indicates statistical, (ensemble) 
averages decrease with scale for h:>1, 
and increase for h4:l. 

In hydrodynamics, i t  is plausible 

O f  a 

they which 

Precisely, the moments 4 h R > of the 
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t h a t  f l o w s  r e s p e c t  G S l  b e c a u s e  the  
g o v e r n  i n g ( Nav i er -S t o k e5 ) e q u a  t i o n  s 
c o n t a i n  n o  l e n g t h  sca le  ( a b o v e  a sirraII 
i n n e r  v i s c o u s  s ca l e  w h i c h  i n  t:he 
a t m o s p h e r e  is o f  t h e  o r d e r  ot 
millimeters), a n d  h e n c e ,  s ca l e  i n v a r i a n t :  
s o l u t i o n s  (5u t t h o s e  display in!^ a 
K o l m o g o r o v  k -5'3 a:nergy s p e c t r u m )  
are p o s s i b l e .  H o w e v e r ,  i n  remote 
s e n  s i n g , e >: a c t e q  LI e .t. i on  s g o v e r  n i n y 
t h e  phenomena  at i n t e r e s t  are SeldOiTl 
known, h e n c e  w e  h a v e  o n  lkj  r e c c : ) u r s e  t u  
more g e n e r a l  a r g ~ i m e n t s  o f  t h e  t y p e  t h a t  
p h y s i c i s t s  c a l l  syrrirrletry p r i n c i p l e s .  
F a m i l i a r  s y m m e t r y  p r i n c i p l e s  i n c l u d e  the 
c o n s e r v a t i o n  o f  e n e r g y ,  a n d  matter as 
w e l l  as i n v a r i a n c e  w i t h  r e s p e c t  t o  
t r a n s l a t i o n ,  r o t a t i o n  a n d  r e f l e c t i o n .  

F a 1  l o w i n g  a s t a n d a r d  a p p r o a c h  i n  
p h y s i c s ,  a s y s t e m  is e x p e c t e d  t o  r e s p e c t  
s y r r i m e t r i e s  u n l e s s  s p e c i f i c  ( " s g r n ~ n ~ e t r y  
b r e a k i n g "  ) m e c h a n i s m s  c a n  b e  t o u n d .  I n  
a n y  case, t h e r e  is now much e v i d e n c e  
( s e e  T a b l e  1 )  t h a t  f o r  many g e o p h y s i c a l  
q u a n t i t i e s ,  o v e r  l a r g e  r a n g e s  i n  scale, 
n o  mechanj . sms  exist t h a t  a re  s t r o n g  
e n o u g h  t o  b r e a k  t h e  b a s i c  s c a l i n g  
s y m m e t r y .  H e n c e ,  o v e r  r a n g e s  s p a n n i n g  a 
small i n n e r ,  a n d  l a r q e  o u t e r  sca le ,  Cis1 
is l i k e l y  t o  b e  r e l e v a n t .  

t ti e 

2. TECHNIQUES FOR ANALYSING SCALE A N D  
D I M E N S I O N  DEPENDENCE: 

A w i d e  v a r i e t y  ot a n a l y s i s  too ls  
exist f o r  s t u d y i n g  t h e  sca le  a n d  
d i m e n s i o n  d e p e n d e n c e  o f  p h e n o m e n a ,  f o r  
d e t e r m i n i n g  t h e i r  s c a l i n g  p a r a m e t e r s ,  a s  
w e l l  a s  t h e  l i m i t s  of  t h e i r .  s c a l i n g  
r e g i m e s .  T a b l a  1 g i v e s  a Xist o f  some 
o f  t h e  most i m p o r t a n t  m e t h o d s  ( a s  well 
- -UALW- . .  

acj s o m e  r e l e v a n t  a e o p h ~ ~ s i c a l  retereric:es) 
t h a t  h a v e  b e e n  usecl t o  str-idij q e o p h y s i  cal  
t3tlenc)mena over a w i d e  r a n a e  nt: scale?:;. 
'They a r e  a l l  c a p a b l e  o f  d e t e r m i n j . n g  t h e  
i n n w -  a n d  o u t e r  s c a l i n g  c u t o f t ,  a5 well 
as c e r t a i n  s c : a l  i n g  p a r a m e t e r s .  When the 

w e  p h en om e n a 
mon os- d i men c-i i on a 1 , bo t t i  i n t e n  se a n  d w ea b; 
r e q i o n s  s c a l e  i n  t h e  same wag, h e n c e  
t h e r e  a r e  r e l a t i v e 1 . g  f e w  p a r a m e t e r s  
i n v o  1 v e d  . F. ci t h e r m o r  e , t he d i mens i nri tn t 
t h e  space o v e r  w h  i c:h , t h e  aver*ae! : i  a re  
t a k e n  is u u i n ' l p o r t a n t .  I n  this c:ase, n o  
special  care is  n e e d e d  i n  a p p l . y i n y  any 
o t  t h e s e  t e c : h n i ( ~ n e s .  H o w e v e r ,  I n  the 
i y e n e r a l  case where the phenomena  w e  
mu I t i d 1 mens i on a 1 , I n cl i r e  (:: t 
d i r r l e n s i o n a l  d e p e n d e n c : i e s  w i  I 1  be p r e s e n t  
( a n d  w i  1 I n o t  n e c e s c i a r  1 IL( be easj!.~ t o  
r e m o v e )  . 'The m a i n  e x c e p . t i o n  is the 
i n t e q r a l  s t r u c t u r e  f u n c t i o n  ( L o v e j o y  a n d  

w h i c h S c h e r t z e r  1YHSa) 
is s p e c i f i c a l l y  d e s i q n e d  to s e p e r a t r l g  
5 t u  d!.J b o t h  s ca l e  a n d  d i m e n s i n n e l  
d e p e n d e n c e .  

i n 1- er ea t O t  

d I. r e(: t and 

3. MULTIPLE FRACTAL DlMENSlUNS IN 
REMOTELY SENSED F 1ELUS 

W e  h a v e  r e c e n t l y  p o i n t e d  nut 
( S c h e r t z e r  a n d  LovesJoy  1903, 1985a, b!  
a n d  i t  ha5 s i n c e  become a p p a r e n t  
( M a n d e l b r o t  1985, P a r i s i  a n d  F r i s c h  
1905) t h a t  i n  g e n e r a l ,  c a s c a d e s  a r e  
c h a r a c t e r i s e d  n o t  by a s i n g l e  I), b u t  
r a t h e r  bu a w h o l e  series d e c r e a s i n g  w i t h  
i n t e n s i t q  (e.9. t h e  energ!.r i- lctx t o  
51118 1 1 er sca l e  c:loi.td 1 i q n i c l  water 
c o n t e n t ,  r a d a r  r e t 1 e c : t i v ;  t y  etc. ) 

a c t u a 1 1 y  m e a s u r e d .  H e n c e ,  i f  w e  f i x  a 
t h r e s h o l d  ( T ) ,  t h e n  t h e  v o l u m e  o f  t I 
r e g i o n s  e s c e e d i n g  T s c a l e  as V,.(L.)< L &) 

a n d  D ( T )  is c l e c r e a s i n c ~  
f u n c t i o n  a t  T .  'These  c a s j c a d e  p r o c e s s e s  
h a v e  o t h e r  i n t e r e s t i n g  p r o p e r t i e s ,  ~ L I C : ~  

as t h e  d i v e r g e n c e  o t  hi.gh o r d e r  
s t a t i s t i c a l  moments  ( M a n d e l b r o t  1974. 
L o v e , j o y  a r i d  S c h e r t z e r  (1Wl6)), a n d  are  
c u r r e n t l y  b e i n g  s t ~ i d i e d  u n d e r  t h e  r u b r i c  
" m u  1 t i p I 1 cat  i v e  c h a o s "  , 19 06 ) , 
who s h o w e d  t h a t  the m u l t i ( , l e  d i m e n s i o n  
p r o p e r t y  is g e n e t i c  a n d  t h a t  t h e  
a r t i f i c i a l  t : o n s t r u c t i o n  g r i d  s h o w r ~  i n  
F i g .  1 is u n n e c e s s a r y .  T h e s e  r e s u l t s  
s h o w  t h a t  mono-d i m e n s  i o n a  1 t r a c t  a 1 
f i e l d s  are  v e r y  s p e c i a l  cases. I n  the 
case o f  c l o u d s  a n d  r a i n ,  i t  is q u i t e  
p l a u s i b l e  that  c a s c a d e  t y p e  p r o c e s s e s  

( tta h a n e  

N,sUomMdGqr(198,) are  r e s p o n s i b l e  f o r  t h e  c o n c e n t r a t i o n  of  
L I U ~ . ~ ~ R W M ~ I I Q I N ' ~  i q u i d  water i n t o  sma l l e r  a n d  sma l l e r  
ws Md ~~~l~ (l985) s c a 1 e5 . 1 n d e e  d , ( L 0 v e ,j o y  1 ) s h o w e  d 

t h a t  o v e r  t h e  r a n g e  o f  at least 1 

W h d  

t.0 o v e r  km" uatun P.nU.nd(l980 

Island m m u  I[oKbd (IUI). 6 2  
uucm0tiis.w 1 . 2 X l l d  k m  . t h a t  t h e s e  areas 

ralnr0dCloud.n.a ~owwy(1911)  h a v e  c o m p l e x  p e r i m e t e r s  that  c a n  b e  
lanovuru ilOLhrOP,,,dIbOlndiLr ctlaracter i s e d  by a t r a c t a l  d i m e n s i o n  

l m w w m m t s  ~ . l * i * t A i ( 1 9 ~  cPear ly s u p p o r t s  the s c a l  i n g  n a t u r e  o f  
Islands M.nd.IbW(19w t h e  c l o u d  a n d  r a i n  p e r i m e t e r s ,  i ts 
r.hrndclwdmm.s LowJw~1911~, i m p o r t  is l i m i t e d  tor  t w o  r e a s o n s :  

Qhum*1A1(1914) f i r s t ,  t h e  d i m e n s i o n  of t h e  perimeter is 

TlKrndllu(Iv83I 0 /u 1. 3:). W h i l e  this r e s u l t  



u s e d  h e r e ) ,  a n d  i t  is the la t te r  t h a t  1 5  
d l r e c t l y  r e l a t e d  t o  t h e  ~ t ~ g s i c a l l g  
~ . r r l p o r t a n t ;  water  ? l u x e s .  S e c o n d ,  ( ~ r i l g  a 
small  r a n g e  I n  t h r e s h o l . d s  T w a s  u s e d .  
S i n ce 13 a t i.t r e 
o f  c a s c a d e  p r o c e s s e s  has becorrle 
a p p a r e n t ,  a n d  w e  n o  I , o n g e r  expect 
D ,to b e  i n d e p e n d e n t  a f  ''r ( " I ' s o n i s ,  
pF'i v a t e  cammlun 1. ca t  i o n ,  c o n ?  irms tha t  
D d o c s  i n  .Pact d e c r e a s e  as T 
IWcreases). 

U s i n g  r a d a r  d a t a  f r o m  the I l r G i 1 . l  
R a d a r  W e a t h e r  O b s e r v a t o r g ,  w e  d e t e r m l n e  
V T ( L )  f o r  a v a r i e t y  o f  t h r e s h o l d s  
T u s i n g  t h e  s o - c a l l e d  " b o x - c o u n t 1 n g  
a 1. g or i t h ITI '' ( see e, g . Hen 't s c h e 1 a n  d 
P r o  cacc i a 1983) 1 wh ic :h  est I . m a t e s  
V ( L )  by t h e  number  o f  b o x e s  ( e . g .  
e x e m i e n t a r g  s h a p e s ,  s i z e  L ) ,  r e q u i r e d  t o  
c o v e r  t h e  r a i n  areas w i t h  r a d a r  
r e t l e c t i v i t y  e x c e e d i n g  'T. When t h i s  w a s  
d o n e ,  i n  t h e  h o r i z o n t a l  ( x , y )  p l a n e ,  
u s i n g  c o n s t a n t  a l t i t u d e  r a d a r  d a t a  
( h e i . g h t ,  2.Skm, w i t h  Z(acI1 d o w n r a n g e ,  375 
a z i m u t h a l  e l e m e n t s ) ,  w e  o b t a i n e d  t h e  l o g  
V,- logL p l o t  shown i n  Fiq. Za. 
T h e  s t r a i g h t  l i n e s ,  

h a v e  c o r r e l a t i o n  c o e f f i c i e n t s  
30.999 f o r  all q v a l u e s  o f  'T u s e d .  T 

t h e n  , t ti e r r l u  1 t i d 1 m e n s  I. a n  a I 

1 2 3  5 6 1 8  

F i g .  2a: N1L)  V.S.L f o r  h o r i z o n t a l  r a i n  
cross-sect i o n s  f o r  4 l og a r  i t t i  VI i c a l I y 
s p a r e d  i n t e n s i t y  t h r e s h o l d s  ( i n c r e a s i n g  
f r o m  t o p  t o  b o t t o m ) .  'The L ai:i.s is i n  
u n i t s  o f  f a c t o r s  o f  2, s p a n n i n g  a f a c t o r  
2 =128 i n  sca le  ( the  l a r g e s t  sca le  
b e i n g  r o u g h l y  l 0 C l k m ) .  The s t r a i g h t  l i n e  
b e h a v i o u r  i n d i c a t e s  s c a l i n g  ( t h e  s l o p e  
=-qjT)]  a n d  t h e  v a r i a t i o n  i n  s l o p e  shows 
t h e  mu 1 t i - d i m e n s  i o n a  1 c h a r a c t e r  o f  r a i n  . 

4.5 * 
I 

4.0 
I 

I 
0 

X 

x 
& 
L 
X 
X 

1.5 1 
1 .o 1 .s 2.0 3.0 i .6 4.0 

F i a .  2b: Same case as i n  Za e % c e p t  now 
f or  s p a n  n i n g 
o n l y  fac tor  of a(r(,y,z spa>, 

ti or i z o n  t a 1 a n  d v er t i ca 1 

n c r e m e n t e d  by c o n s t a n t  t a c t o r s  
o f 1 0  '*' 

a t ac to r  ~ ~ x I G + '  i n  i n t e n s i t y ,  
w h i l e  t h e  s l o p e  ( w r i t t e n  -D, ( T )  
to stress , t h a t  i t  refers t o A # o r i z o n t a l  
x ,  y c r o s s - s e c t i o n s )  r a n g e d  f r o m  b l . 7  t o  
0.25. O n l y  001% o f  t h e  p o i n t s  i n  t h e  
s a m p l e  e x c e e d e d  the l a r g e s t  T u s e d .  
u s i n g  t h e  r o u g h  f o r m u l a  ~ = 2 0 m z ~ * ~ ,  
w i t h  R v a i n r a t e  i n 6  mty/hr, Z, t h e  r a d a r  
r e f % e c t l v i t ~ j  i n  mm /m , t h e  
rriaximum c o r r e s p o n d s  t o  a r a i n f a l l  r a te  
o f  a b o u t  50mm/hr .  

U s i n g  t h e  r a d a r  d a t a  f r o m  s c a n s  a t  
t3 a l t i t u d e s  b e t w e e n  h e i g h t s  o f  2.5 a n d  
12.5 km ( the  e n t i r e  n . g , z  s c a n  is 
d i g i t i s e d  o n  a 4 b i t  l o g  sca le  i n  a 
p e r i o d  o f  r o u g h l y  3 m i n u t e s ) ,  w e  c a n  
s i m i . l a r l y  estimate D,,y,(T') ( t h e  
c j i rnens ion  o f  t h e  w h o l e  Fractal  n o t  . j u s t  
a n  x , y  c r o s s - s e c t i o n )  f o r  r a i n  v o l u m e s  
i n  ( n ,  g ,  z )  s p a c e  ( F i g .  2 b ) ,  a l t h o u g h  
t h e  r a n g e  i n  s ca l e s  is o n l y  8 r a t h e r  
t h a n  128, d u e  t o  t h e  l i m i t e d  v e r t i c a l  
r e s o l u t i o n  o f  t h e  r a d a r .  

A n a l v s i s  of t h e  d i f f e r e n c e s  i n  
d i m e n s i o n  is F i g .  Za a n d  b is v e r y  
i n t e r e s t i n g  (see L o v e j o g ,  S c h e r t z e r  a n d  
T s o n i s  1986), a n d  shows t h a t  v e r t i c a l  
s t r a t i f i c a t i o n  i n  r a i n  is p r e c i s e l y  o f  
t h e  so r t  p r e d i c t e d  by G S I .  

a n d  h e n c e  s p a n s  a r a n g e  o f  

STOCHASTIC MODELS OF MON(3 AND 4. 
MULTI D I MENS I ONAL PHENOMENA : 

S t o c h a s t i c  m o d e l s  of  g e o p h y s i c a l  
p h e n o m e n a  ( T a b l e  2 s h o w s  a s u m m a r y )  h a v e  
b e e n  l a r g e l y  b a s e d  o n  t h e  a d d i t i o n  o f  
l a r g e  n u m b e r s  o f  e l e m e n t a r y  u n i t s  ( i . e .  
s t o c h a s t i c  i n t e g r a t i o n  o f  v a r i o u s  w h i t e  
n o i s e s  - see W i l s o n ,  L o v e j o y  a n d  
S c h e r t z e r  1976, t h i s  vo'lurrle f o r  an 
i 1 l u s t r a t i v e  e x a m p l e  o f  a c l o u d  m o d e l ) .  
I n  remote s e n s i n g ,  t h e  most i m p o r t a n t  
u s e  o f  s u c h  m o d e l s  is i n  t h e  
u n d e r s t a n d i n g  o f  t h e  scale  a n d  d i m e n s i o n  
d e p e n d e n c e  o f  t h e  ( n u n - 1  i n e a r )  s e n s o r  
a v e r a g e s .  S u c h  m o d e l s  a re  t h e r e f o r e  
l i k e l y  t o  b e  i n d i s p e n s a b l e  i n  t h e  

o f  rem0 tel y P e n s e d  ca 1 i b r a t  i o n  
i n f o r m a t i o n .  Early m o d e l s ,  s u c h  as 
t h o s e  o f  t e r r a i n  ( M a n d e l  b r o t  1975), 
F o u r n i e r  et  a1 (1982) ,  Voss (1983), 
w h i l e  d i f f e r i n g  i n  d e t a i l s ,  are all 

1608; n!altmwRnmPWM(IMQ(*r 

ma addltlvr mmo. w r d  m i r f ~ ~  raw, atrasrnfkw YMd4bra ll97S) 
F , p m  drm-a w * d  Swim r o w .  hydrolqy -4 ( 1 9 o )  
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characterised by weak (gaussian or 
quasi-gaussian) fluctuations and by a 
single fractal dimension. More recent 
models, such as the Fractal Sums o f  
Pu 1 ses (FSP) process, or Scaling 
Clusters of Pulses process ( S C P ) ,  were 
specifically designed to have ectreme 
variability ( Ay pwboliC, strong 
intermittency ) .  Never t he 1 ess, 
they are sti 1 1  mono-dimensional: i. e. 
the fractal dimension defined by lines 
of constant intensity (e.g. in terrain 
models, lines of constant altitude), is 
independent of the intensity. Schertzer 
and Lovejoy lY85b,l%f, argue that this 
monodimensionality is a general feature 
of additive processes. As pointed out 
&@, t he mu 1 t i p 1 i ca t i ve processes 1 ea d i n g 
to multiple dimensions are 
more general, and probably more 
interesting. 

From the perspective o f  remote 
sensing, the most i mmed i a t e 
man i f esta t ion of the d i f f eren ce between 
mono and multidimensionality, is in the 
behaviour o f  spatial and temporal 
averages. Mono-dimensional fields have 
statistical properties that depend on 
the =.Gale over which they are 
averaged , because, as shown in 
Fig. 3, the fraction of space (dimension 
E )  occupied by the fragt_a& at scale L is 
proportional to L where 
Ds is the (unique) fractal 
dimension. Averages are thus decreasing 
functions of scale. M~ltiplicative 
phenomena have, in addition to scale 
dependence, dimensional dependence o f  
averages. This may be understood by 
considering a particular iso-l ine 
defined by the threshold T with 
dimension D (T). If the averaging 
is performe8 over a sufficiently sparse 
set (with dimension 
enough), then, with probability 1 ,  they 
will not intersect . The precise 
condition (as well as the dimension of 
the intersection set) is shown in Fig. 
4. Dimension dependence of statistical 

DA , low 

(all iro-liner have rame dimension - Ds 1 
t I Dimension 

of 
embedd ing 
space - E 
t-- 

Volume on fractal: c LDI 
Volume of rpace available: 
Fraction on fractal: 

(F > * ( fractal 

41 L~ 

(E>D,. hence small for large L) 

Iractal 
fraction on )x ( Value on ) 

rL i E + D r  x f (  L 1 
t 

strong scale dependence 

F I 6 , Y  

TWO sets. dim -DI , D2 embedded in  a space 

dim - E. intersect on a set  dim - D I  . 
Define the Cu-d/muns/un C-E- D. 

CI-lnl ( ( C  , + C 2 ) .  E) 
I 1 

&. Intersection in space (E-3) of two planer 

1 I 

2 2 

, . -  I . -  ; - I 
A. SurIace network. Airplane. 

D A -  1 D ~ ' 1 . 7 5  

intense regions with C , ( T )  >DA 

not included in averages (prob. - I ) .  
I ~ I , l ~ ~ e  all statistical properties are 
11(1111 SCEIS and dimension dependent. 

averages now arises because, whenever 
the phenomenon is averaged over sets 
with dimension less than the nlasimumL (E?  
some intense regions (with low 
dimension) are excluded,. thereby 
altering the statistical properties 
(Fig. S). 
Section S shows that measuring networks 
do indeed have D<E (hence they esclude 
some estreme phenomena), and section 5 
direct 1y shown dimensional dependence i n  
the rain field. Among their various 
uses, an important new one, is using 
fractal cloud models' for radiative 
transfer ca 1 CCI I at ions. Preliminary 
results (Gabriel, Lovejoy, Austin and 

1 Y 8 6  ) show that the Schertzer 
in homogeneous distribution o f  cloud 
liquid water rray esplain the optical 
de p t h or " a 1 be do I' par a do x . 

THE D I MENS I L)N CIF 1 NHOMOGENEOUS 5 .  
GEOPHYSlCAL NErWvRhS AND THE NEED FOR 
REMVTE SENSING : 

The measuring stations o f  m s t  in 
situ geophqsical networks are spatially 
distributed in a highly inhomogeneous 
manner. being prinlarilu concentrated 011 
con t i nen t s an d po pu 1 a t i on cell t res . 



LoveJoy, Schertzer and Ladoy 1Yf16 showed 
that this inhomogeneity can be simple 
consequence of the fact that the fractal 
dimension of the network D 1s 
less than the dimension ( E )  op the space 
in which it is embedded (its maximum 
possible value). ‘To estimate D 
for a geophysical network (congidered 
here as a set of points), a simple 
method which has been widely applied to 
strange attractors was used. For each 
station in the network, determine the 
number n(L) of other stations within 
various radii L of the point, and its 
average .:.n(L):> over all the stations. 
If the latter are distributed ove a set 
with dimension D then <n(L)>cL 

Scales L over which other 
(non-algebraic) behaviour occur define 
the characteristic lengths of the 
network. Lovejoy, Schertzer and Ladoy 
1986 show that D, , ,N l .75  for the 9563 
stations in the world meteorological 
measuring network, over the range4 km 
to A2000km. 

‘6, 
KI ’ 

6. CONCLUSIONS : 

The first basic poi.nt of this paper 
is that in general, all the statistical 
properties of the spatial and temporal 
averages depend in a simple, power law 
manner on the scales over which they are 
averaged. Sufficiently small moments 
increase with scale, whereas, the high 
moments decrease. The intermediate 
power where the moments are independent 
of scale defines scale invariant 
quantities that a m  physically 
significant because they are conserved 
from one scale to another. 

The simplest models o f  such 
behav iour are mono-dimens i ana 1 -the 
intense and weak regions are 
characterised by the same fractal 
dimension. The discussion of these 
models brings out the second major 
point: the necessity of developing 
stochastic models of the sub-resolution 
scales o f  remote sensing devices. The 
understanding of extreme variability 
reuu i res the developing stochastic 
fractal models, on the one hand to make 
the theory more precise, and on the 
other hand, in order to understand the 
details o f  the sampling, averaging and 
calibration of remote 1 y sensed 
quantities. The third and last basic 
point in this paper, is that remotely 
sensed averages are not only scale 
dependent, but are also dimension 
depen den t . 

Even if we fix the scale, 
statistical properties will st i l l  be 
different if we compare e.g. averages 
along a line (D =I), or along a 
plane (DA=2). T e e  possibility of 
dimensional dependence is due to the 
recent discovery o f  (mathematical) 
measures with multiple fractal 
d i mens i on s phenomena 
are scale invariant, but with the more 
intense regions characterised bq lower 

Mu 1 t i d i mens i on a 1 

fractal dimensions than the weaker 
regions. In Section 3 we empirically 
establish the multiple fractal nature of 
the rain field by using radar data. 
Averaging over dimensions less that that 
of the full space/time in which the 
phenomena are embedded imp1 ies that in 
general, some o f  the most intense 
regions (with the lowest dimensions) 
will not be included in the averages. 
A s  we average over sets with lower and 
lower dimension, more and more of the 
intense regions are excluded, thereby 
mod i f y i n g a1 1 the statistical 
properties. The significance of - the 
dimensional dependence of  averages is 
underlined by our study (Section 5) of 
the d i mens i on of the global 
meteorological observing network. Over 
the range of at least 1 to ~2000 k m  the 
network (regarded as a set o f  points), 
has dimension d l .  75 (rather than the 
value 2 which it would have if it were 
uniform), indicating a clustering of  
stations (at all scales) about the 
various population centres. 

This observation puts remote 
sensing in a new perspective: not only 
is it necessary in order to ’ c ease the 
density and rate of  samplin&k’$8#der to 
increase their dimension. Many o f  the 
analytical tools, models, and 
theoretical developments outlined in 
this paper, grew out of recent work in 
chaos, fractals and especially 

What these hydrodynami c turbulence. 
fields have lacked in the past, are 
copious sources relevant data spanning 
many orders of magnitude in scale. On 
the other hand, the remote sensing 
community has lacked systematic methods 
for dealing with extreme variability. 
We believe that it is now possible to 
end this dichotomy: for  the first time, 
we have not only the quantity and 
quality of data and the necessary 
computing capacity, but also a growing 
variety of methods for systematically 
an a 1 y s i n g and model 1 ing. The 
consequences wi 11 undoubtedly be 
important for not only remote sensing, 
but also for turbulent and chaotic 
5 y 5 t em 5 .  
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8 . 2  
Oceanic Rain Retrievals from 

Satellite Passive 37 GHz Scattering Measurements 

Roy W. Spencer 
Universities Space Research Association 

NASA/Marshall Space Flight Center 
Huntsville, Alabama 35812 

1. INTRODUCTION 
The satellite microwave 

retrieval of oceanic rain rates has 
usually exploited the warm emission signal 
that rain presents in front of the 
radiometrically cold (reflective) ocean 
background. This warming was quantified 
at 19.35 GHz by Wilheit et al. (1977) in 
what will be referred to here as an 

method (Fig. 1). In this 
technique, as a rain layer becomes in- 
creasingly opaque (due to the increased 
number density and drop size as the rain 
rate increases) , the cold ocean surface 
becomes gradually obscured. 

Unfortunately the emis- 
sion method has two major disadvantages. 
First, it is nonlinear due to saturation 
of the signal at 19 GHz. As a result, 
various rain rates existing within a 
single satellite footprint produce an 
average brightness temperature (TB) which 
corresponds to a rain rate with a low 
bias. Footprints on the order of a few 
kilometers in diameter are needed to al- 
leviate this problem. Secondly, the 
single channel emission method can not 
discriminate between the emissions from 
non-precipitating clouds and rain. Even 
though the cloud induced warming is only 
about 20% to 30% of what rain produces at 
a given liquid water content at 19 GHz 
(Fig. 1) , the cloud contamination problem 
is magnified by the proportionately 
greater number of clouds that do not 
precipitate. 

Here I will outline a 
method for estimating the degree to which 
the TB has been affected by scattering, 
which at 37 GHz is only due to precipita- 
tion size hydrometeors (especially ice). 
Based upon numerous comparisons between 
radar derived rain rates and radiances 
measured by the Nimbus 7 Scanning Multi- 
channel Microwave Radiometer (SMMR) , it 
has been demonstrated that precipitation 
over land can be estimated based upon the 
degree to which T over land are depressed 
below the radiomearically warm land back- 
ground levels (Spencer et al., 1983a ; 
Spencer et al., 1983b; Spencer, 1984). 
This correlation is due to the scattering 
of the upwelling land radiation by, 
primarily, precipitation size ice 
hydrometeors which, in turn, are a sig- 
nificant part of the rain formation 
process. 

This technique is not 
directly transferable to the ocean because 
the ocean background is already at a lower 
TB than most rain system ice canopies 
could ever achieve. However , because the 

Rain Rate - mm/h 

4 kmdeptha 
10 20 30 , 

280 

Cloud Water Content - g/kg 

Fig. 1 The 19.35 GHz brightness tempera- 
ture signature of rain (Wilheit et al., 
1977) and cloud with the same liquid water 
contents over an ocean background. 

ocean emitted radiation ie highly 
polarized (e.g. Weinman and Guetter, 1977) 
while the radiation scattered by the ice 
is only slightly polarized it is possible 
to distinguish between the two TB depress- 
ing phenomena when polarization informa- 
tion is used. 

2. THE SCATTERING METHOD 

If we consider the 
horizontally and vertical1 polarized 
brightness temperatures and T v, 
measured by the SMMR at 3,"sHz, and dye- 
play them as a difference and average, we 
find that the ocean surface is cold and 
highly polarized (the point in the lower 
right hand portion of Fig. 2 ) .  The ther- 
mal emission by non-precipitating clouds 
(which do not scatter at 37 GHz), in 
contrast, is warm and unpolarized. The 
SMMR data show a well defined trend, as 
depicted by the solid line in Fig. 2 
labeled llemission*l, indicating various 
amounts of footprint coverages of clouds 
with an average "effective radiating 
temperature" (ERT) of about 273 K. Model 
calculations indicate that various 
footprint coverages of cumulus congestus 
clouds of 7 km vertical extent and 0.50 
g/kg cloud water content can explain these 
observations. Other cloud types can also 
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Fig. 2 Bipolarization plot of 37 GHz TB 
vs. rain rate illustrating the effects 
that emission and scattering have on the 
dual polarized radiancom. 

onplain these data. 
Here we assume that any 

obaervations below this emission (zero 
rain rate) line represent contributions by 
moattoring and Urus a non-zoro rain rate. 
Docauao tho avorage rslationahip observed 
w o r  land botwoen SMMR T and radar 
dorived rain rates is linear qn rain rate, 
it can be shown analytically tha any 
given satellite observed pair of T g  and 
TBV correspond to a unique footprint 
avoraged rain rate (Fig. 3). In terms of 
tho SMMR TB, the relationship in equation 
fona is 

where fvalq has a value of 2.5 for rain 
olouds similar to those observed over the 
U.S. during summer; "b" approximately 
oquals 0 . 5 ~  and c is approximately 137. 
Decauee of the method's linearity, there 
are no nonlinear "footprint filling" (or, 
more accurately, "footprint averaging") 
offects. Also, because the cloud emission 
affect is removed, and since only 
precipitation size hydrometeors cause sig- 
nificant acattoring at 37 CHz, there is 

280 
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TBV - TgH (OC) 

Fig. 3 Bipolarization plot of both the 
zero rain rate (emission only) line from 
Fig. 2 and the observed relationship be- 
tween U.S. summertime WSR-57 radar rain 
rates and SMMR TB. From these two lines, 
a family of rain rate lines result which 
uniquely assign a footprint average rain 
rate to a given dual-polarized TB 
meamursment. 

little cloud contamination. There are, 
nevertheless, limitations which will be 
discussed later. 

3. RADAR TEST OF THE SCATTERING ALGORITHM 

The scattering algorithm 
represented by Fig. 3 and Eq. 1 was tested 
on a total of ' five cases where the SMMR 
and U.S. National Weather Service WSR-57 
radars simultaneously viewed convection 
over the Gulf of Mexico during 1979. This 
is but a small sample of all cases that 
would be available for analysis. 

The imqge pairs in Fig. 4 
reveal the results of the comparisons. 
The images indicate considerable 
similarity between the radar reflectivity 

433 



Fig. 4 An independent teat of the 37 GHz scattering algorithm 
with radar and SMMR data from five dates during 1979 over Gulf of 
Mexico coastal waters. Dates and radars included are (a) 20 
April, Galveston, TX and Lake Charles, LA: (b) 11 July, 
Apalachicola, FL; (c) 17 July, Apalachicola, FL; (d) 27 
September, Miami and Key West, FL; and (e) 1 October, Miami, FL. 
Both SMMR and radar images were low pass filtered to reduce noise 
in the SMMR data and to reduce the resolution of the radar data 
consistent with the SMMR resolution (25 km) . Only oceanic data 
within the scans of the radar and SMMR are included. Brightness 
levels correspond to increnments of 4 m/h, starting at 4 m/h, 
with recycling to black at 20 mm/h. 

8 

C 
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derived rain rates and the radiometer 
derived rain rates. These images repre- 
sent an overall 0.90 correlation when the 
images are sampled within the radar and 
SMMR scans at 4 0  km resolution. 

4 .  REEVALUATION OF THE RESULTS OF SPENCER, 
HINTON, AND OLSON (1983) 

Spencer et al. (1983~) 
showed that the 37 GHz liquid phase plane- 
parallel models are not adequate to ex- 
plain the observed relationships they 
found between radar derived rain rates and 
SMMR TB at individual polarizations. 
However, if we fit the data they presented 
for one channel (Fig. 5a) and input this 
relationship into Eq. 1 to obtain a 
relationship for the other channel (Fig 
5b) we find that the trend exhibited by 
the data is well explained. Therefore, 
the data presented in the previous study 
can be explained as a combination of the 
effects of partial footprint coverage and 
scattering by ice. It must be emphasized 
that thk two parameter qraphe exhibited in 

d 

6 

Fig. 5 do not replace the three parameter 
graph in Fig. 3 because it is not possible 
to deduce the footprint coverage and scat- 
tering effects with data from a single 
channel alone. It would seem that 37 GHz 
liquid phase algorithms are not suitable 
for rain rate retrievals unless (1) a warm 
rain process dominates the precipitation 
formation and (2) the footprints are suf- 
ficiently small to preclude substantial 
variations in rain rate within the 
footprint. 

5. LIMITATIONS 

There are several limita- 
tions to using the 3 7  GHZ scattering 
method by itself for measuring oceanic 
precipitation rates. 

First, the amount of 
scattering measured at 37 GHz is only a 
first approximation to the amount of rain 
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Fig. 5 Application of the 37 GHz scatter- 
ing method (Fig. 3 or Eq. 1) to the data of 
Spencer, Hinton, and Olson (1983c). The 
solid line represents liquid phase plane- 
parallel relationships. A line was fitted 
to the observed radar and vertically 
polarized SMMR T data (a) , then horizon- 
tally polarized %, were computed through 
Eq. 1 to arrive at the curve shown through 
the points in (b). This illustrates that 
these previously published data can be in- 
terpreted in terms of the scattering 
algorithm, which allows for unfilled 
footprints and stronger scattering than can 
be reasonably accounted for with liquid 
phase models alone. 

falling out of the bottom of the cloud. 
We have already found that tropical rain 
systems exhibit less scattering than mid- 
latitude systems. This is probably due to 
the warmth and relatively weak updrafts 
associated with tropical convection. This 
problem would lead to regional biases if 
the variable I8a1@ in Eq. 1 is kept 
constant. Secondly, the ERT of non- 

High precipitating clouds can vary. 
clouds will have an ERT lower than that of 
low clouds and thus a greater chance of 
being misdiagnosed as rain. However, cir- 
rus clouds (even thick ones) have been ob- 
served to be essentially transparent over 
both land and ocean based upon analyses of 
SMMR 37 GHz data. 

Third, the scattering 
signal at 37 GHz is relatively weak. From 
Eq. 1 it is evident that, for rain systems 
like those in the f . S .  during summer, a 
change of lo in T leads to a 2.5 mm/h 
change in the retrpeved rain rate. There- 
fore the method is not very tolerant of 
errors in the measured TB. 

Despite these 
limitations, the results demonstrated in 
Fig. 4 reveal that there is information 
obtainable concerning the precipitation 
rate within oceanic rain systems based 
upon 37 GHz estimates of volume 
scattering. 

6. IMPLICATIONS 

The current method is not 
suggested as a replacement for emission 
type methods for oceanic precipitation 
retrievals. Rather, it could supplement 
those methods, particularly with informa- 
tion on the more intense precipitating 
systems where the 19 GHz emission method 
saturates. It should also provide useful 
microphysical information on rain system6 
on a global basis. As such it might help 
give insight into the conditions accom- 
panying ice formation within precipitation 
systems. 

The author also feels 
that the problems associated with the 19 
GHz emission method might be alleviated if 
lower frequency observations (e.g. at 6 
and 10 GHz) were used together. Thi6 
should allow partial separation between 
the cloud and rain signals, as well as 
provide a more linear relationship through 
a greater dynamic range of rain rates. 
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8 . 3  MODEL-BASED RETRIEVAL OF TROPICAL CYCLONE RAINFALL RATES USING 
THE NIMBUS-7 S M M R  

William S. Olaon 

Department of Meteorology/ 
Space Science and Engineering Center 
Univereity of Wiaconain-Madiaon 53706 

1. INTRODUCTION 

Methods for inferring the intensity 
and distribution of hurricane rainfall 
have for many years been a focus of 
reaearch efforta in tropical cyclone 
meteorology. According to moat theoriea, 
the latent heating mechanism is a 
critical factor in tropical cyclone 
geneaia/inteneification and ia 
reaponaible for much of the kinetic 
energy production in mature atorma 
(Palm& and Newton, 1969). Tropical 
cyclone forecaata might be improved if 
latent heating diatributiona could be 
included in model initialization achemea 
(Anthea, 1982). 

To the preaent moat tropical cyclone 
rainfall data have been derived from 
raingauge and radar measurements. 
Limited apatial coverage ia probably the 
moat aerioua drawback of theae 
measurement systems. Raingaugea and 
land-baaed radar can provide hurricane 
rainfall data only if the atorm ia within 
reaaonable proximity of coastal or ialand 
atationa. Although aircraft radar can be 
used to make rainfall meaaurementa in the 
atorm locality, the span of continuous 
coverage ia limited to the aircraft 
flight time. 

radiometera, including the Niebua-7 
Scsnning Myltichannel 
Microwave Rediometer (SMMR), have 
shown utility in retrieving rainfall 
diatributiona and intenaitiea over the 
oceans (Savage and Weinman, 1975; 
Wilheit, et al., 1977; Spencer, et al., 
1983a) and have the potential for global 
coverage of storms. However, a main 
difficulty in the retrieval algorithm6 eo 
far proposed haa been the apparent 
ambiguity between rain intenaity and 
apatial extent which can lead to several 
eatimatea of area-averaged rainfall rate 
within a SMMR footprint, given a 
brightneaa temperature (intenaity) 
meaaurement in only one channel. Thia ie 
a particular problem in storms which 
contain regions of stratiform rainfall, 
for which the intensity and areal extent 
of rain may be uncorrelated. Alao, the 
sensitivity of the highest-resolution 
SMMR channela (37GHz) to variationa in 
rain liquid water content appear6 to 
depend upon the relative numbera of rain 
dropa and precipitation-aized ice 
particlea preaent in the precipitating 
cloud (Spencer, et al., 1983b). 

by both convective and stratiform rain 
regiona. In areaa of downdraft or 
atratiform rainfall aignificent numbera 
of ice particlea may be preaent, although 

Satellite-borne microwave 

Tropical cyclone6 are characterized 

the vaat maJority have diameters lese 
than .5 m m  (Black, pers. comm.). These 
obaervationa auggest that the full 
multichannel capability of the SMMR 
should be explored in the context of rain 
rate retrieval6 in hurricanea. 

2. RETRIEVAL METHOD 

A model-baaed rainfall rate retrieval 
method which can incorporate any or ell 
of the SMMR brightneas temperature 
meaaurementa ia developed in thia 
section. In order to facilitate the 
multiapectral procedure, the SMMR data 
from each channel are first 
spline-interpolated to a common Cartesian 
grid at 22.2 km apacing. For each acene 
of intereat a 60 latitude x 60 
longitude domain of gridded brightneaa 
temperaturea ia thua created within the 
SMMR swath boundaries. 

SMMR-obaerved brightneaa temperature in 
channel m ia modeled aa 

At each gridpoint I,) the 

TBObami J = CAm TBmodm (LWCpf) 3 i J  

+ e m i ~  P ( 1 )  

where TBmodm(LWC,f) is the model 
average brightness temperature in channel 
m upwelling from a 22.2 km x 22.2 km box 
centered on the gridpoint, A m  ia the 
antenna spatial responae function for 
channel m, and the notation I) indicate6 
the two-dimenaional diecrete convolution. 
Each obaervation ia therefore modeled aa 
a weighted average of the high-reaolution 
"data" repreaented by TBrnodm within 
the aenaor field of view. A m  can be 
regarded aa an analog for the antenna 
power pattern in the diecrete domein. 
The reaidual e m i ~  ia the error 
between the modeled end obaerved 
brightneaa temperaturea. 

The solution of the rain retrieval 
problem is obtained by minimizing the 
mean square error between the modeled and 
obaerved brightneaa temperaturea a8 a 
function of the unknown total cloud 
liquid water contenta LWCij and cloud 
filling fraction6 fij in all grid 
boxea : 

min C(emiJI2 = 

fi J 
min CtTBobemi~ - 
f i  J 

LwciJ i,J 

LwciJ i , J  LAm TBmodm(LWC,f)3iJ)2 . (2) 

A l l  other geophyaical parameters are 
preecribed in the model. The 
minimization of the mean square error in 



Eq. (2) ia performed iteratively using a 
method of conJugate gradients described 
in Shanno (1978). If the brightneaa 
temperature and antenna reaponae modela 
preaented below are incorporated into Eq. 
( 2 ) ,  then the error ia typically reduced 
to near noiae level, about 3 K r.m.a., 
after 10 iterationa by the method of 
conJugete gradients. 

Once the fields of LWC and f are 
determined, the area-averaged rainfall 
rate for each grid box is computed from 

R(LWCpc)*f , fsl 
R =  

f>l 

where the rain rate R ia computed 
aaauming the Merceret (1974) hurricane 
drop-size diatribution for a 
precipitation liquid water content LWCpc. 
The quantity LWCpc ia parameterized 

LWC 5 LWCnpc 
(4) 

LWC - LWCnpc, LWCSLWCnpc . (" ' LWCpc = 

Here, LWCnpc is the preacribed maximum 
liquid water content of non-precipitatd 
cloud: i.e., all cloud liquid water in 
exceaa of LWCnpc ia conaidered 
precipitating water. 

3. RETRIEVAL MODEL 

The complete derivation of the 
radiative tranafer model for TBmodm 
can be found in Olaon (1986), and ao only 
the baaic feeturea of the model will be 
deecribed here. A vertical x-z 
croee-section of the model geometry ia 
preaented in Fig. 1. In the verticel the 
atmoephere ia divided into three layera 
aepsrated by the freezing level ho 
and the cloud top level h. The top of 
the atmoaphere ia defined by h,. 
Within each of the three layera molecular 

-P- 

Fig. 1. Croee-eection of the radiative 
tranafer model geometry. 

absorbers are distributed uniformly. The 
air temperature is assumed to decrease 
linearly with height. The cuboidal cloud 
(length and width equal to a) contain8 
precipitating and non-precipitating 
liquid dropleta below ho, and 
precipitation-aized ice particlea between 
ho and h. Rain dropa end ice 
particlea are easumed to be uniformly 
diatributed within their reapective 
domains and are conatrained to have the 
same aize distribution. The surface 
emiaaivity/reflectivity la expreaaed ea a 
function of the surface friction velocity 
according to the parameterization of 
Wentz (1983). 

precipitation-acattered microwave 
radiancea to the source term of the 
radiative tranafer equation is 
approximated by the 1-dimenaional 
Eddington solution for e horizontally 
infinite cloud. Rsdiancea upwelling at 
the SMMR viewing angle 6 are numerically 
integrated over the domain of the grid 
box (length and width p) and are then 
normalized by the pro-jected box area 
p2 cos0 to yield the qrid 
box-averaged upwelling brightness 
temperature TBmodm. 

is defined by 

The contribution of 

Note that the cloud filling fraction 

f = s2/p2 ( 5 )  

in the model. 
BY parameterizina the liquidlice 

hydrometeor extinction coefficients and 
aingle scatter albedoea aa power-law 
functiona of rainfall rate R, the 
brightneaa temperature model preaented 
here can be adjuated to agree within 
epproximatey 1 K r.m.a. of preciae mod21 
formulations in the limit of a 
horizontally infinite cloud ( s - 0 0 ) .  

at 37 GHz in the vertical polarization 
for a typical hurricane atmosphere are 
plotted ea functiona of grid box-averaged 
rainfall rate for different filling 
freetione in Fig. 2a. In thia figure h = 
ho = 4.8  km, and a non-precipitating 
cloud with a liquid water content equal 
to . 4  gm/m3 is assumed at zero 
rainfall rate. The model output may be 
compared to the acatter plot of 
SMMR-obaerved brightneea temperaturea va. 
box-averaged rainfall ratea derived from 
digital radar coverage of three 
hurricanes (Fig. 2b). Based upon several 
model runa, a general conaiatency between 
model output and obaervationa waa found 
for ho equal to 4 . 8  km, values of h 
between 4.8 and 5.8 km, and LWCnpc equal 
to .4 gm/m3. Note that moat of the 
obaerved 37 GHz brightneaa temperaturea 
correaponding to aignificant rain ratea 
cluater in the range of model-deaignated 
f valuea between .6 and 1.0, and thet 
there ia no obvioua correlation between f 
and A in the date. Theee data featurea, 
and the apparent lack of eenaitivity of 
the 37 GHz brightneaa temperaturea to 
variatione in rainfall rete et rain ratea 

Model output brightneaa temperaturea 
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Fig. 2a. Model-computed, 37 GHz 
vertically-polarized brightneaa 
temperaturea for varioua cloud filling 
fraction6 veraua grid box-averaged 
rainfall rate. 

t 
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Fig. 2c. Model-computed, 18 GHz 
horizontelly-polarized brightneee 
temperaturea for varioua cloud filling 
fraction6 veraua grid box-averaged 
rainfall rate. 

i 

I 

I 

Fig. 2b. SMMR-obaerved, 37 GHz 
vertically-polarized brightneaa 
temperatures from three hurricanes 
veraua radar-derived, grid box-everaged 
rainfall rate. 

greater than roughly 3 mm/hr auggeat that 
more than one channel/frequency ia 
required to obtain a unique eetimate of 
rainfall rate. Additional information 
could be provided by the 18 CHz channele, 
for which the model curve6 of the 
horizontally-polarized brightneee 
temperature component are ehown in Fig. 
2c. Note that the brightness temperature 
aenaitivity to rainfall rate extend6 
through a much greater range of rainfall 
rates for this channel. 

The antenna reaponee function6 A m  
were originally eetimated by studying the 
reaolution degradation of aynthetic, 
high-reaolution coaetline imagery by 
proepective GaUEEian reeponae functiona. 
The degraded imagery wee compared to SMMR 
imagery of actual coeatlinee with the 
aame contour and brightneea temperature 
dynamic range ae the aynthetic data. For 
each channel, the beet-eatimate Geuaaian 
response function was found to have a 
half power width nearly equal to the 
reported mean footprint dimenaion of the 
S M M R  in that channel (ref. Gloereen and 
Barath. 1977). A s  a reeult. the reeponee 
functione A m  selected for thie atudy 
are aymmetric, two-dimeneional Geuaeiana 
with half-power widthe equal to the mean 
footprint dimenaiona of the Nimbua-7 
SMMR. 

4. RESULTS 

The SMMR rain retrieval method wae 
employed to derive grid box-averaged rain 
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ratea in Hurricane David ueing data from 
the Nimbue-7 overpaaa at 16442, 9/3/79 
(Fig. 3a). At that time the storm waa 
making ita landfall on the eaatern 
Florida coaat about 100 km north of 
Miami. In thia particular retrieval, 
data from only the 37, 21, 18 and 10.7 
GHz channele of the SMMR were employed 
(aee Eq. 2). Typical valuea of h (4.8 
km), ho (4.8 km) and LWCnpc C.4 
gm/m3) were specified in the 
retrieval model. Coincident WSR-57 radar 
coverage of David from the Miami station 
was utilized to produce the adjoining 
figure (Fig. 3b). In thia figure, 
digital recording6 of radar reflectivity 
were converted to equivalent rainfall 
rate ualng the 2-R relationahip of 
Jorgenaen and Willie (1982), and were 
then area-averaged within the SMMR grid 
boxea. For diaplay purpoaea both rain 
fielda were median filtered and then 
threaholded et trace. 2 mm/hr, and 8 
mn/hr levela. Land areaa including 
extreme eastern Florida and Andros Island 
are indicated by a stipple pattern. In 
Fig. 3b, the range limit of recorded 
radar data ia ahown by a range marker. 

Overall, the figures indicate 
reaaonable agreemant between the patterna 
and intenaitiea of the SMMR- and 
radar-derived rain fielda. Also the 
structure of the eyewall and rainbanda in 
the SMMR rain field ia conaiatent with 
tropical cyclone climatology. 

A t  radar rangea greater than about 
140 km, however, the SMMR rain rate 

eatimatea appear to be poaitively biased 
with reapect to the radar meaaurementa 
(Fig. 4). It ia difficult to draw any 
conclusions based upon the small sample 
of data presented here, but the probable 
cauae of thie discrepancy ia the effect 
of partial radar beam filling by rain, ea 
the beam exceeds the height of the rain 
layer at long range (NOAA, 1979). If a 
rain layer height of 4.8 km ia aaaumed, 
then the Miami radar beam ea defined by 
ita half power width would begin to 
overshoot the rain layer at roughly 146 
km range. Beyond thie range, only a 
fraction of the radar beam would be 
filled by rain, which would reault in an 
undereatimate of the rainfall rate baaed 
upon the power received by the radar. 
The plot in Fig. 4 seema to reflect this 
range-dependent, negative radar bias. 
The scatter of point6 aeen at long range 
would indicate rain height variatione, 
which affect beam filling. 

5. CONCLUDING REMARKS 

Incorporating brightneaa temperature 
data from the 37 - 10.7 GHz channele of 
the Nimbua-7 SMMR, the multiapectrel, 
model-baaed retrieval method preaented in 
thia study yielda tropical cyclone rain 
rate eatimatea which are in reaaonable 
agreement with redar obaervatione. 
Discrepancies between SMMR and radar rain 
estimates observed at radar ranges 
greater than -140 km suggest that CAPPI 
(volume acan) radar ahould be uaed for 

Fig. 3a. SMMR-derived rainfall rates in 
Hurricane David at 16442, 9/3/79. 
Stippling indicates land areaa. where the 
retrieval method doee not apply. 

Fig. 3b. Radar-derived rainfall rates 
in Hurricane David at 16442, 9/3/79. A 
marker indicatea the maximum range of the 
data. 
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Fig. 4. Difference of SMMR- and 
radar-derived rainfall rates in Hurricane 
David (16442, 9/3/79) vereua radar range. 

retrieval method calibrations in order to 
avoid radar beam-filling problems. 

on tropical cyclone rain rate retrievals. 
Since the retrieval method is 
model-based, it can be recalibrated for 
other kinds of precipitation systems, 
given aome notion of the physical 
structure and environment of those 
systems. A modification of the model for 
application to midlatitude atorma, 
including rain over land, is being 
studied. 

The retrieval method employs a 
atandard nonlinear minimization technique 
(conjugate gradients) to find the rain 
field which minimizes an error functional 
(Eq. 2). In this study the error 
functional is the sum of squared 
differences between SMMR observations and 
a model repreaentation of those 
obaervationa. The formulation of this 
method is general, in the senae that 
additional satellite observation8 or 
conetreints on the aolution can be 
included simply by adding appropriate 
terma to the error functional. The 
addition of auxiliary data and/or 
reasonable constraints typically improves 
the accuracy of the retrieval by reducing 
the deleterioua effecta o f  noise in the 
observations (Yeh and Chin, 1985). Such 
additions are currently under 
investigation. 

The focus of this research has been 
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8 .4  

A Cloud Model-Radiative Model Combination 
for Determining Microwave TB-Rain Rate Relations 

2 Gerard S~ejwachl;~'~, Robert F. Adler4, 
Isabelle Jobard , and Robert A. Mack 

1. Introduction 

This paper presents the initial 
results of using a combination of a cloud 
dynamical/microphysical model and a microwave 
radiative transfer d e l .  The objectivies of 
the work are: 1) to determine the relations 
among rain rate, cloud and rain water, cloud and 
precipitation ice, and upelling radiance at 
various microwave frequencies under differing 
climatological conditions and 2) to test the 
derived relations against aircraft and satellite 
radiometer data. 

The approach is to use the cloud 
model to produce the vertical distribution of 
microphysical parameters required as input into 
the radiative transfer model. The desire is to 
improve upon the relatively simple cloud 
structures that have been previously used as 
input into microwave models, and to determine 
the variability of the relations as a function 
of the climatological regime (e.g., tropical vs. 
mid-latitude). 

2. Cloud Model Description 

The cloud model used in this study 
is a slightly modified form of the 
one-dimensional, time-dependent model of Cheng 
(1981). The calculations are made for an 
updraft cylinder of constant radius, r. This 
updraft radius, which is an input variable, 
controls the dilution of the cloud by 
entrainment through a k/r relation similar to 
that in other one-dimensional models (e.g., 
Simpson and Wiggert, 1969), where k is the 
entrainment coefficient, usually set equal to 
0.2 for tropical, low shear cases. The cloud 
can be initiated with a combination of boundary 
layer temperature perturbation, moisture 
perturbation, and/or vertical velocity 
perturbation. The model's dynamical formulation 
includes the important pressure perturbation 
effect. 

'Universities Space Research Association. 

2Laboratory for Atmospheres, NASA/Goddard 
Space Flight Center, Greenbelt, MD 20771. 

3Laboratoire de Meteorologie Dynamique, 

4General Software Corporation, Landover, fiID 

CNRS, France. 

20785. 

The model's cloud microphysics 
includes four categories of condensate: cloud 
liquid water ( q  ) ,  rain water ( q  ),  cloud ice 
(q . ) ,  and precfpitation ice (9.7. 
pafheterization scheme is essehtially that of 
Stephens (1979) [see also Cotton et. (1982)l. 
Marshall-Palmer size distributions are used for 
both the rain water and for the precipitation 
ice. The cloud ice is assumed to all be at the 
same size with finite fall velocity. 

Because initial model runs did not 
produce sufficient cloud ice in the OC to -35C 
layer, the parameterization of the cloud ice 
initiation process was modified from that of 
Stephens. 
concentration was used. That is 

The ice 

An identical formulation for crystal 

where N is the crystal concentration [~n-~], 
N ' %e concentration at OC, and AT is the 
n&: of degfjeeg below OC. In our case, Nof 
was2set3to 10 m and $ - 0.2, instead of 
10- m and 0.6 as in Stephens (1979) and Cheng 
(1981). This change produced more cloud ice and 
less cloud water at temperatures 0-35C. 

3 .  Radiative Transfer Model 

The basic model used for calculating 
microwave brightness temperatures is a revision 
of the model described by Wilheit et a1 (1982). 
Modifications concern the capability of handling 
mixed phase layers and introduction of new and 
temperature dependent indices of refraction for 
ice, taken fromwarren (1984). 
The transfer of horizontally and vertically 
polarized radiation is computed through an 
horizontally infinite plane parallel atmosphere 
which contains a cloud of liquid and ice 
hydrometeors. The hydrometeors absorb, emit and 
scatter radiation. 

The vertical structure of the cloud 
is provided by the cloud dynamical model 
described above. We assume no variation in the 
horizontal structure at the scale considered for 
the radiative transfer calculation. 



The radiance I for a frequency v V,P 
and polarization p is computed fran 4.1 . 

where p is the cosine of the zenith angle and 
the extinction coefficient. kvf P 

The source term JvlP is given by 

<(z) and ~ ( , u , + ; p , , + f )  represent the albedo for 

single scattering and the phase function of an 
e d l e  of spherical particles. 

of incident and scattered beams of radiation. 
pr  + and CI' , 4, define the directions 

B (T(z)J is the Planck function at the 

In addition t o  absorption and scatte- 

frequency v for the tamperature T at level z. 

ring by hydromtteors, absorption by molecular 
atmospheric constituents, water vapor and oxygen 
is also considered. 

The atmosphere is divided into regions 
Each region is characterized by a uniform dis- 
tribution of hydrometeors (ice, liquid or both). 
Several classes of particles can coexist in each 
region. In this study, the number of classes of 
ice or liquid hydrometeors present in each 
region is at most four (two classes of ice and 
two classes of liquid water), 

The number of regions depends on the 
vertical distribution of hydrometeors provided 
by the dynamical model. We used a maximum of ten 
regions, but the model can handle more regions 
if necessary. Canputation of the extinction, 
scattering, absorption coefficients and phase 
function is performed according to the Mie 
theory for each region. 

The atmosphere is then divided into 
200 layers of equal optical thickness. 
The transfer of radiation is computed from the 
top of the atmosphere down to the surface and 
back up using an iterative approach. 
"he surface emissivity, for over Ocean models is 
computed according to Chang and Wilheit (1979). 
for a eurface windspeed of 10 Ws. 

two Intensities (vertical and horizontal polari- 
zation) used in the radiative transfer model has 
twenty components. 

The vector representing each of the 

4 .  Application of Model Combination to 
lWo Climatological Regimes 

Upwelling microwave radiance is a 
function of the physical characteristics of the 
cloud, not the ground-level rainfall itself. 
Therefore, since the relations between rainfall 
rate and cloud characteristics such as cloud 
depth, ice content, etc., are expected to vary 
according to location, climatological regime, 
and even synoptic situation, T -rain rate 
relations must be a function OB the convective 
cloud characteristics. As a first test of the 
model combination, results were compiled for a 
tropical-summer situation and a mid-latitude 
spring (severe thunderstorm) situation. This 
particular comparison was done for two reasons. 
First, aircraft microwave radiometer data (92 
and 183 GHz) has been correlated to ground-based 
radar for both regimes (Hakkarinen and Adler, 
1986). Second, Adler and Mack (1984) have 
already compared cloud maximum height-rainfall 
rate relations for these regimes with a cloud 
model and observations. 

The vertical soundings used as input 
into the Cheng cloud model are the same as used 
by Adler and Mack (1984). The Florida sounding 
is from Miami during the Florida Area Cumulus 
Experiment (FACE); the mid-west sounding is a 
modified Oklahoma City sounding for a situation 
of severe thunderstorms in Oklahoma and 
Arkansas. For each sounding, a series of model 
runs is made with updraft radii varying from 0.5 
to 7 km. In the Oklahoma case, the entrainment 
coefficient, k, is increased to 0.5 based on 
results from Adler and Mack (1984) to roughly 
account for the effect of shear on the 
entrainment rate. 

For each model run, a time-height 
profile of pertinent quantities (such as the 
four classes of condensate) is produced. For 
this exercise, the time of maximum rain rate at 
the ground was located, and one vertical profile 
within _+ 10 min of the rainfall rate maximum 

) and with the largest integrated ice 
:%% nt, was chosen to represent that cloud 
model run. Because the cloud model confines all 
its rain to the updraft area, the model is 
divided by 5.0 to compensate for the dif%%nce 
between updraft area and rain area. 
for this procedure was discussed by Adler and 
Mack (1984). A summary of the cloud model runs 
is shown in Table 1. 

The basis 

5. Results and Discussion 

Figs. 1 to 4 present the results 
obtained at various frequencies for the 13 cases 
presented in section 4 .  The frequencies *re 
chosen as to be representative of some existing 
space or airborne radiomsters. The two last ones 
refer to the AHMS instrumsnt(Wi1heit et a1,1982) 
The 183i-9 frequency corresponde to the 2 band- 
channel with center frequencies at 183-9 and 
183+9 Ghz. 
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Table 1. cloud kbdel Parameters and Results 

CASE 

Nadir 
CLEAR 45 V 

45 H 

CrxXn, Nadir 
.lg/m3 45 V 

45 H 

CLOUD Nadir 
.5g/m3 45 V 

45 H 

r1orida 

Updraft ridius (km) 1 2 3 4 5 6 7 

w- (m 6- l )  4.8 6 .1  7 .2  8 . 0  9 . 4  10.8 11.0 

2- (b) 5.0 6 . 5  8 .1  10.1 12.3 13.3 13.7 

Rainfall rate 7 18 21 27 35 41 46 
(m h- ) 

FREQuENcl (GHZ) 

19.35 37.00 92.00 183-9 

173.4 177.7 257.2 281.9 
209.8 215.5 275.2 279.3 
157.4 157.5 253.1 273.3 

189.0 206.2 280.4 280.6 
222.8 237.8 284.5 278.7 
178.5 196.5 279.5 278.7 

212.8 255.3 281.8 277.1 
241.1 270.6 279.3 276.0 
208.7 256.2 279.2 276.0 

InteqraM i c e  
content (10 gm-2) 

0 0.05 0.23 0.53 0.83 1.07 1.22 

OklahOma 

Updraft radius (km) 2.5  3 4 5 6 7 

w- (m 6-l) 

2- (b) 

Rainfall rate 5 10 17 24 31 36 

13 .3  15.0 17.6 19.5 21.1 22.6 

10.3 11.5 12.3 12.7 12.9 13.1 

(m h- ) 

Integrated ice 
content (10 grr-2) 

0.67 0.99 1 .33  1.52 1.60 1.63 

The brightness temperature TB is 
plotted as a function of rainrate R as defined 
in the cloud dynamical model description. For 
each figure we present four curves corresponding 
to the Oklahoma and Florida cases. Solid and 
dashed curves refer to nadir and 45 degrees view 
angles respectively. Results at 45 degrees are 
averaged over the two polarizations in order to 
simulate the observations of a non polarized 
radiometer. 

5.1 Surface and cloud effects 

The points plotted for R-0 correspond 
to land background and atmospheric conditions 
taken from the soundings used in the model. 

Table 2 presents the brightness tempera- 
tures for the Florida case and an ocean 
background at nadir and 45 degrees viewing angle 
Results for cloudy atmospheres are also included 
in Table 2. The clouds contain 0.1 and 0.5 g/m3 
of liquid water respectively from the cloud base 
at 0.5 km to the freezing level. These cloud 
examples are given to illustrate background TBs 
in the absence of precipitation. 

While the three first frequencies are 
located in atmospheric "window" regions, 
the last one lies along an absorption line by 
water vapor centered at 183.35 GHz. 

drives the brightness temperature in the first 
three channels and since water surfaces have 
much lower emissivity than ground surfaces, TB 
can be much lower than the thermodynamic surface 
temperature in the ocean model. 
Absorption/emission by atmospheric constituents 
tends to increase the value of TB. 
The atmosphere is not polarized and the diffe- 
rence between the horizontal and vertical TBs 
at 45 degrees is due to the lower surface 
emissivity for the horizontal polarization. 

opaque and the atmospheric emission drives the 
value of TB. No significant difference can be 
observed between ocean or ground background. 

In the absence of cloud surface emission 

At 183t9 GHz, the atmosphere is almost 

Clouds droplets absorb and emit 
radiation. Scattering by cloud droplets is 
totally negligible for all the frequencies 
considered here. The absorption coefficient is 
proportional to the liquid cmtent and increa- 
ses w i t h  the square of the freqwncy. lhia 
explains the results ob~rved in Table 2 for 
all channels. The slight decrease in TB for 
1 8 3 ~ 9  i o  d w  to the fact that when &sorption 
by atmsphere (cloud included) increasea, the 
weighting function peaks at a higher level 
in the troposphere where the temperature is 
lower. 

Table 2 
Brightness temperatures for clear 
and cloudy atmospheres over Florida 

(ocean surface) 

5.2 Precipitation effects 

In a first approximation, scattering 
effects increase with the size of the cloud 
particles and with the frequency. While liquid 
drops both scatter and absorb radiation, absorp- 
tion by ice crystals is negligible at the fre- 
quencies considered in this study. 

TB, because part of the radiation emitted by the 
surface and the lower layers does not reach the 
top of the atmosphere. If a given layer contains 
absorbing/emitting particles such as water cloud 
drops, emission by these particles will attenuate 
the loss by scattering. 

surface background), we observe a decrease in TB 
when the rainfall rate increases due to scattere- 
ring by ice principally and rain to a much lesser 
extent. As expected the drop in brightness 
temperature is smaller at 19.35 GHz and at 37 GHz 
than at the higher frequencies. At 183t9 GHz, 
absorption/emission by water vapor will tend to 
very slightly reduce the loss due to scattering. 

between the two meteorological regimes at 37 GHz 
and above. While TB remains slightly constant for 
rainfall rates up to about 16 rmn/hr for the 
Florida cases, there is a very rapid decrease in 
the Oklahoma case. This is due to the fact that 
the ice content and vertical extent corresponding 
to a given rainrate are larger in the later case 
(see also next section). 

Scattering tends to decrease the value of 

On all four figures (which are for land 

We observe a very different behavior 
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Fig. 1 Bhigktnub . h ~ p U r . d u ~ ~ c  (J8) ab a 6unotion 
06 h a i n d f l  hate I R I  b a e d  on aulLets 
dhom cloud model-hadidive 0t.anbdeh m o d e l  
at 19.35 GHz (land Awldace backgaound). 

C NADIR I 

I I I J 
0 1 IJ ?0 30 IO 

Fig. 2 %.'WJktnUA t m p t v d w ~ c  (TBI a a   unction 
06 h a i n d f l  hate ( R I  based on huuets 
&om cloud mode l -had ia t iwe  .73anbdeh m o d e l  
at 37 GHz (land buh&Xe backgaoundl. 

It is clear from our results that we can 
not derive a unique relationship between rainfall 
rate and brightness temperature for any of our 
frequencies. The high frequency channels give a 
good indication of rain,'no rain situations for 
the Oklahoma regime and a good estimate of the 
rainfall rate in medium to high rain situations 
in the Florida regime. 

Although not shown on Fig.1, which is for 
land surface background, the 19.35 GHz channel 
provides an estimate of rain over ocean for light 
to medium rain rates (Wilheit et al, 1977) 
(see Table 2 for ocean surface). 

field of views totally covered by a uniform 
precipitating cloud and are therefore suitable 
for comparison with aircraft measurements. 

These results of course correspond to a 

Fig. 3 W g k t n u b  tempe.taXuhc ( T B )  ab a 6uncr;ion 
06 h a i n d f l  hate ( R l  b a b d  on hut&% 
&om cloud model-hadidive thmbdm model 
at 9 2  GHz (land Awrdace backgaoundl. 

Fig. 4 &igktnub tot~pehatuhc (TB) ab a dunction 
06 /rain6& hate  ( R J  b a e d  on auURt6 
dhom cloud model-hadiative Rhanb6eh m o d e l  
at Ib3t9 GHz (land bwldace backghound). 

Comparison of 92 GHz Calculations to 
Aircraft Observations 

Hakkarinen and Adler (1984, 1986) 

6. 

have analyzed 92 and 183 GHz aircraft 
observations in comparison to ground-based radar 
data. The aircraft microwave instrument is the 
Advanced Microwave Moisture Sounder (AMNS), a 
scanning radiometer flown on NASA high-altitude 
aircraft. The results of the referenced studies 
indicated that low brightness temperature (TB) 
features occurred with deep convective features. 
The patterns and gradients of TB were similar in 
appearance to radar echoes, although the best 
matches between AMMs low TB features and radar 
reflectivity occurred with mid-level radar 
echoes. 
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Hakkarinen and Adler (1986) have 
correlated radar-estimated rain rate with 
aircraft TB at 92 and 183 GHz. The results are 
shown in Fig. 5 for 92 GHz along with the cloud 
model-radiative transfer model results discussed 
in the previous section. The model combination 
results compare favorably with the observations. 
The Florida observations show a less rapid 
decrease in TB with increasing rain rate in the 
0-10 nmvhr range than the Arkansas spring case. 
At higher rain rates 010 M r ) ,  the Florida 
observations show a larger decrease in TB with 
increasing rain rate than the Arkansas 
observations. This difference translates to an 
observed TB difference of approximately 100 K at 
a radar-observed rain rate of 10 nml/hr. The 
cloud model-radiative model combination 
correctly simulates these basic differences, 
although the model-calculated TB magnitudes in 
the Florida case are too large. 

The basic difference in TB between 
the Florida and Oklahoma model runs is due to 
the larger depth and concentration of ice in 
Oklahoma/Arkansas as compared to Florida. This 
is shown in Table 1, where the Florida run with 
an @raft radius of 3 km has approximately the 
same rain rate as the Oklahoma run at 5 km 
radius, but has an integrated ice content only 
one-fifth of the Oklahoma case. 
and dynamical reasons for this are: 1) a lower 
OC isotherm in Oklahoma; 2) a greater depth of 
cloud in Oklahoma (for the same rain rate); and 
3 )  a larger precipitation efficiency in the 
Florida model storms. 

The physical 

8 

I .  Conclusions and Future Work 

The combination of a cloud 
dynamical/microphysical model and a microwave 
radiative transfer model has been accomplished 
and has been used to explore the relations 
between rain rate, cloud and rain water, cloud 
ice, and upelling radiance at various microwave 
frequencies (19, 37, 92, and 183 GHz). The 
focus of the effort is to determine the 
brightness temperature (TB)-rain rate relations 
for various microwave frequencies for convective 
rain under differing climatological (e.g., 
tropical versus mid-latitude) conditions. 

A one-dimensional, time-dependent 
cloud model is used to generate vertical 
profiles of cloud water, precipitation water, 
cloud ice, precipitation ice, and other in-cloud 
parameters along with ground-level rain rate. 
The pertinent microphysical parameters for each 
cloud model run are then used as input into the 
radiative transfer model. The calculation of TB 
for each cloud model run completes the TB-rain 
rate combination. 

The cloud model-radiative model 
combination generates reasonable TB values at 
all frequencies and indicates the strong 
differences in TB-rain rate relations between 
tropical conditions and mid-latitude, spring 
intense convection. Comparison with 92 GHz 
aircraft observations was made for tropical 
(Florida summer) and mid-latitude (Oklahoma 
spring) conditions, for which rain rate (from 
radar) and TB [from an aircraft Advanced 
Microwave Moisture Sounder (AMMS) ]  are 
available. The observations show a distinct 
difference in the -rain rate relations between 
the two regimes, with the Oklahoma observations 
showing a much more rapid decrease of TB with 
increase in rain rate from light to moderate 
rain rates than is observed under tropical 
conditions. This observational difference is 
correctly simulated by the cloud model-radiative 
model combination which produces TB-rain rate 
curves similar to those from the aircraft data 
analysis. The tropical-extratropical 
disparities are shown to be caused by 
differences in microphysical distributions 
related to differences in freezing level, depth 
of the cloud, updraft intensity (related to 
stability), and storm precipitation efficiency. 

These results indicate the need to 
investigate the variation of TB-rain rate 
relations under differing climatological 
conditions, and indicate that the cloud model- 
radiative transfer model approach can be the 
basis for precipitation estimation techniques. 
The model combination approach also shows 
potential for analysis of convective storm 
structure when coupled with overflight microwave 
radiometer data. 
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In the coming months, additional 
high-altitude aircraft data will be obtained at 
92 and 183 GHz during GALE (Genesis of Atlantic 
Lows Experiment) and at 18, 37, 92, and 183 GHz 
during SPACE/MIST (Satellite Precipitation And 
Cloud Experiment/MIcroburst Severe Thunderstorm 
project). In both cases, research-quality radar 
data (including dual polarization data) will be 
collected to coincide with aircraft 
observations. This collection of observations 
will be examined in the context of the cloud and 
radiative transfer model results such as those 
shown in this paper. Shortly, three-dimensional 
cloud models with more sophisticated 
microphysical parameterization will be 
incorporated into this effort. 

References 

Adler, R. F., and R. A. Mack, 1984: 
Thunderstorm cloud height-rainfall rate 
relations for use with satellite rainfall 
estimation techniques. 

Cheng, C. P., 1981: Numerical simulation of the 
dynamics, cloud microphysics and radar echo 
structure of tropical and mid-latitude 
convection. Ph.D. Dissertation, University of 
Washington, 217 pp. 

Cotton, W. R., M. A. Stephens, T. Nehrkorn, and 
G. J. Tripoli, 1982: The Colorado State 
University three-dimensional cloud/mesoscale 
model-1982, Part 11: 
parameterization. 

Hakkarinen, I. M., and R. F. Adler, 1984: 
Observations of deep convection from an airborne 
high-frequency (92 and 183 GHz) passive 
microwave radiometer. Preprints, COnf. on 
Satellite Meteorology/Remote Sensing and 

ca on6 C earwater Beach, FL, Amer. %&k-: 2t6-221. 

Hakkarinen, I. M., and R. F. Adler, 1986: 
Precipitation estimation using passive microwave 
radiometry at 92 and 183 GHz: Aircraft results. 
Second Conf. on Satellite MeteOKOlOgy/RemOte 
Sensing and Appl ications, this volume. 

Simpson, J., and V. Wiaaert, 1969: Model of 

J. Clim. Appl. MeteOK., 
- 23, 280-296. 

An ice phase 
J. Rech. Atmos., 4, 295-320. 

precipitation cumulus f k r s .  Mon. Wea. Rev., 
- 97, 471-489. 

Wilheit, T. T., A. T. C .  Chang, M. S. V. Rao, E. 
B. Roders, and J. A. Theon, 1977: A satellite 
technique for quantitatively mapping rainfall 
rates over the ocean. J. -1. lrleteor., If!, 
551-560. 

Wilheit, T. T., JK., A. T. C. Chang, J. L. King, 

Milman, J. S. Stratiyos, and H. Siddalingaiah, 
1982: Microwave radiometric observations near 
19.35, 92 and 183 GHz of precipitation in 
Tropical Storm Cora. 

E. B. RodgeKS, R. A. Nieman, 8. M. Krupp, A. S. 

J. Appl. Meteor., 21, 
1137-1145. 

Wu, R., and J. A. Weinman, 1984: Microwave 
radiances from precipitating clouds containing 
aspherical ice, combined phase, and liquid 
hydrometeors. J. Geophys. Res., 89, 
D7170-D7178. 

Stephens, M. A., 1979: A simple ice phase 
parameterization. Atmospheric Science Paper No. - 319, Colorado State University, 122 PP. 
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FIELD-OF-VIEW EFFECTS IN ESTIMATING PRECIPITATION 
FROM SATELLITE MIcRoclJAvE RADIANCES 
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Introduction 

Theoretical relations between 
rainfall rate (R) and microwave brightness 
temperature (T ) are typically derived by 
assuming vertieal distributions of the pertinent 
state variables and cloud microphysical 
parameters for a cloud raining at a certain 
intensity. 
used to calculate the upelling T [see, for 
example, Wilheit et al. (1977) an8 Wu and 
Weinman (198411. 
(1986) have used the output of a clou-1 as 
input to the radiative transfer model, 
either case, the approach is inherently 
one-dimensional (one vertical, no horizontal). 
However, in the application of such theoretical 
T -R relations to space-borne remote kensing, 
t8e horizontal distribution of rainfall and 
horizontal distribution of microphysical 
quantities become significant. 
for use with the satellite observations is a 
relation between [the satellite-measured 
average radiance o6er the FOV ( field-of-view) ] 
and R (the average rain rate over the W ) .  
the relation $tween T and R is non-linear, the 
retrieval of R from qBwill not be unique and 
will be a function of the distribution rain 
within the FOV. Thus, any algorithm to retrieve 
rain rate from satellite microwave T values 
must include the effect of the distrabution of 
rain within the FOV. 

A radiative transfer model is then 

Recently, Szejwach et al. 

In 

what is desired 

If 

In this paper, a cloud mcdel is used 
to generate reasonable convective rain cells 
which are used to calculate T and R for various 
microwave frequencies and F d s ;  the results of 
these calculations are compared to radar-based 
simulations and results from satellite-based 
studies. A study of the impact of using higher 
resolution visible and infrared (IR) data to 
define rain distribution parameters within the 
microwave FOV is also attempted. 

2. Rain Statistics Generated from a 
One-Dimensional Cloud Model 

Fdler and Mack (1984) showed that 
useful rainfall cell characteristics such as 
R (maximum rainfall rate), VRR (volume 
rsfifall rate) , and 
derived from a one-d3ensional cloud model [a 

(raincell area) could be 

modified version of the Simpson and Wiggert, 
(1969) model]. Table 1 shows the pertinent 
cloud-model generated quantities for tropical 
(Florida, sunnner) conditions for a sequence of 
model convective cells reaching increasing 
maxim heights (controlled by the effect of 
entrainment, which is inversely proportional to 
the updraft radius). 

Mler and Mack (1984). That is 

The rain cell area ( 
was empirically related to updraft area 

The distribution of rain rate within a given 
cell is given by 

where is the radial dimension in a polar 
coordinate system, r is the radius of the 
assumed circular rad area (i.e., r - v p .  
The exponent in Eq. (2) will producg an 
R = 0.1 Rmax at the rain boundary, r - rR. 

Table 1. Rain parameters produced by 
one-dimensional cloud rodel runs. 

Updraft radius (km) 

1 2 3 4  5 6 8 

z (km) 5.6 9.0 12.0 13.5 13.9 14.1 14.4 c: (k) 269.1 247.5 222.8 209.9 206.2 204.7 202.5 
rJ” (m s-!~ 5.4 8.8  10.2 11.8 13.13 14.2 16.5 

) 13.2 161.4 487.9 1115.2 1942.1 3070.4 5893.6 
vwax RmaX ;-l) 7.7 23.7 31.9 41.0 45.7 50.1 54.1 

PE 0.27 0.60 0.77 0.83 0.86 0.88 0.91 

CUXID BASE - 751 mters (92g1mb); Tcb - 21.2C; 
q6 (cloud base) - 17.4 g kg- 

For each rain cell, calculations are 
attempted for varying fractional coverages 
(f 0.1, 0.25, 0.5, 0.75, 1.0). If the rain 
cell area % 5 f “Fax, multiple, identical rain 
cells are i cluded the FOV calculations. If 

. For large cells 

idealized rain cell outward until the 
integration area is equal to . This 
the rain cell. 
used per calculation. 

represents placing the FOV ove AFOY he center of 
Only one size of rain cell is 
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This procedure generates rain cell 
characteristics (rain cell size and spatial 
distribution of rain intensity) which have been 
compared to observations (Adler and Mack, 1984). 
Although these characteristics could be 
generated by the observations themselves, this 
procedure could be used to generate different 
characteristics under different climatolgical 
conditions. 

3 .  Results for 19 GHz 

The approach outlined in the 
previous sections was applied to simulate 19 GHz 
data. A theoretical curve relating rainfall 
rate to 19 GHz T 
(freezing level Bt 4.5 km) was used based on 
Wilheit et al. (1977). This is shown as the 
solid c u w n  Fig. 1. 
Fig. 1 is from a calculation for one rain cell 
type and fractional coverage (f) for a F W  of 30 
km (approximately the Nimbus 5 ESMR FOV). Input 
f's were 0.1, 0.25, 0.5, 0.75, and 1.0. These 
are represented by the integers (and letters) 
corresponding to tenths (rounded off in some 
cases). Intermediate f's (e.g., .4 in Fig. 1) 
come from the fractional coverage adjustment 
discussed in Section 2. 
f - 1.0. 

The calculations in Fig. 1 indicate 
a pattern of and 3 to the right of the 
theoretical cupve. 
theoretical curve will result in underestimates 
of mean rainfall by a significant amount. This 
"low bias" effect has been described by previous 
researchers (Austin and Geotis, 1978; Lovejoy 
and Austin, 1980). At an intermediate T 
220 K, the theoretical curye would give !%I 
estimated rain of -3 mm h- , while the 
simulations which take into account the 39 km 
F W  give f i  values ranging from 4-10 mm h 
Therefore, the variation in the distribution of 
rain within the FOV leads to a systematic error 
(low bias) and a scatter in the distribution of 
E and values. With increasing T there is 
also a @rend toward larger f. 
a T of 2 240 K, its fractional coverage (f) 
mus@ be-close to 1 .o. At a constant T (e.g., 
220 K) R increases with decreasing f. other 
words, of two FOV's having indentical F, one 
with broad coverage of light rain and o h  with a 
smaller f, but with larger maxjmum rain rate, 
the latter will have a larger R. Therefore, if 
we had some independent estimate of f, a better 
estimate of R could be made. 

model-based simulations concerning R, and f , 
a second set of simulations using ra8ar data was 
performed. 
reflectivity data from the Florida Area Comulus 
Experiment (FACE) generated as Ert of-another 
study (Negri and Adler, 1984), T and R fields 
were constructed with a simulate8 FOV of 30 km. 
These are presented in Fig. 2. 
radar-based simulations agree well with the 
Cloud-model based one in-Fig 1. 
even to t& increase in R with decreasing f at 
constant TB. 

for a tropical atmosphere 

Each of the points in 

The letter A represents 

This means that use of the 

. 

For 8 FOV to have 

In order to confirm the cloud 

Using 1 km resolution low-level 

These 

This is true 
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If one does not have any independent 
information as to the rain distribgign, or f, 
in the FOV, a logical choice of a T -R relation 
would be an intermediate curve fittgd to the 
simulated 5, data in Fig. 1. Figs. 1,2, and 
3 show such an intermediate curve constructed by 
fitting a curveto the mid-range values of R for 
a sequence of T values. AJ.so shown in Fig. 3 
are the series 8f F--S values generated by 
Wilheit et al. (1977) from Nimbus 5 ESMR 
overpasswthe NWS Miami , Flordia, radar. 
Although the scatter is large, the intermediate 
curve is a reasonable adjustment to the original 
theoretical curve. This intermediate curve is 
very similar to the empirical linear fit of the 
data that was used by Rodgers and Adler (1981) 
to successfully estimate tropical cyclone 
rainfall. Therefore, the cloud model-based 
approach appears a valid one in-gst@ating the 
effect of rain distribution on TB, R relations. 

Recently, there has been interest in 
flying a ESMR-type 19 GHz instrument in a lower 
orbit (-400 km) as part of the proposed Tropical 
Rain Measurement Mission (TRMM). Therefore, 
simulations identical to those in Fig. 1 were 
done for a 10 km by 10 km FOV. The results in 
Fig. 4 show a smaller bias, a smaller sfatter, 
but a saturation problem above 15 mm h- . 
Although heavy rain may be hard to diagnose, the 
reduction in bias and scatter, and the increased 
spatial revolution, make the lower altitude a 
worthwhile approach. 

4. Results at 37 GHz 

Figs. 5 and 6 show the results of 
the cloud model-based FOV simulations for 37 GHz 
horizontal and vertical polarization, 
respectively. 
water background using the theoretical 

These calculations are for a 
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calculations of Wu and Weinman (1984) (their 
Table 6 )  and for the Scanning Multicha9el 
Microwave Radiometer (SMMR) FOV (588 km ) .  The 
results in Fig. 5 indicate that, although the 
theoretical curve shows a sharp increase in TB 

to a maximum at 4 nun h-l, then a more gradual 
decrease in T with increasing R ,  the FOV 
simulations s b w  a large scattes of poonts with 
a positive correlation between R and TB. 
distribution is in god agreement with the 
empirical results of Spencer et al. (1983), 
where SMMR data were compared to ground-based 
radar observations. Fig. 6 shows the results 
for the 37 GHz channel (vertical polarization), 
again in reasonable agreement with the Spencer 
et al. (1983) data. Therefore, the sharp 
E r e n c e  between theoretical curves and 
satellite data is due, not to errors in the 
theory, but to the effect of the distribution of 
rain within the satellite FOV. 

This 

Recently, Spencer (1985) has used 
both of the polarizations at 37 GHz to derive an 
over-water rain estimation technique applicable 
to SMMR data by using a combination of 
theoretical and empirical approaches. 
use a very similar approach except no empirical 
improvement is used. 
theoretical relations at each polarization 
individually with the cloud-model rain 
distributions (as shown in Figs. 5 and 6 )  are 
compared using the mean TB of the two 
polarizations and the AT. difference between the 
two polarizations as dong by Spencer (19851. 
The results in Fig. 7 show that simulated R in 
the FOV is related to nearly a linear 
combination of the mean of the two polarizations 
and the polarization difference. 
with the results of Spencer. Fig. 8 shows the 
same results only with fractional coveraqe f 

Here we 

The results of using the 

This agrees 
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plotted. 
a function of AT, while TB (two polarization 
average) is a function of the mean rain rate 
within the raining portion of the FOV. Thus, 
the combination of the mean and the difference 
results in a good estimate of the R for the FOV. 

The magnitude of our rainfall rate 
values differs from those of Spencer (1985) 
because of his use of the empirical relation to 
assign the rain rate. 
is correct is open to question, but the radar 

This confirms sat the f is primarily 

Which set of magnitudes 

reflectivity-rain rate relation used by Spencer 
in his empirical studies may be producing rain 
rate magnitudes that are too large. This point 
needs investigation. 

37 GHz are distinctly non-linear, the 
combination of the two polarizations seems to 
produce rain rate that is an approximately 
linear function of the mean and the difference. 
This is because of the piecewise linearity of 
the individual curves and the breakpoint 
ocprring at a low rain rate magnitude ( - 3  mm 
h ) .  If a quasi-linear relation exists, the 
size of the FOV should not significantly change 
the relation of rain rate to the T ‘s .  This 
point was confirmed by doing a s@rate 
simulation with a FOV of 1176 km (twice the 
SMMR pw). This may be an important point in 
consideration of these frequencies for future 
missions. 

5. Infrared and Microwave Combined 

Although the theoretical curves at 

In Section 3,  it was shown that rain 

Higher resolution IR data is 

retrieval at 19 GHz could be improved with some 
knowledge about the distribution of rain within 
the microwave FOV. 
a candidate for obtaining that information. 
Here we have used the simulated 30 km, 19 GHe 
data from Section 3 .  To that data, we have 
added the GOES IR (10 km) data already 
correlated with the radar data by Negri and 
Adler (1984). 
the mean IR T [T(IR)] and standard deviation 
[ uIR] were caaculated. 

For each simulated microwave FOV, 

1 1 I I 1 I I 
4 
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- Inspection of the relations among E, 
T,, and the IR parameters indicated that the IR 
Erameters added information, at least for 
T <200 K, i.e., where the fractional coverage of 
r& is usually much below 1.0. 
although Over the entire range of 19 GHz T , 
there is a strong correlation between E an8 5, 
over a narrow range of T (e.g., 5 K); the 
scatter in E is large enhgh-so that the 
correlation between 
For example, in the 8 range 190-195 K, the 
correlation is .22. 
within this limited T Sange, can the IR data 
provide information OB R? Figs. 9 and 10 show 
the distribution of T(IR) vs. R and u vs. R, 
respectively, for the F range 190-195R These 
results indicate tha; fBr the same T 
(microwave) , higher R values occur ggnerally 
with higher T(IR) and u values. These IR 
parameters are negativeIg correlated with 
fractional rain coverage. The correlation 
ceofficients between 7 and T(1R) and uIR are .46 
and .43 respectively. In other words, the IR 
parameters contain information concerning the 
distribution of rain with microwave FOV. 
one band (190-195 k) was shown, but the results 
are simliar for other bands with < 200 k. 
Above that value the fractional rah-coverage is 
high and the IR parameters show less variation 
and correlation with E. 

For exam&e, 

and R approaches zero. 

h e  question now is: 

Only 

To illustrate the relation of the IR 
parameters to the microwave and rain parameters, 
a regression analysis was carried out. With all 
339 points included (all with some rain in the 

radar-simulated FW), the T (microwave) 
explained 76.2% of the E vahance, with T(IR) 
adding only 2.1% when it was added. 
parameter did not significantly increase the 
variance explained. An additional analysis was 
made for the limited data set of T (microwave) 
< 200 k. In this case T (micrmbe) explained 
;5.8% of the variance. h e  addition of T(IR) 
increased the variance explained to 54.0%. For 
T (microwave) > 200 k the variance explained 
&eased only from 60.1 to 60.8% with the 
addition of the IR data. This reaffirms that 
the IR data will only make a contribution when 
the fractional coverage of rain is relatively 
small. 

The u(IR) 

These preliminary results are 
similar to those of Smith and Kidder (1978) and 
point to the use of IR data to aid in microwave 
rain retrievals. 
and use of visible data would probably improve 
the results. 

Higher resolution in the IR 

6. SumlMry 

The rain statistics generated by the 
one-dimensional cloud model approach were found 
useful in generating realistic distributions of 
rain within simulated microwave fields-of-view 
(FOVs). 
GHz theoretical rain rate (R), T relation and a 
30 km FOV produces the bias and gcatter observed 
in previous studies and radar simulations 
presented here. 
also show that the fractional rain coverage (f) 
of the FW is correlated with E for a constant 
TB, with larger f associated with smaller R. 

results for each2polarization for a Nimbus 7 
SMMR FOV (588 km ) reproduce similar results to 
observed distributions for ocean background 
conditions. A combination of the two 

I Application of the approach to a 19 

The calculations for 19 GHz 

At 37 GHz, the FW simulation 

f 

Lu 
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polarizations in general confirms the results of 
Spencer (19851, except for smaller rain rate 
magnitudes. 

An initial attempt to use IR data to 
obtain rain distribution information within 
simulated (from radar) 19 GHzL30 km FOVs 
indicate positive results at T < 200 K. This 
may be the first step in combihng microwave and 
IR data for rain estimation. 
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8 . 6  

INFLUENCE OF SURFACE ROUGHNESS ON MICROWAVE PASSIVE MEASUREMENTS OF RAIN OVER OCEAN 

Masaharu F u j i t a  

Radio Research Laboratory 
Koganei, Tokyo 1 8 4 ,  Japan 

1. INTRODUCTION 

Global monitor ing of  r a i n  a c t i v i t y  i s  very 
important  from a viewpoint of  t h e  e a r t h ’ s  envi- 
ronment, s i n c e  r a i n  p l a y s  an important  role i n  
water as w e l l  as h e a t  budgets  of t h e  e a r t h .  For 
t h e  purpose, some experiments w e r e  conducted by 
means o f  microwave radiometers  onboard t h e  Nimbus 
and t h e  S e a s a t  sa te l l i t es  (Wilhe i t  e t  a l . ,  1977; 
Rodgers and Adler ,  1981; Alishouse,  1983) t o  re- 
la te  t h e  antenna temperature  with r a i n  rate.  A l -  
though t h e  microwave p a s s i v e  technique has  been 
eva lua ted  t o  d e t e c t  r a i n  over land  (Rodgers e t  
a l . ,  1979; Rodgers and Siddal inga iah ,  1983; 
Spencer e t  a l . ,  1983; Spencer, 19841, t h e  algo-  
r i t h m  has  n o t  y e t  been e s t a b l i s h e d  due t o  rela- 
t i v e l y  l a r g e  v a r i a b i l i t y  of  background b r i g h t n e s s  
temperature  over  land.  On t h e  c o n t r a r y ,  b r i g h t -  
ness  temperature  of  ocean background is r e l a t i v e -  
l y  uniform and low as compared with t h a t  of  land ,  
so t h a t  it i s  convenient  f o r  q u a n t i t a t i v e  meas- 
urements of  r a i n  from space p la t forms  (Wilhe i t  e t  
a l . ,  1977) .  Recent ly ,  F u j i t a  e t  a l .  (19655) have 
analyzed t h e  d a t a  o f  an a i r b o r n e  10 GHz radiome- 
t e r  to  show a g o o d c o r r e l a t i o n w i t h  r a i n  r a t e  pro- 
f i l e s  i n f e r r e d  by a dual-frequency s c a t t e r o m e t e r  
onboard t h e  same a i r c x a f t  over  ocean. 

sens ing  of  ocean s u r f a c e  winds (Nordberg e t  
a l . ,  1969, 1971; Webster e t  a l . ,  1976; Wentz e t  
a l . ,  1982) . I n  t h e  prev ious  i n v e s t i g a t i o n s ,  how- 
e v e r ,  r a i n  and ocean measurements have been ex- 
amined u s u a l l y  s e p a r a t e l y ,  and t h e  r a i n  and t h e  
ocean s u r f a c e  roughness due to  s u r f a c e  wind have 
been regarded as an a f f e c t i n g  f a c t o r  f o r  each of 
t h e i r  o b j e c t i v e s .  Wu and Fung (1973) computed 
b r i g h t n e s s  temperatures  of  r a i n - f i l l e d  medium 
over  wind-roughened ocean; however, t h e i r  aim w a s  
t o  e v a l u a t e  t h e  e f f e c t  of  r a i n  on ocean measure- 
ments. I n  t h e  p r e s e n t  a r t i c l e ,  t h e  i n f l u e n c e  of 
ocean s u r f a c e  roughness on q u a n t i t a t i v e  measure- 
ments of r a i n  r a t e  by microwave 
radiometry is examined by a model computation. 
mo-scale rough s u r f a c e  model developed by Wu and 
Fung (1972) is used and t h e  equat ions  of  t r a n s f e r  
of  p o l a r i z e d  r a d i a t i o n  a r e  so lved  by t h e  method 
o f  success ive  approximation ( F u j i t a ,  1985) .  

Microwave radiometry i s  a l s o  used f o r  remote 

2 .  TWO-SCALE ROUGH SURFACE MODEL 

Severa l  models were proposed t o  c h a r a c t e r i z e  
a rough ocean s u r f a c e  as reviewed by Fung (1982) .  
Among them, a two-scale rough s u r f a c e  model de- 
veloped by Wu and Fung (1972) is adopted i n  t h e  
p r e s e n t  computation. Although r m s  h e i g h t  o f  
small i r r e g u l a r i t i e s  involved i n  t h e  theory was 
determined based on experimental  r e s u l t s  , they 

gave c losed  form express ions  of  d i f f e r e n t i a l  scat- 
t e r i n g  c o e f f i c i e n t s  of ocean s u r f a c e  due t o  small 
i r r e g u l a r i t i e s  superposed on l a r g e  undula t ions .  
I n  this c a s e ,  t h e  d i f f e r e n t i a l  s c a t t e r i n g  c o e f f i -  
c i e n t  i s  given as fol lows:  

u,f!=v,h , 

where t h e  s u b s c r i p t s  a and denote t h e  p o l a r i z a -  
t i o n  s t a t e s  of  t h e  i n c i d e n t  and t h e  s c a t t e r e d  
f i e l d s ,  r e s p e c t i v e l y ,  v and h s t a n d  f o r  v e r t i c a l  
and h o r i z o n t a l  p o l a r i z a t i o n ,  r e s p e c t i v e l y ,  and B 
and J, a r e  n a d i r  angles  of  inc idence  and s c a t t e r -  
i n g ,  r e s p e c t i v e l y .  $ is  t h e  azimuth angle  of  
s c a t t e r i n g .  The f i r s t  term of t h e  r i g h t  hand s i d e  
of  (1) i n d i c a t e s  t h e  d i f f e r e n t i a l  s c a t t e r i n g  coef- 
f i e n t  due t o  l a r g e  undula t ions  and t h e  second term 
i n d i c a t e s  t h a t  due t o  smal l  i r r e g u l a r i t i e s  aver- 
aged over  t h e  d i s t r i b u t i o n  of  t h e  s u r f a c e  normals 
of t h e  l a r g e  undula t ions .  Large undulat ions and 
s m a l l  i r r e g u l a r i t i e s  are both  modeled by Gaussian 
s u r f a c e  h e i g h t  d i s t r i b u t i o n  and Gaussian s u r f a c e  
c o r r e l a t i o n .  
s u r f a c e  roughness is c h a r a c t e r i z e d  by t h e i r  rms 
s l o p e  f o r  l a r g e  undulat ions and by t h e i r  s tandard  
d e v i a t i o n  and c o r r e l a t i o n  length  f o r  small i r r e g -  
u l a r i t i e s .  These were determined based on the 
previous  experiments. The presence of  s m a l l  
i r r e g u l a r i t i e s  on ocean s u r f a c e  u s u a l l y  causes de- 
crease of  t h e  magnitude of  i ts  r e f l e c t i o n  c o e f f i -  
c ien ts .  To t a k e  i n t o  account  of  t h e  i n f l u e n c e  of 
small i r r e g u l a r i t i e s ,  t h e  modif ied Fresne l  r e f l e c -  
t i o n  c o e f f i c i e n t s  w e r e  used i n  their theory.  How- 
e v e r ,  they gave only t h e  express ions  of  the d i f -  
f e r e n t i a l  s c a t t e r i n g  c o e f f i c i e n t s  f o r  t h e  scat- 
t e r e d  f i e l d  of  v e r t i c a l  o r  h o r i z o n t a l  p o l a r i z a t i o n  
with t h e  i n c i d e n t  f i e l d s  be ing  both v e r t i c a l  and 
h o r i z o n t a l  p o l a r i z a t i o n s .  By fol lowing their e- 
qua t ions  and Stogxyn (1967) , t h e  d i f f e r e n t i a l  
s c a t t e r i n g  c o e f f i c i e n t s  f o r  f o u r  combinations of  
i n c i d e n t  and s c a t t e r e d  p o l a r i z a t i o n  s ta tes  are de- 
r i v e d  and used i n  the computation. Since t h e  e- 
quat ions  are lengthy and complicated, they a r k  n o t  
shown h e r e .  

ocean s u r f a c e  are func t ions  o f  s u r f a c e  parameters 
inc luding  wind d i r e c t i o n  as w e l l  as n a d i r  and a z i -  
muth angles  of  inc idence  and s c a t t e r i n g .  There- 
f o r e ,  when w e  compute t h e  expected b r i g h t n e s s  t e m -  
p e r a t u r e  measured over ocean, three-dimensional 
approach i s  necessary .  However, t o  solve t h e  e- 
qua t ions  o f  t r a n s f e r  of  p o l a r i z e d  r a d i a t i o n  i n  a 
s c a t t e r i n g  medium ( r a i n ) ,  three-dimensional ap- 
proach may b e  somewhat d i f f i c u l t  due t o  a l i m i t a -  
t i o n  o f  computer resources .  A s  a compromize, the 
d i f f e r e n t i a l  s c a t t e r i n g  c o e f f i c i e n t s  a r e  averaged 

The wind speed dependence of  t h e  

The d i f f e r e n t i a l  s c a t t e r i n g  c o e f f i c i e n t s  of 
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over  azimuth to  reduce t h e  problem t o  be  two-di- 
mensional. 

The wind speed dependence of r m s  s l o p e  of 
l a r g e  undulat ions i s  obta ined  by averaging the 
r e s u l t s  from the express ions  by Stogryn (19671, 
which are given as fol lows:  

gx2 = 0.003 + 1 . 9 2 ~ 1 0 - ~ w  , ( 2 )  

= 3 . 1 6 ~ 1 0 - ~ ~  , (3)  
gY 

where g and g are t h e  mean-square s l o p e s  i n  
the c r o k w i n d  d r e c t i o n  and i n  t h e  d i r e c t i o n  par- 
a l l e l  t o  the wind, r e s p e c t i v e l y ;  w i s  t h e  wind 
speed i n  4 s .  The wind speed dependence o f  t h e  
s tandard  devia t ion  and t h e  c o r r e l a t i o n  length  of  
small i r r e g u l a r i t i e s  averaged over  azimuth are 
c a l c u l a t e d  from t h e  fol lowing wavenumber spectrum 
given by Masuko e t  a l .  (1986) assuming k2=2, 
where k is t h e  wavenumber of  microwaves and i s  
the c o r r e l a t i o n  length :  

W ( K , $ , U )  =4.43 x10-5u1. 94 (1+o.45uo'04cos2$) 

(4) 
-4.08 

XK , 7<U<15 ( m / s ) ,  

where K is  the wavenumber, i s  t h e  azimuth angle  
r e l a t i v e  t o  upwind d i r e c t i o n ,  and U is t h e  wind 
speed a t  19.5-m h e i g h t .  Although t h e  d e f i n i t i o n s  
of w and U may be  d i f f e r e n t  from each o t h e r ,  they 
are regarded as t h e  same w i t h  each other. 

Once the d i f f e r e n t i a l  s c a t t e r i n g  c o e f f i -  
c i e n t s  are obta ined ,  w e  can c a l c u l a t e  t h e  e m i s -  
s i v i t i e s  o f  wind-roughened ocean as fol lows:  

3 .  NUMERICAL SOLUTION OF THE EQUATIONS OF 
TRANSFER OF POLARIZED RADIATION 

The equat ions  o f  t r a n s f e r  of p o l a r i z e d  r a d i -  
a t i o n  are given as fol lows (Weinman and Guet te r ,  
1977) : 

a,B = v,h 

w i t h  

s = z coso, (7)  

where T and T are the b r i g h t n e s s  temperatures  
of  v e r t y c a l  an9 h o r i z o n t a l  p o l a r i z a t i o n  compo- 
n e n t s ,  r e s p e c t i v e l y ,  T i s  t h e  medium temperature ,  
and ye, y and y are e x t i n c t i o n ,  absorp t ion  and 
s c a t t e r i n $  c o e f f f c i e n t  o f  t h e  medium, respec t ive-  
l y .  F ( O , O i ) ,  a,B=v,h, is an element of the 
phase % % t r i x  which d e s c r i b e s  the i n t e n s i t y  of 
s c a t t e r e d  rad iance  toward e d i r e c t i o n  w i t h  B-po- 
l a r i z e d  s ta te  r e l a t i v e  t o  that  of  i n c i d e n t  r a d i -  
ance from Bi  d i r e c t i o n  w i t h  a -polar ized  s ta te .  

To s o l v e  t h e  equat ions  i n  a s c a t t e r i n g  medi- 
um, t h e  atmosphere i s  d iv ided  i n t o  N h o r i z o n t a l l y  
s t r a t i f i e d  slabs of  Az t h i c k n e s s ,  w i t h i n  each of 
which the atmospheric  parameters  a r e  assumed to  

be cons tan t  and uniform. I n  this s i t u a t i o n ,  the 
equat ions  can be solved formally,  and the down- 
w a r d  rad iance  expressed i n  b r i g h t n e s s  temperature  
w i t h i n  the n-th slab is  given as fol lows ( F u j i t a ,  
1985) : 

n- 2 n- 1 

a=v,h,  and = 2  

with 

where t h e  s u b s c r i p t  preceded by a v e r t i c a l  b a r  
i n d i c a t e s  the slab number, and z '  denotes  t h e  
v e r t i c a l  d i s t a n c e  i n  t h e  n-th slab. S a ( e )  i n  (9)  
denotes  t h e  s c a t t e r i n g  source  t e r m  corresponding 
to  the f i r s t  term o f  t h e  r i g h t  hand s i d e  of  ( 6 ) .  
N o  radiances are assumed t o  be  impinging onto  the 
t o p  boundary of the atmosphere; however, it can 
be e a s i l y  inc luded  by adding i ts  term t o  ( 8 ) .  By 
us ing  ( e ) ,  the boundary condi t ions  a t  t h e  under- 
l y i n g  s u r f a c e ,  i . e . ,  wind-roughened ocean s u r f a c e  
can be  w r i t t e n  as ,  

where r and rlin are the d i f f e r e n t i a l  s c a t t e r i n g  
c o e f f i c % t s  averaged ovcr  azimuth a s  descr ibed  i n  
the previous s e c t i o n ,  and E is t h e  e m i s s i v i t y  of  
t h e  ocean s u r f a c e  given by 'f5) : T 
s u r f a c e  temperature .  Upward p o l a s i z e d  rad iances  
can be  w r i t t e n  as i n  t h e  same manner w i t h  (8) by 
us ing  (11) as the lower boundary condi t ions .  

angular  d i s t r i b u t i o n s  of  p o l a r i z e d  rad iances  i n  
s e l e c t e d  d i s c r e t e  d i r e c t i o n s  are computed a t  t h e  
middles of each s l a b ,  where s c a t t e r i n g  due t o  
raindrops is assumed t o  occur ,  by p u t t i n g  t h e  
s c a t t e r i n g  source  terms a t  zero .  The r e s u l t i n g  
radiances are used t o  compute the va lues  of t h e  
s c a t t e r i n g  source terms. Then, upon s u b s t i t u t i n g  
them i n t o  the energy source express ion  as i s  
given by ( 9 ) ,  angular  d i s t r i b u t i o n s  of  p o l a r i z e d  
rad iances  'are aga in  computed. This  procedure is 
repea ted  u n t i l  t h e  c r i t e r i o n  f o r  convergence is 
s a t i s f i e d .  

is the ocean 

I n  the p r e s e n t  numerical technique,  a t  f i r s t ,  

4. MODEL COMPUTATION 

The radiometer  f requencies  arc choscn as 10 
and 35 GHz aiming t o  analyze t h e  data obta ined  by 
an a i rborne  dual-frequency scat terometer / radiome- 
ter  system (Okamoto e t  a l . ,  1962) .  Height of  r a i n  
l a y e r  i s  assumed t o  be 3 km above wind-roughened 
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ocean, and it is  d iv ided  i n t o  30 s l a b s ,  each hav- 
i n g  t h e  th ickness  of  100 m. V e r t i c a l  p r o f i l e  of  
r a i n  ra te  d i s t r i b u t i o n  i s  assumed t o  be  uniform. 
E x t i n c t i o n ,  absorp t ion  and s c a t t e r i n g  c o e f f i c i e n t s  
of  r a i n  a r e  computed by us ing  t h e  M i e  s c a t t e r i n g  
theory  assuming s p h e r i c a l  ra indrops ,  and t h e  mod- 
i f i e d  Marshal l  and Palmer ra indrop  s i z e  d i s t r i b u -  
t iq proposed by Olsen e t  a l .  (1978). They, i n  
km , are r e l a t e d  with r a i n  ra te  R i n  mm/h by a 
r e g r e s s i o n  technique as fol lows:  

35 GHz 

1.04 ye = 0.0502 R , 
1.24 

y, = 0.0112 R , 
( 1 2 )  

where y =y -y . However, t h e  s c a t t e r i n g  phase 
mat r ix  is approximated by t h e  Rayleigh one a t  
both  f requencies  by r e f e r r i n g  t o  Savage (1978) 
and Weinman and Guet te r  (1977). A t  t h e  frequen- 
cies, t h e  absorp t ion  i n  t h e  atmosphere i s  essen- 
t i a l l y  due t o  molecular  oxygen, water vapor and 
l i q u i d  water d r o p l e t s  (Wi lhe i t  e t  a l . ,  1977) ,  so 
t h a t  i n  t h e  p r e s e n t  computation only t h e s e  con- 
s t i t u e n t s  are taken i n t o  account. The model a t -  
mosphere is t h e  same wi th  F u j i t a  e t  a l .  (1985a). 
The h e i g h t  of  measurements above ocean s u r f a c e  is 
chosen t o  be 6 km t o  s imula te  an a i r b o r n e  experi-  
ment. The p o l a r i z e d  rad iances  are computed a t  36 
d i s c r e t e  d i r e c t i o n s  by a d i f f e r e n c e  of  5 degrees  
from 2.5 degrees  t o  177.5 degrees  re la t ive t o  ver- 
t i c a l  d i r e c t i o n .  
ances  to  be  c o n s t a n t  w i t h i n  each angular  range o f  
5 degrees ,  s c a t t e r i n g  i n t e g r a l s  due t o  ra indrops  
as w e l l  as a t  t h e  ocean s u r f a c e  are eva lua ted  by 
a summation technique.  The ocean s u r f a c e  temper- 
a t u r e  T i s  f i x e d  t o  be  288 K. 

temperature  of t h e  ocean s u r f a c e  wi thout  r a i n  as 
a f u n c t i o n  of  of f -nadi r  angle  o f  measurements 
wi th  wind speed as a parameter. The r e s u l t s  for 
s p e c u l a r  ocean, i n  which F r e s n e l  r e f l e c t i o n  coef- 
f i c i e n t s  are used, are also depic ted  f o r  compari- 
son. It can b e  seen t h a t  a t  10 G H z ,  b r i g h t n e s s  
temperature  i s  less inf luenced  by t h e  s u r f a c e  
wind as compared wi th  a t  35 G H z ,  and t h a t  h o r i -  
z o n t a l  p o l a r i z a t i o n  i s  more s e n s i t i v e  t o  wind 
speed than v e r t i c a l  p o l a r i z a t i o n .  The l a t t e r  
t r e n d  i s  more pronounced a t  l a r g e r  o f f - n a d i r  an- 
g l e s  than  a t  n a d i r .  The la t te r  r e s u l t  i s  con- 
s i s t e n t  wi th  Stogryn (1967) .  It should be  added 
t h a t  the wavenumber spectrum given by (4)  i s  as- 
sumed to  be  v a l i d  f o r  t h e  wind speed o f  4 m / s .  
I n  F igures  2 and 3, b r i g h t n e s s  temperatures  are 
drawn as a func t ion  of  r a i n  rate a t  2.5 and 
47.5 degrees  of  o f f - n a d i r  angles  a t  10 GHz and 35 
GHz, t h e  parameter  o f  which i s  wind speed. A l -  
though t h e i r  magnitudes are d i f f e r e n t  from each 
o t h e r  i n  case by case, t h e  b r i g h t n e s s  temperature  
g e n e r a l l y  i n c r e a s e s  w i t h  i n c r e a s e  o f  wind speed. 
S ince  a t  35 G H z ,  t h e  b r i g h t n e s s  temperature  i s  
more inf luenced  by s u r f a c e  wind than a t  10 G H z ,  
and i s  a double-valued func t ion  wi th  r e s p e c t  t o  
r a i n  rate as computed by Savage and Weinman (1975) 
and Weinman and Guet te r  (1977) , and as measured 
by F u j i t a  e t  a l .  (1985a) ,  t h e  frequency i s  not  

a e s  

Assuming t h e  p o l a r i z e d  r a d i -  

0 Figure  1 shows t h e  v a r i a t i o n  o f  b r i g h t n e s s  

- specular surface 
C-. 4 m / s  
M 8 m/o 
H l 6  m/s 

1 1 1 1 I 1 

10 20 30 40 50 60 
Off-nadir angle in degrees 

M 4 m/o 
M 8 m / o  
H 1 6  m / o  

n 

I5OO 10 20 30 40 50 GO 70 
Off-nadir angle in degrees 

Figure 1 .  Computed brightness temperature over 
wind-roughened ocean under no-rain con- 
dit ion.  (a )  10 GHz ( b )  35 GHz 

n e c e s s a r i l y  s u i t a b l e  f o r  q u a n t i t a t i v e  measurements 
of r a i n  rate over  ocean. Therefore ,  i n  t h e  f o l -  
lowing d i s c u s s i o n s ,  only 10 G H z  i s  eva lua ted  con- 
cern ing  wi th  r a i n  rate. 

A s  i s  expected from Figure  1, t h e  i n c r e a s e  o f  
b r i g h t n e s s  temperature  due t o  s u r f a c e  wind i s  
s m a l l  a t  near  n a d i r  a n g l e ,  i .e . ,  2.5 degrees ,  than 
a t  t h e  of f -nadi r  angle  of  47.5 degrees .  This  sug- 
g e s t s  t o  us t h a t  nadir- looking conf igura t ion  i s  
d e s i r a b l e  f o r  r a i n  measurements by microwave r a d i -  
ometry over  ocean. The re la t ion between the10GHz 
b r i g h t n e s s  temperature  and t h e  r a i n  rate is  de ter -  
mined from t h e  r e su l t s  f o r  t h e  specular .ocean  a t  
t h e  n a d i r  angle  o f  2.5 degrees  by a l i n e a r  regres-  
s i o n ,  which i s  given as fol lows:  

R = 0.316T - 36.62, B 

r2 = 0.9983, 

where R i s  r a i n  r a t e  i n  mm/h2  and TB is t h e  b r i g h t -  
ness  temperature  i n  K ,  and r is  t h e  de te rmina t ion  
c o e f f i c i e n t .  The r a i n  r a t e s  are es t imated  from 
t h e  computed b r i g h t n e s s  temperatures  under var ious  
wind speed condi t ions  by us ing  t h e  r e l a t i o n  o f  (14) 
and t h e  r e s u l t s  are summarized i n  T a b l e  1. I t  can 
be seen  t h a t  es t imated  r a i n  rates become l a r g e r  as 
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Figure 2. Influence of s w f a c e  wind on the braight- 
ness temperature as a function of rain 
rate  a t  the n a d i r  angle of measurements 
of 2.5 degrees. 
polarizations are almost the same with 
each other. ( a )  10 Gliz fb l  3,5 GHz 

The re su l t s  for both 

t h e  wind speed i n c r e a s e s ,  and a t  1G m/s  of  wind 
speed,  r a i n  rate i s  overest imated by 5 mm/h 
when t h e  assumed r a i n  ra te  is 16 mm/h o r  32 mm/h. 
I t  should be  noted,  however, t h a t  t h e  a b s o l u t e  
value of  b r i g h t n e s s  temperature  may be inf luenced  
by c a l i b r a t i o n  of  a radiometer  as w e l l  a s  due t o  
the v a r i a t i o n s  of  s u r f a c e  wind and ocean s u r f a c e  F i g w r ?  3 .  Thc same us Fii7urc1 2 c.cccpt thc n a d i r  
temperature .  Addit ional  errors a s  mentioned a- a i y l e  of mcusuremoits of 47.5 d t y rem.  
bove i n  the b r i g h t n e s s  temperature may cause more Thc dif ference of brightness tcmpernturc: 
d e v i a t i o n  of es t imated  r a i n  rates than those i n  due tu the dif fcrcncc in polur izu t ion  is 
Table 1. To reduce p a r t l y  t h e s e  e f f e c t s ,  t h e  ex- elCarl!{ seen. ( a )  10 CHz (0) 35 GI13 
c e s s  b r i g h t n e s s  temperature ,  which is t h e  d i f f e r -  
ence between the b r i g h t n e s s  temperature  under 
r a i n i n g  condi t ion  and t h a t  under non-raining con- 
d i t i o n ,  may be  usefu l  ( F u j i t a  e t  al. ,1985d). 
Again the l i n e a r  regress ion  technique is used t o  

b 
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determine t h e  r e l a t i o n  between t h e  excess  b r i g h t -  
n e s s  temperature  and t h e  r a i n  ra te ,  which i s  giv- 
en below: 

16 

32 

R = 0.316AT + 0.441, 
B 

r2 = 0.9983. 

16.9 17.6 18.8 21.3 

31.5 32.6 34.0 37.0 

where ATB is  t h e  excess  b r i g h t n e s s  temperature  i n  
K. The r e s u l t  o f  r a i n  rate e s t i m a t i o n  from t h e  
excess  b r i g h t n e s s  temperature  i s  l i s t e d  i n  T a b l e  
2 .  By comparing Tables 1 and 2,  improvements i n  
the e s t i m a t i o n  accuracy can be  seen  e s p e c i a l l y  
under t h e  high wind speed condi t ions .  When eval-  
u a t i n g  t h e  excess  b r i g h t n e s s  temperature ,  however, 
another  problem occurs t o  determine t h e  b r i g h t -  
ness  temperature  under non-raining oondi t i o n .  
Reference to  the 35 GHz d a t a  may b e  a p p l i c a b l e  t o  
choose t h e  l o c a t i o n  over  which 10 GHz b r i g h t n e s s  
temperature  under non-raining condi t ion  i s  d e t e r -  
mined. Considerat ion on t h i s  s u b j e c t  i n  r e l a t i o n  
t o  the s u r f a c e  wind condi t ion  w i l l  be  done i n  a 
f u t u r e  . 
Table 1 .  Influence of surface wind on the estima- 

t i o n  of ra in  rate  from the brightness 
temperature. 

I Wind speed 
4 m / s  8 m / s  16 m / s  I Assumed Specular  

r a i n  rate I ocean 

1.0 

1.8 

3.7 

8.0 

1 .0  1.6 2.9 

1.8 2.5 3.8 

3.8 4.5 6.0 

8 . 3  9.2 11.0 

The u n i t  i s  i n  mm/h. 

Table 2. Influence of surface wind on the estima- 
t i o n  of ra in  ra t e  from the excess bright- 
ness temperature. 

Assumed Specular  Wind speed 
r a i n  rate ocean 4 m / s  8 m / s  16 m / s  

1 

2 

4 

8 

16 

32 

1.0 

1.8 

3.7 

8.0 

16.9 

31.5 

1.0 1 .0  1.1 

1.9 1.9 2.0 

3.9 4.0 4.1 

8.4 8 . 7  9 . 1  

17.7 18.2 19.5 

32.7 33.5 35.2 

The u n i t  i s  i n  mm/h. 

5. COMPARISON OF MEASUREMENTS WITH COMPUTED 
BRIGHTNESS TEMPERATURES 

Computed r e s u l t s  of b r i g h t n e s s  temperatures  
over  wind-roughened ocean are compared with t h e  
measurements made by an dual-frequency (10 GHz 
and 35 GHz) a i r b o r n e  radiometer  ( F u j i t a  e t  a l . ,  
1985a). Since t h e  o r i g i n a l  a i m  of  t h e  f l i g h t  ex- 
per iment  was f o r  t h e  measurements o f  r a i n ,  t r u t h  
d a t a  of  ocean s u r f a c e  parameters  inc luding  sur -  
f a c e  wind were n o t  measured a t  t h e  t i m e .  I n  ad- 
d i t i o n  t o  t h e m ,  t h e  of f -nadi r  angle  of  measure- 
ments w a s  r e s t r i c t e d  t o  b e  up t o  about 30 degrees  

due t o  a l i m i t a t i o n  o f  t h e  implementation on t h e  
a i r c r a f t ,  so  t h a t  it may b e  somewhat d i f f i m l t  t o  
assess experimental ly  t h e  e f f e c t  o f  s u r f a c e  wind 
on b r i g h t n e s s  temperature .  Keeping t h e s e  r e s t r i c -  
t i o n s  i n  mind, 35 G H z  h o r i z o n t a l l y  p o l a r i z e d  
b r i g h t n e s s  temperatures  are p l o t t e d  as a func t ion  
of pa th- in tegra ted  r a i n  ra te  t o g e t h e r  with t h e i r  
theoretical p r e d i c t i o n s  a t  t h e  of f -nadi r  angle  of  
measurements ranging  from 25 t o  30 degrees .  The 
t h e o r e t i c a l  p r e d i c t i o n s  a r e  a t  27.5-degree of o f f -  
nadi r  angle .  The pa th- in tegra ted  r a i n  rates are 
obta ined  by i n t e g r a t i n g  t h e  r a i n  rate p r o f i l e s  in -  
f e r r e d  by adual-frequency s c a t t e r o m e t e r  onboard 
t h e  same a i r c r a f t  ( F u j i t a  e t  a l . ,  1985b). 

I 1 I 

20 40 GO 140 ,!, 
Path-integrated rain rate in rnrn/h krn 

Figure 4 .  Comparison between the measured (dots  
and c i r c l e s )  and the computed bright- 
ne88 temperature a t  35 GHz over ocean. 
f i e  poZarization is horizontaZ. m e  
parameter of  computation is wind speed. 
Circles indicate multiple data points.  

When t h e  pa th- in tegra ted  r a i n  rate i s  small ,  i . e . ,  
up t o  10 mm/h km, t h e  measurements s e e m  t o  be con- 
s i s t e n t  wi th  4 m / s  or 8 m / s  l i n e .  This  r e s u l t  may 
be  p a r t l y  supported by t h e  wind speed measurements 
of  3-4 m / s  made a t  t h e  coast. However, they be- 
come lower than t h e  t h e o r e t i c a l  p r e d i c t i o n s  when 
t h e  pa th- in tegra ted  r a i n  rate i n c r e a s e s  i n  excess 
of  about  10 mm/h km. When t h e  of f -nadi r  angle  of  
measurements becomes l a r g e ,  r e f l e c t e d  rad iances  a t  
t h e  ocean s u r f a c e  toward a radiometer  are n o t  nec- 
e s s a r i l y  o r i g i n a t e d  from ra indrops  covered wi th  an 
antenna beam. Therefore ,  i f  s p a t i a l  inhomogeneity 
of r a i n  rate d i s t r i b u t i o n  is l a r g e ,  measurements 
may not  agree  with t h e o r e t i c a l  p r e d i c t i o n s  on t h e  
assumption of a h o r i z o n t a l l y  s t r a t i f i e d  r a i n  model. 
I n  t h e  p r e s e n t  computations, t h e  d i f f e r e n t i a l  
s c a t t e r i n g  c o e f f i c i e n t s  of t h e  ocean s u r f a c e  are 
averaged over  azimuth, so  t h a t  t h e  e f f e c t  o f  wind 
d i r e c t i o n  does not  appear i n  t h e  results.  This 
e f f e c t  may a l s o  cause the d i f f e r e n c e  between t h e  
measurements and t h e  t h e o r e t i c a l  p r e d i c t i o n s .  

The measurements with d e t a i l e d  s u r f a c e  t r u t h  
d a t a  c o l l e c t i o n  are necessary t o  e v a l u a t e  e x a c t l y  
t h e  i n f l u e n c e  of  s u r f a c e  wind on b r i g h t n e s s  tem- 
p e r a t u r e  of  r a i n  over ocean. I n  a d d i t i o n ,  three-  
dimensional treatment of  t h e  problem may be  worth 



f o r  d e t a i l e d  understandings of  t h e  i n f l u e n c e  of  
s u r f a c e  wind on q u a n t i t a t i v e  measurements of r a i n  
ra te  over ocean. 

6. CONCLUDING REMARKS 

I n  t h e  p r e s e n t  a r t ic le ,  t h e  inf luence  of 
s u r f a c e  wind on t h e  measurcmcnts of r a i n  
rate over  ocean by microwave radiometry i s  
eva lua ted  by a model computation. A s  t h c  
r e s u l t s ,  it becomes apparent  t h a t  t h e  nadir-look- 
i n g  conf igura t ion  i s  s u i t a b l e  t o  minimize t h e  in-  
f luence  of s u r f a c e  roughness due t o  wind over  
ocean. I n  t h i s  s i t u a t i o n ,  bo th  p o l a r i z a t i o n s  
g ive  almost t h e  same b r i g h t n e s s  temperature. The 
i n f l u e n c e  can be more reduced by us ing  t h e  excess  
b r i g h t n e s s  temperature  f o r  r a i n  ra te  es t imat ion  
than by us ing  t h e  b r i g h t n e s s  temperature  i t s e l f .  
A t  l a r g e  of f -nadi r  angle  of measurements, v e r t i -  
c a l  p o l a r i z a t i o n  i s  less in f luenced  by ocean sur-  
face  roughness than h o r i z o n t a l  p o l a r i z a t i o n .  

ometer may be worth f o r  remote sens ing  of  r a i n  
and ocean s u r f a c e  wind s imultaneously.  

Combination of  a sca t te rometer  and a r a d i -  
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VISIBLE AND INFRARED STRUCTURE OF FLORIDA CONVECTION 
AND ITS IMPLICATIONS FOR ESTIMATING RAINFALL 

Andrew J. Negri 
Robert F. Adler 

Laboratory for Atmospheres 
NASAIGoddard Space Flight Center 

Greenbelt, MD 20771 

1. INTRODUCTION 

It is the intent of this study to explore 
the relationships between satellite visible (VIS) 
and infrared (IR) viewed cloudy grid cells and the 
variability of the precipitation contained therein. 
Our understanding of these relationships, and the 
acknowledgement of the limitations of these data, 
will better enable us to estimate precipitation 
from space. This is particularly important over the 
tropical oceans, where knowledge of the rainfall 
will perhaps imply knowledge of the latent heating 
and its effects on atmospheric circulation. The 
advent of microwave remote sensing systems will not 
render the VIS/IR techniques obsolete. Such data 
will still be necessary to provide the diurnal 
variability missing from twice daily observations 
from low earth orbiters. 

This study is similar to that of Arkin 
(1979) in that it looks at the precipitation 
characteristics of cloudy grid cells. Time and 
space scales are 30 min and 32 km, considerably 
smaller than the 6 h and 5 degree scales employed 
by Arkin. This study also considers the effect of 
the visible channel data on the estimation of 
rainfall. In that respect, it complements the work 
of Tsonis and Isaac (1985) and Wu et al. (1985). 

The objective of this study is to 
understand the (instantaneous) relationships 
between cloudiness and rainfall. In this way we may 
begin to apply what we have learned to improve upon 
existing techniques and perhaps gain an 
understanding of the limitations of VIS/IR 
techniques. 

2. DATA 

Five days during the second Florida Area 
Cumulus Experiment (FACE-2) were examined using 
radar and GOES VIS/IR data. Table 1 contains a list 
of the dates and available times. The area of study 
was approx. 250 km on a side, centered in southern 
Florida (near 26N, 8lW). Only data between 50 and 
170 km of the USR-57 radar at Miami were analyzed. 

2.1 Satellite Visible Data 

The satellite data used are the GOES East 
visible (0.55-0.70,qm) and infrared (10.5-12.6Hm) 
channels. Figure 1 (top) is a sequence of four 
visible images on one case study day, 12 Aug 1978. 
The resolution is nominally 1 km, and over Florida 
it is enlarged slightly north-south. In 

Table 1 

Data used in this study 
=P===PPIIPP==IPIIPPIIPPIIPIIIIPPIIPPPPS--*P---=-- 

COMMENTS DAY TIMES' # IMAGES 

29 JUl 1978 1800-0000 13 
12 Aug 1978 1600-0030 21 3-15 min images 
16 Aug 1978 1800-00002 15 2-15 min images 
29 Aug 1979 1630-0030 20 7-15 min images 
18 Aug 1980 1630-2300 14 

Visible data to 2200 GMT 
No data 2130-2230 GMT 

quantitative applications, each visible pixel is 
corrected for the effect of illumination angle on 
the perceived brightness. The bri htness value of 
each pixel was multiplied by lll'((a, where 2 is 
the zenith angle of the sun (see Tsonis and Isaac, 
1985). In practice, because of both the small 
variation in latitude across the region, and the 
small variation in declination between days, only 
the hour angle was varied in the computation of Z. 
This normalization was realistic only through 2200 
GMT each day. Raw visible counts are 0-255, however 
after normalization, some pixels representing sides 
of clouds or cloud turrets can, late in the day, 
exceed 255. 

Convection on this day developed about 
1600 GMT, between Lake Okeechobee and the east 
coast. Convection reached a maximum between 2000 
and 2200 GMT, with one extensive cloud 
anvil eventually covering the entire peninsula. 
Other days were similar in the temporal variation 
of convection, although rain amounts in the FACE 
target area (small trapezoid in Fig. 1) varied. 

2.2 Satellite Infrared Data 

The nominal resolution of the IR data is 
8 km, however, due to 50% oversampling in the 
east-west direction, pixel spacing is approx. 4 km. 
The data have been converted from IR counts 
to temperatures via a standard IR calibration 
(GOES/SMS User's Guide, 1976, NOAA/NASA). Figure 1 
(middle) is the corresponding IR data. Contours 
display the 253, 233 and 213 K isotherms. The 253 K 
isotherm delineates cloud from no-cloud in this 
study, a convention used by Griffith et al. (1978). 
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2.3 Radar Data 

Digital radar data from the WSR-57 radar 
at Miami were used in this study. A complete 
description of the radar data is available in Lopez 
et al., (1984). The 0.5 degree elevation scan 
coincident with the GOES scan time of Miami was 
selected (generally no more than a 2 min 
difference). Reflectivity to rafntate conversion 
was accomplished6usJng 2 = 300R ' 
reflectivity (mm /m ) and R is the rainrate 
(mm/h) [Barnston et al., 19811. Rainrates less 
than 1.0 mm/h were set t o  zero,while rainrates 
greater than 200 mm/h were set to this value. 
Figure 1 (bottom) displays the corresponding 
radar data. A threshold of 1 mm/h was used to 
distinguish rain from no-rain. The 40 mm/h 
contour is also displayed. 

where 2 is the 

2.4 Averaging Procedure 

The radar data were remapped to GOES 
coordinates in a two-step process. Raw data were 
first mapped to a Cartesian system using RADPAK 
(Heymsfield et al., 1983). This array was then 
mapped to GOES coordinates using bi-linear 
interpolation with nearest neighbor resampling. A 
constant height of 10 km was used to of.fset the 
parallax introduced by the satellite viewing angle. 

Full resolution data were averaged (in 
satellite coordinates) into grid cells 32 x 32 
visible pixels (8 x 4 IR pJxels). This represents 
an area of approx. 1024 km , varying slightly 
across the region. A sample grid square is drawn 
in the 1830 GMT IR panel of Fig. 1. 

Table 2 displays the various parameters 
examined in this study. 

3. VARIABILITY OF THE MEAN RAINRATE 

Subsequent statistics are stratified into 
two regimes: 

a) grid cells with F253 > 0 (at least one IR pixel 
colder than 253 K) 

b) grid cells with F253 = 1.0 (completely cloudy 
grid cells) 

Table 2 

3.1 Regression results for single satellite 
parameters 

The satellite parameters in Table 2 were 
regressed against the mean rainrate [ loglO(Rmean)]. 
To avoid loglo(0), non-raining grid cells were 
assigned a nominal value of 0.01 mm/h. Figure 2 
shows a typical scatterplot, from 12 Aug 1978. 
While Rme generally increases with decreasing 
Tmin, mu& scatter exists. The plot only shows 
raining grid cells; there also exist a range of 

&Pained only 27% of the variance of Rmean. 

3. Explained variance is in general low, but more 
importantly, it is inconsistent from day to day. 
More variance is explained when the grid cell is 
completely cloudy (part b'), than with incomplete 
(but non-zero) cloud cover (part a). Tmin and F213 
explain the most variance of any IR parameter. 

The effect of VIS data (taken as a single 
predictor) were more inconsistent than the IR. To 
exclude the effect of the surface, VIS data were 
taken only from those grid cells with complete 
cloud cover. Additionally, to carefully examine the 
"structure" of clouds (in terms of sv), non-cloudy 
VIS pixels must be excluded or edge effects will be 
interpreted as texture. Explained variance was low, 
(Table 3, part c), with the exception of 29 Aug 
1979. The high (0.82) correlation between Vmean 
and R e 
discrTmfnat ion rather than a continuous est imat ion 

for non-raining (but cloudy) cells. Tmin 

Other parameters tested are shown in Table 

is a reflection of raidno-rain 

29 Jul 12 Aug 16 Aug 29 Aug 18 Jul 
1978 1978 1978 1979 1980 

Tmean 22% 17% 5% 7% 
Tmin 30 27 7 16 

34 28 3 17 '213 
9 1 1 0 ST 

# obs. (332) (522) (363) (432) 

b) IR parameters when F253 = 1 

IR PARAMETERS 
Mean temperature 
Minimum temperature 
Standard deviation of temperature 
F233,F213: Fraction covered by cloud colder 

than subscripted temperatures 

VIS PARAMETERS 
Ifmean: Mean (normalized) visible count 

sv : Standard deviation of visible counts 

RADAR PARAMETERS 
Rmean: Mean rainrate 

36% 41% 13% 14% 
19 0 3 1 

Tmin 

# 0bs.e (224) (211) (57) (180) 

VIS parameters when F253 = 1 

T S 

c) 

17% 32% 0% 67% 
5 1 0 14 
34 44 8 45 

'mean 
sV 
Tmin 
# obs. (93) (116) (27) (70) 

( 2 )  

if Rmean was 0.0, Rmean was set to 0.01 mm/h (1) 

(2)reduced data sample 1600-2200 GMT 
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Griffith et. (1978) recognize this 
asymmetry and incorporate the life history of 253 K 
defined clouds into their model. The success of 
this incorporation is arguable; the statistics of 
Meitin etal. (198l), who use this approach, show 
consistent underestimates of rain during the first 
half of each rain event followed by overestimates 
later in the day. Comparable results for daily 
rainfall have been obtained from cloud definitions 
with no life history (Negri etal., 1984). 

On 29 July 1978, large areas of stratiform 
rain produced from extensive convective anvils are 
evidenced by the 1 mm/h mean Rm 
warming of the mean T after $980 GMT 
(see dotted curve in Pi;. 4, points 3,4,5). On 
16 Aug 1978, the slope of the curve is similar 
for both the growth and decay phase of the 
convection, indicating a general relation between 
Tmin and Rmean might produce realistic estimates. 

variability (10-15 K) existed between days. This is 
compounded by the variability in T and R on 
any given day (Fig. 2 ) .  Such resul'fknindica'f8a?he 
problems faced in using such data to estimate 
precipitation on this scale. 

and the slow 

As was evidenced in Fig. 3 ,  significant 

3.4 Results for two satellite parameters 

One parameter estimators, particularly in 
the IR, can ultimately have only limited success, 
given the problems of discriminating among active 
convection, thin (non-precipitating cirrus) and 
anvil debris. This is compounded by the inherent 
variability of the data. Thus, a second parameter 
is sought that will aid in this discrimination. 
Ideally what is needed is a parameter correlated to 
rainfall but u,ncorrelated to temperature, Then, in 
combination, each parameter can explain rainrate 
variance separately. Unfortunately, such orthogonal 
or independent parameters are rare; brighter 
clouds tend to be higher and thicker, hence colder. 
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Three parameters were tested in conjunction 
with T , in a multiple regression with - 
loglo(%+;): Vye n" sT and sv. Table 5 shows the 
increase xp afned variance for each parameter. 
Results for s should be compared to the variance 
explained by I in in Table 3, part b. Results for 
the VIS paramevers should be compared to the 
percentages in Table 3, part c. 

Results overall are poor. Vmean, due to 

did not con'f$%ute to the 
either its low correlation with R or its high 
correlation with Tmi 
explained variance. ffhile results for 29 Aug 1979 
show an increase of 24%, this 69% (45% from Tmin) 
represents only a 2% increase over Vme 
(see Table 3, part c). The visible corf!elations are 
strongly influenced by a few points of dark, thin 
anvil material without rain. This was the only day 
of the five where a visible threshold might aid in 
raidno-rain discrimination. 

alone 

It was hoped that sv would be an indicator 
of cloud structure and thus help pinpoint areas of 
active convection; this was not found. It is 
probable that sv is not uniquely related to the 
presence of overshooting tops. Identification of 
such regions is largely a function of sun angle 
and illumination. Ripples and waves in cirrus 
anvils mpy be showing up as "textured" cloud 
while at times of low sun zenith angle, (i.e. 
near noon) intense rain is found below 
relatively "smooth" cloud. 

Figure 5 represents an example of this two 
parameter approach. (in 6 classes) is shown 
as a function of T RmLaa s for completely cloudy 
grid cells on 12 ACA"1978. I( threshold Tmi would 
effectively separate rain from no-rain on ?his day, 
without the addition of a second parameter. At 
T < 210 K, one might expect larger sv 
(TAaicating overshooting tops) to be correlated 
with R . This was not the case. Physically, the 
'0" poT8% represent cold, cloudy boxes of uniform 
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of R by Vme n; i.e. the statistics reflect the 
factm@?it 25% of the completely cloudy cells were 
thin (dark) anvil material with no attendant rain. 
Section 3.4 will further address the addition of 
VIS data. 

3.2 Discriminant analysis results for single 
satellite parameters 

Rather than estimate a continuous spectrum 
of R , the data were grouped into 6 classes. For 
eachm%elli te parameter, a mean and standard 
deviation for each rain class was computed. Results 

. I  . *  
+. + 

0.01 8 . e * ,  

+ .  I 
I .  .. 

185. 205. 215. 225. 235. 245. 255. 
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Fig. 2. U i h u m  temmpehatuhe ( K )  v A .  m a n  
haiMhate (mmlh) doh g n i d  e&& 7600-0030 GMT 
1 2 - 1 3  Aug 1978 .  Not  pLoMe.d, bLLt .included .in 
t h e  ~ZaLhLitico, me non-haining ( b u t  c loudy)  
g n i d  c&&. 

from 12 Aug 1978 are shown in Table 4, with 
satellite parameter Tmin. A t-test was performed to 
see if the means were separable. Results indicate a 
significant difference in the means between all 
pairs of rain classes except adjacent classes 1/2 
and 3/4. The no-rain class is class "0". The extent 
to which these results could be used in an 
estimation scheme on independent data is unclear. A 
maximum likelihood estimate using the data in Table 
4 would assign all observations to either the "0" 
or "2" class, because they have the highest 
probabilities of occurence. 

To further complicate any proposed utility, 
the mean satellite parameters of each class varied 
from day to day. Figure 3 shows a dramatic 
difference in the Tmi - R 
the case study days. Iftt hFgRnRmean and low Tmin, 
only a 3 K variation in Tmi is seen. This 
increases to 13 K at lower 1 . This difference 
is of the same magnitude as ?!%"variation between 
classes on any given day (about 15 K). For example, 
a Tmin of 221 K would indicate (in the mean) no 
rain on 29 July 1978 but an Rme 
on 16 Aug 1978. Temperature prof'lles were identical 
on these days, however, there was a deeper layer of 
moisture on 29 July 1978. Adler and Mack (1984) 
have investigated the effect of vertical profiles 
of temperature and moisture on satellite rainfall 
schemes. 

curves for three of 

of 2.5-5.0 mm/h 

3.3 Effect of convective life cycle 

To examine the effect of the convective 
life cycle, observation pairs (T in, Rm an) were 
stratified into six periods by tTme of 8ay. For 
each period, a mean Tmin and mean Rme 
determined. The pattern that emerges fs shown in 
Fig. 4, for 12 Aug 1978 (dashed line), 29 July 1978 
(dotted line) and 16 Aug 1978 (solid line). In each 
case mean T decreases as mean R increases 
until conveFifve activity is a maxTmum. After that 
point, mean R decreases, but not along the same 
curve as in t8e early stages. For example, on 
12 Aug 1978, mean Tmi 
mean Rm an decreases 6y an order of magnitude. The 
temperafure decrease in the growth cycle on this 
day was 15 K. 

were 

increases (warms) 4 K as 

TABLE 4 STATISTICS ON THE SEPARABILITY OF RAIN CLASSES BY MINIMUM TEMPERATURE 

NUMBER OF OBSERVATIONS (NUM) IN EACH CLASS, THE MEAN MINIMUM TEMPERATURE (MEAN) AND THE STANDARD 

ARE SEPARABLE IF TABULAR ENTRIES [t(computed) -t(0.05,a) ] ARE POSITIVE. SECOND ENTRY IS THE 
DEVIATION (STD) ARE USED IN A ONE-TAILED t-TEST AT SIGNFICANCE LEVEL 0.05. DIFFERENCES IN MEANS 

DEGREES OF FREEDOM (a). DATA ARE FROM 1600-0030 GMT 12-13 AUG 1978. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

MEAN RAINRATE (MM/B) 
< 0.01 0.01 - 0.10 0.10 - 1.00 1.00 - 2.50 2.50 - 5.00 > 5.00 

N U M  239.00 63.00 104.00 64.00 36.00 16.00 
204.19 MEAN 230.90 222.21 218.66 211.94 209.14 

STD 13.94 15.05 15.21 11.27 6.97 4.46 

0 1 2 3 4 5 

1 2.664 / 300 
2 5.594 341 -0.198 165 
3 8.353 301 2.665 1 125 1.386 166 
4 7.508 / 273 3.207 / 97 1.946 / 138 -0.323 / 98 
5 5.956 / 253 3.011 / 77 2.093 / 118 0.999 / 78 0.888 / 50 

.................................................................................................. 
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visible texture, i.e anvil cirrus. Such 
"clustering" of the data in the VIS/IR domain has 
been noted by Tsonis and Isaac (1985). 

4.0 CONCLUSIONS 

The variability of the mean rainrate over 
areas approximately 32 km on a side was examined. 
Attempts were made to explain this variance in 
terms of satellite parameters, specifically the 
minimum grid cell temperature. Explained variance 
for grid cells with at least 1/32 cloud cover (253 
K threshold) varied from 8 to 22%. Results were 
higher, 8 to 36%, when only completely cloudy 
cells were considered. On one day (29 Aug 1979) 
mean visible count explained 67% of the variance, 
however this was essentially due to a group of 
data (dark, non-raining cirrus) which has a large 
impact on the regression. 

Classification of the mean rainrate into 6 
groups showed little improvement, due to high 
variability of the satellite parameters both 
between groups and among days. Results showed 
dependency on time of day (i.e. convective cycle). 
This remains a candidate for further study. 
Significant variability existes between days even 
for the time averaged rainrate and minimum 
temperature. 

regression improved the results slightly (1-8%), 
with the exception of a 24% increase on the 
aforementioned 29 Aug 1979 case. This was the Only 
one of five days where the VIS data demonstrated a 
raidno-rain discrimination. Results using VIS data 
are less encouraging than those reported by 
Wu etal. (1985) and Tsonis and Isaac (1985), 
who specifically considered raidno-rain 
delineation. This discrepancy remains a topic of 
further investigation. A problem not noted 
elsewhere in this text was the different 
calibration of the VIS data between satellites 
(years) particularly at the high (bright) end. 
Results overall were discouraging for using VIS/IR 
data to estimate precipitation rate on these time 
and space scales. 

Addition of a second parameter to the 

Table 5 

Percent additional. variance of log (R ) 
explained by Tmin and one other p@ama?% 

Parameters when F253 = 1 

PPPILPeElCI=lPEPPPIPppplPPP=EPPe=PSflPPIE==~~==== 

29 Jul 12 Aug 16 Aug 29 Aug 18 Jul 
1978 1978 1978 1979 1980 
6% 2% 8% 5% 1% 
1 0 1 24 0 

1 2 1 8 1 

T S 

"mean 

2 D 
1 

I 

a 
I 2  

' 1 , o  a 

8 
8 

I 

0 

I 

0 

P o  
0 0  

I '  O P o  0 0  
Q Q  

0 
0 0  

20s. 215. 22s. 235. 215. 

MINIMUM TEMP ( K 1  

Fig. 5 .  C h b W  06 mean &&e ( m m / h t )  a6 a 
6unct ion 06 t h e  nurz imum , tempmtwre [ K )  and 
v h i b t e  btandahd d e v i d i o n ,  doh cornpRe,teRlj 
c loudy gh id  cpeeb on 1 2 - 1 3  A119 1 9 7 8 .  
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1. INTRODUCTION 
Much research has been done on 

estimating conyeqtive rain all from 
infrared and visible satellite data. 
Various studlies have shgwn that 
convective rainfall from individual 
thunderstorms can be identified- and 
gredicted reasonabl well, (Scofield and 
liver, 1977; Grigfith et al. 1978; 
Love]oy and Austin 1979; Stout et al. , 
1979; W lie 1974- Griffith et a$. 
1981; an3 Whitney, i982). TO accomDlish 
this man o'f. these studieq -have 
considered ?he physical properties of 
convective clouds obtained from the 
cloud top temperature field of infrared 
images. The proper identification of 
heavier rain areas regions of enhanced convectign ' ? s  advanta eous 
since, as seen in Figure 1 it is zhese 
rain events which contribute most to the 
cloud's,total volumetric rainfall. 

This paper will entail the uqe of 
infrar d ima ery from Geostationary 
0 eratfonal Znvironmentai Satellites 

to proper1 categorize areas of 
!!zEf&icant rainfaly from light and non 
rain areas of convective clouds based on 
a variety of cloud parameters calculated 
from the cloud top temperature fi Id. 
The technique of statiqtfcal discriminant analysis,will be ap lied to 
derive and test a series of statistical 
models consisting o f  the cloud 
garameters to identif rainfall. Further 
iscussion o f  the fechnique used to 

categorize rainfall will 4e giyen 
with a review of the significance an% 
accuracy of the results. 

alon 

2. TECHNIQUE 
This study attempts to statistically correlate various physical 

arameters derived from the satellite 
gerived cloud top temperature field to 
different rainrate thresholds in order 
to more accurateTy categoFize--thG 
rainfall representati e of higher rain 
rate events. The optlmal combination of 
cloud parameterg was statistiqa ly 
selected to Giscrimjnate between raining 
and non-raining regions of fairly larqe 

-p 

contribution to the total volumetr their c Figure 1. Rain rate frequency and 
rainfall as measured from all the case 
study days used in this study. 

summer season convective systems over 
the U.S. High Plains. 

2.1 Cloud Parameters 

where T is the cloud to temgeratur 
The cloud aram ter CGdD aided 7; 
e alyating the Zmgortance of gradients 
wlthin the most h g ly convective cloud reaions - < - The La lacian AVP) of the 
cloud top temperature fie1 is a veasure 
of fhe rate of change o the horizontal 
radient on a horfzontal plane 
YZapotoc ny, 1981). The La lacian is 
gotentiay a very owerfu? ya iable 
ecaus offers tie possibilft of 
detectfng cold convect ve towers wKich 
ma be asqociate with rain w thout 
beyn associated w th the C TT (Whftney, 
19823. The bas c equatfon used in calculating Laplacian f is 

where positive values J of Laplacian 
indicate peaks temperatures while negative o$al~~~df~dicate vall 
of warmer temperatures. As wfz; the maximum value of La lac an 
?or the 6CTT (CLAP) was calculateg 

Other cloud paraieters considered were the avera e cloud top 
temperature gor cloud areas ?ess than or 
e ual to 253 K (AVGCCT) the temperature 09 the tropopau e minus the CCTT 
CTSTT the rat!?os of the CLAP to CCTT 
CLAPD and of CGRA to CCTT (GRADDT) . 

ihe $ me change fn cloud parameter 
quantities between ima es for all 9 
variables were c lculazed excep CTSTT 
(the change over t?me of CTSTT 1s the 
same as CCTT). Scofield and Oliver 

radient 
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Table 1. 
L i s t  a n d  d e s c r i p t i o n  of a l l  c l o u d  p a r a m e t e r s  c a l c u l a t e d  f rom 
the c l o u d  t o p  t e m p e r a t u r e  f i e l d .  

Cloud P a r a m e t e r  
S u b s c r i p t  

1 

2 

3 

4 

5 

6 

Cloud P a r a m e t e r  P h y s i c a l  R e l a t i o n s h i p  
D e s c r i p t i o n  t o  R a i n f a l l  

CCTT C o l d e s t  Cloud Top T e m p e r a t u r e  C o n v e c t i v e l y  a c t i v e  c l o u d  
r e g i o n  

GRAD L a r g e s t  A b s o l u t e  T e m p e r a t u r e  I n  v i c i n i t y  o f  c l o u d  u p d r a f t  

CGRAD L a r g e s t  A b s o l u t e  T e m p e r a t u r e  Cloud u p d r a f  t s z o c i a t 2 -  
G r a d i e n t  

w i t h  t h e  CCTT 

area o f  c o n v e c t i o n  

c l o u d  t o w e r s  

__ G r a d i e n t  o f  t h e  CCTT 
GST-Largest T e m p e r a t u r e  h p l a c l a n  Cloud tow-fliin t h e  - 

- 
CLAP L a r g e s t  T e m p e r a t u r e  L a p l a c i a n  C o l d e s t  mos t  c o n v e c t i v e  

- of t h e  CCTT 
AVGCCT Average  Cloud Top A r e a l  e x t e n t  o f  t h e  

Temp e r a  t u r  e c o n v e c t i v e  r e g i o n  

16 

DEL CCTT 
DEL G W D  of Each R e s p e c t i v e  
DEL CGRAD Cloud P a r a m e t e r  
DEL LAP 
DEI. CLAP 
DEL AVGCTT 
DEL CLAPDT 
DEL CGRADT 

The Change Over Time 

1977) demons rated that a compa is n of 
&IacTes 30 minutes amrt mav fndycate 
eitfier a change in the-intensity of the 
convfctiye sgstem cloud movement, or a 
comb nat on o both. 

2.2 Statistical M ode1 Cal culatioq 
Discriminant analysis is a 

statistic 1 technique used to selec 
set of ?nd pen ent variables whit; 
optimally dfscrfminat between two r 
more groups. In thfs raPn occ rrence acted as tEFdX6pendent 
arrable and the cloud param ters as the 
nde endent variable Th?s echnique 

1s symi ar to regressTim analysls except 
re re sfon att mpts to calculate a 
quk!ntatative e tfmate of he dependent 
variable. NeTther non-linear analysis 
nor any special ransformations of the 
in ependent variables were used. The 
crateria used to choose the best models 
were based upon 0th the percenta e of 
correct1 lassifrep and the Zotal 
number o$ mfsclass f ed rain events. 

2.3 m t ; s  
A series f experiments were used to seek an Pmproved physical 

interpretation of the s atistical me hod 
mplo ed These expe iments utlined 
Tn Tabie essentfally &od?fy the 
d endent v rtable ccount fo the 
dfgference In the tio ? t tak s rafnfall 
representat ve of raIG producfng clouds to reach the surface. 

Three rain rate th esholds were cho en to he1 delineate df ferent 
intensides of raanfall The rafn rate of 1.0 mm/h 
(1978) and fn this stud o dfscrim!n% be ween rain and no Zaln occurrence. 
Rain rate thresh0 ds of 4 . 0  and 10.0 
/hr were d termhed rep esent 

3fferent regfmes of raigfall ]I n the convective systems analyzed. 

was used by'Gr f ith e 

3 .  DATA 
The data chosen for this study w re 

in conjunction with the Cooperatfve 

The v a r i a b i l i t y  of c o n v e c t i c  
a n d / o r  c l o u d  movcment o v e r  
t h e  p a s t  30 m i n u t c s  

Convective Precipitation Experiment 
J(iC;PEk field, pro ect held near Miles 
This' sPte offered an opportunity to 
study rainfall from summerfime 
convective systems in the High Plains. 
The case study days of June 12 July 13 
and the first storm event of A gu t !2 
were chosen to develop the statrst?cal 
models and the days of July 11 August 
1 and the second storm event of August 2 
were used as inde endent data sets to 
test these mo els. ghese da s are 11 
com atible wdth the type of convectfve 
sysfem targeted b this study. 
Selectyon of these 8ays were based on 
the fact that each qonvective system was 
spread over a re ativ ly lar e area with 
rainfall occurring fn bot% a lar e 
spatial and temporal extent. Tze 
constraints of resol tion tem oral 
frewency of the satellyte &tal an8 $he 
vary ng amount of surface station 
denst made th study of small storms 
too dlgficult to Ynclude. 

To verify the occurrence of 
rainfall, the surface mesonet associated 
with the CC PE project was used. The 
areal densyt of the CCOPE mesonet is 
compa able xo mesonets in other 
loca ions where other satellite rainfall 
studies have been conducted. The surface mesonet consisted of 96 PROBE 

ntana in t d e summer of 1981. 
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Table 2 .  

The s t a t i s t i c a l  and m e t e o r o l o g i c a l  c o n s i d e r a t i o n s  involved 
w i t h  modifying t h e  t i m e  p e r i o d  of r a i n f a l l  v e r i f i c a t i o n  
(dependent v a r i a b l e )  f o r  each exDeriment.  

Length of 
Time Pe r iod  Delay Exper imen t I /  

1 

2 

3 

S t a t i a t i c a l  
C o n s i d e r a t i o n s  

I 

0 Minutes 

I n  d i a c r i m i n a n t  a n a l y s i s  
t h e  dependent  v a r i a b l e  
can b e  modif ied a s  a 1 means of v a r y i n g  t h e  
c h a r a c t e r  o f  t h e  depen- 
dent  v a r i u b l e .  

The dependent  v a r i a b l e  is 
coded 0 (no r a i n  o r  r a i n  
below t h r e s h o l d )  and 1 
( r a i n f a l l  above t h r e s h o l d )  

30 Minutes  

10 Minutes 

Same a s  Experiment # 2 .  

measurements of'the cloud field were of 
no value. Infrared imagery were cgl ected from the GOES satellite's 
Visible and Infra ed Spin Scan 
Radiometer (VISSR) wfth a resolution of 
8 km at the tafellite subpoint. 
Rain all was class f ed on1 for ima es 
30 mfnutes apart Fr m eacx satellyte 
ima e were obtained Pndependent samples 
f ?h cloud top temperature field e 
?n s?ze to ach surface grid locat%! 
Accurate navfgation, revap $ng each 
ima e to match the prqqection of the 
suryace rid and ad3ustments 
paralax 7cloGd displacqment from 
actual location the satellite) were asa~lvleZ~ent?.K1 in 
processing the satellite data. 
4 .  CLOUD PARAMETER ANALYSIS 

Meteoro log ica l  
Cons ide ra t  i o n s  

R e s u l t a n t  r a i n f a l l  
occu rence  o v e r  t h e  p a s t  30 
minu tes  determined by t h e  
c loud  t o p  t empera tu re  f i e l d .  

P r e c i p i t a t i o n  r each ing  t h e  
ground i n  a s s o c i a t i o n  w i t h  
v a r i o u s  f e a t u r e s  of  t h e  
cloud t o p  t empera tu re  f i e l d  
may occur  approx ima te ly  10 
minu tes  G r i f i t h  ( p e r s o n a l  
communication) a f t e r  the 
appearance of t h e  cloud t o p  
pa rame te r .  T h i s  d e l a y  may 
be due t o  i n t e n s e  u p d r a f t s  
( e s p e c i a l l y  in t h e  deve lop ing  
s t a g e  of a s torm).  s t r o n g  
a u r f a c e  winds and nub-cloud 
evapora t ion .  

D e t e c t i n g  r a i n f a l l  o v e r  t h e  
p e r i o d  f o l l o v i n g  t h e  recogni- 
t i o n  of c o n v e c t i v e  c loud  areae. 

5. STATISTICAL MODEL ANALYSIS 
Results from the best 8 atistical 

mo els selected for each ex erlment and rafn rate are given in gable 3 .  Thf 
total numbe f samples used were 166 
from the fnytial storm cases and 147# 
from the test storm cases. 

The most noteworthy results of the 

sele tion of these ppFmelera was 
consxpent with the nd vidu 1 behav or with respect to heavier ratn 
rate thresholds and time lags. 
(u) One sample w a s  an  o v e r l y  i n f l u e n t i a l  o u t -  
l i e r ,  due t o  a l o c a l i z e d  heavy shower caused 
by a sma l l  secondary c e l l .  This  sample w a s  
dropped from t h e  expe r imen t s  and r a i n r a t e s  
where i t  was determined t o  be o v e r l y  
i n f l u e n t i a l .  
( / I )  Missing s u r f a c e  d a t a  f o r  Experiment 3 
r e s u l t e d  i n  3 l ess  samples .  
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Table 3. 
The pe rcen tage  and number of c o r r e c t l y  c l a s s i f i e d  samples 
f o r  b o t h  t h e  i n i t i a l  and test d a t a  sets f o r  a l l  r a i n  rate 
t h r e s h o l d s .  The s u b s c r i p t s  o f  t h e  cloud pa rame te r s  (from 
Table  1) f o r  each t e s t e d  s t a t i s t i c a l  model are l i s t e d  i n  
o r d e r  of p r e d i c t o r  s i g n i f i c a n c e .  

Experiment #l Experiment W2 Experiment 8 3  

I"1tl.l 110 R"1" 
Dill. R * l "  

S t a t i s t i c a l  Model 
I"ltl.l No R i I n  
D.L. R.1" 

AuiuDt 2 No Rain 
s t o n  I1 R.1" 

Aqu.L 1 No Raln 
R.1" 

J u l y  I2 Ne b i n  
R.1" 

S t a t i s t i c a l  Model 
L"ll1.l No Raln 
O.L. R.1" 

Au8u.t 2 No R.ln 
s t o n  :1 R.1" 

AY8U.t I No h l n  
R.1" 

J u l y  12 No b l n  
R. I" 

tical Model- 

main R a t r  cucofr - 1.0 m/lluur. ~ . i , ~ ~ . t a r u i o f f  - 1,n m/~lo.r. 

IO, 6, 1, 7,  I H  1. 6 .  10. 3 I .  I O .  11, 8 

8 2 . S  v v  I 1  8 1 . 1  vn 20  
71.1 11 32 6 n . 1  1s 32 

14.9 1 5  ?n 60.U 21 18 
100.0 I1 2 ?  9u.o 1 i n  

7 2 . v  4 1  I 6  8 4 . 5  49 1 
84.6 2 11 n 5 . i  1 12 

11.0 1 I 1 4 . 1  1 6 
100.0 0 h 100.II 0 3 

percentage of cor re  tl classified r a i n  
cases  f t  t h e  l O m m  r a t n  ga t e  ma be due t o  r a  n events not ssoc iafe  wi th  a 
cloud top  temperat re f f e l d  whfch ma 
h ve changes durrng t h e  50 minutes 0% 
tfme lag .  
6. SUMMARY AND CONCLUSION 

Pcrrr i i l  No 
'urrcr, H"l" Y l l "  

Overall  there was an immoved 
ab l i t y  o detect r a i n f a l l  events' when 
usfn hf her r a t e  cu to f f s  As 
recayled &om F f & k  1. t h e  detect ion of 

t o  t e  e ra tu re  f i  Id  more regre entat!€$ 
10 mflnute f r m e  l a g  when combened w% 

f f ered the  10  mm r a  n rate 
t h  best ove ra l l  g?E%#at?on of 
r a f n f a l l  with a l l  co r rec t  Dercentaaes 

of sur face  rafnf  11. 
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cutoff 

75% 

SOY. 

A 

e 

E 
a 
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\ \July 12 - * -  
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cutoff 

0 7. 

Tbe impor ance of dentifying n lar e signifi ant rafn areas 
onvectfve systesm areas s clearyy 
Emportant. Many studie? which try to 
meas re to a1 volum tr c ra nfall could 
consyder hfgher rafn ra e thresholds 
when trying to pinpoint areas of 
signi icant rainfall. This can be 
es ecf lly us ful in an a ea such as the 
U.E. Hfgh Plafns where hfgh loud bases 
and sub-cl u6 evaporatfon make 
significant ra?n areas less frequent but 
important to detect. 
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9.3 

STATISTICAL PROBLEMS IN RAINFALL ESTIMATES FROM 
RAINGAUGE, RADAR AND SATELLITE DATA. 

1. INTRODUCTION 

A. Bellon and G. L. Austin 

McGill Radar Weather Observatory 
Ste. Anne de Bellevue, Quebec 

Canada H9X lCO 

In this paper, we are concentrating 
on the relative skill of raingauge and 
GOES satellite measurements of rainfall 
over an area of 2.4Xl0I km' during 
daylight hours. The basic strategy 
consists in the calibration of the 
satellite information by 
gauge-calibrated radar data. 

A summary of satellite rainfall 
estimation methods is contained in a 
book by Barret and Martin (1981) and the 
references therein. Recently, Wylie and 
Laitsch (1983) verified daily and 
monthly point gauge accumulations with a 
variety of satellite techniques applied 
over the same area. They concluded that 
while the increased frequency of 
satellite images improved the accuracy, 
schemes including meteorological data 
and allowing the Judgement of  a 
meteorologist achieved a skill only 
slightly superior to that obtained by a 
simple automated IR technique. Negri et 
dl (1984) also argued that simpler 
techniques independent of cloud life 
history are just a5 accurate a5 the life 
cycle approach of Griffith et a1 (1978) 
and Stout et a1 (1979). We thus believe 
that the bispectral method of Lovejoy 
and Austin (1979) combining the visible 
and I R  data in estimating rainfall to be 
an adequate objective technique 
applicable to the variety of synoptic 
situations affecting the middle 
1at i tudes. 

Canadian Forestry Service in order to 
determine the usefulness of satellite 
rainfall estimates over data scarce 
forested regions. Since the computation 
of forest fire indices requires a map 
delineating the areas of dry and wet 
ground, Van Wagner (1974). a satellite 
technique which essentially has skill 
only in delineating the area of rain 
should satisfy this requirement. 

This research was sponsored by the 

2. RAINFALL MEASUREMENTS BY GAUGE AND 
SATELL I TE 

2.1 Raingauge 

Hourly reporting gauges are needed 
to compare satellite or radar rainfall 
estimates over periods of le55 than one 
dag (typically four to nine hours as 
shown in Table 1). The distribution of 
167 gauges over or near the area where 
satellite rainfall estimates are 
computed, is shown in Fig. 1. With 15X 
of the gauges unavailable, the effective 
gauge density of the network over the 
area of analysis is approximately one 
gauge per 1900 kmL. 
a gridded rainfall pattern from the 
point information available at each of 
the gauge sites it is necessary to use 
interpolation methods. A simple 
technique, the Thiessen method, assigns 
to every unit grid area (1,J) -(4x4) kmz 
in size- the amount recorded by the 
nearest gauge. The result is a pattern 
of  polygons which outline the area of 
influence of each gauge, creating 
artificial rainfall gradients which are 
strongly dictated by the raingauge 
distribution. 

weights to neighboring gauges which are 
a function of their distance d, from 
(1,J). Thus, the relative contribution 
of gauge .&may be expressed by 

In order to derive 

A more desirable method assigns 

where? is chosen to be 20 km. 
Eventual comparison with satellite data 
has revealed that the verification 
statistics are relatively insensitive 
with A ,  although the worst comparison 
is obtained with the Thiessen method. 

2.2 Sate1 1 i te 

The IR channel at 11.5,hn from GOES 
provides information on the temperature, 
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Fig.1: Distribution of Quebec and Ontario hourly reporting gauges over the 
(1024~760)krn' area where 4 km resolution satellite rainfall estimates are 
computed. Verification of those estimates with point gauge measurements or 
with interpolated gauge fields has been performed only inside the region 
enclosed by the heavy line. It covers an area of 2.4~10~ km' or 15000 grid 
areas. The letter 'R' indicates the radar location. 

and hence the height of the cloud top. 
The visible brightness at 0.7- is 
related to the thickness of the cloud. 
Our technique is based on the simple 
assumption that clouds which are both 
high and of large vertical extent are 
more likely to be raining. 

latitudinal distortion inherent in the 
raw satellite data, the visible and IR 
data are remapped at 4 km resolution 
into a conic projection true at two 
standard parallels. It is also 
essential to apply a normalization 
correction to the visible data, (Cherna 
et a1 (1985). 

as a function of IR and visible 
satellite data, i.e., R(mm/h) = f(IR,V) 
where I R  is a temperature level in 
increments of of 5 2 C  and V is a 
brightness level of 2 counts. The 
rainfall rates of four sequences of 
convective summertime precipitation 
around Montreal as measured by the 
McGill radar at a height of 3 km, a 
resolution of 4 km and within a radius 
of 180 km have been used as ground 
truth. For each ( I R , V )  pair seen by the 
satellite, the average rainfall rate 
over the corresponding (4x4) km2 area 
measured by the radar has been summed 
and then divided by the number of 
occurrences to derive the average 
satellite rainfall rate. The result is 
shown in Fig. 2. 

rates cannot be detected with satellite 

In order to eliminate the 

We have derived t h e  rainfall rate 

It is apparent that high rainfall 

10- I I 

38 40 42 44 46 48 50 52 54 

C V l S  
N O R M A L I Z E D  VISIBLE COUNT 

Fig.2: Rainfall rate in mm/h as a 
function of visible and I R  temperatures 
derived from a comparison of 4 radar 
sequences of convective weather around 
the Montreal area (solid lines). The 
dashed lines are contours of percent 
rainfall contribution per VIS-IR pair. 
The heavy line outlines the rain-norain 
boundary in the binary decision scheme 
of Method 2. The visible data from the 
GOES-E satellite which became 
operational in August 1981 need to be 
decremented by 10 counts before applying 
the above relation. 
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data. A rainfall rate of 8 mm/h is 
exceeded by less than 1.4% of the data 
which accounts for only 15% of the total 
rainfall. For only a negligible number 
of (IR,V) pairs is R > 12 mm/h. We can 
state that while high rainfall rates are 
associated with high (IR,V) pairs, a 
high (IR,V) pair does not necessarily 
confirm the presence of high rainfall 
rates. 

computed from half hourly point GOES 
measurements using four methods: 

#1: The bispectral method of 
Fig. 2 denoted by R=.P(IR,V) 

#A Satellite rain area 
multiplied by a constant rainfall rate. 
From Lovejoy and Austin ( 1 9 7 9 ) ,  
R=O if (IR,V) i 5  outside the satellite 

rain area (denoted by the heavy line in 
Fig. 2) 
R=7 mm/h if (IR,V) is inside the rain 

boundary (computed from the training 
data set). 

Rainfall estimates have been 
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#4: Rainfall rate computed solely as a 
function of IR temperature, i.e., 
R=f (IR). 

3. GAUGE-SATELLITE COMPARISONS OF 
RAINFALL MEASUREMENTS 

A total of 14 rainfall sequences 
have been selected from data since 1980. 
Their duration and precipitation type 
are briefly summarized in Table 1. 

3.1 Parameters Used for Verification 

The percent mean absolute 
difference (AD) is used to compare each 
point gauge measurement G; with the 
satellite SL over the ( 4 X 4 ) k m z  grid area 
that encloses the gauge location. Thus 

where the summation is over all the N 
gauge comparisons of the fi’th rainfall 
sequence. Overestimation or 
underestimation by the satellite is 
given by the percent mean difference (D) 
computed from the above equation by 
omitting the absolute symbols. The 
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Critical Success Index (CSI), the 
Probability of Detection (POD), and the 
False Alarm Ratio (FAR) for selected 
rainfall thresholds have also been 
computed in a manner devised by 
Donaldson et a1 (1975). 

is another parameter used in the 
verification analysis. 

The cross-correlation coefficient f 

3.2 Results 

The salient statistics of 
gauge-satellite comparisons for each 
rainfall event are presented in Table 1. 
These are provided for the 1739 
comparisons at the gauge locations only, 
and for the verification over all the 
( 4 X 4 ) k m z  grid areas (15000) of Fig. 1 
for which a rainfall has been computed 
by t h e  interpolation method. Each 
statistic is summarized in terms of the 
average of the 14 sequence values as 
well as in terms of  its overall 
magnitude over the 82 hours of data. 
The total rainfall is only slightly 
underestimated by the satellite, - 6% or 
- 7%. The (AD) is 85% for the 
comparisons over the gauge locations 
anly - column 7 A  - and reduces to 80% 
when all the grid areas are considered - 
column 7B. This result is due in part 
to the reduction in the standard 
deviation of the gauge data by the 
interpolation scheme which generates as 
ground truth a data set with a 
variability comparable with that from 
sate1 1 i te data. 

The correlation coefficient f for 
the gauge-satellite comparisons at the 
gauge locations is given in column 8 
while the CSI, POD and FAR scores for a 
2 m m  threshold are tabulated in column 
9A, B and C. The CSI scores for the 
verification over all the grid areas in 
column 9D exhibit an improvement similar 
to the one found with AD. 

The dependence of the overall CSI, 
POD and FAR scores as a function of the 
rainfall threshold for Method 1 are 
presented in Fig. 3. These scores are 
computed from the 1739 gauge-satellite 
comparisons at the gauge locations. The 
POD decreases uniformly from a magnitude 
of 80% at 0.5 nm to 15% at 12 mm, while 
FAR increses from 30% at 0.5 mm to 75% 
at 12 mm. A s  a result, the CSI score 
decreases in a manner parallel to POD, 
from a value of 60% at 0.5 mm to 10% at 
12 mm. The scores obtained by choosing 
the best satellite estimate in a ( 3 x 3 )  
and ( 5 x 5 )  array centred over the gauge 
location are also plotted. 

s k i l l  in terms of the CSI index of the 
four satellite rainfall estimation 
methods introduced in section 2.2. The 
(AD), (D) and rscores are also given in 
the legend. As a basic frame of 
reference which can be associated with a 
total absence of skill, curve #5 gives 
the scores obtained by comparing each of 
the 14 satellite rainfall accumulations 

Fig. 4 highlights the relative 

with t h e  remaining 13 raingauge 
accumulations, the latter being adjusted 
so as to represent an accumulation 
interval equal to that of the satellite 
data. Since the CSI score essentially 
represents the percentage overlap of 
satellite and raingauge rainfall 
contours, and since the rainfall from 
the 14 available sequences is 

SEARCH 8 A D  

1 x 1  0.561 85.4 
3 x 3  0.686 65.3 

x.. . . . . 5 x 5  0.754 53.6 

loo[ POD d--d 1 x 1  

0 2 4 6 8 10 12 
R A I N F A L L  THRESHOLD (mm) 

Fig. 3: The dependence of the overall 
CSI, POD and FAR scores as function of 
the rainfall threshold and neighborhood 
search, for the point comparisons with 
Method 1. 

D AD )( METHOD 
I - R * f ( I R , V )  -7 85 0.56 
2 o----o R . 7 . 0  RAIN - 4  91 0.50 

= O  NO RAIN 

3 x- - *  R s f  ( V I  +40 108 0.50 
4 A-.-A R m f  ( I R )  +72 159 0.30 
5 D------o RANDOM -15 140 0.05 

2 4 6 8 10 12 0 
R A I N F A L L  THRESHOLD ( m m )  

Fig. 4: Relative skill of the point 
comparisons of  four satellite rainfall 
estimation methods. The fifth curve 
derived from random gauge-satellite 
comparisons delimits the level of no 
skill. 
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preferentially located along the St. 
Lawrence Valley, the possibility of 
chance overlap of the lower isohyets is 
not negligible, particularly for 
stratiform rainfall. Thus, CSI scores 
in excess of 20Y. at the 1 mm contour are 
computed, but the fact that y =0.05 
clearly establishes the above procedure 
as the comparison of random data sets. 
Figs. 3 and 4 unduly emphasize the poor 
scores of t h e  satellite data at higher 
rainfalls. However, when expressed in 
terms of a ratio with respect with the 
"no skill' level of curve #5 ,  t h i s  
relative skill actually increases with 
rainfall, from a value of 2 at 1 mm to 
about 3 at R=8 mm. 

Since the I R  method severely 
overestimated the rainfall (D=+72%) 
while this bias is not present in the 
random verification (D=-15%), the 
magnitude of AD, which is more adversely 
affected by overestimation than by 
underestimation, is larger for the I R  
method (AD=159%) than for the random 
comparisons (AD=140%1. But the CSI 
scores and )(parameter confirm the IR 
method as being at least superior to the 
random verification, thus emphasizing 
the need to use more than one statistic 
in a verification procedure. 

Since Method 3 also overestimates 
the total rainfall (D=+40%), it is 
likely that the high magnitude of AD for 
this 'VIS only' method (AD=108%) is 
adversely affected by t h i s  bias. In 
fact, multiplication of all satellite 
estimates by various factors F has 
revealed that AD is minimized at a 
common magnitude of 78% when F=0.7, 0.5 
and 0.4 for Methods 1, 2, and 3 
respectively. The first three methods, 
which differed only slightly in skill 
when examined in terms of  CSI but which 
displayed appreciable differences in AD, 
again appear to be equivalent in s k i l l  
when AD is minimized by an appropriate 
factor. 

4. RELATIVE ACCURACY OF SATELLITE AND 
RAINGAUGE FIELDS 

Interpolated rainfall fields from 
gauge densities ranging from 7/0 to 1/8 
the full network shown in Fig. 1 have 
been simulated by a random omission of  
gauges. Verification statistics in 
terms of AD , CSI and f are then derived 
by comparing the value of the 
interpolated rainfall field with the 
known but unused value at a gauge 
location. The results for AD in Fig. 5 
are plotted as a function of the 
distance L,c, to the nearest gauge which 
has been used in the interpolation 
scheme. It is perhaps surprising to 
rralize that even at the shortest 
distance interval 4 k m b L U o < 1 0  km, the 
magnitude of AD exceeds 65%. While the 
Scatter is not negligible, it is 
possible to equate the statistics 
already derived for the gauge-satellite 
point comparisons, Fig. 3 and Fig. 4, 

P / 
/ A  

' +  

Fia. 5: Overall absolute difference AD 
of interpolated ralngauge flelds as a 
function of the distance L to the 
nearest gauge. The statis??cs are 
further subdivlded in terms of the 
relative gauge density D6 where D6=100Z 
is equivalentlto a network of 1 
gauae/l900 km. N is the number of 
comparisons for each Dg. The relative 
frequency of comparlsons in each 
interval LuB is indicated Just above the 
x-axis. 

with an equivalent accuracy of a 
rainfall field interpolated from a gauge 
network of a certain density. Thus, 
since AD for gauge-satellite comparisons 
of Method 1 is in the 80 to 85% range, 
we can state that the accuracy of  a 
satellite rainfall estimate at a point 
is a5 good as that from an interpolated 
gauge field at a distance of 40 to 50 km 
from the nearest gauge. This distance, 
denoted by L*, is indicated by arrows on 
Fig. 5. Similar tests with f and CSI 
with thresholds from 0.5 to 8 mm have 
shown that Lr remains inside the 40 to 
50 km range. Consequently, the 
satellite rainfall estimates over the 
grid areas of Fig. 1 for which there is 
no raingauge within a radius of 40 to 5 0  
km are better than those obtained by 
interpolation from the existing gauges 
at farther distances. 

cumulative frequency distribution of Lub 
for the network shown in Fig. 1, it has 
been found that only 16% of the area of 
interpolation is devoid of any gauges 
withip 40 km. However, over the 
sparsely populated forested regions 
which are of practical concern for this 
research, the available gauge density is 
drastically less. The cumulative 
frequency distributions of L,, have thus 
been derived for the reduced gauge 
densities which have been simulated. 
Assuming that the satellite accuracy is 
equivalent to that of an interpolated 
field at a distance L* from the nearest 
gauge, Fig. 6 gives the percentage of 

Following the computation of the 
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the area where the satellite accuracy 
exceeds that of a raingauge network of  a 
given relative density D'. For L*=40 km 
and D6=33%, or 1 gauge/5700 kmt the 
satellite rainfall information is more 
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0 20 40 60 00 100 
GAUGE DENS I T  Y DG (7.) 

100% I G A U G E /  1900km2 
Fig. 6: Percentage of the area where 
the accuracy of satellite data of skill 
L* exceeds that of raingauge network of 
a given relative density DG. 

accurate than that from interpolated 
gauge data over 50% of the area. This 
result implies that satellite rainfall 
estimates of the order of 4 to 10 hours 
during daylight are a5 good as those 
from a raingauge network of 1/3 the 
density shown in Fig. 1. 

There are nearly 10' kme of 
forested area north and northwest of the 
boundary of gauge-interpolated fields 
shown in Fig. 1 for which the 
distribution of Lu(,corresponds to a 
network of approximately DG=5%. Even 
with a pessimistic value of Ls=50 km, 
the satellite can provide improved 
daylight rainfall estimate5 over 80% of 
that territory, and thus be a valuable 
assistance to forest fire management. 

5. CONCLUSIONS 

The comparison of the satellite 
estimates for 14 summertime rainfall 
events is made with both the point gauge 
measurements and with interpolated gauge 
data. The overall absolute difference 
(AD) of 1739 point comparisons has been 
found to be of the order of  85% while 
the CSI, POD and FAR scores at the 2 mm 
level are of the order of 50, 70 and 
35% respectively (Fig. 3). 

four satellite rainfall estimation 
techniques (Fig.4) has shown that 
methods that combine visible and IR data 
yield reduced error in terms of AD but 
the method based on visible data alone 
scored higher in terms of the CSI index 
at lower rainfalls ( R k 6  mm). The 
skill of point I R  data alone for 
mid-latitudes rainfall situations is 

A test on the relative skill of 

inadequate on account of their 
overestimation of rainfall which causes 
AD to be higher than that for random 
comparisons. 

with those from interpolated fields at 
various gauge distances, (Fig. 5), it is 
concluded that the accuracy of satellite 
rainfall measurements is similar to that 
of  an interpolated field at a distance 
of 40 to 50 km from the nearest gauge. 
This accuracy is equivalent to that of a 
network 1/3 the density of gauges shown 
on the enclosed area of Fig. 1. 

By equating the satellite scores 
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9.5 

A N N U A L  A N D  I N T E R A N N U A L  V A R I A B I L I T Y  IN LARGE-SCALE CONVECTION O V E R  
THE EASTERN P A C I F I C  A N D  TROPICAL SOUTH A M E R I C A  

P h i l l i p  A .  A r k i n  

Climate Analysis Center 
NOAA/NWS/NMC 

Washington, D.C.  20233 

1. In t roduct ion  

Tropica l  convect ive p r e c i p i t a t i o n ,  with 
t h e  a t tendant  r e l e a s e  of l a t e n t  h e a t ,  is one of 
t h e  major f o r c i n g  mechanisms of t h e  genera l  
Ci rcu la t ion  of t h e  atmosphere. Large-scale 
anomalies i n  t r o p i c a l  p r e c i p i t a t i o n  a r e  c l o s e l y  
assoc ia ted  with global-scale  c i r c u l a t i o n  
anomalies (Rasmusson and Carpenter, 1982; Horel 
and Wallace, 1981). A c a r e f u l  monitor ing of 
v a r i a t i o n s  i n  t r o p i c a l  p r e c i p i t a t i o n  is of major 
importance i n  any a t tempt  t o  diagnose t h e  
behavior of t h e  g loba l  c l i m a t e  system. Knowledge 
of t h e  a c t u a l  p r e c i p i t a t i o n  averaged over l a r g e  
a r e a s  is of p o t e n t i a l l y  g r e a t  importance f o r  both 
numerical  weather p r e d i c t i o n  and s i m u l a t i o n s  of 
t h e  c l i m a t e  us ing  genera l  c i r c u l a t i o n  models 
(Mintz, 1981). 

The t a s k  of producing e s t i m a t e s  of t h e  
areal ly-averaged r a i n f a l l  f o r  l a r g e  reg ions  i s  a 
cha l lenging  one. R a i n f a l l  may be measured a t  
points--as, f o r  example, by a raingauge--or by 
Some s o r t  of remote sensor. The remote sensors  
may be f u r t h e r  subdivided i n t o  t td i rec t , t t  i n  which 
information on p r e c i p i t a t i o n - s i z e d  d r o p l e t s  is 

While a wide v a r i e t y  of such techniques 
has  been developed s i n c e  t h e  advent of 
meteorological  s a t e l l i t e  observa t ions ,  most a r e  
not capable  of providing continuous e s t i m a t e s  of 
r a i n f a l l  averaged over l a r g e  areas .  An approach 
which seems t o  provide t h e  economies needed t o  
produce e s t i m a t e s  on t h e  des i red  s c a l e s ,  but which 
maintains  t h e  o b j e c t i v i t y  afforded by automated 
processing of d i g i t a l  da ta ,  is one which uses  t h e  
r e l a t i o n s h i p  between a r e a l  coverage of co ld  cloud 
and r a i n f a l l  found by A r k i n  (1979) and Richards 
and Arkin  (1981). They showed t h a t  50 t o  75% of 
t h e  var iance  i n  areal ly-averaged r a i n f a l l  
accumulat ions could be explained by a l i n e a r  
func t ion  of t h e  mean f r a c t i o n  of t h e  a rea  covered 
by cloud having equiva len t  black body 
tempera tures  (EBBT) co lder  than thresholds  
ranging from 220K-250K. Largest values  of 
explained var iance were found f o r  a th reshold  of 
235K and f o r  a spa t ia l -averaging  a r e a  of 2.5' 
l a t i t u d e  by 2.5' longi tude (about 6 x lo4  km2). 
One of t h e  s u r p r i s i n g  f e a t u r e s  of t h i s  work was 
t h e  r e l a t i v e  i n s e n s i t i v i t y  of t h e  r e l a t i o n s h i p  
between f r a c t i o n a l  c loudiness  and r a i n f a l l  t o  
changes i n  e i t h e r  t h e  s p a t i a l -  o r  temporal- 
averaging s c a l e  o r  i n  t h e  threshold  temperature .  

measured, and I t indirect , l t  i n  which informat ion  on 
Some by-product of t h e  p r e c i p i t a t i o n  process ,  
such a s  c louds,  is measured. An example of a 
d i r e c t  remote sens ing  technique is provided by 
Weather radars .  Complete g loba l  coverage with 
e i t h e r  r a d a r s  o r  ra ingauges is, however, 
e s s e n t i a l l y  impossible. 

These r e s u l t s ,  toge ther  with t h e  r e s u l t s  
of Kilonsky and Ramage (1976), G r i f f i t h  e t  a l .  
(1978) ,  G a r c i a  (1981)  and Negri  e t  a l .  (1984)  
i n d i c a t e  t h a t  t h e  extremely s imple  process  of 
ass igning  an appropr ia te  c l i m a t o l o g i c a l  r a i n  r a t e  
t o  each u n i t  a r e a  of r a i n i n g  cloud, apparent ly  
f i r s t  proposed by B a r r e t t  (1970). e x h i b i t s  a 
s u r p r i s i n g  degree of s k i l l  i n  d e f i n i n g  temporal ly-  
and spat ia l ly-averaged r a i n f a l l  on c e r t a i n  
sca les .  I n  p a r t i c u l a r ,  t h e  accurac ies  and Some s a t e l l i t e - b a s e d  remote sens ing  device. 

Direct  remote sens ing  devices ,  those  which r e s o l u t i o n s  requi red  t o  diagnose important  s h o r t  
measure some r a d i a t i v e  property of hydrometeors per iod c l i m a t e  f l u c t u a t i o n s  (Rasmusson and A r k i n ,  
themselves, may be mounted on o r b i t i n g  s p a c e c r a f t  1981) a r e  obta inable  by a th reshold  technique. 

This  paper p r e s e n t s  t h e  4-year mean annual (Wilhe i t  e t  al., 1977). However, t h e  requi red  
cyc le  of monthly r a i n f a l l  es t imated  from GOES I R  technology has  not ye t  reached a s t a t e  i n  which 
da ta  and compares t h e  annual and in te rannual  such measurements a r e  r o u t i n e l y  made and 

P r e c i p i t a t i o n  e s t i m a t e s  derived. S a t e l l i t e - b a s e d  v a r i a b i l i t y  i n  es t imated  r a i n f a l l  during t h e  i n d i r e c t  sensors ,  those  which r e l y  on per iod t o  t h a t  obtained from s t a t i o n  r a i n f a l l  
observa t ions  over t h e  Americas. measurements of some phenomenon (i.e., deep cold 

c louds)  a s s o c i a t e d  wi th  r a i n ,  provide t h e  only 
c u r r e n t l y  a v a i l a b l e  means f o r  o b t a i n i n g  e s t i m a t e s  
of la rge-sca le  convect ive p r e c i p i t a t i o n  over t h e  

The obvious s o l u t i o n  i s  t o  make use of 

2. Data 

The da ta  used i n  t h i s  s t u d y  were der ived 
from observa t ions  of upwell ing r a d i a t i o n  i n  t h e  
i n f r a r e d  s p e c t r a l  window by t h e  U.S. GOES. A 

g r e a t e r  p o r t i o n  of t h e  e a r t h  and, i n  p a r t i c u l a r ,  
O v e r  t h e  t r o p i c a l  oceans on a r e g u l a r  long-term 
bas is .  
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t e m p o r a l  a v e r a g i n g  scale o f  1 / 2  month and a 
s p a t i a l  s c a l e  of 2.5' were chosen. I n  o r d e r  t o  
a d e q u a t e l y  r e s o l v e  t h e  d i u r n a l  c y c l e ,  8 
images /day  f rom each  s a t e l l i t e  (when a v a i l a b l e )  
a t  3 hour  i n t e r v a l s  b e g i n n i n g  a t  0000 GMT a r e  
used. S i n c e  imagery  f rom t h e  western GOES 
s a t e l l i t e  is o f f s e t  by 15  m i n u t e s  f rom t h e  
e a s t e r n ,  images  f rom 15  minu tes  b e f o r e  each  
s e l e c t e d  hour  ( L e . ,  2345 GMT f o r  0000 GMT) a r e  
used. A l l  p i x e l s  w i t h i n  t h e  a r e a  175'E t o  25OW 
and 50°N t o  50's a r e  s o r t e d  i n t o  boxes  o f  s i z e  
2.5' l a t i t u d e  by 2.5' l o n g i t u d e .  When bo th  
s a t e l l i t e s  a r e  a v a i l a b l e ,  d a t a  w e s t / e a s t  o f  105OW 
a r e  o b t a i n e d  f rom t h e  w e s t e r n / e a s t e r n  s a t e l l i t e .  
No o v e r l a p p i n g  d a t a  a r e  used. Dur ing  p e r i o d s  
when o n l y  a s i n g l e  s a t e l l i t e  is o p e r a t i n g ,  i t s  
d a t a  are used  a s  f a r  west ( o r  e a s t )  a s  p o s s i b l e .  
The b a s i c  d a t a  s e t  c o n s i s t s  o f  16 -c l a s s  
h i s t o g r a m s  o f  EBBT f o r  ha l f -mon ths  f o r  each  2.5' 
x 2.5' box i n  t h e  domain for each  o f  8 times of 
day. 

I n  t h i s  p a p e r ,  d a t a  c o v e r i n g  t h e  p e r i o d  
December 1981 t h r o u g h  November 1985 w i l l  be 
p r e s e n t e d .  It s h o u l d  b e  no ted  t h a t  a l t h o u g h  
t h e s e  d a t a  are  t e m p o r a l l y  c o n t i n u o u s  o v e r  t h e  
m a j o r i t y  of t h i s  r e g i o n ,  t h e r e  was no western 
GOES d u r i n g  t h e  6-month p e r i o d  December 1982- 
May 1983 and a g a i n  f rom August 1984-November 
1985. T h i s  caused  a l i m i t a t i o n  i n  cove rage  
d u r i n g  t h e  e a r l i e r  p e r i o d  t o  east  o f  13O-14O0W 
and d u r i n g  t h e  l a t t e r  t o  be tween 5 5 O W  and 15OoW. 

The r a i n f a l l  e s t i m a t e s  d i s c u s s e d  i n  t h i s  
pape r  are  r e f e r r e d  t o  a s  a GOES P r e c i p i t a t i o n  
Index  (GPI). The G P I  i s  c a l c u l a t e d  f rom t h e  
p r o d u c t  o f  t h e  mean f r a c t i o n a l  cove rage  o f  c l o u d  
c o l d e r  t h a n  235K i n  a 2.5' x 2.5' box ,  t h e  l e n g t h  
o f  t h e  a v e r a g i n g  p e r i o d  i n  hour s ,  and a c o n s t a n t  
o f  3 mm/hour. Tha t  is, 

G P I  = Fc * t * 3 

where  G P I  is i n  m m ,  Fc i s  t h e  f r a c t i o n a l  
c l o u d i n e s s  ( a  d i m e n s i o n l e s s  number be tween 0 and 
1 )  and t is t h e  l e n g t h  of t h e  p e r i o d  (hour s )  f o r  
which  Fc was  t h e  mean f r a c t i o n a l  c l o u d i n e s s .  

An a t t e m p t  t o  use a r e l a t i o n  d e r i v e d  i n  
t h e  e a s t e r n  t r o p i c a l  A t l a n t i c  t o  e s t i m a t e  
p r e c i p i t a t i o n  i n  o t h e r  r e g i o n s  must be  viewed 
w i t h  c a u t i o n .  The i m p l i c i t  h y p o t h e s i s  is t h a t  
t h e  c o n v e c t i v e  p r e c i p i t a t i o n  p r o c e s s  which 
g e n e r a t e s  t h e  c o l d  c l o u d  is s u b j e c t  t o  o n l y  
r e l a t i v e l y  s m a l l  s p a t i a l  and t e m p o r a l  v a r i a t i o n s .  
Tha t  is, c o n v e c t i o n  which p roduces  a c e r t a i n  
amount o f  c o l d  c l o u d  f o r  a c e r t a i n  p r o d u c t i o n  o f  
r a i n f a l l  i n  t h e  eastern t r o p i c a l  A t l a n t i c  d u r i n g  
summer w i l l  do  a p p r o x i m a t e l y  t h e  same i n  o t h e r  
a r e a s  of t h e  t r o p i c a l  o c e a n s  and i n  o t h e r  s e a s o n s  
o f  t h e  year .  We a l s o  h y p o t h e s i z e  t h a t  c l o u d i n e s s  
and r a i n f a l l  o v e r  c o n t i n e n t a l  r e g i o n s  w i l l  
e x h i b i t  a s i m i l a r  r e l a t i o n s h i p  d u r i n g  c o n v e c t i v e  
r eg imes .  Whi le  we do  n o t  have  s t a t i s t i c s  t o  
v e r i f y  t h a t  such  a u n i v e r s a l  a p p l i c a t i o n  o f  t h e  
r e l a t i o n s h i p  d e r i v e d  d u r i n g  GATE is i n  f a c t  
j u s t i f i e d ,  t h e  results o f  G r i f f i t h  e t  a l .  (1980) 
i n d i c a t e  t h a t  one  t y p e  o f  i n d i r e c t  r a i n f a l l  
estimate d e r i v e d  for  c o n v e c t i v e  r a i n f a l l  i n  
F l o r i d a  can  be  used  a c r o s s  t h e  t r o p i c a l  A t l a n t i c  
and  e a s t e r n  t r o p i c a l  Sou th  America. Thus,  t h e  
r e a d e r  i s  asked  t o  b e a r  i n  mind two i m p o r t a n t  
c a v e a t s .  F i r s t ,  t h e  results p r e s e n t e d  a r e  
a p p l i c a b l e  o n l y  t o  p r e c i p i t a t i o n  produced  by deep  

c o n v e c t i o n ;  and second,  t h e r e  w i l l  c e r t a i n l y  
p rove  t o  be  some s e a s o n a l  and r e g i o n a l  
i n h o m o g e n e i t i e s  i n  t h e  r e l a t i o n  be tween a r e a l  
e x t e n t  o f  c o l d  c l o u d  and r a i n f a l l .  

3. The Annual Cyc le  

The e s t i m a t e d  b y e a r  mean month ly  r a i n f a l l  
o v e r  t h e  t r o p i c a l  o c e a n s  f o r  DJF (Fig. 1) and JJA 
(Fig. 2),  shows a number o f  i n t e r e s t i n g  s p a t i a l  
f e a t u r e s .  I n  t h e  P a c i f i c ,  a band o f  r a i n f a l l  
g r e a t e r  t h a n  100 m m  13 p r e s e n t  d u r i n g  each  s e a s o n  
c e n t e r e d  n e a r  10°N. Another such  band is found,  
somewhat f u r t h e r  s o u t h ,  i n  t h e  western Atlantic.  
These  a r e  t h e  I n t e r - T r o p i c a l  Convergence Zones 
(ITCZs). Another r e g i o n  o f  r a i n f a l l  i s  c e n t e r e d  
be tween 10' and 15's and t h e  d a t e l i n e ,  e x t e n d i n g  
t o w a r d s  t h e  s o u t h e a s t .  T h i s  is t h e  Sou th  P a c i f i c  
Convergence Zone (SPCZ - T r e n b e r t h ,  1976). 
Regions  o f  r e l a t i v e l y  low r a i n f a l l  a r e  found bo th  
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n o r t h  and s o u t h  o f  t h e  ITCZs i n  each  ocean. The 
P a c i f i c  ITCZ is  s t r o n g e s t  d u r i n g  JJA, when 
amounts  >400mm a r e  found o v e r  an  a r e a  s o u t h  o f  
C e n t r a l  America. Dur ing  t h i s  s eason ,  a r e l a t i v e  
minimum is found n e a r  13OoW, w i t h  v a l u e s  
i n c r e a s i n g  t o  abou t  300mm f u r t h e r  west. 
t h e  n o r t h e r n  w i n t e r ,  an  oppos ing  p a t t e r n  is  s e e n ,  
w i t h  a maximum found be tween 12O-14O0W and l o w e r  
v a l u e s  t o  t h e  east  and west. Values  n e a r  t h e  
d a t e  l i n e  and j u s t  n o r t h  o f  t h e  e q u a t o r  e x h i b i t  a 
smal l  r e l a t i v e  maximum. 
DJF a r e  c o n s i d e r a b l y  below t h o s e  found d u r i n g  
JJA. The SPCZ, on t h e  o t h e r  hand, e x h i b i t s  peak 
v a l u e s  of >400mm n e a r  i ts  n o r t h w e s t e r n  e x t r e m i t y  
d u r i n g  DJF, w i t h  v a l u e s  abou t  l O O m m  less  d u r i n g  
t h e  o t h e r  t w o  seasons. The w e s t e r n  end o f  t h e  
SPCZ is f a r t h e s t  n o r t h ,  n e a r  lo's, d u r i n g  JJA, 
and n e a r  15's d u r i n g  DJF. 

Dur ing  

Values  obse rved  d u r i n g  

The A t l a n t i c  ITCZ e x h i b i t s  a pronounced 
s e a s o n a l  c y c l e  i n  a m p l i t u d e ,  w i t h  amounts  r a n g i n g  
from >300mm/month d u r i n g  SON (no t  shown) t o  <ZOO 
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d u r i n g  M A M  (no t  shown) and JJA. T h i s  f e a t u r e  i s  
f a r t h e s t  n o r t h ,  c e n t e r e d  n e a r  5'N, d u r i n g  JJA and 
SON, and is c e n t e r e d  n e a r  t h e  e q u a t o r  d u r i n g  MAM. 
The d r y  zone i n  t h e  Nor the rn  A t l a n t i c  is f a r t h e s t  
west d u r i n g  DJF, w h i l e  s o u t h  o f  t h e  e q u a t o r  JJA 
is t h e  d r i e s t  season .  In t h e  South  P a c i f i c ,  SON 
e x h i b i t s  t h e  g r e a t e s t  expanse  o f  ve ry  d r y  
c o n d i t i o n s ,  w h i l e  JJA and SON appea r  t o  be  d r i e s t  
n o r t h  o f  t h e  equa to r .  

The r e s u l t s  shown i n  Fig.  2 are i n  r a t h e r  
good ag reemen t  w i t h  p u b l i s h e d  e s t i m a t e s  o f  t h e  
long- te rm mean r a i n f a l l  o v e r  t h e s e , r e g i o n s .  
Dorman and Bourke (1979, 1981) d e t e r m i n e d  t h e  
long- te rm mean r a i n f a l l  i n  t h e  A t l a n t i c  and 
P a c i f i c  Oceans f rom an  a d a p t a t i o n  o f  a method 
developed  by Tucker  (1961). Tucker  used  l a n d  
s t a t i o n  o b s e r v a t i o n s  t o  a s s i g n  a r a i n f a l l  
i n t e n s i t y  t o  each  obse rved  w e a t h e r  t y p e  o f  t h e  
s y n o p t i c  code. Dorman and Bourke (1978) d e t e r -  
mined t h a t  Tucker ' s  c o e f f i c i e n t s  were t e m p e r a t u r e  
dependent  and developed  e m p i r i c a l  f o r m u l a e  
r e l a t i n g  t h e  c o e f f i c i e n t s  t o  t h e  a i r  t e m p e r a t u r e .  
T h e i r  maps o f  s e a s o n a l  r a i n f a l l  a g r e e  ve ry  well  
w i t h  ou r s .  For example ,  t h e  A t l a n t i c  ITCZ is 
shown t o  b e  a p p r o x i m a t e l y  c e n t e r e d  on t h e  e q u a t o r  
d u r i n g  M A M .  
f o u n d  i n  t h e  P a c i f i c  ITCZ i n  F i g .  1 a n d  2 i s  n o t  
conf i rmed  by Dorman and Bourke; and, i n  c o n t r a s t  
t o  J a e g e r  (1976), bo th  t h e  A t l a n t i c  and P a c i f i c  
ITCZs e x h i b i t  markedly  g r e a t e r  amounts  in some 
a r e a s / s e a s o n s  t h a n  found i n  o u r  r e s u l t s .  I n  t h i s  
c a s e ,  it is  p o s s i b l e  t h a t  some o f  t h e  d i f f e r e n c e  
r e s u l t s  f rom t h e  a p p a r e n t l y  g r e a t e r  s p a t i a l  
r e s o l u t i o n  o f  t h e i r  r e s u l t s ,  w i t h  t h e  peak v a l u e s  
b e i n g  s l i g h t l y  smeared  by t h e  a r e a l - a v e r a g i n g  i n  
t h e  G P I .  

Some o f  t h e  l o n g i t u d i n a l  s t r u c t u r e  

4. I n t e r a n n u a l  V a r i a b i l i t y  

In t h i s  s e c t i o n  we p r e s e n t  o u r  f i n d i n g s  on 
t h e  a b i l i t y  o f  t h e  G P I  t o  r ep roduce  i n t e r a n n u a l  
v a r i a t i o n s  in obse rved  r a i n f a l l .  A s e r i o u s  
o b s t a c l e  t o  any such  a t t e m p t  is t h e  s c a r c i t y  o f  
ground-based o b s e r v a t i o n s  o f  r a i n f a l l .  Whi le  
t h e r e  exis t  a g r e a t  many r a i n f a l l  o b s e r v i n g  
s t a t i o n s  in most c o n t i n e n t a l  r e g i o n s ,  r e l a t i v e l y  
few are w i d e l y  a v a i l a b l e .  We w i l l  d i s c u s s  t h e  
i n t e r a n n u a l  v a r i a b i l i t y  o f  C P I  o v e r  t r o p i c a l  
South  America a s s o c i a t e d  w i t h  t h e  1982-83 ENSO 
e p i s o d e  and w i t h  t h e  b r e a k i n g  o f  t h e  d rough t  i n  
t h e  N o r t h e a s t  o f  B r a z i l  d u r i n g  1984 i n  compar ison  
w i t h  s t a t i o n  o b s e r v a t i o n s .  

The ENSO e p i s o d e  o f  1982-83 was t h e  most 
extreme i n  a t  least  t h e  l a s t  100 y e a r s  (Rasmusson 
and Wal lace ,  1983). ENSO e p i s o d e s  are a s s o c i a t e d  
w i t h  v a r i a t i o n s  i n  t r o p i c a l  p r e c i p i t a t i o n  in many 
p a r t s  o f  t h e  g l o b e  (Rasmusson and C a r p e n t e r ,  
1983 ;  Kousky e t  a l . ,  1984) .  

The 1982-83 ENSO e p i s o d e  began d u r i n g  t h e  
n o r t h e r n  summer o f  1982 and began t o  s t r o n g l y  
e f f e c t  Sou th  America n e a r  t h e  end o f  t h a t  y e a r  
(Qu i roz ,  1983; Rasmusson and Wal l ace ,  1983). The 
t o t a l  C P I  f o r  t h e  s e a s o n s  DJF 1981-82 and M A M  
1982 h a s  been s u b t r a c t e d  f rom t h e  CPI for t h e  
same s e a s o n  d u r i n g  t h e  f o l l o w i n g  y e a r  t o  o b t a i n  
an  estimate o f  t h e  i n t e r a n n u a l  change  i n  
p r e c i p i t a t i o n  a s s o c i a t e d  w i t h  t h e  ENSO e p i s o d e  
( F i g s .  3 a n d  4). ( I n  F i g s .  3 ,  4 a n d  5 ,  
i n c r e a s e / d e c r e a s e  f rom 81-82 t o  82-83 is 



p o s i t i v e h e g a t i v e  and t h e  contour  i n t e r v a l  is 100 
m m  w i t h  nega t ive  contours  dashed. The 
i n t e r a n n u a l  change a t  i n d i v i d u a l  s t a t i o n s  is  
p l o t t e d  in l a r g e  numerals.) A broad a r e a  of 
t r o p i c a l  South America e a s t  of t h e  Andes and 
extending i n t o  t h e  e q u a t o r i a l  A t l a n t i c  exhib i ted  
s t r o n g  decreases  in GPI  dur ing  DJF 1982-83 and 
M A M  1983 from t h e  year  before. The l a r g e s t  
d e c l i n e s  were centered near t h e  mouth of t h e  
Amazon in both seasons. In  both seasons,  
decreases  of >200 m m  were observed over a r e a s  of 
10-15' of l a t i t u d e  and 30-40' of longi tude.  

Observat ions of  r a i n f a l l  a t  a number of 
s t a t i o n s  in t r o p i c a l  B r a z i l  dur ing  December 1982- 
May 1983 and t h e  previous year (obtained from 
Monthly C l i m a t i c  Data f o r  t h e  World) were 
d i f fe renced  t o  o b t a i n  some idea  of t h e  accuracy 
of t h e  GPI-estimated changes. 
changes in seasonal  t o t a l s  a t  t h e s e  s t a t i o n s  with 
t h e  corresponding changes in G P I  (Figs. 3 and 4)  
i n d i c a t e s  t h a t  t h e  G P I  has  s u c c e s s f u l l y  captured 
t h e  genera l  d i s t r i b u t i o n .  The changes in G P I ,  
however, a r e  seen t o  be 1.5-2 times l a r g e r  than 
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t h e  changes observed a t  i n d i v i d u a l  s t a t i o n s .  

Despi te  t h e  l a r g e  decreases  in GPI in much 
of e q u a t o r i a l  South America dur ing  t h e  1982-83 
ENS0 episode,  changes in t h e  drought-prone 
Northeast  of B r a z i l  were q u i t e  small .  It  appears  
t h a t  t h e  s m a l l  changes in t h i s  region resulted 
from a cont inua t ion  of a long-term drought r a t h e r  
than from t h e  occurrence of near-normal r a i n f a l l .  
The d i f f e r e n c e  between GPI  dur ing  M A M  1984 and 
1983 (Fig. 5)  shows t h a t  s t r o n g  i n c r e a s e s  were 
observed dur ing  1984. These were a s s o c i a t e d  wi th  
a r e t u r n  t o  normal o r  above normal p r e c i p i t a t i o n  
(Moura and Kagano, 1985). 

5. Summary and Conclusions 

I n  t h i s  paper we have b r i e f l y  reviewed an 
approach t o  e s t i m a t i o n  of la rge-sca le  convect ive 
p r e c i p i t a t i o n  us ing  s a t e l l i t e  data. 
i n d i r e c t  technique,  us ing  t h e  f r a c t i o n  of 
2.5Ox2.5' a r e a s  covered by p i x e l s  ( p i c t u r e  
e lements )  wi th  EBBT < 235K in geos ta t ionary  IR 
imagery, t o g e t h e r  with t h e  l i n e a r  r e l a t i o n s h i p  
der ived  by Richards and A r k i n  (1981) f o r  t h e  GATE 
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A/B a r r a y ,  was appl ied  t o  d a t a  from t h e  U.S. 
geos ta t ionary  s a t e l l i t e s  beginning i n  December 
1981. The d e r i v e d  e s t i m a t e s  ( t h e  GOES 
P r e c i p i t a t i o n  Index - G P I )  were used t o  d e s c r i b e  
t h e  4-year mean annual c y c l e  i n  es t imated  
r a i n f a l l .  Year-to-year changes i n  G P I  were then 
compared t o  changes i n  s t a t i o n  observa t ions  of 
r a i n f a l l  i n  t r o p i c a l  South America. 

The s p a t i a l  d i s t r i b u t i o n  and evolu t ion  of 
t h e  G P I  through t h e  annual  c y c l e  appear q u i t e  
r e a l i s t i c  i n  comparison with publ ished 
c l imato logies .  
of t h o s e  publ ished over t h e  t r o p i c a l  oceans. 
Considering t h e  d i f f i c u l t y  i n  o b t a i n i n g  a c c u r a t e  
e s t i m a t e s  of areal-averaged oceanic  p r e c i p i t a t i o n  
from any source,  it appears  t h a t  t h e  G P I  might 
prove most va luable  i n  t h e  measurement of 
t r o p i c a l  oceanic  r a i n f a l l .  The G P I  i n  t r o p i c a l  
South America s u c c e s s f u l l y  represented  t h e  
i n t e r a n n u a l  v a r i a b i l i t y  found i n  observed 
convect ive r a i n f a l l ,  although t h e  ampli tude of 
G P I  changes appeared t o  be somewhat higher  than 
t h a t  of changes i n  observed r a i n f a l l .  

G P I  amounts were w i t h i n  t h e  range 

0 m . .  w .  . . . - 9  . 

Severa l  conclusions may be drawn from 
these  results:  

1 )  The l i n e a r  r e l a t i o n s h i p  between 
f r a c t i o n a l  coverage of cold cloud and r a i n f a l l  
obtained by A r k i n  (1979) and Richards and A r k i n  
(1981) f o r  t h e  GATE a r e a  is a t  l e a s t  approximately 
v a l i d  i n  o t h e r  convect ive regions;  

2)  t h e  G P I  is s u c c e s s f u l  a t  documenting the 
s p a t i a l  and temporal  v a r i a b i l i t y  in convect ive 
regimes wi th  g r e a t e r  d e t a i l  than is p o s s i b l e  us ing  
s t a t i o n  d a t a  a lone;  

3)  t h e  G P I  probably provides  a b e t t e r  
e s t i m a t e  of t r o p i c a l  ocean r a i n f a l l  f o r  i n d i v i d u a l  
months and years  than has  ever  been a v a i l a b l e  from 
any s o u r c e .  

It  is evident  t h a t  two a c t i v i t i e s  would, 
i f  pursued, have g r e a t  p o t e n t i a l  f o r  c ldmate 
s tud ies .  F i r s t l y ,  t h e  s t a t i s t i c a l  r e l a t i o n s h i p  
between r a i n f a l l  and coverage by cold cloud 
should be b e t t e r  documented i n  both space and 
time. The obvious method would be t h e  conduction 
of a number of c a l i b r a t i o n  s t u d i e s  in which 
d e t a i l e d  observa t ions  of t h e  areal ly-averaged 
r a i n f a l l  f o r  a v a r i e t y  of a r e a s  and times of year 
would be compared t o  s t a t i s t i c s  of t h e  cloud 
populat ion a s  i n  Richards and Arkin (1981). 
Secondly, t h e  s p a t i a l  coverage of G P I - l i k e  
e s t i m a t e s  of convect ive r a i n f a l l  could be 
expanded t o  cover t h e  vas t  major i ty  of t h e  
convect ive reg ions  of t h e  world by t h e  
a c q u i s i t i o n  of s u i t a b l e  s t a t i s t i c s  from a l l  
o p e r a t i n g  geos ta t ionary  s a t e l l i t e s .  These 
e s t i m a t e s  provide an i n i t i a l  s o l u t i o n  t o  t h e  
problem of o b t a i n i n g  measurements of t r o p i c a l  
oceanic  r a i n f a l l  f o r  t h e  Tropica l  Ocean/Global 
Atmosphere Program of t h e  World Climate  Research 
Program ( W C R P ,  1985). 
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VALIDATION OF THE ESOC PRECIPITATION INDEX 

Olli Turpeinen and Johannes Schmetz 
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6 1 0 0  Darmstadt, FRG 

1. INTRODUCTION 

The knowledge of the accumulation 
and distribution of precipitation is ess- 
ential in a number of meteorological 
fields. Climatological and general circ- 
ulation studies, agrometeorological app- 
lications and the validation of numerical 
weather prediction models need accurate 
information on precipitation. Unfortun- 
ately the coverage of the conventional 
network of rain stations has remained 
poor in many regions, the situation being 
especially deficient in the tropical 
ocean areas. Therefore it is obvious 
that fresh approaches to determine the 
precipitation have to be sought. Remote 
sensing seems to be a promising option. 
The geostationary satellites are partic- 
ularly well suited for precipitation mon- 
itoring due to their excellent temporal 
and spatial coverage. 

A number of scientists have 
already used data from geostationary sat- 
ellites to estimate the precipitation 
(e.g. Arkin, 1979; Griffith et al., 1981; 
Stout et at., 1979). Many of their 
schemes are, however, unfeasible for use 
in deriving rainfall estimates over large 
areas of the globe due to the inclusion 
of the individual tracking of cloud 
entities throughout their lifetimes. The 
scheme has to be relatively simple if the 
coverage i s  near-global and the sampling 
is done frequently for a long period of 
time. The approach proposed by Arkin 
(1979) is considered appropriate for the 
global scale. He has shown that the 
fractional cloud cover colder than a cer- 
tain temperature threshold is propor- 
tional to the accumulated precipitation. 
The scheme is proved to be reliable if it 
is integrated over an area larger than 
150 x 150 km and over a time longer than 
24 hours (Richards and Arkin, 1981). 

There are, however, some limita- 
tions in the study by Arkin. First, the 
scheme has been tested only for the lim- 
ited area of the GATE-experiment. 

Secondly, the cloud top tempera- 
ture is the only parameter considered, 
although it is obvious that two clouds 
with the same temperature can result in 
varying precipitation accumulations 
depending on the orography, wind shear 
and moisture conditions. The role of the 
humidity has been emphasised by Adler and 
Mack (1984). Therefore the upper tropos- 
pheric humidity (UTH), readily available 
from METEOSAT 6 . 3  pm - channel, is incl- 
uded in the ESOC precipitation index 
(EPI). 

The purpose of this paper is 
two-fold : 
(i) to test and validate EPI in four 
different geographical locations to find 
out whether it has a good correlation 
with the observed precipitation, inde- 
pendently of the area considered, and 
(ii) to investigate the importance of 
the humidity in the determination of che 
accumulated precipitation. A s  a unique 
feature the upper tropospheric humidity 
(UTH) is included in EPI. S o  far no pre- 
cipitation index has incorporated the 
humidity. 

In the following chapter the sat- 
ellite and ground truth data are des- 
cribed. The third section discusses the 
results and the analysis carried out. 

2 .  DATA 

Both satellite and ground truth 
data have been collected for the test 
period which ran from 0 3  October until 2 6  
December, 1985. The data originated from 
four African countries : Ivory Coast, 
Keqya, Morocco and Tunisia. The location 
of each of them is displayed in Figure 
1. Ivory Coast and Kenya lie in the 
equatorial region whereas Morocco and 
Tunisia are situated in the subtropical 
zone where convection is supplemented by 
occasional frontal passages. 
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Fig. 1. The location of the four Afri- 
can countries considered. 

2.1 Satellite Data 

The EPI is stored for the whole 
test period over the territories of the 
four above-mentioned African Countries. 

The EPI is determined as suggested 
by Arkin (1979). The fraction of pixels 
with the effective black-body temperature 
colder than 235 K in each METEOSAT seg- 
ment (32 x 32 pixels) is counted every 
three hours. The results are summed over 
five days. The averaging interval (5 
days), the area (1.5 x 1.5 degrees), and 
the threshold temperature (235 K) are 
selected based on the findings by 
Richards and Arkin (1981). 

The original feature o f  the EPI is 
the incorporation of the UTH, which is 
determined on the basis of the radiance 
in the METEOSAT 6 . 3  pm-channel. The EPI 
in fact consists of three different 
indices which are classified according to 
the humidity values in the upper tropo- 
shere. The indices are calculated for 
the UTH-ranges of 75-100% (EPI-moist), 
40-75% (EPI-normal) and 0-40% (EPI-dry), 
respectively. The Arkin-index is simply 
the sum of all three indices (EPI-all). 
The influence of the humidity is not 
exactly known but it is postulated that 
the drier the upper troposphere, the 
stronger the evaporation through entrain- 
ment and consequently the weaker the pre- 
cipitation. 

2.2 Ground Truth Data 

Daily records from all regularly 
operating rain gauges from the four Afri- 
can countries were collected. The net- 
works of the rain gauges are well-suited 
for this study due to a fairly even dist- 
ribution o f  stations over the territories 
considered. 

Digital radar data, which would 
have been very useful, was not available. 

3 .  RESULTS 

The test period consists of 17 
five-day intervals. The variation of the 
precipitation a s  a function of time is 
shown in Fig. 2 ,  where the EPI-all aver- 
aged over each of the four countries is 
displayed. The results from Ivory Coast 
and Kenya show the displacement of the 
ITCZ southwards towards the end of the 
year. The segments from Morocco and 
Tunisia report little precipitation in 
the beginning of the test period, but in 
the latter part higher values of the 
EPI-all are recorded, due to the passages 
of mid-latitude frontal systems. 

The variation of the measured 
accumulated precipitation will be shown 
during the conference. 
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Fig. 2.  The variation of the averaged 
precipitation index (EPI-all) as a func- 
tion of time (in weeks). 

The line of the best fit is cal- 
culated between the observed precipita- 
tion (P) and the three EPIs. In other 
words, the coefficients a, b and c i n  the 
following formula are optimised : 

P - a xEPI-moist + b x EPI-normal + c x 
EPI-dry (1) 

It is expected that a > b > c, 
since more precipitation is likely to 
fall in the moister atmospheres due to 
weaker evaporation. 

To assess the role of the UTH, 
the multiple correlation coefficient bet- 
ween the measured precipitation and the 
three indices is determined. It will be 
compared with the correlation coefficient 
calculated between the measured precipit- 
ation and the EPI-all, where n o  humidity 
data are incorporated. The results will 
be discussed during the meeting. 
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10.2 GLOBAL WIND MEASUREMENT FROM SPACE: DOPPLER LIDAR 

D. E.  Filzjarrald 
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1. Introduction 

The possibility of making direct wind measurements from 
space has intrigued atmospheric scientists since receipt of 
the first cloud pictures by the TIROS 1 satellite in 1960 
(Vaughan, 1982). Indeed, tracking of clouds and other at- 
mospheric features from satellite pictures has provided sig- 
nif icant  information abou t  the dynamics of  planetary 
atmospheres. These techniques have reached their apex in 
the Voyager flyby mission, which has probed the secrets of 
many planets, the latest being the puzzling atmosphere of 
Uranus (NASA JPL news report 1/26/86). Each measure- 
ment of planetary circulation is met with great interest by 
the media, who vie with one another to generate super- 
latives, and by scientists, who vie with one another to gen- 
erate theories. 

The earth’s atmosphere has a rich and varied dynamics, and 
we are bound up with its vagaries for our very existence. In 
comparison with scientists analyzing pictures from some dis- 
tant planet, those who want to understand our own atmos- 
phere are cursed (or blessed) by familiarity. There are, in 
some regions, quite a lot of data concerning the motion of 
the atmosphere, and a long history of atmospheric research 
has generated sophisticated and complicated theories to ex- 
plain the dynamics. Many conjectures need to be proved or 
disproved, but wind data are inadequate. To make a sig- 
nificant contribution in terrestrial atmospheric research, we 
need precise velocity measurements with high spatial and 
temporal resolution. After the first amazement and pleasure 
of views from space, we find that analyses of pictures, no 
matter how exhaustive, are no substitute for direct quantita- 
tive determination of wind profiles. 

Since the f i r s t  wind measurement  by Doppler l idar 
(Huffaker, et al., 1970; see Bilbro, 1980, for a history of the 
technique), there have been several studies that investigated 
the possibilities of using this technique to obtain global 
wind fields. These include design studies for both the Space 
Shuttle (Martin, 1985) and a free-flying meteorological satel- 
lite (Gurk, 1985). There have also been, in the same time 
period, studies concerning the use and benefit of global 
wind profiles (Charney, et  al., 1969; Phillips, 1983). The 
measurement technique has matured. Airborne and ground 
based Doppler lidar wind measurements show good results, 
(Bilbro, et  al., 1984: Rothermel. et al.. 1985: McCaul, et al., 
1986). and hardware improvements continue to be made. 
The simulation and evaluation experiments have also ma- 
tured (Atlas, et  ai. 1985; Dey, et  al., 1985; Arnold, et  al., 
1985), and interim Iswlts indicate that measurements of 
global wind fields are  extremely high on the list of 
priorities. 
Two flight opportunities are being developed within NASA 
that would provide excellent platforms for a Doppler lidar 
wind profiler. The Manned Space Station (Reagan, 1984; 
Oeggs, 1985) and its companion, the Earth Observing System, 
Eos (Butler,  1984) will both be ideal f o r  terrestrial  

observations, and can provide the longterm, low-earth-orbit 
home needed for the line-of-sight, active measurement of 
the Doppler lidar. Both platforms will provide a synergism 
between the wind profile measurements and those of other 
earth-directed observations. In addition, resources shared 
between the lidar and other instruments will allow the task 
of wind measurement to be accomplished less expensively 
than would be  possible with a dedicated,  f ree-f lying 
satellite. 

Some scientific and engineering questions must be answered 
before a Doppler lidar system can be placed in space and 
used to determine global winds. The global distribution of 
atmospheric aerosols that contribute to backscatter at  the 
C02 laser wavelengths of interest is crucial to an adequate 
feasibility assessment, so it has been the subject of con- 
siderable study (Hinkley, 1985). Recent work (Bowdle, 
1985) indicates that the background aerosol concentration 
may be at  the level that is just detectable from a reasonable 
satellite instrument, and that the amount of backscatter 
depends strongly on the wavelength of illumination. This 
means that the aerosol distribution must be better known 
than it is now. This effort is underway at the present time 
within NASA and will combine ground-based, airborne, and 
satellite observations. However, present data sources cannot 
give global aerosol backscatter data at  the exact wavelength 
to be used in a space-based Doppler lidar. An important 
contribution would thus be to make a global backscatter 
measurement a t  the wavelength and sensitivity obtainable 
with a satellite instrument. 

A laser of approximately the right power for a space-based 
lidar has been delivered to NOAA/ERL and is in use in 
their ground-based lidar system. Such an instrument has not 
been used in a spacecraft environment, however. Develop- 
ment and testing of flight hardware will certainly be neces- 
sary before a wind profiler can be deployed. 

The actual quantity measured by a Doppler lidar is the 
velocity of the backscattering aerosols along the laser beam 
line of sight. In order to obtain a wind that is of use to met- 
eorologists, the beam must be scanned so that a given 
volume of the atmosphere can be probed from more than 
one direction. This technique has been successful in obtain- 
ing wind fields in a horizontal plane from an aircraft 
(Bilbro, et al., 1984), but has not been attempted in any con- 
figuration approaching that of a spacecraft. Successful use 
of line of sight velocities to calculate wind speeds from or- 
bit is another task that must be accomplished. 

In this paper we present the results of a design study, the 
Shuttle Coherent Atmospheric Lidar Experiment (SCALE), 
designed to address the questions that must be solved before 
a global wind profiler can be designed and which can only 
be answered by a space flight experiment. Specifically, we 
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propose to deploy a Doppler lidar system on the Space 
Shuttle, scan the beam from orbit to obtain wind vectors, 
and measure the global distribution of aerosol backscatter. 
The experiment will demonstrate the operation of a space- 
based Doppler lidar and at  the same time provide a unique 
data set to show the utility of measuring global winds. 

2. Studv limitations 

The design philosophy is to keep the experiment simple, so 
that it remains a relatively cheap Spacelab operation and 
still provides the answers that are needed. For this reason 
we have chosen to use an existing and proven laser design 
with 2 J pulse energy, which is somewhat smaller than the 
10 J that would be needed for a wind profiler. The lower 
Shuttle altitude, 200 km for the Shuttle vs. 500 km for the 
Space Station or Eos, means that the SCALE sensitivity will 
be better. We have chosen to use a telescope that is fixed in 
the Shuttle bay to eliminate the complexity and expense of 
scanning optics. Scanning the beam to make wind measure- 
ments will be done by movement of the entire Shuttle 
vehicle. The design study was carried out in all relevant 
areas far enough to determine that the system could be built 
using existing technology. 

3. se nsitivity 

Figure 1 shows the system sensitivity at  various altitudes for 
three AFGL standard atmospheres using the nominal design 
altitude of 185 km, 2 J laser pulse energy, 1.25 m optics 
aperture, a signal to noise ratio of 5 db, and use of isotopic 
C02 so that the laser operates at  9.1 microns to avoid ab- 
sorption by atmospheric C02. Operation at the isotopic line 
involves only modest cost and results in a significant in- 
crease in sensitivity. 

4. Beam. coveraae. and around truth 

Figure 2 shows the ground projection every IO sec (250 laser 
wind estimates) of the lidar line of sight in the scanning 
mode, ie. optics fixed in the Shuttle bay and the orbiter 
rotating at 2 deg/sec about its yaw axis. At the 25 Hz lidar 
pulse rate there will be sufficient line of sight estimates to 
calculate the wind in a 300 km swath along the flight track, 
u shown in figure 3, which gives the result of a computer 
simulation using a realistic simulated wind field and ran- 
dom errors. Wind estimates will be calculated for each 1 km 
of altitude along the beam during the scanning mode. At 
least 2 scans per orbit will be made to allow wind estimates 
to be compared with selected ground truth sources. At other 
times the line of sight velocities will be available for 
comparison. 

Figures 4a and 4b show 24 hour repeating orbits for two 
possible SCALE missions. A number of ground target sites 
for backscatter and wind comparisons are shown on the 
figure, These sites include presently operating ground based 
lidars and other likely field comparison locations. A 
detailed Shuttle trajectory and lidar ground track is shown 
in figure 5 over the southern US showing the area for a 
detailed rawindsonde wind comparison in the MSFC area. 
The actual site for an intensive ground comparison will 
depend on the Shuttle trajectory that is obtained. Most of 
the Shuttle flights from Florida have an inclination of 28.5 
deg, the same that will be used for the manned Space 
Station. 

5. % 

Figure 6 gives a summary of the SCALE laser study results. 
We conclude that it is feasible to use the existing laser 
design on the Shuttle, with some modifications. The pulse 
forming network will need to be redesigned, but the laser 
head itself will be suitable. The use of an already existing 

laser design is an  important part of this design, since it as- 
sures that the performance of the system can be accurately 
anticipated, based on the operation of a ground based lidar. 
The 50 Hz pulse repetition of NOAA's windvan laser will be 
reduced to 25 Hz to conform with the power limitations of 
the Shuttle. 

The system optics will be designed to withstand the launch 
loads by a combination of passive and active means, includ- 
ing an acoustic shroud and active alignment elements be- 
tween major subgroups such as the interferometer, laser 
transmitter, and telescope. One of the interesting aspects of 
the telescope design is the need for lag angle compensation, 
which accounts for the change in angle of the scanning tele- 
scope during the time it takes a laser pulse to make the 
round trip to the earth. The preliminary optics design 
found that this can be readily accomplished within the 
telescope. The main mirror of the telescope will be con- 
structed of a single piece of aluminum and will be diamond 
turned to the proper shape. Since we operate near IO 
microns wavelength, the tolerances are not nearly as close as 
a telescope in the visible or uv regions, so the telescope is 
much cheaper. 

6. Shuttle accommodations 

A Spacelab pallet with support igloo was chosen to carry the 
SPACE instrument, as is shown in figure 7. The structure 
shown in figure 7 is schematic only and will consist of a 
spaceframe structure attached to the indicated pallet hard 
points. The results of the preliminary structures and laser 
analyses have been used to calculate a weights summary, 
which is given in figure 8. The power requirements are 
given in figure 9. Both the weight and power requirements 
are within the limits of a Spacelab pallet. The repetition 
rate of the laser can be chosen to match power available, 
with the design value being the 25 Hz that is used in figure 
9. The system thermal schematic is shown in figure IO. The 
thermal load rejection capability of the Spacelab pallet is 
sufficient for the needs of the experiment. The command 
and data management system (CDMS) requirements are 
given in figure 1 1  and, as is the case for all the SCALE sys- 
tems requirements, is well within the pallet capabilities. 

Propellant usage for the beam scanning maneuver is given 
in figure 12, along with the total propellant consumed per 
day in figure 13. Total usage for a 5 day mission is within 
the Shuttle capabilities. The requirement may be relaxed by 
making no corrections during the 360 deg rotation, which 
would result in the axis of rotation pointing IO deg off ver- 
tical at the end of the maneuver. This amount of deviation 
should be acceptable for the purpose of wind estimation. 
The scanning rate of 2 deg/sec is higher than has been used 
on the Shuttle to date, but according to simulations should 
cause no problem. This will be the subject of an short ex- 
periment on a future Shuttle flight. 

I .  &&c lusiom 

The results of the study have confirmed that there are no 
engineering or technological reasons that the SCALE ex- 
periment cannot proceed. The scientific and engineering 
questions that will be answered and demonstrated by this 
experiment include nearly all of those that remain before a 
comprehensive Doppler lidar wind profiler can be designed, 
built, and placed in orbit. This experiment will be an 
economical and necessary step on the way toward global 
wind measurement on the Space Station or Earth Observing 
System. 
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SCALE SENSITIVITY AT 9.11 MICRONS 
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Figure 1 System Sensitivity 9.11 Microns 
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Figure 2 Ground Projection of Lidar Beam 
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Figure 3 Computer Simulation of SCALE Measured Winds 
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Figure 4a Shuttle Orbit 40 Deg Inclination 
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Figure 4b SCALE Shuttle Orbit 40 Deg Inclination 
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Figure 5 Laser Beam Ground Track During Scan 
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STI STUDY SHOWS SHUTTLE BASED 'WINDVAN' 
CONVERSION FEASIBLE 

STUDY PREMISE - Take an existing design and see if it can be 

@KEY RESULT 

WEIGHT, VOLUME, POWER REQUIREMENTS REASONABLE 
*NO NE TECHNOLOGY NE\PED 

0 PRINCIPAL ENGINEERING/PACKAGING DESIGN MODIFICATIONS 
-Compact pulse poser 
-Solid state switch rather than thyratron 
- Launch harden certain components 

Shuttle qualified 
- STVNOAA "Windvan" C02 lidar system can be 

Shuttle compatible 

- Y epackagtng and qua ification engineering will be needed 

Figure 6 Laser Study Results 

SHUTTLE COHERENT ATMOSPHERIC 
LIDAR EXPERIMENT (SCALE) 

TOP VIEW 

FREON PUMP/ 

7-23-85 

SHUTTLE COHERENT ATMOSPHER!C 
LIDAR LXPERIMENT (SCALC) 

SIDE VIE'N 

A 
FLIGHT 

DIRECTION TFLESCOPE ,' 
ASS€ MBLY- 

/ 

I G L O O  -- 
~ M O  DU A T  o R 

TANK 

SHUTTLE COHERENT ATMOSPHERIC 
LIDAR EXPERIMENT (SCALE) 

SHUTTLF COHERENT ATtJOSPtlER'C 
LIDAR EXPER!MENT (SCALE1 

END V I E W  

Figure 7 SCALE Apparatus on Spacelab Pallet 
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SCALE 
WEIGHT SUMMARY (KG) 

SUBSYSTEM 

LASER (MECHANICAL) 

LASER (ELECTRICAL) 

THERMAL 

c 3  

OPTICS ASSEMBLY 

STRUCTURAL SUBSYSTEM 

ACOUSTIC SHELL AND LEAD FOAM 

TABLE AND SPACE FRAME INCL. REC. OPTICS 

WEIGHT 

2 2 5  
4 5 5  

4 8  
30 

30 

150 

3 0 0  

1 0 0  - 

SUBTOTAL LASER EQUIPMENT 1 3 3 8  

TELESCOPE 

MTG STR 

CONTINGENCY 1 0 %  

TOTAL EXPERIMENT WEIGHT 

MDE 

EXP. HX 

COLD PLATES + SPRT FOR ( 3 )  + PLUMB. 

TOTAL PALLET PAYLAOD 

605 

67 
2 0 6  

2 2 1 6  

1 4  

5 2  

2 2 8 2  

- 

NOTE: SPACELAB PALLET NOMINAL LOAD CARRYING CAPABILITY FOR PAYLOAD AND 
MISSION DEPENDENT EQUIPMENT (MDE),  WITH AN IGLOO, IS 2 8 8 0  KG. 

Figure 8 Weight Summary 

SCALE ELECTRICAL POWER BUDGET 

SCIENCE INSTRUMENTS POWER REQUIRED ( W A T T S )  

LASER (WECHANICAL) 7 5  

LASER (ELECTRICAL)  AT 2 5  Hz 1,300 
REPETIT ION RATE 

THERMAL (ONE PUMP) 3 1 5  

c 3  100 

OPTICAL/STRUCTURAL 250 

2,040 

SPACELAB ( IGLOO AND PALLET), 

SUBSYSTEMS 

CLDM (W/HDR OPTION) 

THERMAL 

D I S T R I B U T I O N  AND CABLE LOSS (5%) 

CONTINGENCY (15%) 

TOTAL 

1,955 

3 7 5  

111 

333 

4 .814  WATTS 

Figure 9 Power Budget 
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THERMAL SYSTEM SCHEMATIC 

CDMS REQUIREMENTS 

0 

0 

0 

0 

HOUSEKEEPING 

0 120 KB/S DOWNLINK 

0 

0 

REQUIRES SHUTTLE STATUS (POSITION, ATTITUDE, ETC.) 

TEMPERATURE, PRESSURE, VOLTAGE, POWER, ETC. FROM EXPERIMENT 

SCIENCE DATA 

0 RAWDATA 

0 UP TO 3.5 MB/S DOWNLINK 

0 PROCESSED DATA 

0 18 KB/S DOWNLINK 

0 PROCESSED BY EXPERIMENT 

0 DOPPLER MOMENTS AND CALCULATIONS 

VIDEO DATA 

0 BORESIGHTED TV CAMERA 

0 4.5 MHZ CHANNEL 

0 MAY RECORD DURING PEAK DATA DOWNLINK 

TOTAL DATA REQUIREMENT 

0 

0 

0 

0 

3.6 MB/S PLUS TV CHANNEL 

DOWNLINK ALL DATA DURING NORMAL OPERATION 

RECORD DATA WHILE IN  MANEUVER 

DOWNLINK RECORDED DATA WHILE OVER TARGETS OF NO INTEREST 

Figure I 1  Command and Data Management System 
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AND ADVISORY BOX 

CAUTION h WARNlKG 6 SAFlWO 

Figure I2 Command and Data Management Configuration 
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Figure I3 Propellant Consumption During Maneuver 
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Figure 14 Propellant Consumption During Day 
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10.3 

APPLICATIONS OF SPECIAL SENSOR MICROWAVE IMAGER ( S S M / I  DATA 

Captain Les l i e  A. Brenton and Major C l i f f o r d  R. Matsumoto 

Headquarters A i r  Weather Service 
Scot t  A i r  Force Base, I l l i n o i s  

1. INTRODUCTION 

Prec ip i t a t i on  ra te :  

Cloud amount: 0-100 20% 

0-61 + 5 mm/hr The Special Sensor Microwave Imager (SSM/I) 

w i l l  be processed i n  near real- t ime by the A i r  
Force Global Weather Central (AFGWC) and F l e e t  

i s  a j o i n t  A i r  Force and Navy pro jec t .  Data - 

Numerical Oceanography Center (FNOC). I n  
addi t ion,  plans c a l l  f o r  processing of data a t  
A i r  Force and Navy d i r e c t  readout s i t es .  

This paper presents a b r i e f  descr ip t ion  of 
the sensor, spec i f ies  the environmental 
parameters t o  be obtained from the data, and 
discusses the app l ica t ions  o f  the data by the 
A i r  Force and Navy. 

2. SENSOR CHARACTERISTICS 

Surface moisture: 0-61 2 3.8% 

Land surface temperature: 180-340K 
Over land: + 2K (uncloudy)* 

Over snow: 2 3K (uncloudy)* 
- 3K (cloudy) 

+ 7K (cloudy) 
* Cloud agount < 30% o f  water d rop le t  

clouds o r  any amount o f  c i r rus .  

I c e  age: f i r s t - yea r ,  mult i -year 

The SSM/I  i s  a seven-channel, four-  
frequency, 1 inear ly-polar ized, passive microwave 
radiometer. The sensor measures dual-polarized, 
atmospheric and surface r a d i a t i o n  a t  three 
frequencies (19.35, 37.0, and 85.5 GHz) and 
ver t1  c a l l  y-pol a r i  zed r a d i a t i  on i n  the water 
vapor absorpt ion band a t  22.235 GHz. Foo tp r in t  
reso lu t i on  i s  12.5 km a t  85.5 GHz and 25 km f o r  
other frequencies. 

Scan w id th  i s  1394 km. This provides d a i l y  
global  coverage w i t h  some gaps equatorward o f  
50 l a t i t u d e .  About two-thirds o f  the ear th 's  
surface w i l l  have repeat coverage on successive 
days. 

Ice  concentrat ion: 0-100 2 12% 

Ice  locat ion:  2 12.5 km 

3. ENVIRONMENTAL PARAMETERS 

From previous studies o f  microwave proper- 
t ies ,  the Scanning Mu1 t ichannel  Microwave 
Radiometer (SMMR) data, and simulat ion models, 
algori thms have been developed t o  determine 15 
environmental parameters from the br ightness 
temperatures w i t h  25km reso lu t ion .  These 
parameters are: 

Snow water content: 0-50 2 3 cm 

Snow edge loca t ion :  2 12.5 km 

Atmospheric t ransmiss iv i ty :  0-100 2 5% 

Surface type: generic designations 

Several algori thms e x i s t  f o r  each parameter. 

( indeterminate w i t h  cloud amount > 30%) 

They depend on c l i m a t i c  and surface type which 
are assigned using ear th  locat ion.  
c l i m a t i c  types have been predetermined, and are 
based on l a t i t u d e  and season. Predetermined 
surface types are ocean, ice, possible ice,  
coast (50 km e i t h e r  side), and land. 
de l ineat ion  i s  provided by the SSM/ I  data. 
Possible i c e  i s  designated ocean o r  i c e  
depending on i c e  concentrat ion. 
del ineated as: 

Eleven 

Further 

Land areas are 

Snow1 (over frozen ground). 
Snow2 (over s o i l  1. 
G lac ia l  (very deep mult i -year i c e  over land). 
Frozen ground o r  wet snow 

Surface wind speed: 

L iqu id  water content: 

3-29 2 2 m/s 

0-12.5 2 0.1 kg/m2 
( ind fs t ingu ishab le) .  

Arable s o i l  (unfrozen s o i l  w i th  moisture). 
Desert (very dry s o i l  1. 
Heavy vegetation (vegetation masks surface). 

Cloud water content: 

Water vapor content: 0-80 kg/m2 

0-12.6 2 0.1 kg/m2 

po la r  l a t i t udes :  t 1.0 kg/m2 Heavy p r e c i p i t a t i o n  ( sca t te r i ng  by ra in ) .  
mid- lat i tudes: 2.0 kg/m2 Flooded ( lake, r i v e r ,  swamp, etc.).  

t r o p i c a l  l a t i t udes :  2 3.0 kg/m 
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Knowledge o f  the surface type i s  essent ia l  
f o r  accurate est imat ion o f  the environmental 
parameters since a l l  parameters are indeter -  
minate over some surfaces; f o r  example, surface 
winds are indeterminate over land o r  I n  heavy 
p rec ip i t a t i on .  Table 1 l i s t s  the surface types 
over which each parameter can be determined. 
Parameters are n o t  ca lcu la ted  f o r  coastal o r  
flooded areas because the mixture o f  land and 
water surfaces i n  the scenes i s  unknown. 

source o f  data f o r  surface moisture, cloud water 
content and l i q u i d  water content. 
the other environmental parameters provided, the 
SSM/I  w i l l  be the only source o f  measurement 
over data-sparse areas. Add i t iona l l y ,  the S S M / I  
w i l l  be the only al l-weather source o f  I c e  data 
and the only extensive source o f  ocean surface 
wind speed. 

The sensor measurements w i l l  be the only 

For most o f  

Cloud Water 
Content 

Atmospheric Water 
Vapor Content 

Surface Moisture 

Table 1: Parameters vs Surface Types. This 
tab le  l i s t s  the surface types over which each 
parameter can be determined, 
n o t  ca lcu la ted  f o r  surfaces i d e n t i f i e d  as 
coast o r  flooded. 

Parameters are 

Ocean, frozen ground, ice, 
snowl, snow2, g lac ia l ,  arable 
so i l ,  desert, heavy 
vegetation 

Ocean 

Snow2, arable so i l ,  desert, 
heavy p rec i  p i  t a t i o n  

PARAMETER SURFACE TYPE 

Surface wind Ocean 

Concentration 

s o l  1, desert, heavy vege- 
tat1 on, heavy p rec i  p i  t a t i o n  

L iqu id  Water Ocean, frozen ground, arable 
Content s o i l  , desert, heavy vegeta- 

t ion ,  heavy p r e c i p i t a t i o n  

Land Surface Snowl, snow2, g lac ia l ,  frozen 
Temperature ground, arable so i l ,  desert, 

heavy vegetat ion 

Snow Water Snowl, snow2 
Content, Edge 

Cloud Amount Snowl, snow2, g lac ia l ,  frozen 
ground, arable s o i l ,  desert, 
heavy p r e c i p l  t a  ti on 

I J 

4. APPLICATIONS 

Numerous po ten t i a l  appl i ca t i ons  o f  S S M / I  
data have been i d e n t i f i e d  by the A i r  Force and 
Navy. 
i n t o  models a t  the fo recas t  centers. Most 
parameters w i l l  be ava i lab le  i n  mapped displays 
on the I n t e r a c t i v e  systems a t  AFGWC, FNOC, and 
d i r e c t  readout s i tes .  Surface wind speed, land 
surface temperatures, and moisture parameters 
have app l i ca t i on  t o  the numerical analysis and 
forecast models a t  AFGWC and FNOC. Ice  para- 
meters w i l l  be sent to the Navy/NOAA J o i n t  I c e  
Center to enhance t h e i r  weekly summaries of i c e  
data provided to AFGWC and FNOC. 

Special ized models a t  AFGWC include the 
Real-Time Nephanalysis (RTNEPH), Agr icu l  t u r a l  
Meteorology Model (AGROMET), and the snow 
analysis model. 
the RTNEPH are surface temperature, and 
moisture, Ice, and snow parameters. Parameters 
appl icable to AGROMET are surface moisture, 
surface temperature, I c e  and snow parameters, 
and p r e c i p i t a t i o n  rate.  
w i l l  be i n p u t  i n t o  the snow analysis model. 
SSM/ I  data w i l l  a l so  be used by many Special 
app l i ca t ions  models. 

Ocean surface winds are the key i n p u t  t o  
many o f  the oceanographic models run a t  FNOC. 
They include the Thermodynamic Ocean Pred ic t ion  
System (TOPS), Global Surface Current Model 
(GBLCURR), Global Spectral Ocean Wave Model 
(GSOWM). and the new RAYMODE Acoustic Model 
(which a l so  uses ou tpu t  from TOPS). Output from 
GBLCURR i s  used i n  the Search and Rescue (SARI 
model and GSOWM ou tpu t  i s  used f o r  Optimum Track 
Ship Routing. 

Through the use o f  i n t e r a c t i v e  systems, 
SSM/ I  data may be combined w i t h  conventional 
data t o  provide a va r ie t y  o f  d iverse fo recas t  
support; 1 .e., e lec t ro -op t ica l  (E-0) systems, 
t r a f f i c a b i l i t y ,  and severe weather. A more 
complete l i s t  o f  po ten t i a l  appl i ca t i ons  appears 
i n  Table 2. 

Some parameters w i l l  be i n p u t  d i r e c t l y  

Parameters w i t h  app l i ca t ions  to 

Ice  and snow parameters 

5. CONCLUDING REMARKS 

DMSP spacecraft beginning i n  mid-1987, and the 
Navy Remote Ocean Sensing System (N-ROSS) 
s a t e l l i t e .  Once the SSM/I  data become 
avai lable,  FNOC w i l l  s t a r t  processing the data. 
Processing a t  AFGWC w i l l  begin when the computer 
upgrade I s  complete. FNOC w i l l  provide antenna 
temperatures, br ightness tempera tures, and 
environmental parameters (w i th  ea r th  l oca t i on )  
to NESDIS f o r  a rch iva l .  Since the algor i thms 
were developed from simulat ion, improvements t o  
the algori thms are expected w i t h  the acqu is i t i on  
of actual  data; consequently, there w i l l  be a 
year-long va l i da t i on  tes t .  Data w i l l  be used 
opera t iona l l y  once they have been determined t o  
be meteorological ly cons is ten t  and reasonable. 

Improved forecasts are expected w i  t h  the 
acqu is i t i on  and use o f  SSM/I data over data- 
sparse areas. Add i t iona l l y ,  the SSM/ I  could 
provide cor rec t ions  f o r  water vapor t o  other 

The SSM/I  i s  scheduled t o  f l y  on a l l  f u tu re  
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sensors, and improved mois ture p r o f i l e s  when 
operated w i t h  a c o l l o c a t e d  Microwave Temperature 
and Water Vapor Sounder (SSM/TW). I f  S S M / I  data 
can be combined w i t h  o ther  data sources, such as 
f n f r a r e d  (IR), t o  produce parameters, f u r t h e r  
f o r e c a s t  improvements a re  l i k e l y .  
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PARAMETERS 

Cloud Water 
Content 

L i q u i d  Water 
Content 

Table 2: P o t e n t i a l  A p p l i c a t i o n s  of SSM/I  Parameters (AF - A i r  Force only, N - Navy on ly ) .  

AF - Cloud a n a l y s i s  ii 
f o r e c a s t i n g  

AGROMET 
T e r r a i n  data bases 
E l e c t r o - o p t i c a l  sys tems 

N - Ship Rout ing 
Iceberg avoidance 
Submarf ne operat ions 
Ocean rescue 

Trop ica l  cyc lone a n a l y s i s  ii 

Communications a t t e n u a t i o n  
A i r c r a f t  opera t ions  
E l e c t r o - o p t i c a l  systems 
AF - AGROMET 

F lood ing  
Support to Army 

fo recas t f  ng 

t r a f f f c a b i l i t y  ii 
engineer ing concerns 

N - Ship r o u t i n g  
Ocean no ise  models 

PARAMETERS 

Water Vapor 
Content 

Cloud Amount 

Surface Mof s t u r e  

Snow Parameters 

Surface Wind 
Speed 

I c e  Parameters 
( t h r u  Navy/NOAA 
J o i n t  I c e  
Center) 

Precf p i t a t i o n  
Rate 

Land Surface 
Temperature 

AF - AGROMET 
Cloud a n a l y s i s  & 

f o r e c a s t i n g  
E l e c t r o - o p t i c a l  systems 

APPLICATION 

Numerical f o r e c a s t  models 
E l e c t r o - o p t i c a l  systems 
A i r c r a f t  opera t ions  
AF - Cloud a n a l y s i s  & 

f o r e c a s t i n g  

Numerical f o r e c a s t  models 
E l e c t r o - o p t i c a l  systems 
AF - Cloud a n a l y s i s  ii 

Numerical f o r e c a s t  models 
E l e c t r o - o p t i c a l  systems 
AF - Cloud a n a l y s i s  ii 

f o r e c a s t i n g  
N - Sea sur face temperature 

es ti mates 

f o r e c a s t i n g  

A i r c r a f t  operat ions 
AF - Cloud a n a l y s i s  ii 

f o r e c a s t f  ng 
~ ~~ 

AF - AGROMET 
T r a f f i c a b i l i  t y  
E l e c t r o - o p t i c a l  systems 

N - Amphibious and r i v e r i n e  
opera ti ons 

Radar Systems 
AF - AGROMET 

Cloud a n a l y s i s  & 
f o r e c a s t i n g  

T r a f f i c a b f  li t y  
E l e c t r o - o p t i c a l  sys tems 
T e r r a i n  data bases 

Communications management 
E l  ec t ro -op t f  c a l  sys tems 
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10.4 
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and 
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1. INTRODUCTION 

Tropospher ic  t r a c e  species a f f e c t  t h e  
q u a l i t y  o f  t h e  a i r  t h a t  we breathe, impact t h e  
ecology o f  t h e  biosphere, a f f e c t  t h e  photo- 
chemist ry  o f  ozone i n  t h e  s t ra tosphere,  and 
c o n t r o l  t h e  c l i m a t e  o f  our p lane t .  Tropo- 
spher i c  t r a c e  species are produced by a v a r i e t y  
o f  processes, i n c l u d i n g  i n d u s t r i a l  , technolog-  
i c a l  , and combustion a c t i v i t i e s ;  m i c r o b i o l o g i -  
c a l  me tabo l i c  processes; biomass burn ing,  
l i g h t n i n g ;  and va r ious  photochemical and 
chemical r e a c t i o n s  i n  t h e  troposphere. Sources 
o f  t ropospher i c  t r a c e  species i n c l u d e  urban 
areas, marshlands, grasslands, farmlands, 
f o r e s t s ,  and t h e  oceans. Over t h e  l a s t  decade, 
i t  has become apparent t h a t  t h e  t roposphere i s  
a complex chemical m i x t u r e  o f  cons ide rab le  
photochemical/chemical a c t i v i t y .  Tropospheric 
t r a c e  species have res idence t imes t h a t  vary  
f rom a f r a c t i o n  o f  a second t o  many decades. 
The l o n g e r - l i v e d  t r a c e  species a re  d i s t r i b u t e d  
throughout  t h e  t roposphere by atmospheric 
motions. 

2. MEASUREMENT OF TROPOSPHERIC TRACE 
SPECIES FROM SPACE 

U n t i l  ve ry  r e c e n t l y ,  t h e  b u l k  o f  t h e  
research d e a l i n g  w i t h  t h e  d i s t r i b u t i o n ,  
photochemist ry ,  and chemist ry  o f  t r a c e  species 
i n v o l v e d  t h e  m idd le  and upper atmosphere. Th is  
i s  p a r t i c u l a r l y  t r u e  w i t h  respec t  t o  
measurements o f  t r a c e  species from space. To 
date, measurements o f  t ropospher i c  t r a c e  
species have been obta ined by o n l y  t h r e e  space- 
borne experiments: Measurements o f  
t ropospher i c  carbon monoxide were obta ined by 
t h e  MAPS (Measurement o f  A i r  P o l l u t i o n  from 
S a t e l l i t e s )  experiment on t h e  space s h u t t l e  
( R e i c h l e  e t  al., 1982); measurements o f  ozone, 
water  vapor, and aerosols  were obta ined down t o  
c loudtops o r  as low as 2 km f o r  c l e a r  s k i e s  by 
SAGE I1  ( S t r a t o s p h e r i c  Aerosol and Gas 
Experiment) (Mauld in  e t  al., 1985); and a 
number o f  t ropospher i c  species were detected by 

t h e  ATMOS (Atmospheric Trace Molecule 
Spectroscopy) experiment on a recent  f l i g h t  o f  
t h e  space s h u t t l e .  

The opera t i ona l  s t a t u s  o f  t h e  space 
s h u t t l e  and t h e  planned space s t a t i o n  o f f e r  
un ique o p p o r t u n i t i e s  f o r  o b t a i n i n g  measure- 
ments o f  t ropospher i c  t r a c e  species f rom 
space. However, t h e  s c i e n t i f i c ,  engineer ing,  
and techno log ica l  chal lenges o f  measuring 
t ropospher i c  t r a c e  species from space a re  
manyand i n c l u d e :  

1. 

2. 

3. 

4. 

5. 

The presence o f  clouds and aerosol  s . 
The presence o f  water vapor and carbon 
d iox ide ,  which b lanke t  much o f  t h e  u s e f u l  
i n f r a r e d  spectrum. 

The very small  temperature d i f f e r e n c e  
between t h e  su r face  and t h e  troposphere. 

The h i g h  pressure o f  t h e  t roposphere 
which blends s p e c t r a l  f ea tu res ,  making 
i s o l a t i o n  o f  a p a r t i c u l a r  s p e c t r a l  
s i g n a t u r e  very d i f f i c u l t .  

The l a r g e  abundance o f  c e r t a i n  species i n  
t h e  s t ra tosphere ,  such as ozone and n i t r o -  
gen d iox ide ,  which conceal t ropospher i c  
abundance o f  these species from space. 

To address these and o t h e r  chal lenges 
a f f e c t i n g  measurements o f  t ropospher i c  t r a i e  
species from space, a workshop on Space Oppor- 
t u n i t i e s  f o r  Tropospheric Chemistry Research 
was h e l d  a t  t h e  NASA Goddard I n s t i t u t e  f o r  
Space Studies i n  New York on September 9-13, 
1985. 
Tropospheric Chemistry Program, Ear th  Science 
and A p p l i c a t i o n s  D i v i s i o n ,  O f f i c e  o f  Space 
Science and A p p l i c a t i o n s  (OSSA), NASA 
Headquarters. More than 40 exper t s  f rom 
u n i v e r s i t i e s ,  i n d u s t r y ,  and Government 
p a r t i c i p a t e d  i n  t h e  workshop, 
p a r t i c i p a n t s  considered both pass ive and 

The workshop was sponsored by t h e  

The workshop 
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a c t i v e  remote sensing techniques, as w e l l  as 
p o s s i b l e  t ropospher i c  space missions. 

3. KEY TROPOSPHERIC TRACE SPECIES 

As a s t a r t i n g  p o i n t ,  t h e  workshop 
p a r t i c i p a n t s  considered a l i s t  o f  key 
t ropospher i c  t r a c e  gases f o r  study from space 
discussed i n  a recent  r e p o r t  o f  t h e  Na t iona l  
Acadenly o f  Sciences (1985). The Academy r e p o r t  
ca tegor i zed  t h e  key t ropospher i c  species i n t o  
e i t h e r  " f i r s t  l e v e l "  o r  "second level . "  
Measurements of f i r s t - l e v e l  gases from space 
may be achieved i n  a s h o r t e r  t imeframe than 
measurements o f  second-1 eve1 gases. F i r s t  
l e v e l  gases i n c l u d e  water  vapor (HzO), ozone 
(03). carbon monoxide (CO), and methane (CH,). 
Second l e v e l  gases i n c l u d e  n i t r o u s  ox ide (N20) ,  
n i t r o g e n  d i o x i d e  (NO,), ammonia (NH,), s u l f u r  
d i o x i d e  ( S O 2 ) ,  chlorof luoromethanes, and 
hydrogen c h l o r i d e  (HCr). 

and methane, t h e  f o u r  f i r s t - l e v e l  gases 
i d e n t i f i e d  i n  t h e  Academy r e p o r t ,  impact both 
t h e  c l i m a t e  o f  our  p l a n e t  (Ramanathan e t  al., 
1985, and Dick inson and Cicerone, 1986) and t h e  
photochemistrylchemistry o f  t h e  t roposphere 
(Logan e t  a l .  , 1971, and Graedel , 1985). A1 1 
four  gases a r e  i nvol  ved i n  t h e  photochemical / 
chemical p roduc t i on  and d e s t r u c t i o n  o f  t h e  
hydroxy l  r a d i c a l  (OH). The hydroxy l  r a d i c a l  i s  
t h e  overwhelming chemical o x i d i z e r  and, hence, 
t h e  p i v o t a l  chemica l l y  a c t i v e  gas i n  t h e  t r o p o -  
sphere. The hydroxy l  r a d i c a l  c o n t r o l s  t h e  
chemical d e s t r u c t i o n  and t h e  atmospheric l i f e -  
t i m e  o f  almost every t ropospher i c  t r a c e  
species. Unfor tunate ly ,  i n  s i t u  o r  remote 
sensing i n s t r u m e n t a t i o n  f o r  e i t h e r  ground- 
based o r  a i r c r a f t  measurements o f  t h e  hydroxy l  
r a d i c a l  i n  t h e  "c lean"  remote t roposphere have 
no t  y e t  been demonstrated. However, theo- 
r e t i c a l  photochemical c a l c u l a t i o n s  i n v o l v i n g  
a l l  f o u r  f i r s t - l e v e l  gases can lead  t o  an 
understanding o f  t h e  d i s t r i b u t i o n  and magnitude 
of t h e  hydroxy l  r a d i c a l  i n  t h e  troposphere. 

Water vapor, ozone, carbon monoxide, 

3.1 Water Vapor (M ix ing  r a t i o :  0.005 - 
0.04) 

Water vapor i s  t h e  s t ronges t  absorber 
o f  i n f r a r e d  r a d i a t i o n  i n  t h e  atmosphere. The 
r e a c t i o n  f water  vapor w i t h  e x c i t e d  oxygen 

o f  t h e  hyd roxy l  r a d i c a l .  The d i s t r i b u t i o n  o f  
water  vapor i n  t h e  m idd le  and upper t roposphere 
i s  not  known w i t h  g rea t  accuracy. 

atoms (0 (  P D)) leads t o  t h e  chemical p roduc t i on  

u l t r a v i o l e t  r a d i a t i o n  ( i n  t h e  s t ra tosphere ) ,  
and i t s  p h o t o l y s i s  i n  t h e  t roposphere leads t o  
t h e  p roduc t i on  o f  e x c i t e d  oxygen atoms needed 
f o r  t h e  p roduc t i on  o f  OH. Photochemical and 
chemical schemes i n i t i a t e d  by a number o f  
gases, i n c l u d i n g  t h e  oxides o f  n i t rogen ,  
methane, carbon monoxide, and nonmethane 
hydrocarbons, lead t o  t h e  p roduc t i on  of ozone 
i n  t h e  troposphere. 

3.3 Carbon Monoxide (M ix ing  r a t i o :  0.05 - 
0.3 ppmv) 

Carbon monoxide and methane c o n t r o l  
t h e  chemical d e s t r u c t i o n  of OH i n  t h e  
troposphere. Sources o f  carbon monoxide 
i n c l u d e  t h e  o x i d a t i o n  o f  methane and 
nonmethane hydrocarbons and f o s s i l  f u e l  
burning. D i r e c t  t ropospher i c  measurements 
s i n c e  1979 ( K h a l i l  and Rasmussen, 1984), as 
w e l l  as analyses o f  ground-based s o l a r  
i n f r a r e d  spect ra made i n  1950-51 (Rins land and 
Levine, 1985), i n d i c a t e  t h a t  t ropospher i c  
l e v e l s  o f  carbon monoxide may be i n c r e a s i n g  
about 2-6 percent  per  year. 

3.4 Methane (M ix ing  r a t i o :  1.7 ppmv) 

Methane absorbs i n f r a r e d  r a d i a t i o n  
and, hence, i s  a r a d i a t i v e l y  a c t i v e  gas. The 
methane o x i d a t i o n  chain i n i t i a t e d  by t h e  
r e a c t i o n  o f  methane w i t h  t h e  hydroxy l  r a d i c a l  
i s  a s i g n f i c a n t  source o f  carbon monoxide. 
D i r e c t  t ropospher i c  measurements ob ta ined  
s i n c e  about 1977 (Rasmussen and K h a l i l ,  1981; 
S e i l e r ,  1982; Blake e t  al., 1982; and K h a l i l  
and Rasmussen, 1983), as w e l l  as analyses o f  
ground-based s o l a r  i n f r a r e d  spec t ra  made i n  
1951 (Rins land e t  al., 1985), i n d i c a t e  t h a t  
t ropospher i c  l e v e l s  o f  methane may be 
i n c r e a s i n g  about 1-2 percent  per  year. 
Theore t i ca l  photochemical c a l c u l a t i o n s  
i n d i c a t e  t h a t  i n c r e a s i n g  l e v e l s  o f  
t ropospher i c  carbon monoxide and methane over  
t h e  l a s t  35 years may have r e s u l t e d  i n  a 25 
percent  decrease i n  l e v e l s  of t h e  hydroxy l  
r a d i c a l  i n  t h e  t roposphere (Lev ine e t  al., 
1985). 

The workshop considered t h e  pass i ve  
and a c t i v e  remote sensing i n s t r u m e n t a t i o n  and 
technology t o  o b t a i n  measurements o f  these 
gases and aerosols  f rom space. 
t ropospher i c  miss ions were a l s o  considered. 
The r e s u l t s  and recommendations o f  t h e  
workshop w i  11 be reviewed. 

Poss ib le  

3.2 Ozone (M ix ing  r a t i o :  40 - 100 p p b v r  

Ozone i s  both a r a d i a t i v e l y  and 
chemica l l y  a c t i v e  gas. Ozone absorbs s o l a r  
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10.6 
INFRARED I M A G I N G  AND SOUNDING FROM A GEOSTATIONARY 

BODY STABILIZED SPACECRAFT 

Dominick J. J u a r e z  
Edward W. Koenig 

I T T  Aerospace O p t i c a l  D i v i s i o n  
F o r t  Wayne, I n d i a n a  

INTRODUCTION 

The n e x t  g e n e r a t i o n  G e o s t a t i o n a r y  
O p e r a t i o n a l  Environmental  S a t e l  1 i t e  
(GOES/IJK/LM) is t o  be a t h r e e  a x i s ,  body 
s t a b i l i z e d  s p a c e c r a f t .  Inc luded  as  p a r t  of i ts  
i n s t r u m e n t  complement are improved Thermal 
Imaging and Sounding Ins t rumen t s .  These 
i n s t r u m e n t s  have been improved o v e r  t h e  combined 
Imager and Sounder on  t h e  p r e s e n t  s p i n  
s t a b i l i z e d  GOES i n  s e n s i t i v i t y ,  s c a n  
f l e x i b i l i t y ,  and p o i n t i n g  accu racy .  

Moreover, t h e  new i n s t r u m e n t s  are des igned  
t o  be i n t e g r a l  p a r t s  of t h e  on-board 
s t a b i l i z a t i o n  and p o i n t i n g  d e t e r m i n a t i o n  system 
t o  m a i n t a i n  a c c u r a t e  ( w i t h i n  2 km) p o i n t i n g  of 
bo th  i n s t r u m e n t s .  Each i n s t r u m e n t  is capab le  of 
u t i l i z i n g  a v i s i b l e  detector a r r a y  t o  s e n s e  
f o u r t h  magnitude stars to  assist i n  l o c a t i o n  and 
p o i n t i n g  accu racy  d e t e r m i n a t i o n .  

The s p a c e c r a f t  l a y o u t  ( F i g u r e  1) p r o v i d e s  
fo r  t h e  mounting of t h e  i n s t r u m e n t s  on t h e  e a r t h  
f a c i n g  s i d e  of t h e  s p a c e c r a f t .  The i n s t r u m e n t s  
are located i n  t h e  Nor theas t  and Northwest 
c o r n e r s  w i t h  t h e i r  o p t i c a l  p o r t s  p o i n t i n g  t o  t h e  
E a r t h  and t h e i r  p a s s i v e  coolers p o i n t i n g  North.  
T h i s  r i g h t h a n d ,  l e f t h a n d  mounting c o n f i g u r a t i o n  
allows t h e  i n s t r u m e n t s  t o  s h a r e  a s i n g l e  p a s s i v e  
cooler d e s i g n  w i t h  o n l y  o p t i c a l  i n p u t  and 
e lectr ical  c o n n e c t i o n  v a r i a t i o n s .  

The i n s t r u m e n t s  s h a r e  a s i g n i f i c a n t  amount 
of d e s i g n  commonality. The s e n s o r  modules of 
t h e  I T T  Imager and Sounder are shown i n  F i g u r e  
2. Both i n s t r u m e n t s  have 12 i n c h  o p t i c a l  
systems.  Consequent ly ,  t h e  s c a n  mirrors are 
i d e n t i c a l .  The t e l e s c o p e  c o n f i g u r a t i o n  is n e a r  
i d e n t i c a l ,  t h e i r  b a s i c  d i f f e r e n c e  b e i n g  i n  t h e  
p r e s c r i p t i o n  of t h e i r  secondary mirrors. The 
scanne r  modules of bo th  i n s t r u m e n t s  also s h a r e  
t h e  same des ign .  The s c a n n e r s  have i d e n t i c a l  
s c a n  m i r r o r s ,  d r i v e n  by a DC t o r q u e r ,  c o n t r o l l e d  
by a n  Induc tosyn  d e r i v e d  d i g i t a l - c o n t r o l l e d  
s e r v o  system. The Senso r  Assembly the rma l  
c o n t r o l  and mechanical  d e s i g n  a l s o  s h a r e  
Commonality. The combinat ion of  l o u v e r s  and 
e l e o t r i c a l  t he rma l  c o n t r o l  sys t em is des igned  t o  
limit d i u r n a l  temper t u r e  e x c u r s i o n s  of bo th  
s e n s o r  modules t o  18%+ 5OC. The e lectr ical  
sys t ems  of b o t h  i n s t r u m e n t s  a l s o  s h a r e  n e a r  
i d e n t i c a l  d e s i g n s  fo r  power conve r s ion ,  
t e l e m e t r y ,  and oommand c i r c u i t r y .  

Although t h e  i n s t r u m e n t s  s h a r e  t h e s e  common 
d e s i g n s ,  t h e y  o p e r a t e  comple t e ly  independen t  of 
each  o t h e r .  The i n s t r u m e n t s  s i m u l t a n e o u s l y  

perform t h e i r  v a r i e d  and un ique  t a s k  w i t h o u t  
compromise t o  e i t h e r  i n s t r u m e n t ' s  performance or 
d a t a .  

The i n s t r u m e n t s '  d e s i g n s  i n c o r p o r a t e  many 
f e a t u r e s  t o  enhance r e l i a b i l i t y  o v e r  p r e v i o u s  
GOES r a d i o m e t r i c  i n s t r u m e n t s :  i ndependen t  
Sounder and Imager, redundancy, and no l i g h t  
bu lbs .  Design l i f e  is €or over  5 y e a r s  i n  
o r b i t .  

I M A G E R  DESCRIPTION 

The GOES Imager is a m u l t i s p e c t r a l  imaging 
radiometer t h a t  h a s  t h e  f o l l o w i n g  key f e a t u r e s :  
( 1 )  Improved S e n s i t i v i t y :  The 3 a x i s  body 
s t a b i l i z e d  p l a t f o r m  makes i t  p o s s i b l e  for  t h e  
new Imager t o  a c h i e v e  a s c a n  e f f i c i e n c y  of 
approx ima te ly  80s. T h i s  r e s u l t s  i n  a d w e l l  time 
approx ima te ly  15 times g r e a t e r  t h a n  t h e  p r e v i o u s  
GOES Imager. Consequent ly  N E A  T ' s  t h a t  n o t  o n l y  
exceed t h e  s p e c i f i c a t i o n s ,  b u t  are similar t o  
t h o s e  of  t h e  TIROS AVHRR,  are p o s s i b l e .  Other  
t e c h n i q u e s  such as cold f i l t e r i n g  of t h e  I R  
channe l s  and o p t i m i z a t i o n  of d e t e c t o r  c u t o f f  
wave l e n g t h s  for  each  s p e c t r a l  band also 
c o n t r i b u t e  t o  t h e  improvement i n  s e n s i t i v i t y  
expected.  
( 2 )  Greater Scan F l e x i b i l i t y :  The d i g i t a l  s c a n  
p o s i t i o n i n g  scanne r  can r a p i d l y  accommodate 
command t o  change t h e  f i e l d  scan .  A normal full 
e a r t h  d i s c  s c a n  ( 1 9  Ox 1 9 9  i s  accomplished i n  
28.5 minu tes .  A p r i o r i t y  i n t e r r u p t  cou ld  c a u s e  
t h e  scanne r  t o  i n t e r r u p t  t h i s  normal o p e r a t i o n a l  
s c e n a r i o  and go d i r e c t l y  t o  a discrete X ,  Y 
p o s i t i o n  w i t h i n  t h e  t o t a l  s c a n  f i e l d  t o  perform 
a small area s c a n  i n  a t i m e - e f f i c i e n t  manner and 
t h e n  resume its normal o p e r a t i o n a l  s c e n a r i o  from 
t h e  p o i n t  i t  l e f t  o f f .  A 3000 x 3000 km area 
can be scanned i n  3.1 minutes .  A small area 
633km x 633km can  be scanned i n  j u s t  20  seconds.  
Th i s  opens t h e  p o s s i b i l i t y  o f  i n t e r l e a v i n g  
f r e q u e n t  o b s e r v a t i o n  of mesoscale  phemonona wi th  
minimum i n t e r f e r e n c e  t o  full d i s c  s c a n  t iming.  
(3 )  Greater P o i n t i n g  Accuracy: The p r e s e n t  
GOES Imager p o i n t i n g  d e t e r m i n a t i o n  is w i t h i n  20 
km on t h e  e a r t h .  The GOES-Next Imager i s  
expec ted  t o  be  w i t h i n  2 km (0.25km d e s i g n  g o a l ) .  
A un ique  approach and combinat ion of c o o p e r a t i v e  
i n s t r u m e n t  and s p a c e c r a f t  sys t ems /da ta  make t h i s  
p o s s i b l e .  

Abso lu te  p o i n t i n g  d e t e r m i n a t i o n  is enhanced 
by t h e  Imager's a b i l i t y  t o  s e n s e  s tars .  If a 
s e p a r a t e  star t r a c k e r  were used,  i ts p o i n t i n g  
p o s i t i o n  would no t  be i d e n t i c a l  t o  t h a t  o f  t h e  
Imager due t o  S/C mounting misa l ignmen t s  and 
v a r i a t i o n s  caused by S/C s t r u c t u r a l  changes i n  
o r b i  t . 
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3 A X I S  SPACECRAFT 
WITH TWO INDEPENDENT INSTRUMENTS 

IMAGER 

0 A V H R R  SENSITIVITY 
(BETTER T H A N  SPEC) 

0 F U L L  EARTH, SECTOR, A R E A  SCAN 

SOUNDER 

0 F I L T E R  WHEEL L I K E  HIRS/2 

0 N E A R  H I R W  SENSITIVITY 
(19 CHANNELS B U I L T  I N )  

0 T O T A L  SCAN F L E X I B I L I T Y  

C H A N N E L  

1 

2 

3 

4 

5 

Sounder  

N E A T  OR S / N  
SPECTRUM ICFOV AT SCENE 

(pm) (pr) SPEC P L A N  TEMPERATURE 

0.55 T O  0.75 28 >I501 5001 100% ALBEDO 

3.80 T O  4.00 112 1.4K 0.07K 300K 

6.50 TO 7.00 224 1.OK 0.20K 230K 

10.20 TO 11.20 112 <0.36K O.08K 300K 

11.50 TO 12.50 112 x0.35K 0.10K 300K 

S I C  COUP 

SCAN DRIVE 

CONTROL PI\RALLEL/SER 

1 

I INPUT FRDll 
GRWND 

DATA SELECT 

L I N E  DRIVE 

4 
10 XMTRS A .  B 

CHANNEL 

1 

2 

3 

4 

5 

F i g u r e  3 .  Imager  S i g n a l  Flow. 

(pr) (pr) N Y Q l I I S l  FHKQ. 
REQUIREMENT PLAN REQUIREMENT PLAN REQUIREMENT PLAN' 

25.2-28.0 26.6 14 12.3 32 41 

100.8.112 106.4 14 12.3 22 40 

168.224 196 I4 12.3 22 41 

84.112 98 14 12.3 22 33 

14.112 98 I4 12.3 22 31 

F i g u r e  1. 

GOES IJK/LM 

s p a c e c r a f t .  

F i g u r e  2 .  Imager .  

T a b l e  2. Imager  O p t i c a l  Pe r fo rmance .  

REGISTRATION AND MODULATION 
TRANSFER FUNCTION (MTF) 

I IFOV I AI.IGNME:NT I S Y S . l . t : M m  

' LISTED MTF ARE FOR DlFFRACTION.LIMITED OPTICS A N D  INCLUDE ELECTRONICS A N D  
DETECTOR RESPONSES. 
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(4) Cal ibra t ion :  The Imager u t i l i z e s  both a 
space look and a n  on-board 290 K blackbody t o  
provide a two-point rad iometr ic  c a l i b r a t i o n  
approximately every 30 minutes. Space clamping 
t o  e s t a b l i s h  a DC re ference  is accomplished 
approximately every two minutes. 
(5)  I R  Detector  Cooling: A pass ive  r a d i a t i v e  
Cooler is used t o  cool a l l  I R  d e t e c t o r s  t o  105K. 
(6) Signal  Quant iza t ion :  The d e t e c t o r  analog 
e l e c t r i c a l  s i g n a l s  are ampl i f ied ,  f i l t e r e d ,  and 
10 b i t  d i g i t i z e d  f o r  a l l  d a t a  channels. 
(7) Data Rate: The Imager output  d a t a  rate is 
2.232 mega b i t s  pe r  second. 

IMAGER SIGNAL FLOW 

Figure  3 i s  a schematic r e p r e s e n t a t i o n  of 
t h e  Imager Sensor/Electronlcs .  Input  r a d i a t i o n  
from t h e  e a r t h  scene is r e f l e c t e d  from t h e  scan 
mirror i n t o  a te lescope .  The a f t  o p t i c s  s p l i t  
t h e  r a d i a t i o n  i n t o  f i v e  s p e c t r a l  channels. Four 
of these  are i n f r a r e d  channels  and one a v i s i b l e  
channel. The d e t e c t o r s  f o r  t h e  i n f r a r e d  
channels  are loca ted  w i t h i n  t h e  pass ive  
r a d i a t i v e  cooler .  The v i s i b l e  d e t e c t o r s  are not  
cooled and are loca ted  on t h e  a f t  o p t i c s  
subassembly. The d e t e c t o r s  convert  t h e  scene 
r a d i a t i o n  t o  e l e c t r i c a l  s i g n a l s  which go t o  a 
pre-amplif ier ,  pos t  a m p l i f i e r ,  f i l t e r s ,  and to  a 
10 b i t  A t o  D converter .  A sample and hold 
c i r c u i t  samples all d a t a  channels  s imultaneously 
P r i o r  t o  d i g i t i z a t i o n .  The d i g i t i z e d  d a t a  is 
then s t o r e d  i n  r e g i s t e r s  and read s e r i a l l y  t o  
the S/C d a t a  t ransmiss ion  system. 

DETAIL DESCRIPTION 

The Imager sensor  module is approximately 
42.6" long,  18" wide, and 28' high. Its 5 
s p e c t r a l  ohannels are l i s t e d  i n  Table 1 .  The 
v i s i b l e  channel r e s o l u t i o n  of 28 microradians is 
equiva len t  t o  an area of one square  ki lometer  a t  
nadi r .  I R  channels  2 ,  4, and 5 have ground 
r e s o l u t i o n s  of 4 square  k i lometers  each and 
channel 3, t h e  water vapor channel, is e i g h t  
ki lometers .  

The d e t e o t o r  conf igura t ion  i s  shown i n  
Figure 4. The I R  d e t e c t o r s  a r e  completely 
redundant as are a l l  of  t h e i r  r e s p e c t i v e  
e l e c t r o n i c s .  The v i s i b l e  channel d e t e c t o r s  
c o n s i s t s  of an e i g h t  element a r r a y  loca ted  
Symmetrically about t h e  o p t i c  ax is .  Eaoh scan  
of t h e  scene with t h e  v i s i b l e  a r r a y  sweep a 
swath of  eight ki lometers .  Each I R  channel has 
two d e t e c t o r s  f o r  normal o p e r a t i o n  and two f o r  
redundancy. Channel 3 has  one a c t i v e  8km 
d e t e o t o r  and one redundant. A l l  channels  sweep 
a swath of 8 km as t h e  mirror scans  East t o  West 
or West t o  East. 

The Imager Opt ica l  System d i v i d e s  t h e  scene 
r a d i a t i o n  i n t o  5 s p e c t r a l  bands by means of 
d i c h r o i o  beamspl i t te rs  and r e g i s t e r s  each 
s p e c t r a l  channel t o  each o t h e r  t o  permit 
simultaneous viewing of  t h e  soene. F igure  5 
sohematioal ly  d e s c r i b e s  t h e  Opt ica l  System. 
Windows s e r v e  to i s o l a t e  t h e  pass ive  r a d i a t i v e  
cooler  from t h e  sensor  module. The te lescope  is 
a n  F 12.25 Cassegrain wi th  a fooa l  l e n g t h  of 150 
inohes.  The obsura t ion  is 20s ( l i n e a r )  of  t h e  
c l e a r  a p e r t u r e  and the extended f i e l d  of view a t  
t h e  d e t e c t o r s  1.0 m i l l i r a d i a n .  Table 2 g i v e s  t h e  
requirements  and planned o p t i c a l  performance f o r  
t h e  GOES Imager. 

The IA d e t e c t o r s  are located on the  patch 
of our r a d i a n t  cooler  shown schemat ica l ly  i n  
F igure  6 .  The e n t i r e  cooler  is t h e r m a l l y  
i s o l a t e d  from t h e  rest of t h e  sensor  module. A 
deployable cover p r o t e c t s  t h e  cooler  p r i o r  t o ,  
during,  and immediately after launch. After 
approximately two weeks i n  o r b i t ,  t h e  s p a c e c r a f t  
ou tgass ing  has  decreased t o  a safe l e v e l  t o  
o p e r a t e  t h e  cooler  without  contaminat ion and t h e  
cover is deployed. When t h e  I R  d e t e c t o r s  reach 
105K t h e  I R  channels  are opera t ive .  

The Imager Scan Subsystem Block diagram, 
F igure  7 ,  d e p i c t s  t h e  u t i l i z a t i o n  of an 
Inductosyn as t h e  servo  e r r o r  genera tor .  When 
given a d i g i t a l  address ,  Sin/Cos s i g n a l s  are 
impressed on t h e  winding of t h e  Inductosyn 
stators. Induced i n  t h e  r o t o r  of t h e  inductosyn 
i s  a vol tage  caused by the  phase/amplitude 
d i f f e r e n c e  of t h e  s t a t o r  windings. Th i s  
p o s i t i o n  e r r o r  has  motion compensation and 
known coherent  e r r o r s  added. It is used t o  d r i v e  
a brushless  DC motor through a given scan  
p a t t e r n  a t  a f ixed E/W rate  and i n  s t e p s  N/S. 
The parameters of t h i s  system are shown i n  t h e  
Table 3. 

SOUNDER 

The Sounder is a nineteen-channel d i s c r e t e -  
f i l t e r  radiometer. Key f e a t u r e s  of t h e  system 
design include:  1 )  high s e n s i t i v i t y  f o r  each 
channel sample permi t t ing  high q u a l i t y  soundings 
from each atmospheric column, 2 )  a small 
ins tan taneous  geometric f i e l d  of view t o  provide 
increased  c a p a b i l i t y  f o r  clear column sounding, 
3 )  m u l t i p l e  s imultaneous samples and a high 
sampling ra te  which combine t o  provide r a p i d  
a r e a l  coverage and, 4) fu l l  a p e r t u r e  blackbody 
c a l i b r a t i o n ,  thermal c o n t r o l ,  space re ference  
and 13-bi t  quant iza t ion .  

The background of t h e  GOES Sounder is t h a t  
of t h e  HIRS/2, providing d i s t i n c t  c o r r e l a t i o n  of 
instrument  opera t ion  and performance. A f i l t e r  
wheel r o t a t i n g  10 times per second provides  f o r  
d a t a  sampling a t  10 s t e p s  per  second. The 
f i l ter  complement is much l i k e  HIRS/2 i n  t h e  
s e l e c t i o n  of f i l ters ,  bandwidth and noise  
equiva len t  rad iance  (NE A N )  requirements .  The 
f i l t e r  complement, s e l e c t e d  by NOAA is intended 
t o  improve upon p a s t  ins t ruments  and t h e  N E A  N 
va lues  are s l i g h t l y  higher  than i n  HIRS as a 
t rade-off  f o r  faster sounding coverage. 
Provis ion  is made i n  t h e  instrument  f o r  
increased  dwell-time which reduces t h e  NEA N of  
each area sample a t  t h e  expense of sounding 
rate. 

SOUNDER CHARACTERISTICS 

C h a r a c t e r i s t i c s  of t h e  GOES Sounder are 
g iven  i n  Table 4. The d e t e c t o r  and f i l t e r  
arrangement makes use of four  s p e c t r a l  bands: 
longwave, midwave, shortwave and v i s i b l e .  Four 
d e t e c t o r s  are s imultaneously i r r a d i a t e d  i n  each 
band, providing output  from f o u r  near ly  
contiguous IGFOV. I n  t h i s  manner, t h e  system 
can sample f o u r  8km IGFOV each 0.1 seconds. A 
s t e p  of l o b  ( a t  n a d i r )  provides  f o r  ad jacent  
P ixe l  s e p a r a t i o n ,  providing n e a r l y  independent 
atmospheric samples of each column. 
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The complement of f i l ters and t h e i r  genera l  
c h a r a c t e r i s t i c s  is  g iven  i n  Table 5. I n  t h i s  
t a b l e  we present  a f i l t e r  set which NOAA is 
reviewing a t  t h e  time of w r i t i n g  ( January) .  The 
f i n a l  set and de ta i led  system performance w i l l  
be repor ted  as t h e  system is completed. 

OPERATIONAL FEATURES 

Scan c o n t r o l  of t h e  Sounder d i f f e r s  from 
t h a t  of e i t h e r  HIRS or VAS i n  t h a t  a f u l l y -  
commandable set  of coord ina tes  may be d i r e c t e d  
t o  t h e  s a t e l l i t e  a t  any time. System design has  
included as much f l e x i b i l i t y  as p o s s i b l e  t o  
permit s e l e c t i v e  area and time, provide high 
l o c a t i o n  accuracy,  and permit increased  dwell 
f o r  s e n s i t i v i t y  improvement. The scan  system is 
t o t a l l y  d i g i t a l l y  c o n t r o l l e d ,  permi t t ing  start 
and s t o p  l o c a t i o n s  t o  be s e l e c t e d  f o r  both 
coord ina tes .  Time s e l e c t i o n  is provided by a 
combination of l o c a t i o n  commands and a n  execute  
command. A s  shown i n  F igure  8 ,  t h e  scan is 
b a s i c a l l y  West-East i n  l O k m  s t e p s ,  dropping 40km 
at  t h e  end of  a l i n e  and r e t u r n i n g  East-West, 
cont inuing  t h i s  p a t t e r n  u n t i l  t h e  d e s i r e d  frame 
is completed. Provis ion  is made f o r  s topping  a t  
one l o c a t i o n ,  r e p e a t i n g  t h e  selected frame, 
skip-s tepping a t  20km per  s t e p  t o  i n c r e a s e  t h e  
coverage rate, or i n c r e a s i n g  t h e  time a t  each 
s t e p  l o c a t i o n  from 0.1 seconds t o  0.2 seconds. 

Locat ion accuracy of  t h e  Sounder is aided 
by i n t e r n a l  c i r c u i t r y  which main ta ins  scan  
l o c a t i o n  and r e p e a t a b i l i t y  t o  very p r e c i s e  
values. I n  a d d i t i o n ,  t h e  per turbances  of  t h e  
s p a c e c r a f t  caused by e i t h e r  t h e  Imager or 

Table 4. Key Fea tures  of Sounder 

Channels Detec tor  IGFOV IGFOV 
(spec  m a )  (nomimall 

Longwave IR HgCdTe 224 Prad  215 11 rad d i a .  
Midwave I R  HgCdTe 224 21 5 
Shortwave I R  InSb 22 4 215 
V i s i b l e  S i l i c o n  224 21 5 

Detec tors  P e r  channel 4 (sounding) 
FOV Defining Element 
Telescope Aperture 
Channel Separa t ion  
Channel D e f i n i t i o n  
Radiometric Cal ib  
Freq of  Space Clamp 
Freq of I R  Cal ib  
IR Detector  Temp 
F i e l d  Sampling 
Scan S t e p  Angle 

S t e p  and Dwell T ime  

Scan C a p a b i l i t y  
Sounding Areas 
Opt ical Locat ion 
S ignal  Quant iz ing  
Output Data Rate 
System Power Average 
System Weight: 

Sensor Assembly 
E l e c t r o n i c s  Module 

Tota l  

F i e l d  s t o p  
31.1 cm d i a .  
Dichroic  
I n t e r f e r e n c e  f i l t e rs  
Space, 2WK-IR BB 
3 minutes 
30 minutes 
1 OOK 
4 areas N-S, 1 O k m  c e n t e r s  
280 v r a d  (1Okm n a d i r ) ;  
560 v r a d  o p t i o n a l  
0.1 s; (0 .2s  and 0.4s 
o p t i o n a l )  
F u l l  e a r t h  and space 
10 km x 40 km t o  any 
S t a r  sens ing  
13 b i t s  a l l  channels  
32000 b i t s  per  second 
74 watts 

120 l b  (54.5 kg) 
40 l b  (18.2 kg) 
160 l b  (72.7 kg) 

Sounder m i r r o r  motion or by r o t a t i o n  or o f f s e t  
of t h e  s p a c e c r a f t  are ins tan taneous ly  d e t e c t e d  
and compensated i n  t h e  scan c o n t r o l  u n i t .  This  
maintains  t h e  scanner  l ine-of -s ight  a t  t h e  t r u e  
coord ina te  a t  all times. Locat ion c a l i b r a t i o n  
of t h e  Sounder is  aided by a s t a r  sens ing  
c a p a b i l i t y .  Per iodic  checks of a b s o l u t e  
l o c a t i o n  w i l l  confirm t h e  instrument  poin t ing  
accuracy and permit  a c c u r a t e  monitor ing Of 
ins t rument  and s p a c e c r a f t  point ing.  

DATA OUTPUT 

The Sounder d a t a  is provided as a complete 
set f o r  each 0.1 second sample. Radiometric 
d a t a  from t h e  f o u r  IGFOV's, each sampling 19 
channels ,  is s e n t  t o  t h e  ground i n  a serial data 
stream with 13 b i t  p rec is ion .  Included wi th  t h e  
rad iometr ic  d a t a  are housekeeping te lemet ry ,  
re fe rence  blackbody temperatures ,  and l o c a t i o n  
information.  Per iodic  views of space and I R  
blackbody provide rad iometr ic  c a l i b r a t i o n .  
E l e c t r o n i c  c a l i b r a t i o n  signals provide f o r  
monitor ing o f  a m p l i f i e r  and d a t a  system q u a l i t y .  

The initial down-link is  not  for t h e  end 
u s e r ,  bu t  goes t o  t h e  Control  and Data 
Acquis i t ion  S t a t i o n  a t  Wallops I s land .  This  
d a t a  is checked and tagged with ground 
coord ina tes ,  then merged wi th  t h e  Imager d a t a  i n  
a s i n g l e  d a t a  format f o r  re t ransmiss ion .  The 
end u s e r  has t h e  raw radiometr ic  d a t a ,  
c a l i b r a t i o n  information,  and ground l o c a t i o n  
informat ion  f o r  h i s  purposes. 

The design of t h e  Sounder is intended t o  
provide t h e  q u a l i t y ,  accuracy,  f l e x i b i l i t y ,  and 
independence which w i l l  meet t h e  needs of  t h e  
sounding community f o r  many years  t o  come. 

L '  I 
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NORMAL 
CHANNELS 

REDUNDANT 
INFRARED 
CHANNELS 

F i g u r e  4 .  Imager  D e t e c t o r  P a t t e r n .  

F i g u r e  7 .  Scan D r i v e .  

Table 3 .  Imager Scan Parameters 

Parameters 
Scan Velocity: 20V/sec (E-W) 
Scan Length: 
Frame Height: 
Turnaround Time 0.2 SeC 

1 to  19”  TYP 
1 l ine  to  19’ TYP 

~. 

Scan Step: 224  rad 
Control Increment: 

Scan Location Accuracy: 3-5 rad 

Scan Commands 
Start and End Location: 
Frame Repeats: 0-63 
Priority Frame, Star Sense 

16 11 rad E-W 
0 11 rad N-S 

xt y 

F i g u r e  8 .  Sounder  Scan  Frames. 
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10.7 IDEAS FOR A FUTURE EARTH OBSERVING SYSTEM FROM GEOSYNCHRONOUS ORBIT 

William E. Shenkl, Verner E. Suomi’, Fritz Von Bun3, Forrest Hall’, Wayne Esaiasl, Marvin Maxwell’ 
1. INTRODUCTION 

Geosynchronous satellites have made very 
large contributions towards our knowledge and the 
prediction of mesoscale and other rapidly 
evolving meteorological phenomena. However, the 
observational guidelines published by the scien- 
tific community indicate the need for a much 
greater capability (e.g. The National Storm 
Program-Storm Central Phase-Preliminary Program 
Design, 1984; Federal Coordinator for Meteor- 
ological Services and Supporting Research, 1983; 
Envirosat-2000 Report, 1985; Uccellini, 1985). 

The geosynchronous platform associated 
with the Space Station program is a strong 
possibility for a significant extension of the 
observation of meteorological phenomena beyond 
what’s planned with the next generation opera- 
tional geosynchronous satellite in the 1990’s and 
should allow the development of new capabilities 
for earth survey and oceanography to complement 
the data from low orbiting satellites. 
future Space Station program will make it 
possible to construct, test, and launch large 
systems into geosynchronous orbit. It may be 
possible to economically combine the needs of 
communications and earth observations into a 
single large geosynchronous platform. 

GEOSYNCHRONOUS ORBIT 

There are generic properties of viewing 

The 

2. GENERIC PROPERTIES OF SENSING FROM 

from geosynchronous orbit that offer unique 
advantages for earth observation measurements. 
First, high temporal resolution can be achieved, 
which is limited only by instrument design. The 
high temporal resolution i s  commensurate with 
many small scale and rapidly changing phenomena. 
Any diurnal observation requirement is usually 
best satisfied with geosynchronous measurements 
as long as passive measurement techniques can be 
gsed. For earth survey and oceanographic 
surveillance the high temporal resolution is also 
extremely effective for sharply reducing the 
cloud interference and unfavorable atmospheric 
condition problems as well as allowing selectable 
viewing times and frequencies. The high temporal 
resolution means that time compositing can be 
used t o  minimum cloud/atmospheric effects when 
lower temporal resolution i s  needed than the 
measurement interval. The detection and moni- 
toring of episodic events can be accomplished. 

lLaboratory for Atmospheres 
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Since the temporal resolution can be minutes or 
hours the anisotropic and/or thermal inertial 
characteristics o f  a surface or the atmosphere 
can be used as independent pieces of information. 
Measurement consistency checks can be made using 
data taken on successive views of the same area. 
High temporal resolution will allow near perfect 
time and space matching with data from other 
sources (e.g. low orbiting satellites, radar, 
radiosondes). 

consistent viewing geometry to any given earth 
location. Therefore the spatial resolution and 
the atmospheric slant path do not vary, so 
excellent interpretations can be made of spatial 
and temporal gradients. Thus, measurement 
differences are only caused by actual atmospheric 
or surface changes rather than being influenced 
by alterations in how the scene is viewed. The 
nearly stationary position of the satellite 
permits sensing dwell times that are only limited 
by scene coverage requirements for a given 
temporal resolution assuming a commensurate 
attitude control system. This is in contrast to 
sensors on low orbiting spacecraft which are 
moving at about 8 km/sec. The long sensing dwell 
times on the geosynchronous platform can be used 
to improve spatial resolutions to the diffraction 
limit, to obtain very high signal to noise data, 
andfor to make high spectral resolution 
measurements. 

From geosynchronous orbit there is a 

Since a large percentage of a hemisphere 
can be seen at one time from geosynchronous orbit 
sensors can be designed to provide nearly instan- 
taneous coverage over large areas. One important 
result of this is that small scale, rapidly 
changing events (e.g. thunderstorms) can be 
surveyed quickly enough and their interactions 
with each other and the surrounding environment 
can be simultaneously determined. 

since the same instrument is usually used for a 
particular measurement (e.g . cloud growth 
monitoring) throughout the sequence. On low 
orbiting satellites two similar sensors are often 
used for the same task (e.g.  the profiling 
instruments on the NOAA spacecraft). 

synchronous platforms are located near each other 
such that there is an overlap in their coverage 
and the same high resolution imaging instruments 
are on each spacecraft. Cloud stereography from 
the GOES satellite has already been successfully 
demonstrated (Minzner, et al., 1978; Hasler, 
1981) and the temperature independent cloud 
height information is more accurate and has 
higher spatial resolution than any known radio- 
metric method. 

Calibration difficulties are minimized 

Stereography is possible if two geo- 

Finally, the geosynchronous sate1 1 i te can 
be its own data relay, 4.e.. It acts as its own 
communication spacecraft. Thus, the observations 
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Table 1 

Geometric Effects on Observations 

Zenith Angle Distance from Nadir 
Degrees km 

10 
30 
40 
50 
60 

9 30 
2,800 
3,800 
4.800 
5,800 

can be sent directly to any ground stations 
within the field of view of the satellite for 
analysis. Also, the data rates are often much 
lower than for comparable spatial resolution 
measurements from low orbit since the areas are 
selectable and often can be scanned at a slower 
rate. This is especially important for earth 
survey observations where a two order of magni- 
tude reduction in data rate is very significant 
because it reduces complexity and cost (e.g., 
from 100 megabits/sec to 1 megabit/sec). 

synchronous orbit. Complete coverage between 
50"N and 50"s with reasonable viewing angles 
requires 6 geosynchronous satellites. However, 
the uses of the data at the start of the program 
are expected to be experimental. Thus, in 
general, only regional areas or less need to be 
covered, and therefore the lack of near global 
coverage is not a serious limitation. 
telescopes and/or antennas are needed since the 
distance is about 36,000 km to the earth's 
surface. The Space Station, with the ability to 
assemble, test, and then deploy to geosynchronous 
orbit, is important to the success of these large 
and, therefore, costly instruments. Finally, it 
is practical to utilize only passive sensing 
methods due to the great distance to the earth 
from geosynchronous altitude. 

The constant location above the equator 
gives oblique, but constant, off zenith viewing 
angles. 
angle varies with the distance along the surface 
between the satellite nadir point and the point 
being observed, the percentage of a hemisphere 
that can be observed at that zenith angle or 
less, and the increase in the Instantaneous Field 
of View (IFOV) in the direction along a great 
cicle arc passing through nadir. The increase in 
the IFOV orthogonal to the arc is small as the 
zenith angle becomes larger. 

There are some limitations of the geo- 

Large 

Table 1 shows how the off zenith viewing 

3. METEOROLOGICAL UTILIZATION 

Geosynchronous satellites are capable of 
obtaining data over large areas with high 
spatial, spectral and temporal resolution. 
Therefore, they are the best satellites for 
determining meteorological parameters that are 
associated with events that are small scale 
and/or change rapidly. These events include 
severe thunderstorms, other mesoscale convective 
systems, tropical and extratropical cyclones, 
frost and freeze situations, fog, and dust 
storms. Many of the measurements that are taken 
of these events can be used to detect and predict 
other localized phenomena, such as orographic 
effects and lake and sea breezes. The data can 

Increase in IFOV along a 
Great Circle Arc Passing % of 

Hemisphere Through Nadir (%) 

1 
9 

17 
27 
35 

2 
15 
30 
50 

100 

be used to initialize regional-scale and meso- 
scale models. The realism and sophistication of 
these models is progressing rapidly and by the 
late 1990's they will require the suggested 
observations. Some of the measurement require- 
ments for synoptic- and hemisphere-scale 
meteorological systems and climate (e.g. winds, 
diurnal cloud changes) are met with geosynchro- 
nous satellite data. 

observation guidelines when severe thunderstorms 
are occurring (modified slightly from Shenk, g 
d., 1985). Table 2 shows that high horizontal 
and temporal resolutions are needed. Realisti- 
cally only a geosynchronous orbit can satisfy the 
temporal requirements. This set of guidelines is 
one of the most difficult to satisfy since the 
significant portions of severe thunderstorms are 
small scale (-10 km) and evolve very rapidly 
(-min). When these needs are met many of the 
requirements for other mesoscale phenomena are 
also satisfied. There are tables similar to 
Table 1 for other mesoscale phenomena (GOES-Next 
Concept Study, 1981). When the observational 
guidelines are translated into instrument para- 
meter specifications (e.g . spatial resolution, 
signal to noise, etc.) some of the horizontal and 
temporal resolution needs become even higher. A 
good example is the derivation of winds from 
cloud motion where a less than 1 km sensor 
horizontal resolution is needed to track small 
clouds to produce wind estimates on coarser 
(-20 km) grid scales. 

During the 1990's the United States will 
have the next generation GOES operational 
satellites in orbit. The meteorological instru- 
mentation will consist of a infrared sensor for 
measuring atmospheric temperature and mol sture 
profiles and another sensor whose principal 
functions (besides providing routine images) will 
be to determine surface temperature, winds from 
cloud motions, high resolution lower troposphere 
moisture fields, cloud properties (amount. type, 
and height) and some precipitation information. 
In addition, during the 199O's, it is anticipated 
that some additional research sensors wi 11 be 
flown. These include microwave temperature and 
moisture profiling and imaging (principally for 
precipitation), ozone mapping, lightning mapping, 
and a next generation infrared temperature and 
moisture profiler to provide higher vertical 
resolution and accuracy. Thus, what we should 
consider for earth observation sensors for the 
Space Station geosynchronous platform should be 
those that are more advanced than both the 
operational and expected research instruments 
mentioned above. Naturally, if these research 
instruments have not been flown, they could be 
candidates for the Space Station geosynchronous 
p 1 atf orm. 

Table 2 gives an example of a list of 
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Table 2 

Severe Local Storm In-Progress 
Observational Guidelines 

Parameter 
Resolution 

Horizontal Vertical Temporal Absolute Accuracy 

Temperature: 
o Surface 
o Profile, General 
o Profile, Thunderstorm 

and Inmediate Vicinity 

Moisture : 
o Profile, General 
o Profile, Thunderstorm 

and Inmediate Vicinity 
o Lower Tropospheric 

Moisture Gradient 
(e.g., Dry Line) 

Surface Pressure: 
o General 
o Thunderstorm and 

Imned iate Vicinity 

Winds: 
o Boundary Layer 
o Above Boundary Layer 

Precipitation: 
o Rate 

o Yes/No 
0 Type 

Cloud Top Height 

(km) 

5-15 
10-50 
5-25 

10-50 
5-25 

3-15 

10-50 
5-25 

5-20 
10-50 

3-50 
1-10 
5-50 

0.5-10 

*Need 0.2 km vertical resolution for inversions 
**Relative accuracy is one-half these values 

While the expected developments in the 
GOES Program in the 1990's will result in a major 
increase in meteorological sensing capabilities 
there still will remain a number of substantial 
measurlng deficiencies that can only be addressed 
by another enhancement level of instrumentation. 
The early generation microwave profiler, using a 
4.4 m antenna, will provide temperature profile 
nadir resolutions in cloudy areas of about 35 km 
and moisture profile resolutions of approximately 
20 km. However, resolutions of 5 km (see Table 
2) are needed. Thus, much larger microwave 
antennas are required. 
is required to achieve a resolution of about 4 km 
if the 118 GHz region is used for temperature 
profiling. The 183 GHz region is needed for 
water vapor profiles and the resolution would be 
around 2 1/2 km. Precipitation mapping requires 
1-3 km horizontal resolution to resolve indivi- 
dual convective cores. With high frequency 
microwave (i.e. 183 GHz) this resolution can be 
achieved with the 40 m antenna. With 2-3 km 
resolution, it should be feasible to track small 
precqpitating convective cells over water under- 
neath higher clouds to obtain winds. These could 
be especially valuable in storms (e.g., tropical 
cyclones). A 40 rn antenna that is designed for 
high frequency microwave measurements will 
require assembly and extensive testing in low 
orbit before deployment to geosynchronous orbit. 

An antenna o f  about 40 m 

(km) 

1-5* 
1-5* 

1-5* 
1-5* 

0.2-1 
1-5 

0.25 

(min) 

10-30 
30-120 
1-10 

30-120 
1-10 

5-30 

30-120 
1-10 

5- 30 
15-60 

3-30 
1- 10 
6- 60 

0.5-15 

+1-2" c** 
T1-2"C** 
- Fl-Z"C** 

- +5-15%RH 
+5-15%RH - 
+10-25%RH 

0.5-1.0 mb** 
0.5-1.0 mb** 

+20-50% - 
Rai n/Hai 1 

+250-500m 

Another capability that is needed for the 
detailed monitoring of strong convective areas 
(which is the most demanding type of cloud 
measurement) is high spatial and temporal 
resolution visible and infrared imaging. 
time history of convective growth is related to 
convection intensity (Adler and Fenn, 1979) and 
to the subsequent precipitation volume produced 
by a cell. Infrared resolution of 1 km at 
11 um is required to accurately monitor the 
vertical rise rates of the cells (Adler, et al., 
1983). Achievement of this resolution requires a 
>1 m optical diameter telescope that is diffrac- 
tion limited. This telescope is also needed for 
solving another major deficiency area which is 
the resolutions needed for accurate cloud motion- 
wind determination (both day and night), to 
significantly improve surface temperature 
mapping, and much better general cloud property 
determination. The pacing horizontal resolutions 
are 200 m in the visible and 500-1000 m in the 
11 Infrared region that lead to the 21 m 
optical telescope. 

addressed by the data from the platform is 
inadequate vertical temperature and moisture 
profile resolution. Even tkf next generation 
temperature profilers with 5;- = 0.1% spectral 
resolution are not expected to completely solve 
this problem. The best remote sensing instrument 

The 

- 

The final major deficiency which can be 
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for improving vertical resolution is lidar pro- 
filing (1-2 km vertical resoolution) but this is 
not yet practical from geosynchronous orbit. 
Therefore, the best approach is the next (and 
probably ulhlmate) step in passive profiling 
beyond the - = 0.1% spectral resolution approach 
which is to'resolve the,rings of individual 
absorption lines with - = 0.01% spectral 
resolution in the 4.3 
Vertical resolutions of 2-3 km in the troposphere 
ar;f possible (compared to 3-4 km with the 
- =  0.1% spectral resolution and 5 kin with 
cbrrent profilers). As Table 2 shows this will 
cover about half of the range of the requirement 
of 1-5 km. Another instrument that will contri- 
bute significantly to improving the accuracy of 
temperature profiling is total ozone mapping 
which can be used to accurately estimate tropo- 
pause height. Passive profile methods have lower 
accuracy in the tropopause region where there are 
sharp temperature changes. An independent esti- 
mate of the tropopause height from Nimbus 7 total 
ozone data has been shown to improve the profiles 
by about 1K in the upper troposphere and lower 
stratosphere. 
extremely useful for estimating strong wind 
gradients associated with the jet stream 
(Shapiro, et al., 1982: Uccellini, et al., 1985) 
and in detecting and tracking volcanic eruptions 
(Krueger, 1983). The upper tropospheric mapping 
capability is being used in real time during this 
year's Genesis of Atlantic Lows Experiment 
(GALE). 

for some of the traditional meteorological 
parameters, there are some important special 
measurements that can be made. A sensor that 
could be used for lightning mapping, trace gas 
detection and mapping is a small instrument using 
area arrays of 2000 by 2000 detectors that could 
provide data with a ground resolution of 5 km. 
This would provide a field of view of 10.000 km 
on a side in the spectral region from 200 nm to 
1000 nm. The telescope would have a focal length 
of 200 mm and an aperture of 5 cm. The spectral 
selection would be done using a filter wheel with 
filters appropriate to the observation needs. 

the measurement of global pollution becomes more 
and more important. It is well known that the 
sky radiation is highly polarized at an angle 
near 90" from the sun. Aerosols and pollution 
depolarizes this radiation and thus these sources 
can be readily identified. In principle it 
should be possible to trace pollution plumes 
using this technique. 

C02 absorption region. 

In addition the ozone data are 

Besides reducing the major deficiencies 

As time and industrialization pr'ogress, 

4. EARTH SURVEY UTILIZATION 

The primary utilization of earth survey 
data from geosynchronous orbit would be for the 
monitoring of transient or episodic events that 
are not normally possible to monitor with the 
repeat cycle of a lower orbiting satellite over a 
given location. 
also allow the sharp reduction of cloud and 
atmospheric effects, the use of anisotropic 
properties and thermal inertia of a scene as 
additional data sources, and the survey of stress 
related events whose detection requires flexible 
viewing times. 

The geosynchronous orbit will 

A number of important land related 
vegetation phenomena can be reliably observed 
only by sensors mounted onboard geosynchronous 
platforms. Thermal phenomena such as freeze 
damage and drought-induced canopy temperature 
elevation often occur for relatively brief 
periods during the day and can only be monitored 
by utilizing the finer scales of viewing fre- 
quency offered by geosynchronous platforms. This 
capability also permits monitoring of key vegeta- 
tion related events which occur during relatively 
narrow phenological windows of two to three days. 
Events such as forest infestation by the Gypsy 
moth during the leaf extension state of deciduous 
trees, or the effect of high ambient temperatures 
on crop yields during wheat grain filling or corn 
pollination are two important examples. 

observation of drought induced wilting of 
vegetated canopies which, during the early stages 
of drought, occurs only during maximum daytime 
heating in the afternoon. For the remainer of 
the day, the canopy may appear totally normal. 
Episodic events such as flooding, fire, and wind 
driven soil erosion could only be observed given 
the flexible viewing schedule of the geosynchro- 
nous platform. 

day also permits the best possible atmospheric 
conditions to be obtained for surface observa- 
tions. 
absolute radiometry needed for observing a host 
of vegetation phenomena is difficult if not 
impossible under many atmospheric conditions 
encountered with even daily coverage. 
tropics of course, more frequent coverage is 
needed to obtain minimally cloud free conditions. 
The geosynchronous platform also provides a 
unique station from which to acquire multiple sun 
angle illumination data needed to estimate many 
of the more intractable biophysical parameters 
such as biomass, leaf area, etc. 

Snow and ice detection can further be 
improved by using a combination of very high 
visible resolution and imaging microwave data. 
The viewing angles are quite satisfactory for 
snow at midlatitudes and even suitable for 
detecting ice in lakes and coastal areas probably 
up to 70" of great circle arc from the subsatel- 
lite point. The liquid water content of snow i s  
best measured using microwave. 
tions used in conjunction with very high 
resolution visible imaging, have been quite 
successful in estimating snow water equivalent if 
the snow is not over 1 meter deep. 

primary sensor will be an imaging radiometer with 
a clear aperture of one to two meters. 
could share the same telescope that would be used 
for meteorology and oceanography. 
tion limited observing system,can provide the 
excellent signal to noise required for these 
advanced studies by adjusting the integration 
time to provide the required signal. The ground 
resolutions will be a function o f  wavelength and 
aperture size and are shown in Table 3 for the 
various spectral regions covered by the instru- 
ment. The nominal field of view for earth 
surveys will be 500 km wide and as long as 
desired. 

Selectable viewing times permit the 

The continuity of viewing throughout each 

This is extremely important since 

For the 

These observa- 

For these land survey observations the 

This 

This diffrac- 
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Table 3 

Spectral Regions Instantaneous Field of View (m) 
(um) 1 m Aperture 2 m Aperture 

0.4 to 1.0 
1.0 to 2.4 
3.5 to 4.2 
10.5 to 12.5 

Each of the spectral regions will be divided into 
a number of different spectral bands. The 40 m 
microwave antenna mentioned earlier would be 
suitable for the snow and ice investigations. 

5. OCEANOGRAPHIC UTILIZATION 

The oceanographic utilization of geo- 
synchronous satellite data will focus on 
improvements in sea surface temperature 
measurement and ocean color sensing. 
estimation of sea surface temperature can most 
likely be improved to 20.5K along with better 
coverage with the combination of the large high 
resolution imager mentioned earlier for earth 
survey and meteorological purposes and the 40 m 
microwave antenna providing low frequency micro- 
wave data. 

The 

This accuracy and better coverage could 
provide tropical oceanographers with a substan- 
tial improvement in their ability to monitor and 
follow events related to the El Nino and Southern 
Oscillation. One of the primary difficulties in 
the tropics is the removal of atmospheric and 
cloud effects, which are intimately tied with 
evolving ocean temperature fields. 
resolution capability and a continuous sampling, 
many of these problems can be overcome. 

There are several ocean color features 
that change with sufficient rapidity to sub- 
stantially benefit from measurement from 
geosynchronous orbit. Ocean fronts and eddies, 
which are important as areas of enhanced fish 
concentration and for identifying strong current 
regions, can move a few miles in a day and are 
more reliably detected from ocean color rather 
than from thermal signatures. For example, loop 
currents in the Gulf Stream in the summer become 
difficult to thermally detect but are distin- 
guishable from color features. 
location sufficiently in a day to require 
repeated monitoring. Nutrient concentrations 
near the ocean surface also can change rapidly, 
especially those associated with upwelling 
following the passage of a cyclone. 
plankton surface concentrations can vary by a 
factor of 4 over a few hours due to combinations 
of wind induced mixing and dilution, current 
motions, migration vertically in the water, and 
in response to nutrient increases. 
processes present biases for once daily observa- 
tions of phytoplankton abundance from polar 
platform ocean color sensors which could be 
accounted for and studied with repeated views 
from geoplatforms. 
dramatically In a few hours caused by tidal 
advection and changes in the winds. 
plume location and movement is important for 
ecology and where sedimentation will occur. 

With a high 

They change 

Phyto- 

These 

Estuarine plumes can change 

Knowledge of 

50 - 100 25 - 50 
100 - 200 50 - 100 

400 
1000 

200 
500 

Another significant use of geosynchronous 
observations which is important not only to 
global energy balances but also to ocean heat 
fluxes and studies of marine photosynthesis is 
the derivation of surface incident radiation in 
the visible region. 
being done with GOES observations for limited 
regions, and would represent an important con- 
tinuation of observational capability. 

synchronous orbit for ocean color observations. 
These arise from the generally very low albedo of 
the ocean, and therefore the need to account 
rigorously for atmospheric and surface reflection 
effects. The primary assumption made in deriving 
ocean leaving radiance values from satellite 
observations in the visible is that the ocean has 
zero reflectivity (is black) in the 700-1000 nm 
region, and that detected radiances in this 
interval are due to atmospheric scattering. 
provides for a somewhat quantitative atmospheric 
correction. When the sun-sensor angles are high 
(resulting in extremely low values of ocean 
leaving radiance/atmospheric radiance), or when 
the angles and wind conditions are such that 
specular surface reflection of sunlight occurs, 
then both the atmospheric correction (marine 
aerosol optical depth) and information about 
water properties become meaningless. These 
conditions are minimized in polar orbiter 
instruments by selecting near-noon orbital 
crossing times and tilting the sensor away from 
the sun glitter. For a geosynchronous orbit, 
these effects will restrict the areas of 
meaningful observations to a variable fraction of 
the total field of view (on the order of 50%) 
depending on time of day and season. P. Koepke 
and H. Quenzel (1979) present a limited analysis 
of favorable viewing times for viewing aerosols 
from geosynchronous platforms which also suffices 
for the ocean color case. 

The constraints would not jeopardize use 
of the observations to follow the short time 
scale phenomena in general, but would reduce the 
number of observations in certain regions on a 
given day. The long integration times enabled by 
"pointed" geosynchronous instruments is a decided 
benefit to maximizing the signal/noise ratio for 
the case of low surface incident light levels and 
the oceans in general, which requires higher 
sensitivity and/or quantization than for most 
land or atmospheric applications. 

nm spectral resolution for a minimum of 8 
channels in the 400-1000 nm region. 
to noise ratios required are on the order of 
300:l. Two or three channels in the thermal 
infrared are required for Sea Surface Temperature 
Observations, with calibratlon and signal to 

These analyses are presently 

There are constraints to using a geo- 

This 

Ocean visible observations require 10-20 

The signal 
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noise equivalent to an accuracy o f  O.1K at 
300K. An observation interval of every 30 
minutes with about 1 km spatial or near coastal 
studies, higher spatial resolution (0.2 km) would 
be useful since the spatial scales of features is 
smaller than in the open ocean, but many impor- 
tant questions can be addressed with continuous 1 
km data which are presently beyond reach with 
existing capabilities. The same large aperture 
radiometer that wi 1 1  support the meteorological 

Uccellini, L. W . ,  1985: Observational require- 
ments for the regional scale," Proceedings of 
the symposium and workshop on qlobal wind 
measurements, July 29-August 1 , 1985, NASA (in 
press). 

Uccellini, L. W., 0. Keyser, K. F. Brill and C. 
H. Wash, 1985: The Presidents' day cyclone of 
18-19 February 1979: Influence of upstream 
trough amplification and associated tropopause 
folding on rapid cyclogenesis, Mon. Wea. Rev., 

and land survey investigations can be used. - 113, 962-988. 
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1. INTRODU CTION 

NASA and NOAA have s e l e c t e d  a new 
three-axis  s t a b i l i z e d  s a t e l l i t e  a s  GOES-NEXT. 
It w i l l  be launched from t h e  space s h u t t l e  and 
c a r r y  s e p a r a t e  v i s i b l e / i n f r a r e d  imaging and 
multi-channel i n f r a r e d  sounding instruments .  
This  primary g e o s t a t i o n a r y  s a t e l l i t e  f o r  weather  
and c l imate  purposes i n  t h e  e a r l y  1990s i s  shown 
on the  cover of t h i s  P r e p r i n t  Volume. The 
ins t ruments  a r e  improved v e r s i o n s  of t h e  AVHRR 
which has  been s u c c e s s f u l l y  flown on a number of 
N O M  and INSAT s a t e l l i t e s .  

The Pass ive  Microwave Radiometer (PMR) 
i s  a s c i e n t i f i c  experiment under c o n s i d e r a t i o n  
f o r  f l i g h t  on a t  l e a s t  one of t h e  new GOES 
s p a c e c r a f t .  It i s  shown i n  F igure  1 a s  t h e  
l a r g e  4.4 m pr imary r e f l e c t o r  added t o  t h e  b a s i c  
GOES-NEXT ( o r  GOES-I, J, 9). P r e s e n t l y ,  a 
number of p a r a l l e l  s c i e n t i f i c  and engineer ing  
s t u d i e s  a r e  r e q u i r e d  t o  r e f i n e  the PMR 
experiment. 
during the  o r a l  p r e s e n t a t i o n  a t  the  conference.  

2. SCIENTIFIC OBJECTIVES 

Early r e s u l t s  w i l l  be presented  

PMR experiment o b j e c t i v e s  a r e  t o  u s e  a 
g e o s t a t i o n a r y  p la t form f o r  t h e  f i r s t  time t o  
o b t a i n  p a s s i v e  microwave imagery and soundings 
i n  a h igh  time frequency mode t o  address  severa l  
key s c i e n t i f i c  o b j e c t i v e s .  The s c i e n t i f i c  
o b j e c t i v e s ,  drawn from a concensus of U.S. 
s c i e n t i s t s  a s  def ined  i n  major n a t i o n a l  r e s e a r c h  
programs and p r i o r i t i e s ,  address  present-day 
problems of a tmospheric  sc ience  a t  the  mesoscale  
and i n  c l imate  research .  

New s t u d i e s  of developing mesoscale 
systems, i s o l a t e d  o r  intermeshed wi th  l a r g e r  
s c a l e s  of storms, w i l l  be p o s s i b l e  by combining 
two a s p e c t s  of the  PMR: 

a )  high time frequency imaging (At < 10 
minutes)  over  a 500 I. 500 km s e c t o r  
and high time frequency temperature  
and mois ture  sounding (At 30 
minutes)  over  a 1000 x 1000 Lm 
s e c t o r ,  and 

b )  t h e  a b i l i t y  t o  p e n e t r a t e  the  
ex tens ive  non-prec ip i ta t ing  cloud 
masses which obscure important  
b a r o c l i n i c  development and 
i n t e n s i f i c a t i o n  from observa t ion  by 
i n f r a r e d  sounding instruments .  

Thus, t h e  fbsgt g c i e n t i f i p  m G t f V Q  Of PblR i s  
t o  s tudy the o n s e t  and e a r l y  development s t a g e s  
of p r e c i p i t a t i n g  weather systems, inc luding  
mesoscale convect ive systems (MCS's), 
e x t r a t r o p i c a l  storms and t r o p i c a l  storms. 

F igure  2 i s  a schematic d e p i c t i o n  of 
s e v m  outbreak antecedent  condi t ions .  
The c louds  normally found w i t h i n  t h e  warm s e c t o r  
of such a system severe ly  l i m i t  t h e  informat ion  
on l o c a l  thermodynamics and s t a b i l i t y  t h a t  can  
be obta ined  by present-day i n f r a r e d  sounders. 
Thus, s c i e n t i s t s  a r e  l i m i t e d  t o  d e t a i l e d  
d i a g n o s t i c  s tudy  of only those few such 
condi t ions  t h a t  have been 'captured '  by 
expensive ground networks launching s e r i a l  
rawinsondes. 
s c i e n t i f i c  d a t a  base on t h e  four-dimensional 
s t r u c t u r e  of t h e  atmosphere during severe storm 
antecedent  condi t ions ,  Researchers  using both 
convent ional  d i a g n o s t i c  and numerical model 
approaches w i l l  use t h e  PMR r e s u l t s .  

PMB w i l l  v a s t l y  en large  o u r  

Another t a r g e t  f o r  PblR-related r e s e a r c h  
i s  t h e  Mesoso& ConvoctivQ SomDlQ& (MCC) which 
b r i n g s  l a r g e  amounts of p r e c i p i t a t i o n  t o  
p o r t i o n s  of t h e  United S t a t e s  during t h e  warmer 
seasona. F igure  3 is  an i n f r a r e d  image showing 
the  ex tens ive  middle and upper c loud  cover  from 
a MCC over  the  e n t i r e  M i s s i s s i p p i  Val ley and 
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Fig .  1. Artist’s conception of the PMR on a GOES s a t e l l i t e .  

PRINCIPAL CONTRIBUTORS TO 
THUNDERSTORM GENERATION: 
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Fig. 2. C l a s s i c  severe l o c a l  storm outbreak antecedent condi t ions .  
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LONGITUDE rwesll 
Fig. 3. I n f r a r e d  GOFS images of an MCC centered  
w c r  Miss i ss ippi .  

most of southeas te rn  U.S. Figure  4 (from 
Maddox, 1981) shows a composite east-west c r o s s  
s e c t i o n  through a n  MCC with e a r l y  s c i e n t i f i c  
e s t i m a t e s  of t h e  a s s o c i a t e d  temperature  and 
moisture  anomalies a t  t h e  meso/synoptic s c a l e .  
The PMR experiment w i l l  p e n e t r a t e  much of t h e  
cloud cover  and allow measurement of t h e s e  
temperature  and mois ture  anomalies. Prev ious ly ,  
a tmospheric  s c i e n t i s t s  would r e l y  only  upon 
expensive research  a i r c r a f t  ( i n  l i m i t e d  supply)  
t o  measure i n t e r n a l  thermodynamic s t r u c t u r e s  of 
MCC' s. 

A s  noted i n  t h e  fol lowing s e c t i o n ,  t h e  
PMR imager w i l l  a l s o  be  designed t o  measure t h e  
r e l a t i v e  occurrence of p r e c i p i t a t i o n .  Thus, 
another  s c i e n t i f i c  o b i e c t i v e  of PMR d a t a  i s  t o  
complement ground-based r a d a r  and o t h e r  
measurements t o  allow a new, time-dependent view 
of the  p r e c i p i t a t i o n  p a t t e r n s  i n  t h e  MCC's. t h e  
e x t r a t r o p i c a l  storms and t r o p i c a l  storms. 

The PMB experiment w i l l  address  
s p e c i a l  c l imate  r e s e a r c h  o b i e c t i v e s .  
a geos ta t ionary  o r b i t  i n  view of t h e  United 
S t a t e s ,  the PMR w i l l  be  i d e a l l y  l o c a t e d  t o  s tudy 
t h e  v a r i a t i o n s  of  reg iona l  c l imate  south and 
southwest of t h e  U.S. Thus, i t  w i l l  g r e a t l y  
enhance our c l  imate-related observa t ions  of t h e  
El Nino reg ions  and t h e  t r o p i c a l  convergence 
zones of t h e  Western Hemisphere. 

F ly ing  i n  

A s  a pr imary c l imate  obieo t ive ,  PMR d a t a  
w i l l  provide both a new p r e c i p i t a t i o n  index and 
much improved measurements of t h e  l a r g e s c a l e  
eddy flux of  moisture  between t h e  t r o p i c s  and 
m i d l a t i t u d e s  i n  our  region.  
evidence t h a t  such t ropica l -midla t i tude  exchange 
processes  a r e  a key t o  s k i l l f u l  long range 
f o r e c a s t s .  
monitor t h e s e  l a r g e s c a l e  eddy exchange 

There i s  mounting 

The PMR experiment w i l l  measure and 

Fig. 4 .  Composite west t o  e a s t  c r o s s  s e c t i o n  of 
midwestern MCCs 

Temperature Anomalies (OC) - Dashed Lines  
Moisture Anomalies (g/kg)  - S o l i d  Lines  

processes .  Today, most of them a r e  missed by 
our  very  inadequate  rawinsonde network south and 
southwest of the  U.S. 

A gecond c l imate  o b i e c t i v e  i s  t o  a s s i s t  
w i t h  i n t e r n a t i o n a l  research  on t h e  v a r i a b i l i t y  
of clouds. A t  p resent ,  our c loud d e t e c t i o n  
methods a p p l i e d  t o  the c loud/ rad ia t ion /c l imate  
feedback problem have only used i n f r a r e d  and 
v i s i b l e  measurements. Largescale  c i r r u s  clouds, 
e s p e c i a l l y  a t  low l a t i t u d e s ,  sometimes cover  
a c t i v e  p r e c i p i t a t i o n  reg ions ,  but sometimes they 
do not. The a d d i t i o n  of PMR d a t a  f o r  c loud 
cl imatology purposes  w i l l  remove t h i s  ambiguity 
over  the  Western Hemisphere. 

3. THE PMR INSTRUMINTATION 

A s  a Pass ive  Microwave Radiometer, PMR 
h a s  opt ions  f o r  channels  a c r o s s  much of t h e  
spectrum shown i n  F igure  5 .  However, 
p re l iminary  engineer ing/sc ience  t r a d e o f f s  have 
a l r e a d y  begun t o  focus  t h e  l i k e l y  channels  t o  
those i n  the  m i l l i m e t e r  wave reg ions  (e.g. 30 
GHZ t o  300 G A Z ) .  
imposed by the  maximum s i z e  of a pro-s t ructured 
antenna (primary r e f l e c t o r )  which may be c a r r i e d  
i n  the s h u t t l e  bay. Thus, the  primary i s  4.4 
meters. 

A f i r m  boundary condi t ion  i s  

Several  engineer ing opt ions  a r e  under 
s tudy regard ing  the c o n f i g u r a t i o n  of t h e  
anteanna/receiver .  I n  genera l ,  t h e  GOES PMR 
c o n s i s t s  of a r e c e i v e r  connected t o  a narrow 
beam, high g a i n  antenna t h a t  may be pointed a t  
any spot  on e a r t h ,  i.e. an 18' coverage cone. A 
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Transmittance of the  15' N annual 

scan mechanism allows a mat r ix  of ' s p o t s '  t o  be 
scanned t o  compose a scan  frame o r  r e g i o n  a s  
def ined  i n  Table  1. A t  an i n t e r v a l  (e.g. 90 
minutes) chosen t o  f i t  t h e  GOES-NEXT s p a c e c r a f t  
o p e r a t i o n  sequence, t h e  primary r e f l e c t o r  would 
be slewed ( i f  d e s i r e d )  t o  another  scan region.  

The PMR o r  antenna electromagnet ic  
s p e c i f i c a t i o n s  i n  the  i n i t i a l  study a r e  shown i n  
Table  2. Five d a t a  channel f requencies  a r e  

a s  w e l l  a s  v i e r s  in 'window' regions. Note t h a t  
these S p e c i f i c a t i o n s  a r e  under study and some 
(e.g. beam e f f i c i e n c y )  may change i n  t h e  f i n a l  
instrument  design. Ground r e s o l u t i o n ,  an 
important aspec t  of s c i e n t i f i c  d a t a  use, w i l l  
range from about 35 hu a t  t h e  low t o  1 5  hu a t  
t h e  h igher  f requencies .  Together with t h e  time 
r e s o l u t i o n  ( r e s c a n  time) shown in Table 1, t h i s  
r e l a t i v e l y  high s p a t i a l  r e s o l u t i o n  al lows PMR t o  
f u l l y  meet i t s  sc ience  objec t ives .  

4. IMPACT ON SPACE- OPERATIONS 

shorn t o  allow sounding near  H 0 and O2 bands, 2 

As a candidate  experiment f o r  GOES-NEXT, 
t h e  PMR must meet i t s  s c i e n t i f i c  o b j e c t i v e s  
without  i n t e r f e r i n g  with normal opera t iona l  use 
of GOES-NEXT. Prel iminary s t u d i e s  show t h a t  
while  Plda makes good advantage of t h e  3-a*is 
s t a b i l i z a t i o n  and concurrent  v i s i b l e  and 
i n f r a r e d  measurements from GOES-NEXT, it w i l l  
not p e r t u r b  the normal opera t ions .  Indeed, i t  
i s  planned t o  opera te  completely independent of 
t h e  GOES imager and sounder. For example, t h e  
two o ther  instruments  could be focused upon 
storms over t h e  U.S. while  PblR viewed a growing 
hur r icane  in t h e  t r o p i c s .  

Table 1. Antenlu Pointing Speoi f ioat ions  

Soan frame 1000 x 1000 Km (and 500 x 500 Km) 

Frame aoan time 30 minutes (and 6 minutes) 

Angular range loo orf earth oentor 

Slew time 1 minute 

Pointing error 0.01' absolute 

Po i n t  ing error 0.003' 1 ine- to-1 ins 

Table 2 .  Antenna Electromagnetio S p e o i f i c a t i o n s  

Fr equenoie s 

Pol ar ir  a t i  on 
Coverap 

Beam o f f  io ienoy 

Calibration 

Diameter 

Weight 

Snrfaoe t o l e r i n o e  

Beam width 

92, 118, 150. 183, 230 OB; 
Linear 

Highest gain penci l  beam 

85s minimm 

Cold and hot references  

4.40 meters 

90 kilograms rarimnm 

0.0017 inoh rms 
0.03 degrees a t  183 OB; 

Extensive P W s p a c e c r a f t  i n t e r f a c e  
s t u d i e s  w i l l  allow refinement of the  PMR 
experiment p lan  and a s s u r e  compat ib i l i ty  with 
t h e  GOES-NEXT mission. 

5. SUMMARY 

W e  have descr ibed  a new t imely Pass ive  
Microwave Radiometer (PMR) experiment f o r  GOES- 
NEXT. Hopefully, it w i l l  be i n  o r b i t  in t h e  
e a r l y  1990's. The PblR, a multi-channel 
microwave radiometer ,  w i l l  allow new 
measurements of temperature and moisture  
s t r u c t u r e  and t h e  presence of p r e c i p i t a t i o n  by 
p e n e t r a t i n g  much of the overlying cloud cover  
near  s i g n i f i c a n t  weather systems. The PMR 
experiment has  s p e c i f i c  s c i e n t i f i c  o b j e c t i v e s  
f o r  mesoscale weather s t u d i e s  and f o r  c l imate  
change. 

Exci t ing  new r e s u l t s  from high frequency 
microwave radiometers  flown on t h e  NASA r e s e a r c h  
a i r c r a f t  (e .g.  Wilhei t ,  e t  a l . ,  1982) .  from 
e a r l y  S a t e l l i t e s  (e .g.  Kidder, e t  a l . ,  1978) ,  
and from today 's  opera t iona l  sun-synchronous 
s a t e l l i t e  (e.g. Purdom, e t  a l . ,  1986) give 
s t rong  evidence t h a t  the  PMR experiment w i l l  be 
successfu l .  
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ON THE ESTTMATTON OF ANTECEDENT PRECIPITATION I N D E X  FROM REMOTE 
SENSING MEASUREMENTS 

A l b e r t 0  L. Pl .ores 

Departamento de Meteorologfa - F a c u l t a d  de C i e n c i a s  Exac ta s  y 
N a t u r a l e s  

Un ive r s idad  de Ruenos Aires 
Buenos Aires, Repfiblica Argen t ina  

1. INTRODUCTION 

The e v a p o r a t i o n  phenomenon i n  t h e  n a t -  
u r a l  s u r f a c e  environment  i s  one of  t h e  main 
phases  of  t h e  h y d r o l o g i c a l  cyc le .  Water e n t e r i n g  
t h e  e v a p o r a t i o n  phase comes from f r e e  water 
s u r f a c e s  o r  from l a n d  s u r f a c e s  t o t a l l y  o r  par-  
t i a l l y  covered by v e g e t a t i o n .  These components 
are s t i l l  among t h e  less understood a s p e c t s  of  
t h e  e v a p o r a t i o n  p r o c e s s ,  and i t  is s t i l l  r a t h e r  
d i f f i c u l t  t o  estimate q u a n t i t a t i v e  v a l u e s  on a 
r e g i o n a l  b a s i s .  

On l and  s u r f a c e s  t h e  s o i l  m o i s t u r e  con- 
t e n t  of  t h e  upper  l a y e r  i s  i m p o r t a n t  i n  hydrology 
f o r  p a r t i t i o n i n g  r a i n f a l l  i n t o  i t s  runof f  and 
i n f i l t r a t i o n  components; w h i l e  i n  meteorology,  
s o i l  m o i s t u r e  de t e rmines  t h e  p a r t i t i o n i n g  of  n e t  
r a d i a t i o n  i n t o  l a t e n t  and s e n s i b l e  h e a t  compo- 
n e n t s .  Thus,  i n  o r d e r  t o  g e t  a r easonab ly  good 
estimate o f  t h e  e v a p o r a t i o n ,  a t  least  r e g i o n a l l y ,  
s o i l  m o i s t u r e  shou ld  be  known. 

m o i s t u r e  d e t e r m i n a t i o n  (Schmugge e t  a l ,  1980) .  
I n  t h i s  pape r  t h e  remote s e n s i n g  approach w a s  
used (Car l son  e t  a l . ,  1984; F l o r e s  and C a r l s o n ,  
1985).  

t o  ground t empera tu re  measurements from sa t e l -  
l i t e s ,  as was shown by Car l son  e t  a l .  (1981) 
and Wetzel  e t  a l .  (1984) .  

pa rame te r  c a l l e d  Antecedent  P r e c i p i t a t i o n  Index 
h a s  been used (Saxton and Lenz, 1967; Choudhury 
and B lancha rd ,  1983; Wetzel  and At las ,  1981) .  

I n  t h i s  p a p e r  a r e l a t i o n s h i p  between 
s o i l  m o i s t u r e  a v a f l a b i l i t y  and an Antecedent  
P r e c i p i t a t i o n  Index i s  p r e s e n t e d  ove r  a r e g l o n  
l o c a t e d  f n  Argen t ina ,  l ook ing  f o r  an o p t i m i z a t i o n  
of t h e  p r e c f p i t a t i o r i  e s t i m a t i o n  f o r  s h o r t  p e r i o d s  

e v a l u a t i o n  of  e v a p o r a t i o n  i n  a n e a r  f u t u r e .  

There are d i f f e r e n t  methods f o r  s o i l  

The s o i l  m o i s t u r e  is c l o s e l y  r e l a t e d  

I n  a s s e s i n g  s o i l  m o i s t u r e  amounts a 

e .  g . ,  10 - 30 days )  w i t h  t h e  u l t i m a t e  g o a l :  

2 .  THE METHOD 

The s o i l  m o i s t u r e  a v a i l a b i l i t y  (M) i s  
o b t a i n e d  from i ts  r e l a t i o n s h i p  w i t h  t h e  d i u r n a l  
range of  s u r f a c e  t empera tu re .  M i s  t h e  one used 
by Manabe e t  a l .  (1969) ,  d e f i n e d  by Budyko (1956) 

and i t s  v a l i d i t y  a n a l i z e d  by Nappo (1975) .  

a)  s i m u l a t i o n  of d i u r n a l  t empera tu re  from a one 

b) r e p e a t  a) changing on ly  one i n i t i a l i z a t i o n  

The s t e p s  o f  t h e  method are:  

d imens iona l  boundary l a y e r  model, 

v a r i a b l e  of  t h e  model s e v e r a l  times. b e i n g  M 
p r e c i s e l y  t h a t  v a r i a b l e  ( a c t u a l l y  M and t h e  
the rma l  i n e r t i a ;  f o r  f u r t h e r  d i s c u s s i o n  see 
Car l son  ( 1985)) , 

r e g r e s s i o n  e q u a t i o n  of M on a p a i r  of temper- 
(T1 , T . )  from t h e  ones  g e n e r a t e d  by a t u r e s  

t h e  model. T h i s  p a i r  shou ld  c h a r a c t e r i z e  t h e  
shape  o f  t h e  d i u r n a l  range of s u r f a c e  tem- 
p e r a t u r e s  ( s e e  Polansky,  1982) ; 

d) r e l a t e  real  (T , T ) v a l u e s  ( e . 6 . :  measured 
from s a t e l l i t e $  w i t 6  M through t h e  s o l u t i o n  
o b t a i n e d  i n  c)  . 

c )  p r e p a r e  a look-up t a b l e  o r  a q u a d r a t i c  - 

L 

Up t o  t h i s  p o i n t  M v a l u e s  were o b t a i n e d  
b u t  a ground t r u t h  v a l u e  is  r e q u i r e d .  Th i s  v a l u e  
is  o b t a i n e d  from t h e  Antecedent  P r e c i p i t a t i o n  
Index (API) f o r  t h e  r e g i o n :  

APIi = API K + Pi i- 1 
where API. is t h e  i n d e x  v a l u e  f o r  t h e  i -day,  

APIi-l t h e  same for  t h e  i - 1  day,  K a r e c e s s i o n  

c o e f f i c i e n t  and P .  t h e  t o t a l  i-day p r e c i p i t a t i o n .  
Note t h a t  the i -d iy  i s  a n o n - p r e c i p i t a t i n g  day. 
The n e x t  s t e p  i s  t o  i n t e n d  a c o r r e l a t i o n  between 
M and API. API shou ld  be  r e p r e s e n t a t i v e  of t h e  
p r e v i o u s  r a i n f a l l  i f  a t  least  a p e r i o d  of t w o  
months i s  c o n s i d e r e d ,  b u t  w i t h  some dependence 
on t h e  r e c e s s i o n  c o e f f i c i e n t  v a l u e  adopted 
(Saxton and Lenz, 1967).  

I n  t h e  way e x p l a i n e d ,  a r e l a t i o n s h i p  be- 
tween M and API f o r  one day w i l l  be  o b t a i n e d .  I f  
two s e p a r a t e  days a r e  chosen,  t hen  a c o r r e l a t i o n  
and r e g r e s s i o n  a n a l y s i s  cou ld  b e  performed f o r  
a s e v e r a l  days p e r i o d ,  a s  F l o r e s  and Car l son  
(1985) d i d  f o r  a r e g i o n  l o c a t e d  i n  USA. 

3 .  THE MODEL 

The one d imens iona l  p l a n e t a r y  boundary 
l a y e r  model used is  an  updated v e r s i o n  of t h e  
one used by Car l son  e t  a l .  (1984) and F l o r e s  and 
Car l son  (1985) .  A s u r f a c e  energy b a l a n c e  e q u a t i o n  
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is  used a t  the ground-air i n t e r f a c e ,  with f l u x e s  
of momentum, s e n s i b l e  and l a t e n t  h e a t  exchange 
through a sur face  t r a n s i t i o n  l a y e r ,  a t u r b u l e n t  
sur face  l a y e r  and a convect ive mixing l a y e r  i n  
the  atmosphere. A d i f f u s i v e  h e a t  f l u x  was used 
i n  a s u b s t r a t e  l a y e r .  The model i s  no s t a t i o n a r y  
and vegeta t ion  i s  not  parameterized. 

t h e  h e a t  f l u x  equat ion ,  
The moisture  a v a i l a b i l i t y  appears i n  

- Le h o p o )  - 4,) M 

Ra + 

Le Eo - 

where the  s p e c i f i c  humidi t iy  d i f f e r e n c e  r e f e r s  
t o  a s a t u r a t e d  s u r f a c e  ( subscr ip  zero)  and the  
top of t h e  s u r f a c e  l a y e r  ( s u b s c r i p t  a ) .  Ra and 
Rcv r e f e r s  r e s p e c t i v e l y ,  t o  t h e  eddy conduction 
r e s i s t a n c e  f o r  moisture  f l u x  i n  the  atmospheric 
s u r f a c e  l a y e r  and the  r e s i s t a n c e  f o r  the  t r a n s i -  
t i o n  l a y e r ,  which i s  envis ioned t o  be a narrow 
reg ion  over which a combination of eddy, molecu- 
l a r  and r a d i a t i v e  f l u x e s  c o e x i s t  i n  some fash ion  
(Carlson,  1985). Le is the  vapor iza t ion  h e a t  f o r  
water .  

4 .  TARGET REGION AND DATA 

The region was loca ted  over Argentina's 
c e n t r a l  p a r t  and runs east-west between 34"s  and 
39"s and i ts  area covers  approximately 800.000 

LOCATION OF THE STUDY REGION IN 

SOUTII AMERICA (DASHED AREA) 

4 4 0  OS 
80 OW 

o o o  
nm 

square k i lometers  (Fig.  1 1 ,  f i n a l l y  reduced t o  
about 600.000 square k i lometers  due t o  t h e  image 
processor  procedures. 

December 24, 1981 and January 18,  1982. The c r i -  
t e r ia  f o r  d a t e s  s e l e c t i o n  were: a )  summer season 
and b)  two cloud f r e e  days n o t  separa ted  more 
than a month o r  l e s s  than a week. 

I n f r a r e d  imagery from SMS/GOES e a s t  s a t -  
e l l i t e  w a s  used t o  determine sur f  ace temperatures  
over t h e  a rea .  For each day two images were used: 
12 GMT and 17  GMT. They were considered t h e  b e s t  
t i m e s  t o  be used i n  order  t o  g e t  M f i e l d  from 
thermal i n f r a r e d  (Polansky, 1982; Wetzel and 
Atlas, 1983). Four images p a r t i a l l y  overlapped 
were used t o  cover the  a r e a  (depic ted  i n  F igs .  2 
and 3). The i n f r a r e d  and v i s i b l e  images were sup- 
p l i e d  by t h e  Nat ional  Oceanic and Atmospheric 
Adminis t ra t ion.  The water  vapor a t t e n u a t i o n  was 
cor rec ted  us ing  a r a d i a t i v e  t r a n s f e r  model pro- 
vided by J .  P r i c e  ( s e e  Carlson e t  a l . ,  1984). 
A l l  t h e  image processing and modelling work w a s  
performed a t  The Pennsylvania S ta te  Univers i ty  
on t h e  Department of Meteorology's computer fa-  
c i l i t  ies . 

The model r e q u i r e s  l o c a l  i n i t i a l i z a t i o n  
d a t a .  Four rawinsonde s t a t i o n s  were used and 
d a i l y  synopt ic  c h a r t s .  The s u b s t r a t e  temperature  
was a c l imato logica l  f o r  t h e  c e n t r a l  p a r t  of t h e  
region.  

The s e l e c t i o n  of t h e  t a r g e t  a r e a  w a s  
based i n  t h e  annual  p r e c i p i t a t i o n  g r a d i e n t  from 
east t o  west. In  t h e  average i t  goes from 1000 
mm ( e a s t )  t o  200 nun (wes t ) .  The t e r r a i n  i s  f l a t :  
from sea l e v e l  i n  t h e  east t o  less than 300 m i n  
t h e  west. Nei ther  drought nor  excess  r a i n f a l l  
condi t ions  e x i s t e d  i n  the  region a t  t h a t  t i m e .  
The area c o n s i s t s  mainly of u n i r r i g a t e d  rangeland 
and cropland. 

The d a i l y  r a i n f a l l  d a t a  were computed t o  
o b t a i n  t h e  API va lues ;  t h e  beginning day was Sep- 
tember 1 ,  1981. Seventy-one raingage s t a t i o n s  
were used,  depic ted  as d o t s  i n  F i g s  2 and 3. The 
recess ion  c o e f f i c i e n t  used f o r  API was 0,92 cho- 
sen a r b i t r a r i l y  from l i t e r a t u r e  (Saxton and Lenz, 
1967; Choudhury e t  a l . ,  1982) and kept  cons tan t  
f o r  t h e  region.  

The a n a l y s i s  w e r e  performed f o r  two days 

5.  ANALYSIS AND RESULTS 

M and API f i e l d s  f o r  the  two d a t e s  were 
ana l ized  (not  shown). The M and API f i e l d  d i f -  
fe rence  between t h e  days chosen (nM and A A P I )  
was ana l ized  (Figs .  2 and 3 ) .  AAPI values  a r e  
i n  mi l imeters  of p r e c i p i t a t i o n .  Visual  i n s p e c t i o n  
of the  f i g u r e s  show a genera l  agreement between 
them. 

A c o r r e l a t i o n  a n a l y s i s  w a s  c a r r i e d  out  
us ing  an overlapping 10 x 26 g r i d  t o  o b t a i n  t h e  
p a i r s  of values .  The c o r r e l a t i o n  c o e f f i c i e n t  ( r )  
w a s  0 , 5 4 .  To improve t h i s  va lue  a subregion with 
maximum M g r a d i e n t  w a s  chosen. It was loca ted  i n  
t h e  c e n t r a l  and upper c e n t r a l  p a r t  of t h e  area 
(Fig.  2 ) .  I n  t h i s  way, wi th  only 54 va lues  t h e  r 
va lue  was 0,81. 

F igu re  1 
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A l i n e a r  r e g r e s s i o n  a n a l y s i s  was in -  
tended because n o  o t h e r  r e l a t i o n s h i p  wa 

A .  M d i s p e r s i o n  diagram (no t  s h  wn) .  M range 
f o r  t h e  sample w a s  0.45 wh i l e  LAPI range was 
80. The r e l a t i o n s h i p  w a s  

g s t e d  a f t e r  a v i s u a l  i n s p e c t i o n  on a A API sug- v s  

nAPI (mm)  = 

According t o  t h e  t - r a t i o s ,  t h e  o r d i n a t e  t o  o r i g i n  
and s l o p e  a r e  s i g n i f i c a n t  (above 2.0)  f o r  t h e  
sample s i z e  (Davies ,  1973). The c o r r e l a t i o n  coef-  
f i c i e n t  was a l s o  t e s t e d  acco rd ing  t o  F i s h e r ' s  
"z" t r ans fo rma t ion  (Brooks,  1953) and i t  is  s i g -  
n i f i c a n t  because i t  could be  exceeded by a sample 
taken a t  random l e s s  t han  once i n  100 samples.  
The -15 v a l u e  i n d i c  t e s  t h e  r a i n f a l l  needed f o r  
t h e  r e g i o n  t o  k e e p A M  z e r o  f o r  t h e  p e r i o d  con- 
s i d e r e d ,  

- 15 + 121/\M 

6.  CONCLUSIONS 

The a n a l y s i s  of a new source  f o r  s o i l  
mo i s tu re  de t e rmina t ion  was a p p l i e d  f o r  f i r s t  t ime 
i n  South America. The approximations used could 
be  improved. For example,  t h e  GOES p i x e l s  s i z e  
(about 60-70 squa re  k i l o m e t e r s )  compared w i t h  t h e  
r a ingages  network (about  one p e r  9000 squa re  k i l -  
ometers)  were f a r  t o o  small; a subreg ion  w i t h  
a h i g h e r  d e n s i t y  network should be used. 
va lue  of t h e  r e c e s s i o n  c o e f f i c i e n t  should cor- 
respond t o  t h e  d i f f e r e n t  s e c t i o n s  of  t h e  t a r g e t  
a r e a  because t h e r e  i s  an east-west  change i n  s o i l  
and climate regime. For  each image s i n g l e  r ad io -  
sonde d a t a  w e r e  used t o  i n i t i a l i z e  t h e  model and 
t h i s  could be improved t o o  . 
i n c l u s i o n  of v e g e t a t i o n ,  needed s p e c i a l l y  i n  t h e  
e a s t e r n  h a l f  of  t h e  t a r g e t  a r e a .  

t h e  p o s s i b i l i t i e s  of t h e  method should be  ana- 
l yzed  i n  dep th  because t h e  r e s u l t s  s h a m  are 

s i g n i f i c a n t  i n  a r e g i o n  w i t h  s p a r s e  d a t a .  

The 

The model w i l l  be improved w i t h  t h e  

Within t h e  t i m e  and space s c a l e  used,  
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ASSESSMENT OF MEASUREMENT ERROR DUE TO SAMPLING PERSPECTIVE 
IN THE SPACE-BASED DOPPLER LIDAR WIND PROFILER 

S. H. Houston and G. D. Emmitt 

Simpson Weather Associates, Inc. 
Charlottesville, Virginia 

1.0 INTRODUCTION 
SRTELLITE BASED DOPPLER L lORR SIMULRTION 

Simulation experiments for a space-based 
Doppler lidar wind profiler are being conducted 
to develop optimum wind vector computation 
algorithms. These algorithms must deal with 
measurement errors that are unique to this 
application of Doppler lidars. One error com- 
ponent arises from using a small number of 
independent radial wind observations dis- 
tributed over large areas such that each obser- 
vation has a different perspective on a wind 
field that may be characterized by large 
spatial and temporal variations. This error is 
largest along the satellite ground track and at 
the edges of the lidar scan domain. 

In the assessment presented here idealized 
wind fields are used as inputs to the Doppler 
lidar wind profiling model. The radial wind 
estimates output by this model are passed 
through the Multi-Pair Algorithm (MPA) to yield 
a wind measurement for 300 x 300 km2 areas 
(Emmitt, 1985). The derived divergence fields 
have been chosen to demonstrate the gradient 
patterns that are peculiar to the Doppler lidar 
sampling strategy and perspective. 

2.0 RESULTS 

The conical scan pattern used in our model 
of the Doppler lidar wind profiler is presented 
in Figure 1. Radial winds are computed for 
each lidar "shot" using an input wind field. 
Figure 2 shows an example of the wind vectors 
for a control wind field averaged over 300 x 
300 km2 boxes in the left half of the lidar 
scan domain. This control wind field is an 
idealized flow where au/ ax = av/  a y = 
sec-l giving divergence values equal to 2.0 x 

Figure 2 .  
sec-l for the field of wind vectors in 

The MPA calculates wind vectors using each 
pair of radial wind estimates derived from the 
lidar wind profiler model in a scheme which 
incorporates the product of the spatial and 
angular separation weighting functions. The 
spatial separation weighting function gives 
higher weights to those pairs of radial wind 
estimates separated by the smallest distance, 
so the influence of gradients will be min- 
imized. Since the optimum scparation angle 

Fig. 1. Example of conical scan pattern for a 
polar orbiting space-based Doppler lidar wind 
profiler as it passes over the eastern U.S. 
The satellite height is 800 km, velocity is 7.5 
km sec-l, scan angle = 45O, PRF = 8 sec-l, 
revolution rate = lo-' sec-l, and modulation 
amplitude = 0 . 3 3  (modulation amplitude is a 
function which controls the rate of rotation so 
that shot pair separation is optimized.) 

Fig. 2.  Mean wind vectors on a 100 km grid 
where each vector is an estimate for a 300 x 
300 km2 box. The wind field used to produce 
these averaged winds has uo = 1.0 m s-', vo = 

0.0 m s - ' ,  w a x  = av/ny = sc>c-l. 
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between two radial wind estimates is 90°, the 
angular separation weighting function assigns 
lower weights as the angular separation values 
deviate further from 90'. 
wind field in Figure 2 the Doppler lidar wind 
profiler model produces the vectors shown in 
Figure 3 .  

Operating on the 

....... ....................... 
3 3 5 1 $ 3 3 3 3 +  

' ' * ,I a 1 4  Sat.  Trock,.,' 
4 6  ................... .! .......................... uw!J ......... B ........................................... 4' 

Fig. 3 .  Using the input wind field shown in 
Figure 2 ,  the Doppler lidar profiler model 
produces estimates of the lidar winds for 300 x 
300 km2 areas. 
tion is along the lower edge of the larger 1400 
x 1400 km2 display domain. 

Note the satellite track loca- 

In the vector format the MPA Doppler lidar 
wind estimates in Figure 3 appear to be in very 
good agreement with those shown in Figure 2. 
However, when divergence values are computed, 
the effects of sampling perspective become 
apparent (Figure 4). The error is greater than 
25% for small areas near the satellite track 
and at the outer edges of the scan domain. The 
divergence values are very close to 2.0 x 
sec-' in the larger area of the domain between 
the inner and outer samples. 

E 
m 

+I 

m 
c 

Fig. 4. Divergence field calculated for the 
Doppler lidar wind estimates in Figure 3 .  The 
contour interval is 0.5 x sec-l. The 
shaded areas indicate deviations of divergence 
from 2.0 x (i.e. the input divergence for 
the wind in Figure 2 )  that are greater than 
25%. 

To further study the sampling perspective 
error, random fluctuations due to system noise 
and atmospheric turbulence having a Gaussian 
distribution are incorporated into the wind 
field. The resulting MPA Doppler lidar winds 
in Figure 5 again appear to be in very close 
agreement with the input winds of Figure 2. 
Figure 6 shows the divergence for the wind 
field with random fluctuations. There are some 
divergence errors greater than 50%,  but these 
are again located in the outer regions of the 
scan domain. As before there are errors of 
greater than 25% close to the satellite track, 
but even with random noise added, the larger 
central region of the domain has a divergence 
value very close to 2.0 x sec-l. 

....... ....................... 
Sot. Trock,,.' 

............................................... ...................................................... 4. 

Fig. 5. MPA Doppler lidar wind profiler wind 
vectors with random fluctuations added to the 
input wind field for Figure 2. The random 
fluctuations are a Guassian distribution with 
u U  = u v  = 0.15 m s-', uwI = 0.05 m s- ' ,  

'system noise = 0.35 m S- 

I 

........ ....... ___- 
Sat. Traoi'*:, .- ....-.-............ ..... ...................................................... 14 ................. 

z m , b  ,y 
T.tm 4.' 

.._- ....... 
Sat. Traoi'*:, ..... 

Fig. 6. Divergence field for simulated winds 
in Figure 5. 

3.0 CONCLUSIONS 

There is a sampling error in the simulated 
Doppler lidar wind profiler measurements due to 
angular and spatial separation between shots in 
a "shot pair." An algorithm has been developed 
to minimize the contribution of this error to 
the total measurement uncertainty. The multi- 
pair algorithm is a prototype and is 
continuously being reevaluated. Using model 
input winds such as those from the AVEVAS I1 
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LAMPS model and the ECMWF "nature" run, a 
quantitative assessment of the sampling per- 
spective error and its effects on predictive 
numerical models are currently underway. 
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CONSTRAINTS ON RESOLVING MESO-a AND MESO-8 PHENOMENA 
USING A SPACE-BASED DOPPLER LIDAR WIND PROFILER 

10 m/s 
/" 

G. D. Emmitt and S .  H. Houston 

Simpson Weather Associates, Inc. 
Charlottesville, Virginia 22902 

1.0 INTRODUCTION 

It has been proposed that a pulsed, co- 
herent Doppler lidar system could be placed in 
a low earth orbit ( -800 km) and scanned in a 
conical manner (Fig. 1) that would yield wind 
vectors in the cloud free regions around the 
globe. Initial feasibility studies concen- 
trated on the use of a Doppler lidar to obtain 
spatial resolution of 300 km in the horizontal 
and 1 km in the vertical (Huffaker, 1978; NOAA, 
1981; NASA, 1982). More recent and advanced 
studies have begun to address questions re- 
garding the influence of coherent mesoscale 
atmospheric structures on the lidar wind compu- 
tation algorithm (Emmitt, 1985). In this in- 
stance one is not trying to resolve the 
mesoscale fields but only assess their effects 
on the up-scale measurements. 

Fig. 1. Proposed conical scan pattern for a 
satellite based Doppler lidar. Dark arrow is 
the satellite ground track. In this case the 
orbit lidar parameters are: 

A1 t itude 800 km 
Satellite Orbital Speed 7.5 km s-' 
Scan Angle from Nadir 5 6' 
Scan Period 20 seconds 

Pulse Length 2 km 
Shot Frequency (PRF) 8 s-1 

The authors developed lidar shot manage- 
ment and wind computation algorithms, which are 
used to probe the resolution limits and specify 
the nature of the constraints on resolving 

mesoscale ( a  and B) wind fields. These con- 
straints are, in most instances, unique to the 
proposed Doppler lidar configuration and there- 
fore lead to issues of tradeoffs and optimiza- 
tion. Several examples of simulated Doppler 
lidar performance in resolving wind gradient 
features are presented using currently proposed 
scan and signal processing parameters. 

2.0 RESULTS 

Simulation experiments have been conducted 
using a variety of input wind fields including 
mesoscale and GCM model outputs, objectively 
analyzed and gridded observational data and 
idealized control fields. To illustrate the 
nature of the Doppler lidar errors, only the 
latter type of input is used in the following 
presentation. 

14 

Fig. 2a. Input winds to Doppler lidar simula- 
tion model where uo = 1.0 m s-l~ v 
0.0 m s - ' ;  du/dx = dv/dy = 4 . 0  x 18-6; u u  = 
u v  = .15. The vectors displayed are only 
those at the location of shot pairs having a 
weighting function 2.8 (1.0 being highest 
weight). 

= 

Each lidar shot produces a single measure- 
ment of the winds along a 2 km pulse. Lidar 

I 
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shots are paired according to the multi-pair 
algorithm (MPA) to yield estimates of u and v 
with the assumption that the vertical com- 
ponent, w, of the wind is either very small 
when averaged along the 2 km pulse or is small 
when averaged over a specified horizontal 
domain. The angular and spatial separation 
between shots in a pair contribute to the 
measurement error. Since these separations are 
strictly a function of scan geometry we can 
weight or rank pairs by how close their angular 
separation is to 90° and their spatial separa- 
tion is to 0.0 km. Having weighted each pair's 
estimation of the wind, we can choose to use 
only the best pairs to produce an estimation 
for a specified grid area. 

14 

14 

12 - 

10 - 
E -  

8 -  
Y 

: * 
6 -  

10 m/s 
/ 

4 -  

2 -  

0 '2 
2 

20 m f 5  

Fig. 2b. Output winds from Doppler lidar simu- 
lation model for input winds in 2a. Only those 
winds obtained from shot pairs having weighting 
functions 2.8 are displayed. 

In the simplest case a constant gradient 
in the u and v components is employed across 
the lidar scan domain (Figure 2a). The lidar 
scan parameters listed in the figure (2) cap- 
tion are nominal and currently considered 
feasible. To simulate system noise and a back- 
ground level of atmospheric turbulence at wave- 
lengths less than 2 km, a random measurement 
error (RMS = .15 m s-l)  is used. In Figure 2b 
those pairs that have the better weights (.8 to 
1) are shown with their wind estimates for the 
input field in Figure 2a. The constant 
gradient is resolved with very small errors 
(<2%). Although the lidar scan domain is from 
the ground track out to 1400-1500 km, only a 
fraction (-40%) of the domain contains pairs 
with angular separation sufficient enough to 
meet the .8 weighting threshold. 

2 With a pulse repetition rate (prf) of 8 
the shot density would be -1 shot per 200 km 
yielding an average spacing of 14 km. If each 
shot was a complete wind measurement, then the 
shortest wavelength feature that could be the- 
oretically resolved would be 28 km. However, 
shots must be paired to obtain estimates of the 
u and v components and therefore the effective 
resolution is something other than 28 km. We 

have chosen to explore the limits of resolving 
smaller scale wind features, by inputting wind 
fields with divergent phenomena having wave 
lengths ranging from 200 to 50 km. Figures 3a, 
3b, 4a, and 4b are examples of the input fields 
along with the simulated lidar wind fields. 
When the wavelength was reduced to 80 km there 
was little or no information obtained with the 
lidar. It is apparent that features with wave- 
lengths less than 100 km might be seen as 
perturbations to the flow but any quantifica- 
tion of their magnitude would be unreliable. 

Fig. 3a. Input winds for a divergent feature 
(-5 x s-l) of wavelength 200 km embedded 
in a uo = vo = du/dx = dv/dy = 0.0 flow with a 
random component of u = .15. 

') 1 

Fig. 3b. Output winds from Doppler lidar simu 
lator model using inputs shown in 3a. As in 
Figure 2 ,  only those pairs having weighting 
functions greater than .8 are displayed. 
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3.0 CONCLUSIONS 

With the present constraints on lidar 
lifetime, scan rates and orbit altitudes, the 
limits of mesoscale wind feature resolution are 
close to wavelengths of 100 km, which is not 
surprising since the average distance between 
the higher quality shot pairs is -5Okm--thus a 
Nyquist wavelength of 100 km. 
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ERBE DATA AND ITS VALIDATION 

Bruce R. Barkstroin 

Atmospheric Sciences Division 
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I-Iampton, VA 23665 

1. INTRODUCTION 

The first satellite in the Earth Radiation Budget Ex- 
perirrieiit (ERBE) conipleinent was launched on space 
shuttle Challenger on October 5, 1984. The second fol- 
lowed on the NOAA-9 satellite, launched on December 
15, 1984. These two satellites, together with tlic third 
which is expected to be launched in mid-March 1986 on 
the NOAA-G vehicle, constitute the first multi-satellite 
mission designed to measure the three components of 
the Earth’s radiation budget with stateof-the-art ra- 
diometric accuracy. 

The instrument complement on these satellites con- 
sists of a pair of instrument packages: a scaiiiiiiig instru- 
nient and a nonscanner. The latter package contains 
four channels to view tlic Earth and one to itionitor the 
solar ‘‘constant.” Two of the Earthviewing channels see 
from limb to limb; two see a footprint about 1000 kiii 
in diameter. One channel of each pair is sensitive to 
all wavelengths of reflected and emitted radiation. The 
other is sensitive only to reflected sunlight (over the 
wavelength range 0.2 pni to about 4 p i ) .  

Each instrument package contains blackbody and 
shortwave calibration sources tied to the International 
Practical Temperature Scale (IPTS-68). The instru- 
irients also have the capability to observe the Suii, and, 
in tlie case of the scanner, space. 

Coupled with this radiometric ineasurerncnt aiid cal- 
ibration capability is a complete ground data processing 
system. This system, developed with the full involve- 
ment of a science teain with over GO individuals, contains 
one of tlic most sophisticated radiation budget iiiterprc 
tation schemes yet applied to satellite data. 

In addition to interpreting tlie iiistrunient data, this 
system is resporisible for Earth-locating the data, for 
choosing the appropriate aiigular and directional niod- 
CIS to use in relatiiig the satellite n i ea~ i i r e~ i~c~ i t  to the 
instantaneous radiative power loss from the observed at- 
mospheric column, and for averaging the data over time 
and space. It is also responsible for merging the streairis 
of data from the three satellites aiid for producing ap- 
propriate products for the science team during the val- 
idation phave of the project, and later for the scieiitific 
community. 

In this paper, we will discuss the philosophy and pro- 
cedure by which the data will be validated. 

2. VALIDATION PHILOSOPHY 
As we have noted, the ineaviirenient of the Earth‘s 

radiation budget is a coinplex problein that niay bc 
broken down into three niajor components: radiation 
detection, instantaneous inversion to the top of tlic at- 
mosphere, and averaging over time (Bnrkst,roni, 1984; 
Barkstrom and Smith, 1986). In an abstract view, thew 
three components may be regarded as transformations 
that take certain types of input dat8a rtnd convert thcni 
into other data streanis. For exairiple, a satellite radia- 
tion detector accepts incident radiation as its input, and 
is intended to output a stream of numerical telemetry 
information. 

I n  order to produce a usable data product which suc- 
cessfrilly rcpreseiits thc “radiation \>udget,” it is necas- 
sary to model the processes which have operated on thr  
radiation leaving the top of the atmosphere. In other 
words, the ground data processing must contain the in- 
verse transformations to the processes that haw pro- 
duced the raw data rcceived 011 thc ground. 

Tlic purpose of validation is to detwt and, where pos- 
sible, to correct errors in the forni and content of these 
inverse trailsforinat ions, as well as to estimate the resid- 
ual unccrtiiinty. On siiiall and well understood p r o b  
leins, it is evrii possible to consider that validation of 
the riieasurenieiit system consists of linearizing the datit 
processing system about4 tlie 11oininid state aiid swkiiig a 
least squares solution for the perturbations to the iioni- 

inal coefEcicnts. However, for niost satellite iiieasurc- 
ment systenis, includiiig those for niewriring thc Earth’s 
radiation budget, such a scheme is inipractical. In tlic 
Earth Radiatioii Budget Expcriincnt (ERBE), for cx- 
ample, the inversion portioii of the processinb ’ 5 -y stem 
contains angulnr-directioiial niodels which are fuiictioiis 
of viewing aiid solar zenith tiiigles, latitude, a id  gcw- 
graphic scene types. The slicer nuiiibei of coefficients 
precludcs any practical I t u t  squares revisioiis to t hcsc 
coefficients. Accordingly, i i  more prtictiral procedure for 
vi~lidiitiori riirist be foulid. 

In the work that follows, various validat ioii techniques 
that have been applied to ERBE will br discussed. Oiir 

part of these techniques is thca detection and diagno- 
sis of errors or incoiisisteiisies in the processing 
Tlie second niajor pwt, consists of corrections. In keep- 
ing tmck of tliesc validatioii techiiiqrtcs it is hclpful to 
subdivide them into i~istriiiiicnt, inversion, and avcrag- 
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ing techniques, although they actually contribute to the 
validation of more than one part of the system. 

3. INSTRUMENT VALIDATION 
In dealing with radiometric data from satellite borne 

instruments, the first part of validation begins before 
launch with the design and ground calibration of the 
instruments. In the case of ERBE, for example, this 
portion of the measurement system included both the 
calibration of the detectors with radiation from a black- 
body and an integrating sphere, as well as characteriza- 
tion of the spectral response of the instruments, charac- 
terization of the point spread function, and determina- 
tion of the ties between the onboard calibration system 
and the ground calibration measurements. 

In flight, the onboard calibration system becomes the 
first point at which the instrument detection of radia- 
tion can be checked (Cooper, et al., 1986). In the case of 
ERBE, observations of space have provided zero points, 
while internal calibration observations are checked the 
magnitude and stability of the gain of the detectors. 
Direct observations of the Sun provide an independent 
check of the instrumental gain (Lee, et al., 1986). 

Beyond looks at onboard calibration sources, the next 
point of validation of the instrument data is the ability 
to cross-check instrument channels against one another. 
In the case of ERBE, this has involved taking scanner 
observations, determining what the scanner would have 
seen if it had been looking in the direction of a nonscan- 
ner channel, and adding up all of the scanner radiances 
that would have contributed to the nonscanner mea- 
surement. This provides data that can be directly com- 
pared with the nonscanner measurements. The results 
for ERBE have been extremely encouraging, producing 
agreement to better than 1%. 

4. INVERSION VALIDATION 
In validating the inversion portion of the processing, 

the tests available for diagnosing erroneous processing 
are much more indirect (Smith et al., 1986; Baldwin 
and Coakley, 1986). Partly, this arises because the in- 
version process itself involves estimating the energy loss 
for directions that are not observed when the satellite 
samples the emergent radiation field. Partly, it arises 
because inversion involves separating different types of 
surfaces, such as clear or cloudy areas, whose properties 
are not completcly known and for which identification 
procedures are a matter of controversy. 

launch by assembling as trustworthy a set of angular 
models as can be found. These can be tested for rea- 
sonableness against theory, both by comparing with ra- 
diative transfer calculations and by using reciprocity re- 
lationships. For ERBE, this a priori information has 
come from the Nimbus-7 ERB observations, summa- 
rized by Taylor and Stowe (1984, 1986) as well as GOES. 

To check on the models and the process by which 
the models are selected in the operational data pro- 
cessing software, ERBE has chosen to rcly on valida- 
tion by along-track scanning and by checks with correl- 

Again, the validation process must begin before 

ative measurements and alternative scene identification 
methods. 

In along-track scanning, a geographic region under 
the satellite track is sampled from as many different 
angles as possible. Since the scene is not likely to change 
appreciably over the 10 minutes or so that it is visible 
from the satellite, constancy of scene identification is a 
major criterion for successful validation of the satellite 
data interpretation. More detailed discussion of this 
validation technique will be provided by Smith et al. 
(1986). 

5. AVERAGING VALIDATION 
There are two sources of temporal variability in the 

reflected and emitted radiation from the Earth: solar 
zenith dependence of albedo and changes of scene type 
with time, notably caused by clouds. There are, ac- 
cordingly, two parts to the validation of the averaging 
process. 

The validation of the solar zenith angle dependence 
is primarily accomplished through the use of auxiliary 
information obtained as part of the inversion process- 
ing. Since the only observations that are available for 
constructirig angular-directional models are radiances, 
these observations include the information needed to 
construct the diurnal variation in albedo with solar zen- 
ith angle. Both the Nimbus-7 ERB and GOES data 
have been used in constructing and validating ERBE 
albedo models. 

The more difficult job of validating temporal averages 
is that of estimating the effect of variations that oc- 
curred when the satellites making the radiation budget 
measurements were not overhead. Over some portions 
of the globe, the interpolation between ERBE measure- 
ments can be checked through the use of geostationary 
satellite data, including GOES and Meteosat. Prelimi- 
nary results of this validation process are discussed by 
Harrison et al. (1986), and Hunt et al. (1986). 

6. CONCLUSION 
Although the measurement of the radiation budget 

can be thought of very abstractly, it appears appropri- 
ate to the complexity of the problem to seek estimates 
of uncertainty that come directly from the observations 
themselves, rather than exhaustive theoretical analysis. 
Accordingly, in ERBE validation, emphasis has been 
given to various direct intercomparisons of one method 
of observing radiation against another. In the case of 
the instruments, the most direct intercomparisons are 
those looking at space, the Sun, and internal calibra- 
tion sources. Next most directly, observations from one 
instrument channel can be compared with those from 
anothcr. In the inversion and averaging portion of the 
processing system, validation becomes still more indi- 
rect, and depends much more heavily upon correlative 
information, such as alternative sampling of scenes and 
observations of limited regions of the Earth by geosta- 
tionary satellites. 
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T h i s  paper p resents  t h e  i n i t i a l  f l i g h t  performance o f  t h e  E a r t h  

R a d i a t i o n  Budget Exper iment (ERBE) i n s t r u m e n t s  onboard t h e  E a r t h  

R a d i a t i o n  Budget S a t e l l i t e  (ERBS) launched on October 5, 1984, and 

t h e  NOAA-9 s a t e l l i t e  launched on December 12, 1984. Each s a t e l l i t e  

c a r r i e s  a n e a r l y  i d e n t i c a l  p a i r  o f  ERBE ins t ruments :  a narrow f i e l d -  

o f -v iew scanner and a wide f i e l d - o f - v i e w  nonscanner. Ins t rument  i n -  

o rb1  t opera t ions ,  i n c l  u d i  ng i n t e r n a l  and s o l a r  c a l  i b r a t  i on sequences, 

a r e  d iscussed a l o n g  w i t h  an assessment o f  t h e  i n s t r u m e n t  performance 

and s t a b i l i t y  o b t a i n e d  t h r o u g h  p e r i o d i c  v i e w i n g  o f  t h e  Sun, space, and 

i n t e r n a l  c a l  i b r a t i  on sources. 
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SOLAR I R R A D I A N C E  MEASUREMENTS U S I N G  
THE EAHTH R A D I A T I O N  BUDGET EXPERIMENT SOLAR MONITORS 

Robert  B. Lee 111, Bruce R .  Barkst rom, and Michael  R .  L u t h e r  

NASA Lang ley  Research Center 
Hampton, V i  r g i  n i  a 23665-5225 

and 

Rober t  D. Cess 

S t a t e  U n i v e r s i t y  o f  New York 
Stony Brook. New York 

1. INTRODUCTION 

The E a r t h  R a d i a t i o n  Budget Exper iment  
(EHBE) s o l a r  m o n i t o r s  (SM) a r e  t h e  most r e c e n t  
p y r h e l i o m e t e r s  t o  be p laced  i n t o  o r b i t  f o r  t h e  
measurement o f  t h e  s o l a r  i r r a d i a n c e .  The m o n i t o r s  
have been o p e r a t i n g  s u c c e s s f u l l y  f r o m  t h e  N a t i o n a l  
Ae ronau t i cs  and Space A d m i n i s t r a t i o n  (NASA) 
E a r t h  R a d i a t i o n  Budget S a t e l l i t e  (ERBS) and t h e  
N a t i o n a l  Oceanic and Atmospher ic A d m i n i s t r a t i o n  
NOAA-9 s p a c e c r a f t  p l a t f o r m s  s i n c e  October  25, 
1984, and January 23, 1985, r e s p e c t i v e l y .  The 
measurements a r e  des igned p r i m a r i l y  t o  p r o v i d e  
i n f l i g h t  a b s o l u t e  c a l i b r a t i o n  f o r  t h e  EKBE E a r t h -  
v i e w i n g  rad iomete rs  which measure t h e  Ear th -  
r e f l e c t e d  and E a r t h - e m i t t e d  r a d i a n t  e x i t a n c e s .  
The s o l a r  c a l i b r a t i o n s  a r e  per formed t y p i c a l l y  
every 2 weeks a t  t imes  when t h e  ERBS and 
NOAA-9 m o n i t o r s  and t h e  E a r t h - v i e w i n g  rad iomete rs  
can observe t h e  Sun a lmost  s imu l taneous ly .  
D e s c r i p t i o n s  o f  t h e  c a l i b r a t i o n s  and rad iomete rs  
have been g i v e n  by Barkst rom (1984, 1985) .  and 
L u t h e r  (1986a, 1986b). 

1985, p e r i o d ,  t h e  s o l a r  i r r a d i a n c e  va lues 
(no rma l i zed  t o  one as t ronomica l  u n i t )  d e r i v e d  
f r o m  t h e  ERBS and NOAA-9 s o l a r  m o n i t o r  measure- 
ments a r e  p resen ted  and in terco inpared.  

Fo r  t h e  October  25, 1984, th rough  June 26. 

2. MEASUREMENT APPROACH 

The s o l a r  m o n i t o r  (Lee, 1985) i s  a 
s h u t t e r e d  a b s o l u t e  a c t i v e  c a v i t y  p y r h e l i o m e t e r ,  
which i s  s i m i l a r  i n  d e s i g n  and o p e r a t i o n  w i t h  
t h o s e  o f  t h e  S o l a r  Maximum M i s s i o n  A c t i v e  C a v i t y  
Radiometer I r r a d i a n c e  M o n i t o r  ( W i l l s o n ,  1979).  
I n  t h e  s o l a r  m o n i t o r  measurement approach, t h e  
Sun i s  a l l o w e d  t o  d r i f t  t h rough  t h e  m o n i t o r ' s  
13.6-degree f i e l d  of  view. When t h e  Sun i s  i n  
t h e  f i e l d  o f  view, t h e  measurements c o n s i s t  o f  
r e f e r e n c e  and o b s e r v a t i o n a l  c y c l e s  o f  32-second 
d u r a t i o n s .  D u r i n g  t h e  r e f e r e n c e  c y c l e  and when 
t h e  s h u t t e r  i s  c losed ,  t h e  i n t e r n a l  s u r f a c e  o f  
t h e  s h u t t e r  i s  used t o  rep resen t  a nea r  z e r o  
i r r a d i a n c e  source. D u r i n g  t h e  o b s e r v a t i o n a l  
c y c l e  and when t h e  s h u t t e r  i s  opened, i r r a d i a n c e  
f r o m  t h e  Sun i s  a l l o w e d  t o  e n t e r  t h e  rad iometer .  
S ince  t h e  m o n i t o r s  have i n s t r u m e n t  t i m e  c o n s t a n t s  
o f  a p p r o x i m a t e l y  3.3 seconds, i t  t a k e s  approx i -  

m a t e l y  28 seconds f o r  t h e  o u t p u t  s i g n a l  t o  
reach 99.98 pe rcen t  o f  i t s  f u l l - s c a l e  va lue .  
Consequent ly ,  t h e  s i g n a l s ,  co r respond ing  t o  t h e  
l a s t  4 seconds o f  each c y c l e .  a r e  used i n  
t h e  d e t e r m i n a t i o n  o f  t h e  s o l a r  i r r a d i a n c e .  
D u r i n g  each c y c l e ,  40 samples a r e  o b t a i n e d  f rom 
t h e  s i g n a l  u s i n g  a 1 3 - b i t  ana log  t o  d i g i t a l  
c o n v e r t e r  h a v i n g  a _t 0.5 count  u n c e r t a i n t y .  
One d i g i t a l  count  corresponds t o  a p p r o x i m a t e l y  
0.6 W / d .  D u r i n g  each o r b i t ,  a t  l e a s t  two 
s o l a r  o b s e r v a t i o n a l  and t h r e e  r e f e r e n c e  c y c l e s  
a r e  a v a i l a b l e  when t h e  Sun i s  w i t h i n  5 3.0 
degrees o f  t h e  m o n i t o r ' s  o p t i c a l  a x i s .  

The d a t a  r e d u c t i o n  approach f o r  t h e  
s h u t t e r e d  s o l a r  i r r a d i a n c e  measurements i s  based 
upon t h e  e l e c t r i c a l  s u b s i t u t i o n  concept  o f  
c a l o r i m e t r y  i n  which e l e c t r i c a l  energy generated 
i n t e r n a l l y  by J o u l e  h e a t i n g  i s  compared t o  
e x t e r n a l  r a d i a t i o n  which i s  absorbed by t h e  
pyhe l i omete r .  and t h e i r  h e a t i n g  e f f e c t s  a r e  
assumed t o  be e q u i v a l e n t .  
approach, t h e  tempera tu re  o f  t h e  p r i m a r y  
d e t e c t i o n  c a v i t y  i s  ma in ta ined  approx ima te l y  
2 degrees C e l s i u s  above t h a t  o f  t h e  r e f e r e n c e  
c a v i t y ,  u s i n g  e l e c t r i c a l  hea t  d i s s i p a t e d  i n  t h e  
p r i m a r y  c a v i t y .  
and when t h e  m o n i t o r  i s  exposed t o  a nea r  ze ro  
i r r a d i a n c e  source, t h e  e l e c t r i c a l  power 
d i s s i p a t e d  i n  t h e  c a v i t y  i s  used as t h e  r e f e r e n c e  
l e v e l .  When t h e  s h u t t e r  i s  opened and when 
t h e  s o l a r  r a d i a t i o n  i s  a l l owed  t o  e n t e r ,  t h e  
s o l a r  r a d i a t i o n  wh ich  i s  absorbed by t h e  c a v i t y  
causes t h e  p r i m a r y  c a v i t y  tempera tu re  t o  r i s e .  
I n  o r d e r  t o  m a i n t a i n  t h e  c o n s t a n t  t empera tu re  
d i f f e r e n c e  between t h e  c a v i t i e s ,  t h e  amount of 
e l e c t r i c a l  power d i s s i p a t e d  i s  reduced. The 
q u a s i - e q u i l i b r i u m  l e v e l  o f  t h e  power i s  used t o  
d e f i n e  t h e  o b s e r v a t i o n a l  l e v e l .  The d i f f e r e n c e  
i n  power i s  e q u i v a l e n t  t o  t h e  amount o f  s o l a r  
power, absorbed by t h e  p r i m a r y  c a v i t y .  

t h e  s o l a r  i r r a d i a n c e  c o n v e r t s  t h e  power 
d i f f , e r e n c e  t o  t h e  I n t e r n a t i o n a l  System o f  U n i t s .  
no rma l i zes  t h e  i r r a d i a n c e  t o  one as t ronomica l  
u n i t ,  and c o r r e c t s  f o r  t h e  a n g u l a r  response o f  
t h e  m o n i t o r .  I n  a d d i t i o n .  i t  c o r r e c t s  f o r  
r a d i a t i o n  l o s s e s  f rom t h e  p r i m a r y  c a v i t y  
th rough  t h e  secondary a p e r t u r e .  and i t  c o r r e c t s  
f o r  v a r i a t i o n s  i n  t h e  p r i m a r y  a p e r t u r e  a rea  and 

In t h e  measurement 

When t h e  s h u t t e r  i s  c l o s e d  

The d a t a  r e d u c t i o n  model used t o  d e f i n e  
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e l e c t r i c a l  h e a t e r  r e s i s t a n c e s  as f u n c t i o n s  
o f  temperature.  The b a s i c  r e d u c t i o n  model i s  
d e c r i b e d  i n  d e t a i l  by Kenda l l  (1970) ,  W i l l s o n  
(1979) ,  Crommenlynck (1982) ,  Brusa (1983) ,  
and Lee (1985).  Lee (1985) has de te rm ined  
a n a l y t i c a l l y  t h a t  t h e  m o n i t o r  measurement 
p r e c i s i o n  and accuracy a r e  l e s s  t h a n  5 0.1 
and A 0.2 p e r c e n t ,  r e s p e c t i v e l y .  

3. D I S C U S S I O N S  

F o r  t h e  October  1984 th rough  June 1985 
p e r i o d ,  t h e  s o l a r  i r r a d i a n c e  ka lues  d e r i v e d  
f r o m  t h e  ERBS and NOAA-9 s o l a r  m o n i t o r s  a r e  
p resen ted  as f u n c t i o n s  o f  t i m ?  i n  F i g u r e  1 .  
The i n d i v i d u a l  d a t a  p o i n t s  p resen ted  r e p r e s e n t  
t h e  average o f  a t  l e a s t  two d e r i v e d  s o l a r  
i r r a d i a n c e  va lues ,  o b t a i n e d  d u r i n g  an o r b i t .  
F o r  t h e  December 3, 10, and 17, 1984, 
Februa ry  20, 1985, and A p r i l  3, 1985, ERBS 
o r b i t s ,  t h e r e  a r e  4, 10, 5, 6,  and 4 s o l a r  
i r r a d i a n c e  va lues,  r e s p e c t i v e l y .  The s tandard  
d e v i a t i o n s  i n  t h e  i n d i v i d u a l  va lues  a r e  t y p i -  
c a l l y  + 0.2 and 2 0.4 W/m2 f o r  t h e  ERBS and 
NOAA-9-respectively. I n  F i g u r e  1, t h e  ERBS 
va lues  a r e  rep resen ted  by t h e  c i r c l e s  w h i l e  
t h e  NOAA-9 va lues  a r e  denoted b y  t h e  squares.  
I t  can be  seen t h a t  1365 W/m2 i s  t h e  t y p i c a l  
v a l u e  f o r  t h e  i r r a d i a n c e .  For t h e  January 
t h r o u g h  June 1985 p e r i o d ,  t h e  means o f  t h e  
ERBS and NOAA-9 va lues  were found t o  be 
1364.7 A 0.4 and 1365.1 + 0.5 W/m2, r e s p e c t i v e l y .  
The f a c t  t h a t  t h e  mean va lues  agree w i t h i n  0.03 
p e r c e n t  o f  each o t h e r  p r o v i d e s  c o n s i d e r a b l e  
c o n f i d e n c e  i n  u s i n g  t h e  m o n i t o r  measurement t o  
c a l i b r a t e  a b s o l u t e l y  t h e  ERBE E a r t h - v i e w i n g  
rad iometers.  
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Figure 1. ERBS and NOM-9 derived tota l  
optical solar irradiance values are 
presented for the October 25, 1984 through 
June 26,  1985 period. 

I n  F i g u r e  1, t h e  most obv ious  f e a t u r e s  
a r e  t h e  decreases i n  t h e  ERBS and NOAA-9 s o l a r  
i r r a d i a n c e  va lues  wi th t ime.  The ERBS and 
NOAA-9 decreases were found  t o  be a p p r o x i m a t e l y  
0.07 and 0.04 p e r c e n t ,  r e s p e c t i v e l y .  Acco rd ing  
t o  t h e  r e s u l t s  o f  W i l l s o n  (19851, t h e  e f f i c i e n c y  
o f  t h e  p r i m a r y  c a v i t i e s  i n  a b s o r b i n g  t h e  

s o l a r  r a d i a t i o n  c o u l d  degrade a p p r o x i m a t e l y  
0.02 p e r c e n t  d u r i n g  t h e  f i r s t  y e a r  i n  o r b i t  and 
cause an e q u i v a l e n t  decrease i n  t h e  d e r i v e d  
s o l a r  i r r a d i a n c e  value. F r o h l i c h  (1985)  a l s o  
p o i n t e d  o u t  t h a t  t h e  a b s o r p t i o n  e f f i c i e n c y  c o u l d  
degrade 0.03 p e r c e n t  d u r i n g  t h e  f i r s t  yea r .  
The re fo re ,  t h e  rema in ing  f r a c t i o n s  o f  t h e  
observed ERBS and NOAA-9 decreases may be 
i n d i c a t i v e  o f  a c t u a l  decreases i n  t h e  s o l a r  
i r r a d i a n c e .  The r e s u l t s  o f  W i l l s o n  (1985) and 
Smith (1983) i n d i c a t e  t h a t  t h e  s o l a r  i r r a d i a n c e  
p e r i o d i c a l l y  e x h i b i t s  s h o r t  t e r m  v a r i a t i o n s  i n  
which t h e  i r r a d i a n c e  may decrease f o r  up t o  
6 months and t h e n  i n c r e a s e  f o r  an e q u i v a l e n t  
p e r i o d  of  t ime .  There fo re ,  a t  l e a s t  1 complete 
y e a r  o f  t h e  ERBS and NOAA-9 va lues  w i l l  have t o  
be o b t a i n e d  and ana lyzed  i n  o r d e r  t o  d e f i n e  
whether  t h e  observed decreases a r e  l o n g  t e r m  
( s e v e r a l  y e a r s )  o r  s h o r t  t e r m  ( l e s s  t h a n  a y e a r )  
i n  na tu re .  

P r e l i m i n a r y  comparisons of  t h e  v a r i a t i o n s  
i n  t h e  ERBS i r r a d i a n c e  va lues  w i t h  sunspot  
i n d i c e s  were conducted i n  o r d e r  t o  c o r r e l a t e  t h e  
v a r i a t i o n s  w i t h  sunspot  a c t i v i t y .  Examina t ion  
o f  t h e  sunspot  i n d i c e s  r e v e a l e d  e x t r e m e l y  low 
v a r i a b i l i t y ,  t y p i c a l l y  l e s s  t h a n  _+ 0.1 p e r c e n t .  
a s s o c i a t e d  w i t h  s o l a r  minimum f o r  s o l a r  c y c l e  
no. 23. The v a r i a t i o n s  i n  t h e  ERBS and NOAA-9 
i r r a d i a n c e  va lues  were found t o  be o f  t h e  o r d e r  
o f  t h e  measurement p r e c i s i o n .  There fo re .  
p o s i t i v e  c o r r e l a t i o n s  would be d i f f i c u l t  t o  
c o n f i r m .  As s o l a r  maximum f o r  s o l a r  c y c l e  no. 23 
i s  approached, i t  i s  expected t h a t  t h e  v a r i a t i o n s  
i n  sunspot a c t i v i t y  w i l l  be h i g h  enough t o  
conduct  mean ing fu l  c o r r e l a t i o n  s t u d i e s  between 
v a r i a t i o n s  i n  t h e  s o l a r  i r r a d i a n c e  and sunspot 
a c t i v i t y  . 
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Figure 2 .  Comparisons are presented among 
the solar irradiance values derived from the 
Mariner V I  and VII, Nimbus 6 Earth Radiation 
Budget (ERB) channel 3,  Nimbus 7 ERB channel 
~ O C ,  Solar Maximum Mission (SMM) Active Cavity 
Radiometer Irradiance Monitor, Spacelab I 
Belgium Royal Meteorological Inst i tute ,  ERBS 
solar monitor, and NOM-9 solar monitor 
spacecraft pyrheliometric experiments. 
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It shou ld  be no ted  t h a t  l o n g - t e r m  i r r a d i a n c e  
decreases, o c c u r r i n g  o v e r  seve ra l  yea rs ,  were 
observed by W i l l s o n  (1985) and Smi th (1983) .  

d i r e c t  s o l a r  i r r a d i a n c e  va lues ,  d e r i v e d  f rom 
t h e  s o l a r  m o n i t o r  measurements, a r e  compared 
w i t h  t h o s e  d e r i v e d  f r o m  t h e  e a r l i e r  NASA 
M a r i n e r  V I  and V I 1  (Plamondon, 1969) .  NOAA 
Nimbus 6 E a r t h  R a d i a t i o n  Budget (ERB) channel  
3 (Duncan, 1977),  NOAA Nimbus 7 ERB channel 
1Oc (H ickey ,  1984),  NASA S o l a r  Maximum M i s s i o n  
A c t i v e  C a v i t y  Radiometer I r r a d i a n c e  M o n i t o r  
( W i l l s o n  1984) ,  NASA Spacelab I Be lg ium Royal  
M e t e o l o y i c a l  I n s t i t u t e  (Crommenlynck 1984) 
p y r h e l i o m e t r i c  s p a c e c r a f t  exper iments.  The 
Plamondon va lues were r e v i s e d  by F r o h l i c h  
(1977)  and t h e  r e v i s e d  M a r i n e r  V I  and VI1 
va lues a r e  p resen ted  i n  F i g u r e  2. A l l  o f  t h e  
s p a c e c r a f t  expe r imen ts  used p y r h e l i o m e t e r s  o f  
t h e  s e l f  o r  s e m i - s e l f  c a l i b r a t i n g  c a v i t y  t y p e  
w i t h  t h e  e x c e p t i o n  o f  t h e  Nimbus 6. I t  can be 
seen t h a t  t h e  ERBS and NOAA-9 va lues  agree 
w i t h i n  + 0.3 pe rcen t  o f  t h e  va lues  d e r i v e d  
f r o m  t h e  o t h e r  s e l f - c a l i b r a t i n g  p y r h e l i o m e t e r s .  
T h i s  f a c t  i n d i c a t e s  t h a t  t h e  m o n i t o r s  can 
p r o v i d e  r e l i a b l e  c a l i b r a t i o n s  f o r  t h e  ERBE 
radiometers.  I n  a d d i t i o n ,  t h e  e x c e l l e n t  
agreement among t h e  v a r i o u s  s p a c e c r a f t  
expe r imen ts  suggests  t h a t  s imul taneous i n t e r -  
comparisons among t h e  s p a c e c r a f t  exper iments 
c o u l d  be used t o  e s t a b l i s h  an a b s o l u t e  
r a d i o m e t r i c  r e f e r e n c e  s c a l e  f o r  space s o l a r  
i r r a d i a n c e  d e t e r m i n a t i o n s ,  s i m i l a r  t o  t h e  World 
Had iomet r i c  Reference s c a l e  wh ich  was e s t a b l i s h e d  
f o r  ground-based, me teo ro log i ca l -based  p y r h e l i o -  
meters.  The December 10, 1984, NASA-sponsored 
i nte rcompar i son  even t  among t h e  S o l a r  Maximum 
Miss ion ,  Nimbus 7, and ERBS exper iments 
o f f e r s  an e x c e l l e n t  o p p o r t u n i t y  t o  e s t a b l i s h  
t h e  r e f e r e n c e  sca le .  The scheduled December 
1986 NASA-sponsored i n t e r c o m p a r i s o n s  o f f e r  an 
a d d i t i o n a l  o p p o r t u n i t y  t o  c o n f i r m  such a s c a l e  
s i n c e  t h e  EKBS, NOAA-9, S o l a r  Maximum M i s s i o n  
A c t i v e  C a v i t y  Radiometer  I r r a d i a n c e  M o n i t o r  
(ACHIM), Nimbus 7, Spacelab A C R I M ,  Spacelab 
Belg ium Royal  M e t e o r o l o g i c a l  I n s t i t u t e ,  and 
NOAA-G (EWE s p a c e c r a f t  scheduled f o r  a March 
1986 launch)  shou ld  be o p e r a t i o n a l .  

I n  F i g u r e  2,  t h e  mean ERBS and NOAA-9 

4. SUMMARY 

Fo r  t h e  October  1984 th rough  June 1985 
p e r i o d ,  1365 W/m2 was d e r i v e d  as t h e  t y p i c a l  
s o l a r  i r r a d i a n c e  v a l u e  u s i n g  t h e  ERBS and NOAA-9 
s o l a r  mon i to rs .  The ERBS and NOAA-9 d e r i v e d  
s o l a r  i r r a d i a n c e  va lues  e x h i b i t e d  decreases 
between 0.07 and 0.04 pe rcen t .  The observed 
decreases a r e  b e l i e v e d  t o  be caused by s h o r t -  
t e r m  decreases i n  t h e  s o l a r  i r r a d i a n c e  and n o t  
i n d i c a t i v e  o f  l o n g - t e r m  ( s e v e r a l  y e a r s )  
decreases. The ERBS and NOAA-9 mean s o l a r  
i r r a d i a n c e  va lues  were found  t o  agree w i t h i n  
- + 0.3 pe rcen t  o f  t h e  va lues d e r i v e d  f rom t h e  
e a r l i e r  M a r i n e r  V I ,  M a r i n e r  V I I ,  Nimbus 7, 
S o l a r  Maximum M i s s i o n ,  and Spacelab I pyrhe-  
l i o m e t r i c  exper iments.  The e x c e l l e n t  agree-  
ment emphasizes t h e  r e l i a b i l i t y  o f  u s i n g  t h e  
s o l a r  m o n i t o r  measurements t o  c a l i b r a t e  a b s o l u t e l y  
t h e  o t h e r  ERBE rad iomete rs .  The s o l a r  m o n i t o r  
measurement p r e c i s i o n s  and accuracy a r e  e s t i m a t e d  
t o  be l e s s  t h a n  _f 0.1 and 2 0.2 pe rcen t ,  
r e s p e c t i v e l y .  
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I .  INTRODUCTION 

The Earth Radiation Budget Experiment 
(ERBE) is a system of three spacecraft with 
instrument packages for measuring the Earth's 
radiation balance to an accuracy which has been 
unattainable i n  previous experiments (Barkstrom, 
1984;  Barkstrom and Smith, 1986). This is 
possible through the use of multiple spacecraft 
which permits the determination of the diurnal 
cycle over the Earth, as well as extensive 
capabilities for in-flight calibration of the 
instruments. The instrumentation incudes a 
scanner, which is described by Kopia ( 1 9 8 6 ) .  and a 
non-scanner package, which is described by Luther 
(1986). 

The primary oblective of the experiment is 
to determine the monthly averaged radiant 
exitances at the "top of the atmosphere" (TOA) 
over the Earth with a resolution of 2 5 0  km. In 
order to fulfill this objective, three fundamental 
steps must be performed to high accuracy. The 
first is to make high accuracy measurements, which 
is an instrument requirement. The second is to 
compute the instantaneous radiant exitances from 
these measurements; this step we call "inversion," 
as it is a problem in remote sensing. The flnal 
step is the computation of the daily and monthly 
averaged regional values from these instantaneous 
values. The procedures for this final step are 
described by Brooks et a1. (1986). 

In the present paper, the algorithms for 
the inversion of the measurements to TOA radiant 
exitances and the techniques which are used to 
validate the methods and results are briefly 
described. The inversion algorithms are discussed 
more fully in Smith et al. (1986).  

2. SCANNING RADIOMETER ALGORITHMS 

The inversion algorithms for the scanning 
radiometers evolved directly from the methods used 
by Raschke and Bandeen (1970) and Raschke et al. 
( 1 9 7 3 ) .  First, the radiances at the spacecraft 
are computed, taking into account the optical 
properties of the radiometers, after which the 
radiant exitances are computed, taking into 
account the directionality of the radiation field 
at TOA. Finally, the regional averages are 
computed on a 2.5OX2.5" grid. 

The instrument ideally provides the broad- 
band radiance measurement in each of three 
channels. The spectral responses of the various 
channels of thp Instrument, however, are not 
perfectly flat, but are rather complicated func- 
tions of wavelength, as shown In Figure 1. This 
effect is accounted for by essentially a regres- 
s i o n  method, whereby three channels (longwave, 
shortwave, and total) are used to estimate the 
broadband longwave and shortwave radiances taking 
into account the instrument spectral response. 
The equation is 

where C is a matrix (in general 2 x 3 )  of regression 
coefficients for the given scene and is a function 
of viewing angles. 

A scanning radiometer measures the upwell- 
ing radiance L from the scene to the instrument. 
This radiance varies with the direction, which is 
measured by the zenith angle a of the exiting ray 
and, for the reflected solar radiation, the 
azimuth angle I$ of the ray relative to the Sun and 
the zenith angle 80 of the Sun at the scene. 
bidirectional function R(Bo ,B , I$ )  is defined to 
relate the radiance to the radiant exitance M at 
the top of the Earth-atmosphere system (TOA): 

A 

L(eo ,e , I$)  - r-'R(eo,e,$)M ( 2 )  

This bidirectional function depends upon the 
scene; for example, whether the scene is cloud, 
land, etc. Bidirectional models have been 
developed, e.g., by Taylor and Stowe (1984) and 
Stuhlmann et al. (1985). and a typical model is 
shown in Figure 2 for cloud. In order to select 
the proper bidirectional model for the interpreta- 
tion of the data, it is again necessary to 
identify the scene. 

The scene identification procedure for 
ERBE first classifies the underlying surface by 
its geographic type (geotype): land, ocean, snow, 
desert or land-ocean mix (coastal regions). 
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The cloud cover is defined in terms of four 
classes: clear (less than 5% cloud cover), partly 
cloudy (between 5% and 50% cloud), mostly cloudy 
(between 50% and 95% cloud), and overcast (more 
than 95% cloudy). 

The cloud class for a given measurement 
pair (shortwave and longwave radiances) is 
selected according to the measurement pair in a 
manner similar to a threshold method, but modified 
to account for the variance associated with each 
class, as illustrated in Figure 3. There is a 
distribution of measurement pairs within each 
class, as represented by the light lines. The 
shortwave-longwave plane is partitioned into 
regions according to which is the most probable 
scene identification for the measurement pair. 
The boundaries of these regions are indicated by 
the heavy solid lines in Figure 3. Thus, e.g., if 
a measurement pair falls within region I, given 
that the surface is ocean, it is identified as 
"clear ocean." The statistics required for this 
method are functions of solar and viewing zenith 
angles and the relative azimuth, and were compiled 
from Nimbus 7 ERB scanning radiometer data. For 
nighttime scene identification, the cloud class 
assignment is made according to only the longwave 
radiance in a manner analogous to the daytime 
case. 

The data flow for analysis of scanning 
radiometer data is set up as shown in Figure 4 .  
Using "global" spectral factors, approximate 
broadband shortwave and longwave radiances at the 
spacecraft are computed. The scene is then identi- 
fied and the appropriate spectral factors are 
determined for the final calculation of the 
radiances. Also, a bidirectional model based on 
this scene type is used to estimate the radiant 
exitance for the pixel, i.e., the field of view of 
a single measurement, by use of equation ( 1 ) .  The 
instantaneous regional average is then computed by 
averaging all estimates of radiant exitance for 
pixels that fell in the region. A pixel is con- 
sidered to be in the region if the pixel center 
falls within the region. 

3. NONSCANNER ALGORITHMS 

The WFOV radiometers receive radiation from 
the entire disc of the Earth atmosphere system, 
from limb to limb. One of these is a total radi- 
ometer and measures radiation of all wavelengths. 
The other measures the shortwave radiation, that 
is, the solar radiation reflected by the Earth. 
The WFOV measurement of longwave radiation from 
the Earth is thus the total radiation measurement 
minus the shortwave radiation measurement. The 
MFOV radiometers are similar to the WFOV radiom- 
eters except that they have field-of-view limiting 
apertures which restrict the area viewed by them 
to a circle on the Earth with a radius of 5' 
geocentric angle. 

The measurement from a WFOV or MFOV radiom- 
eter at colatitude 0, and longitude 8 ,  may be 
written as 

m~(@,,@,) = I/, L ( Q , 4 , 8 , 4 )  cos a Sh(A) dQ dA (3)  

where A denotes the spectral channel (total or 
shortwave), il is  the solid angle subtended at the 
radiometer, and SA i s  the spectral response func- 
tion of the radiometer. The 0 and @ are the co- 
latitude and longitude of the scene, and 8 and 4 
are the zenith angle and azimuth angle relative to 
the Sun of the outgoing radiation. The integra- 
tion over angle is for [0,2n] fn azimuth and for 
[O,ah] in nadir angle, where ah is the nadir angle 
to the limb for the WFOV channels and I s  the nadir 
angle to the 5" geocentric angle circle on the 
Earth for the MFOV channels. The ERBE WFOV and 
MFOV data are analyzed using a shape factor tech- 
nique and a numerical filter technique to produce 
two different output products. 

The shape factor methods are based on the 
assumption that longwave radiant exitance or 
albedo is constant within the field of view, which 
permits that quantity to be moved across the 
integral sign, and the resulting integral expres- 
sion, called a shape factor, can be evaluated. 
The radiant exitance or albedo can then be com- 
puted from the measurement and the shape factor. 
This method has been used, e.g., by Smith et al. 
(1977) for the analysis of WFOV measurements from 
the Nimbus 7 ERB. 

The numerical filter i s  a one-dimensional 
resolution enhancement method conceived by House 
and Jafolla (1980) and Further developed into the 
form used in the ERBE processing system by Green 
(1983). One i s  restricted to resolution enhance- 
ment only along track because there is no informa- 
tion from the WFOV or MFOV data in the cross-track 
direction. The estimate M of the radiant exltance 
is assumed to be given by a linear combination of 
the measurements mk, according to 

The details of the inversion weights w j  are de- 
scribed in Green (1983). For the analysis of re- 
flected radiation, the same method is used except 
that the quantity being estimated is albedo rather 
than radiant exitance. For both the shortwave and 
longwave analyses, the bidirectional function RI\ 
i s  computed for the scene type as identified by 
the scanning radiometer information. If scanner 
data are not available, then RA I s  evaluated 
according to a global function which corresponds 
to a 50% cloud cover. 

4 .  INVERSION VALIDATION TECHNIQUES 

In this section, only a few of the 
validation techniques are described. In addition 
to these, methods are being employed and developed 
by other ERBE science team members. 

In order to validate the ERBE results, the 
scanner results are first validated. Next, the 
nonscanner measurements are compared with those 
which would be expected from the scanner results. 
Finally, the radiant exitances at TOA computed 
from the nonscanning radiometers are intercompared 
with themselves and the scanner results. 

For the scanner, the validation follows the 
steps of Figure 4 .  The computation of radiances 
from the measurements is checked by the three- 
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channel intercomparison method. The scene i d e n t i -  
f i c a t i o n  procedure is  va l ida ted  by use of d a t a  
from the  AVHRR aboard the  NOAA 9 spacecraf t .  
F i n a l l y ,  the b i d i r e c t i o n a l  models a r e  va l ida ted  by 
occas iona l ly  opera t ing  t h e  scanner  i n  an along- 
t rack  scan p a t t e r n ,  a s  opposed t o  the  usual  cross-  
t r a c k  p a t t e r n .  

The three-channel intercomparison makes use 
of the redundancy of the t h r e e  channels t o  check 
t h e i r  r e s u l t s .  The shortwave and longwave 
radiances a r e  f i r s t  computed on the  b a s i s  of a l l  
t h r e e  channels ,  which g ives  the  best  es t imates ,  
and then on the b a s i s  of two channels a t  a t i m e .  
The r e s u l t s  a r e  then d i f fe renced  t o  give discrep-  
anc ies .  Color graphic  d isp lays  of these d iscrep-  
anc ies  a r e  very u s e f u l ,  a s  var ious types of 
2rohlem a r e a s  have s p e c i f i c  s i g n a t u r e s .  For a 
p e r f e c t  opera t ing  system, the  d iscrepancies  a r e  
not expected t o  be zero,  but should be unbiased 
and have a small  var iance.  

I n  o rder  t o  v a l i d a t e  the  scene i d e n t i f i c a -  
t i o n  algori thm, the s p a t i a l  coherence method of 
Coakley and Brether ton (1982) i s  used over ocean, 
and a hybrid b i s p e c t r a l  method developed by Minnis 
and Harr ison (1984) i s  used over both ocean and 
land. Both of these methods use AVHRR da ta .  

The a longt rack  opera t ion  of the  scanner  
provides mul t ip le  looks a t  the same scene from 
many angles ,  which g ives  a unique and va luable  
d a t a  s e t .  I f  the  d i r e c t i o n a l  and b i d i r e c t i o n a l  
models a r e  c o r r e c t ,  the  r e s u l t i n g  longwave and 
shortwave ex i tances  w i l l  be the  same f o r  a l l  
angles .  Thus, one may e a s i l y  v a l i d a t e  these  
models, and even genera te  them. Also, the  l i m i t s  
of the a b i l i t y  of the scene i d e n t i f i c a t i o n  
algori thm t o  c l a s s i f y  cloudiness  off-nadir  due t o  
f i n i t e  cloud e f f e c t s  can be checked. 

The scanner  r e s u l t s  may be intercompared 
wi th  t h e  non-scanner measurements by using t h e  
scanner-derived longwave and shortwave r a d i a n t  
e x i t a n c e  f i e l d  and the  scene i d e n t i f i c a t i o n  t o  
eva lua te  the right-hand s i d e  of equat ion (1) .  
This  eva lua t ion  i s  done f o r  a r e a s  represent ing  
both the  WFOV and the  MFOV radiometers  t o  provide 
a check with the  a c t u a l  measurements. This compu- 
t a t i o n  f o r  the  WFOV radiometer a t  a point  r e q u i r e s  
t h a t  the f i e l d  a t  TOA be descr ibed from nadi r  t o  
the  limb. This i n  turn  requi res  t h a t  d a t a  be used 
from the  p o s i t i o n  8 minutes p r i o r  t o  the  check- 
poin t  t o  8 minutes a f t e r  passage of t h e  check- 
poin t .  

The comparison a t  the  s p a c e c r a f t  a s  de- 
sc r ibed  above is pr imar i ly  a check on t h e  i n s t r u -  
ments themselves. The intercomparison of the 
scanner WFOV and MFOV r e s u l t s  a t  TOA is  a l s o  of 
i n t e r e s t ,  mainly t o  demonstrate the leve l  of 
agreement a t  var ious  s c a l e s .  I f  the measurement 
and a n a l y s i s  procedures a r e  opera t ing  c o r r e c t l y ,  
the  f i e l d s  a t  TOA should agree very c l o s e l y  a t  t h e  
l a r g e s t  s c a l e s ,  but one does not expect them t o  
agree a t  the  smal le r  s c a l e s ,  which only the  
scanner  can resolve.  Thus, the  TOA intercompari-  
son  is on a scale-dependent bas i s .  

5. CONCLUDING REMARKS 

Algorithms have been descr ibed f o r  t h e  
a n a l y s i s  of ERBE measurements t o  deduce r a d i a n t  
ex i tance  of r e f l e c t e d  s o l a r  r a d i a t i o n  and Earth- 
emit ted r a d i a t i o n  a t  a re ference  l e v e l  ( " top  of 
t h e  atmosphere"). The a n a l y s i s  of the  scanner  
accounts f o r  the  d i r e c t i o n a l i t y  and the  spectrum 
of the  r a d i a t i o n  on the  b a s i s  of the  scene,  which 
is  i n f e r r e d  from the  l o c a t i o n  and measurements. 
Wide and medium field-of-view measurements a r e  
analyzed by use of the  shape f a c t o r  method and 
a l s o  by use of a numerical f i l t e r  technique f o r  
r e s o l u t i o n  enhancement along t h e  o r b i t  t rack .  
These techniques a l s o  use scene-dependent 
b i d i r e c t i o n a l  models. 

Techniques a r e  a l s o  descr ibed by which t h e  
d a t a  and a n a l y s i s  methods a r e  being va l ida ted .  
These techniques use intercomparisons of the  
var ious channels and a n c i l l a r y  d a t a ,  e.g. from t h e  
AVHRR . 
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J 1 . 6  
FIRST DIURNAL RESULTS FROM THE EARTH R A D I A T I O N  BUDGET EXPERIMENT 

Edwin F. Harr ison,  P a t r i c k  Minnis ,  and David R .  Brooks 

Atmospheric Sciences D i v i s i o n  
NASA Langley Research Center 
Hampton, V i r g i n i a  23665-5225 

1. INTRODUCTION 

The Ear th  Rad ia t i on  9udget Experiment 
(ERBE) i s  c u r r e n t l y  f l y i n g  aboard m u l t i p l e  
s a t e l l i t e s  t o  p rov ide  improved temporal 
sampling f o r  s tudy ing  t h e  d i u r n a l  v a r i a b i l i t y  
o f  reg iona l  r a d i a t i o n  over t h e  wor ld  (Har r i son  
e t  al., 1983 and Barkstrom, 1984). The f i r s t  
spacecraf t  o f  t he  ERBE mission, t he  E a r t h  
Rad ia t i on  Budget Sate1 1 i t e  (ERBS) , was 
launched i n t o  a 57' i n c l i n e d  o r b i t  d u r i n g  
October 1984. Th is  o r b i t  has a nodal 
process ion r a t e  o f  about 5' per day r e l a t i v e  
t o  t h e  Sun, so, wi th bo th  day and n i g h t  
measurements, it covers 24 hours o f  l o c a l  t ime  
i n  about 36 days a t  t h e  Equator. The second 
s a t e l l i t e  w i t h  ERBE inst ruments i s  t h e  NOAA-9 
spacecraf t ,  which was launched i n  December 
1984 i n t o  a Sun-synchronous o r b i t  w i t h  
e q u a t o r i a l  c ross ing  t imes o f  0230 and 1430. 
l h e  t h i r d  ER8E s a t e l l i t e ,  NOAA-G, i s  scheduled 
f o r  launch i n  March 1986. I t s  o r b i t  w i l l  have 
e q u a t o r i a l  c ross ing  t imes o f  0730 and 1930. 
Th is  combination o f  s a t e l l i t e s  i n  d i f f e r e n t  
o r b i t s  w i l l  p rov ide  a s i g n i f i c a n t  improvement 
i n  t h e  t ime  and space sampling c a p a b i l i t y  over 
prev ious s i n g l e  s a t e l l i t e s  designed f o r  Ea r th  
r a d i a t i o n  budget s tud ies  (e.g., Nimbus-7 ERB, 
see Jacobowitz e t  a1 ., 1984). Each s a t e l l i t e  
o f  t h e  ERBE miss ion  has an inst rument  
complement which i nc ludes  a scanner (Kopia, 
1986) w i t h  a 35-km s p a t i a l  r e s o l u t i o n ,  a 
medium-f ie ld-of -v iew nonscanner hav ing a 
1000-km r e s o l u t i o n ,  and a w ide - f i e ld -o f - v iew  
nonscanner (Luther  e t  al., 1986) t h a t  views 
t h e  Ear th  f rom ho r i zon  t o  hor izon.  Both 
broadband shortwave (0.2- t o  5.0-um) and 
longwave (5.0- t o  50.0-um) r a d i a t i o n  
measurements are obta ined from these 
inst ruments.  

present  some o f  t h e  i n i t i a l  r a d i a t i o n  r e s u l t s  
from t h e  ERBS. 
demonstrate t h e  d i u r n a l  v a r i a b i l i t y  o f  t o t a l  
and c lea r -sky  reg iona l  r a d i a t i v e  parameters. 
The ERBS r e s u l t s  are a l s o  compared t o  i n f e r r e d  
broadband measurements f rom t h e  Geostat ionary 
Operat ional  Environmental S a t e l l i t e  (GOES-6). 

The purpose o f  t h i s  paper i s  t o  

Examples are g i ven  t o  

2. DATA ANALYSIS 

November 1984 i s  t h e  on ly  month f o r  
which ERBS data have been complete ly  processed 
and f o r  which p r e l i m i n a r y  a n a l y s i s  has been 
completed a t  t h e  t i m e  o f  t h i s  w r i t i n g .  Th is  
data set, however, i s  s u f f i c i e n t  t o  i l l u s t r a t e  
the  d i u r n a l  v a r i a b i l i t y  o f  Ea r th  r a d i a t i o n  
parameters found over se lec ted  reg ions.  

severa l  steps. F i r s t ,  each measurement i s  
The a n a l y s i s  o f  t h e  data i nvo l ves  

recorded i n  terms o f  inst rument  counts and 
then conver ted t o  broadband rad iance by use o f  
onboard c a l i b r a t i o n  and spec t ra l  c o r r e c t i o n  
procedures (Smith e t  a1 . , 1986). Secondly, 
each p a i r  o f  1 ongwave and shortwave rad iances , 
o r  longwave rad iance alone a t  n i g h t ,  i s  used 
i n  con junc t i on  w i t h  the  s t a t i s t i c s  o f  t h e  
rad iances o f  Nimbus-7 EKB data (Tay lo r  and 
Stowe, 1984) and a maximum l i k e l i h o o d  es t ima te  
technique ( W i e l i c k i ,  p r i v a t e  communication) t o  
i d e n t i f y  t h e  scene o f  t h e  ERRE measurements. 
The scenes are i d e n t i f i e d  as e i t h e r  c l e a r ,  
p a r t l y  cloudy, most ly  cloudy, o r  overcast  
above t h e  under l y ing  geographical t ype  (e.g., 
ocean, land, deser t ,  o r  snow). 

The instantaneous shortwave rad iance 
a t  s a t e l l i t e  a l t i t u d e  i s  then i n v e r t e d  t o  
shortwave r a d i a n t  ex i tance  (SWRE) a t  t h e  t o p  
of t he  atmosphere by app ly ing  an approp r ia te  
b i d i r e c t i o n a l  model based on Nimbus-7 ERB data 
(Tay lo r  and Stowe, 1984). The d i u r n a l  
v a r i a t i o n  o f  albedo i s  then determined us ing  
the above SWRE value and app ly ing  d i r e c t i o n a l  
models developed from Nimbus-7 EKB and GOES 
data (Brooks e t  al., 1986). 

Instantaneous longwave r a d i a n t  
ex i tance  (LWRE) i s  c a l c u l a t e d  from t h e  
longwave rad iance and 1 imb-darkeni ng models 
(Tay lo r  and Stowe, 1984). The h o u r l y  values 
o f  LWRE are genera l l y  determined from l i n e a r  
i n t e r p o l a t i o n  between s a t e l l i t e  measurements; 
however, over l and  reg ions which have a 
s i g n l f i c a n t  d i u r n a l  v a r i a t i o n  i n  su r face  
temperature (e.9. , d e s e r t ) ,  a t r i g o n o m e t r i c  
model rep laces the  l i n e a r  i n t e r p o l a t i o n  
(Brooks and Minnis ,  1984). D a i l y  averages o f  
t he  LWRE and SWRE o r  albedo are c a l c u l a t e d  
from t h e  h o u r l y  data, which c o n s i s t  o f  
measurements o r  modeled values as descr ibed 
above. A l l  o f  these r e s u l t s  f o r  each day are 
used i n  determin ing monthly-mean h o u r l y  and 
d a i l y  r e s u l t s  f o r  each 2.5' by 2.5' 
l a t i t u d e - l o n g i t u d e  reg ion  f o r  t h e  scanner and 
5' and 10' reg ions f o r  t he  medium- and 
w ide - f i e ld -o f - v iew  nonscanners. 

3. RESULTS 

F i g u r e  1 i l l u s t r a t e s  t h e  v a r i a t i o n  o f  
t h e  monthly-mean h o u r l y  albedo and LWRE f o r  
November 1984 as determined from the  ERUS 
scanner data taken over a southeastern 
P a c i f i c  Ocean region, l oca ted  a t  21.25's and 
136.25OW. 
on s o l a r  z e n i t h  angle i s  ev ident  i n  bo th  t h e  
t o t a l  and c lea r -sky  r e s u l t s .  A s i g n i f i c a n t  
d i f f e r e n c e  i s  e x h i b i t e d  between the  t o t a l  and 
c lea r -sky  monthly-average h o u r l y  values. The 
i n t e g r a t e d  monthly mean albedo i s  11% g r e a t e r  
f o r  t he  t o t a l  than t h e  c lea r -sky  albedo due t o  

The well-known dependence o f  albedo 
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c loudiness.  The monthly-average h o u r l y  c loud  
cover v a r i e s  from about 42% near sun r i se  t o  
about 60% a t  sunset based on a n a l y s i s  o f  GOES 
data over t h i s  reg ion.  Very l i t t l e  d i u r n a l  
v a r i a b i l i t y  i s  observed i n  t h e  LWRE (F ig.  
l b ) .  The t o t a l  LWRE, however, i s  about 12% 
lower  than  the  c lea r -sky  longwave due t o  t h e  
middle- and h i g h - a l t i t u d e  c loud  cover. 

The d i u r n a l  v a r i a b i l i t y  o f  albedo and 
LWRE over a h igh  a l t i t u d e  deser t  i n  South 
America i s  shown i n  F igu re  2. As a r e s u l t  o f  
t h e  monthly-average h o u r l y  c loud cover, which 
ranges from 20 t o  40% over t h i s  region, t h e  
albedo f o r  t he  t o t a l  scene i s  approx imate ly  
8% g rea te r  than t h e  c lea r -sky  r e s u l t s .  Both 
the  c lea r -sky  and t o t a l  LWKE e x h i b i t  a s t rong  
d i u r n a l  c y c l e  w i t h  a maximum value near 
mid-day and a minimum value a t  n i g h t .  

4. VALIDATION 

The key method se lec ted  f o r  v a l i d a t i o n  
o f  t he  ERBE t ime  and space averaging r e s u l t s  
i nvo l ves  the  use o f  geos ta t i ona ry  s a t e l l i t e  
(e.g., GOES) data. Th is  h igh  r e s o l u t i o n ,  
a u x i l i a r y  data set  prov ides h o u r l y  
measurements o f  v i s i b l e  (0.5- t o  0.7-um) and 
i n f r a r e d  (10.5- t o  12.5-um) data w i t h  an 8-km 
s p a t i a l  r e s o l u t i o n .  The GOES-6 ( l o c a t e d  near 
1 O 7 O W  over the  Equator) narrowband data are 
c o r r e l a t e d  t o  simultaneous ERBS data t o  o b t a i n  
a quadra t i c  spec t ra l  t r a n s f e r  f u n c t i o n  f o r  
e s t i m a t i n g  broadband radiances from narrowband 
data. For these c o r r e l a t i o n s ,  t h e  s o l a r  
z e n i t h  angle, s a t e l l i t e  v iewing z e n i t h  and 
azimuth angles o f  ERBS and GOES are matched 
w i t h i n  a few degrees as i n  Minnis  and Har r i son  
( 1 9 8 4 ~ ) .  P re l im ina ry  c o r r e l a t i o n s  o f  GOES and 
ERBS data over t h e  ocean are d i sp layed  i n  
F i g u r e  3 f o r  shortwave r a d i a t i o n  and i n  F igu re  
4 f o r  longwave r a d i a t i o n .  The m u l t i p l e  
c o r r e l a t i o n  c o e f f i c i e n t  between GOES and ERBS 
i s  0.97 f o r  both the  longwave and shortwave 
r e s u l t s  w i t h  an rms e r r o r  o f  4% f o r  t h e  
longwave and 14% f o r  t h e  shortwave r a d i a t i o n .  
Although t h e  i n f e r r e d  broadband rad iance may 
no t  be as accurate as ERBS, GOES has the  
advantage o f  complete ( h o u r l y )  l o c a l  t ime  
sampling t o  he lp  assess t h e  ERBE's accuracy i n  
accounting f o r  t h e  d i u r n a l  v a r i a b i l i t y  o f  t h e  
r a d i a t i o n  q u a n t i t i e s  and c loud  cover f o r  areas 
w i t h i n  the  GOES f i e l d  o f  view. 

Comparisons o f  t o t a l  albedo and 
LWKE f o r  t he  EHBS and GOES-6 are presented i n  
F igures 5 (a )  and 5(b) ,  r e s p e c t i v e l y .  Two sets 
o f  r e s u l t s  are shown f o r  t h e  ERBS. The mean 
values o f  i n d i v i d u a l  ERBS measurements, be fo re  
d i r e c t i o n a l  modeling was appl ied,  are compared 
w i t h  the  monthly-average h o u r l y  values, which 
i n c l u d e  t h e  combination o f  ERBE measurements 
and d i r e c t i o n a l  modeling f o r  albedo. When 
these combined r e s u l t s  are compared t o  t h e  
GOES h o u r l y  data, good agreement i s  genera l l y  
found. Th is  demonstrates t h a t  EKBE's sampling 
and the  data ana lys i s  a l g o r i t h m  account 
reasonably w e l l  f o r  t he  d i u r n a l  v a r i a b i l i t y  o f  
clouds, albedo, and LWKE. The EKBE albedo, 
however, i s  s l i g h t l y  h ighe r  than t h a t  o f  GOES 
i n  the  af ternoon when t h e  c loud cover reaches 
a minimum as shown i n  F i g u r e  5 ( c ) .  These 
low- leve l  clouds increase t o  a maximum amount 

a t  n igh t .  Th i s  d i u r n a l  c y c l e  o f  c loudiness i s  
t y p i c a l  f o r  t h i s  reg ion (Minnis and Harr ison,  
1984b). The c loud  amounts i n  F igu re  5 ( c )  were 
de r i ved  from the  h i g h - r e s o l u t i o n  GOES data 
us ing  the  h y b r i d  b i s p e c t r a l  t h r e s h o l d  
technique o f  Minnis  and Har r i son  (1984a). 

The v a r i a b i l i t y  i n  the  ERBE longwave 
mean h o u r l y  measurements i s  smoothed when 
l i n e a r  i n t e r p o l a t i o n  was used t o  f i l l  i n  t h e  
m iss ing  hours. The modeled EKBE r e s u l t s  and 
GOES h o u r l y  data agree t o  w i t h i n  about 3%. 
This  d i f f e r e n c e  i n  LWRE may be due t o  
d i f f e r e n c e s  i n  t h e  spec t ra l  c h a r a c t e r i s t i c s ,  
1 imb-darkening models, and temporal sanipl i n g  
o f  ERBS and GOES. Because t h e  c louds are near 
the  ocean surface, very l i t t l e  d i u r n a l  
v a r i a b i l i t y  i s  observed i n  t h e  LWRE. 

r a d i a t i o n  parameters i s  i l l u s t r a t e d  i n  F igu re  
6 f o r  a l and  reg ion  over western South 
America. Although considerable s c a t t e r  i s  
e x h i b i t e d  i n  t h e  average h o u r l y  ERBE 
measurements, t h e  r e s u l t s  are again smoothed 
when t h e  measurements are combined w i t h  
models. Good agreement i s  genera l l y  obta ined 
between modeled ERBE measurements and the  GOES 
data f o r  both albedo and longwave. The 
monthly-average hour l y  c loud cover (F ig .  6c) 
over t h i s  reg ion  i s  nea r l y  constant  except f o r  
a decrease a t  sunset. 

Another comparison o f  ERBS and GOES 

5. CONCLUDING REMARKS 

P re l im ina ry  r a d i a t i o n  budget r e s u l t s  
have been presented f o r  se lec ted  reg ions based 
on the  November 1984 ERBS data. A b r i e f  
d e s c r i p t i o n  was g iven o f  t he  a lgo r i t hms  used 
i n  ana lyz iny  the  ERBE measurements. 
these r e s u l t s  are p re l im ina ry ,  s i g n i f i c a n t  
d i f f e r e n c e s  were found between the  t o t a l  and 
c lea r -sky  albedo as w e l l  as LWRE due t o  
c loudiness.  Various degrees o f  d i u r n a l  
v a r i a b i l i t y  were observed i n  r a d i a t i o n  
parameters over the  se lec ted  areas s tud ied.  
The ERBE time-dependent r e s u l t s  were v a l i d a t e d  
by in tercompar isons w i t h  GOES data. Fu tu re  
ERBE r e s u l t s  w i l l  i n c l u d e  measurements from 
two and, even tua l l y ,  t h r e e  s a t e l l i t e s  t o  
f u r t h e r  improve t h e  temporal and s p a t i a l  
sampling c a p a b i l i t y  f o r  d e t a i l e d  d i u r n a l  
s tud ies  o f  reg iona l  broadband r a d i a t i o n  
budgets over the e n t i r e  Earth. 

Although 
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F i g u r e  1. 
from ERBS f o r  a 2.5" x 2.5' ocean reg ion  a t  
l a t i t u d e  = 21.25's. l o n g i t u d e  = 136.25'W. 
l i n e s  show c lea r -sky  r e s u l t s  and s o l i d  l i n e s  
i n d i c a t e  data f o r  t h e  t o t a l  scene. 

R a d i a t i v e  parameters f o r  November 1984 
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F i g u r e  2'. 
( d e s e r t )  reg ion  a t  l a t i t u d e  - 21.25'S, 
l o n g i t u d e  = 66.25'W. 

Same as f i g u r e  1 except f o r  a l and  
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F i g u r e  3. C o r r e l a t i o n  o f  GOES v i s i b l e  data w i t h  
ERBS shortwave radiances over ocean f o r  November 
1984. 

F i g u r e  4. C o r r e l a t i o n  o f  GOES i n f r a r e d  and ERBS 
longwave radiances over ocean f o r  November 1984. 
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F i g u r e  5 .  
f o r  a 2.5" x 2.5" ocean reg ion  a t  l a t i t u d e  = 
21.25"S, l o n g i t u d e  = 81.25'W for November 1984. 
S o l i d  l i n e s  i n d i c a t e  ERBS month ly-hour ly  data, 
dashed l i n e s  a re  GOES r e s u l t s ,  and c i r c l e s  show 
ERBS measurements be fo re  modeling. 

R a d i a t i v e  parameters and c loud  amount 
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F i g u r e  6. 
reg ion  a t  l a t i t u d e  c 21.25"S, l o n g i t u d e  = 
61.25'W. 

Same as f i g u r e  5 except f o r  a l and  



51.7 

R E V I S E D  REFLECTANCE AND EMISSION MODELS FROM 
NIMBUS-? ERB DATA 

V. Ray Taylor and Larry L. Stowe 

NOAA/NESDI S 
Washington, D.  C. 20233 

1. i PiTRODUCTION 

A t  t h e  F i f t h  C o n f e r e n c e  on A t m o s p h e r i c  
Cadiation(CAR5). Nimbus-7 ERB r e f l e c t a n c e  and 
e m i s s i o n  models  w e r e  d e s c r i b e d  by T a y l o r  e t  a l .  
(1983a and b). These models  were t o  be  used  i n  
processing d a t a  from t h e  Ear th  Radiat ion Budget 
Experiment(ERBE). A t  t h e  t ime  of CARS. i t  was 
n o t e d  t h a t  t h e  q u a l i t y  of t h e  models  might  b e  
improved by more accura te ly  i d e n t i f i y i n g  cloudi-  
ness assoc ia ted  w i t h  t h e  Nimbus-? ERB data .  

S u b s t a n t i a l  improvements i n  t h e  Nimbus-7 
cloud d e t e c t i o n  a lgor i thm have made i t  p o s s i b l e  
t o  rework the  models and t o  i n c r e a s e  t h e  accuracy 
of  t h e i r  a p p l i c a t i o n  i n  t h e  p r o c e s s i n g  of  ERBE 
d a t a .  T h i s  p a p e r  w i l l  d e s c r i b e  d i f f e r e n c e s  
b e t w e e n  t h e  e a r l i e r  m o d e l s  and  t h e  l a t e s t  
a v a i l a b l e  v e r s i o n  ( h e r e a f t e r ,  ' o l d '  and 'new'. 
r e s p e c t i v e l y ) .  F o r  d e t a i l e d  i n f o r m a t i o n  a b o u t  
Nimbus 7 ERB da ta ,  c o r o l l a r y  d a t a  bases. and d a t a  
p r o c e s s i n g  methods,  p l e a s e  s e e  t h e  CAR5 r e f e r -  
e n c e s  a s  w e l l  as an e a r l i e r  d e s c r i p t i o n  o f  s u c h  
models (Taylor and Stowe. 1984). A d e s c r i p t i o n  of 
t h e  new Nimbus-7 c l o u d  d e t e c t i o n  a l g o r i t h m  and 
some i n i t i a l  r e s u l t s  may b e  found i n  Stowe,  e t  
a l .  (1985). 

Nimbus-7 cloud d e t e c t i o n  previous ly  r e l i e d  
upon infra-red measurements from t h e  THIR i n s t r u -  
ment and d e p a r t u r e s  of e q u i v e l e n t  black-body 
temperature  from cl imatology.  The inference  of 
c u r r e n t  s u r f a c e  temperatures  from cl imatology and 
the  lack of  v i s i b l e  wave-length information both  
l e d  t o  e r r o r s  i n  c l o u d  d e t e c t i o n .  T h i s  was es- 
p e c i a l l y  t r u e  f o r  low clouds i n  t h e  t r o p i c s  where 
t h e  s u r f a c e  and c l o u d  t e m p e r a t u r e s  a r e  o f t e n  
ind is t inguishable .  The lack  of r e l i a b l e  s u r f a c e  
tempera ture  inrormat ion  over land a l s o  precluded 
t h e  development of a c c u r a t e  n i g h t t i m e  e m i s s i o n  
models. I n  t h e  improved cloud d e t e c t i o n  scheme, 
a s u r f a c e  temperature  a n a l y s i s  is u t i l i z e d  which 
comes f rom 3 - h o u r l y  A i r  F o r c e  3-D N e p h a n a l y s i s  
d a t a .  I n  a d d i t i o n ,  r e f l e c t a n c e  d a t a  f rom an 
u l t r a - v i o l e t  channel of t h e  Nimbus-? TOMS i n s t r u -  
ment is  used i n  conjunct ion w i t h  THIR f o r  c loudi-  
n e s s  d e t e r m i n a t i o n .  U n f o r t u n a t e l y .  TOMS d a t a  
w e r e  n o t  a v a i l a b l e  f o r  t h e  f i r s t  65 d a y s  of  t h e  
o l d  ERB d a t a  se t .  The new d a t a  s e t  i s  t h e n  
reduced  t o  205 d a y s  ( f rom 270). and c o v e r s  a 
per iod from A p r i l  1. 1978 t o  June 22, 1980. 

E a c h  r e f l e c t a n c e  o r  e m i s s i o n  b i -  
d i r e c t i o n a l  model is c o m p r i s e d  of  p a r a m e t e r s  
c o m p u t e d  f o r  s p e c i f i c  r a n g e s  ( b i n s )  o f  
i l l u m i n a t i o n  and v i e w i n g  c o n d i t i o n s  and f o r  a 

g i v e n  s u r f a c e  type .  These  p a r a m e t e r s  i n c l u d e  
mean r a d i a n c e s  (v is . ,  IR). s t a n d a r d  d e v i a t i o n s  
(v is . ,  IR). c o r r e l a t i o n  c o e f f i c i e n t s  and a n i s o -  
t r o p i c  f a c t o r s  (AFs). AF f o r  each b i n  i s  def ined 
as t h e  r a t i o  o f  t h e  mean b i n  r a d i a n c e  t o  t h e  
e q u i v a l e n t  i s o t r o p i c  r a d i a n c e  of t h e  u p w e l l i n g  
hemisphere. The AF is ca lcu la ted  by i n t e g r a t i n g  
the  mean rad iances  of a l l  b i n s  over t h e  upwell ing 
hemisphere t o  obta in  t h e  outgoing f lux ,  d i v i d i n g  
the  f l u x  by p i  (giving equiva len t  i s o t r o p i c  radi-  
ance). and d i v i d i n g  t h e  r e s u l t  i n t o  each mean b i n  
r a d i a n c e .  The o u t g o i n g  f l u x  i s  r e t a i n e d  as a 
p a r a m e t e r  of  e a c h  model. F o r  v i s i b l e  d a t a ,  t h e  
r a t i o  of t h i s  flux t o  the incoming s o l a r  f l u x  is  
t h e  albedo. For each s u r f a c e  type, t h e  r e l a t i o n -  
s h i p  be tween a l b e d o  and s o l a r  z e n i t h  a n g l e  
c o n s t i t u t e s  a d i r e c t i o n a l  r e f l e c t a n c e  model. 

I n  t h e  ERBE a p p l i c a t i o n .  a f l u x  e s t i m a t e  
i s  made by d i v i d i n g  a n  o b s e r v e d  r a d i a n c e  by t h e  
appropr ia te  AF and mul t ip ly ing  by pi. The o t h e r  
model p a r a m e t e r s  a r e  used  i n  making t h e  s c e n e  
type determinat ion.  

The new models  f o r  ERBE have  b e e n  d e v e l -  
oped f o r  10 s u r f a c e  types. Four of t h e s e  (ocean. 
n o n - d e s e r t  l a n d .  d e s e r t  and s n o w / i c e )  a re  f o r  
n o m i n a l l y  c l e a r  (fdS% c l o u d )  c o n d i t i o n s .  The 
r e m a i n i n g  s i x  s u r f a c e  t y p e s  are f o r  ' p a r t l y  
c l o u d y '  (5 -50% c l o u d s ) ,  ' m o s t l y  c l o u d y '  (50-95% 
c l o u d s )  and ' o v e r c a s t '  (!495% c l o u d s ) ,  e a c h  over 
u n d e r l y i n g  s u r f a c e s  of u n i f o r m  (X95%) l a n d  ( i n -  
c l u d i n g  d e s e r t s )  o r  water. We have n o t  y e t  
d e v e l o p e d  r e v i s e d  m o d e l s  f o r  o t h e r  m i x e d  
( c o a s t a l )  o r  c l o u d  l e v e l  (low. m i d d l e ,  h i g h )  
s u r f a c e s ,  though t h e s e  w i l l  b e  i n v e s t i g a t e d  i n  
t h e  n e a r  f u t u r e .  I n  t h e  c u r r e n t  ERBE a p p l i c a -  
t i o n ,  c o a s t a l  s i t u a t i o n s  a r e  d e a l t  w i t h  by aver- 
a g i n g  ocean  and l a n d  models  f o r  c o r r e s p o n d i n g  
cloud c o n d i t i o n s .  

2. REFLECTANCE MODELS 

To e v a l u a t e  t h e  c h a n g e s  f rom t h e  o l d  t o  
new r e f l e c t a n c e  models, we have examined contour  
p l o t s  of  a n i s o t r o p i c  f a c t o r  as w e l l  as  t a b u l a r  
l i s t i n g s  of these  and the  o t h e r  model parameters. 
No c o n t o u r  p l o t s  are  shown h e r e  s i n c e  t h e s e  
p a t t e r n s  remained  l a r g e l y  unchanged. Examples  
may b e  found i n  T a y l o r  and Stowe (1984). The 
d i r e c t i o n a l  r e f l e c t a n c e  models have been p l o t t e d  
and t h e s e  w i l l  be  used t o  i l l u s t r a t e  t h e  changes 
between t h e  o ld  and t h e  new date. 
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Fig. 1 D i r e c t i o n a l  r e f l e c t a n c e  models f o r  ocean 
and cloud ove r  ocean. 

F ig .  1 shows  a c o m p a r i s o n  of v i s i b l e  
d i r e c t i o n a l  models f o r  t h e  f o u r  c l o u d i n e s s  condi- 
t i o n s  a s s o c i a t e d  w i t h  u n d e r l y i n g  u n i f o r m  o c e a n  
s u r f a c e s .  The g r e a t e s t  c h a n g e s  o c c u r  f o r  c l e a r  
and  p a r t l y  c l o u d y  s k y  c o n d i t i o n s .  B e c a u s e  t h e  
a lbedos  and s t a n d a r d  d e v i a t i o n s  of  b i n  r ad iances  
f o r  c l e a r  ocean are ve ry  much s m a l l e r  in t h e  new 
d a t a ,  it is obvious t h a t  con tamina t ing  c l o u d i n e s s  
i n  t h e  o l d  mode l  h a s  b e e n  l a r g e l y  removed. The 
new d i r e c t i o n a l  r e f l e c t a n c e  model f o r  clear ocean 
i s  a l s o  i n  good a g r e e m e n t  w i t h  a c o r r e s p o n d i n g  
mode l  d e r i v e d  f r o m  GOES d a t a  b y  M i n n i s  and 
H a r r i s o n  (1984). 

Changes i n  t h e  p a r t l y  c l o u d y  c u r v e  v e r y  
much p a r a l l e l  t h e  changes f o r  clear ocean, show- 
i n g  t h a t  t h e s e  o b s e r v a t i o n s  have a l s o  undergone 
c o n s i d e r a b l e  r e d i s t r i b u t i o n .  F o r  s m a l l  s o l a r  
z e n i t h  a n g l e s  t h e  o v e r c a s t  cu rve  has  become more 
l i n e a r  and the m o s t l y  c l o u d y  c u r v e  l e a s  l i n e a r .  
The new v e r s i o n s  of t h e s e  two  c u r v e s  a r e  more 
p a r a l l e l  t h a n  t h e  o l d  c u r v e s .  B e c a u s e  o f  t h e  
c o r r e l a t i o n  between s o l a r  z e n i t h  ang le  and l a t i -  
tude i n  t h e  ERB d a t a ,  smaller s o l a r  z e n i t h  a n g l e s  
c o r r e s p o n d  t o  t r o p i c a l  r e g i o n s .  I t  i s  i n  t h e  
t r o p i c s  where t h e  o l d  cloud a l g o r i t h m  w a s  recog- 
n i z e d  t o  be  most f a u l t y  in s y s t e m a t i c a l l y  under- 
e s t i m a t i n g  t h e  amount of  low clouds.  

I n  t h e  p r o c e s s i n g  of  ERBE d a t a .  a s i n g l e  
a lbedo vs. s o l a r  z e n i t h  ang le  f u n c t i o n  is used i n  
t h e  i d e n t i f i c a t i o n  of EFZBE d a t a  w i t h  a p a r t i c u l a r  
s u r f a c e  type  and l a t e r  a l s o  t o  conve r t  an i n s t a n -  
t a n e o u s  flux i n t o  a d a i l y  a v e r a g e .  D i r e c t i o n a l  
r e f l e c t a n c e  m o d e l s  mus t  b e  o p t i m i z e d  f o r  b o t h  
a p p l i c a t i o n s .  

1 

Fig .  2 shows  a s i m i l a r  s e t  of a l b e d o  
c u r v e s  f o r  v a r y i n g  amoun t s  o f  c l o u d  o v e r  l a n d .  
For  t h e  c l e a r  r o c d i t i o n .  on ly  non-desert  l and  is  
included,  w i t h  d e s e r t  being cons ide red  s e p e r a t l y .  
D e s e r t  i s  i n c l u d e d  w i t h  a l l  o t h e r  l a n d  t y p e s  
w h e r e  any s i g n i f i c a n t  amount  (!45%) o f  c l o u d  i s  
p r e s e n t .  Land i s  c o m p r i s e d  of  s u r f a c e s  whose 
r e f l e c t a n c e  v a r i e s  widely as a r e s u l t  of changing 
v e g e t a t i o n  and t o p o g r a p h y .  To t h e  e x t e n t  t h a t  
t h e  m i x t u r e  o f  l a n d  t y p e s  v a r i e s  w i t h  l a t i t u d e ,  
t h e  a l b e d o  c u r v e  w i l l  a l s o  v a r y .  T h i s  e f f e c t  
would be  most n o t i c a b l e  f o r  c l e a r  c o n d i t i o n s  and 
would l e s s e n  as t h e  l and  beconws i w i e  obscured by 
c loud iness .  
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Fig .  2 D i r e c t i o n a l  r e f l e c t a n c e  mode l s  f o r n o n -  
d e s e r t  l and  and cloud over  land.  

The new a l b e d o  c u r v e s  f o r  c l e a r  l a n d  and 
p a r t l y  c loudy ove r  land are un i fo rmly  and s i i g h t -  
l y  d a r k e r  t h a n  t h e  o l d  c u r v e s  f o r  s o l a r  z e n i t h  
a n g l e s  l e s s  t h a n  approx .  65 deg. F o r  l a r g e r  
s o l a r  z e n i t h  a n g l e s ,  c o r r e o p o n d i n g  t o  p o l a r  
r e g i o n s .  p o p u l a t i o n s  become s m a l l  and t h e  com- 
puted albedo becomes more unce r t a in .  The most ly  
c loudy/ land c u r v e  f o r  t h e  new d a t a  a lmos t  e x a c t l y  
p a r a l l e l s  t h e  o l d  c u r v e  and h a s  a u n i f o r m a l y  
h ighe r  a lbedo,  except  f o r  t h e  f i n a l  p o i n t  a t  n e a r  
g r a z i n g  s u n  a n g l e s  (84-90 deg.). We a re  u n c e r -  
t a i n  why bo th  most ly  c loudy and o v e r c a s t  cu rves  
i n d i c a t e  a d e c r e a s i n g  a l b e d o  i n  t h e  l a s t  two 
s o l a r  z e n i t h  a n g l e  i n t e r v a l s .  The s h a p e  of  t h e  
o l d  cu rve  f o r  most ly  c loudy does show an ind ica -  
t i o n  o f  t h e  downtu rn .  The o l d  o v e r c a s t  c u r v e  
a l s o  i n c l u d e s  c loud  ove r  snow ( t h e  new does not).  
The o l d  c u r v e  m i g h t  h a v e  showed t h e  d o w n t u r n  i f  
snow were excluded from it ,  b u t  such an o p e r a t i o n  
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c a n n o t  now b e  e a s i l y  done. We have c o n s t r u c t e d  
curves  from t h e  new d a t a  where overcast  over snow 
i s  n o t  e x c l u d e d  and f i n d  t h a t  t h e  downturn  
disappears .  A p o s s i b l e  explanat ion f o r  the  low- 
s u n  d a r k e n i n g  may i n v o l v e  i n t e n s i f i e d  c l o u d  
shadow e f f e c t s  a t  g r a z i n g  s u n  a n g l e s .  Such 
e f f e c t s  might  be m i s s i n g  o v e r  o c e a n s  i n  p o l a r  
regions a t  l e a s t ,  s i n c e  these  overcas t s  might not  
be as cumuliform as  over land. 

Albedo curves f o r  the remaining sur faces .  
snow/ice and d e s e r t s ,  are shown i n  f ig .  3 f o r  t h e  
o l d  and new d a t a .  For  d e s e r t s ,  t h e  u n i f o r m  
d a r k e n i n g  i s  p r o b a b l y  l a r g e l y  due t o  t h e  u s e  o f  
TOMS d a t a  i n  t h e  c l o u d  d e t e c t i o n  a l g o r i t h m .  I n  
t h e  u l t r a - v i o l e t ,  d e s e r t s  and o t h e r  l a n d  t y p e s  
a p p e a r  a b o u t  as d a r k  as oceans  and a re  h i g h l y  
c o n t r a s t e d  w i t h  c l o u d s .  T h i s  m e a n s  t h a t  
s c a t t e r e d  c l o u d i n e s s  o v e r  t h e  t y p i c a l l y  w a r m  
s u r f a c e  of  t h e  d e s e r t s  c o u l d  have been  m i s -  
i d e n t i f i e d  a s  c l e a r  i n  t h e  o l d  da t f l  aiid more 
e a s i l y  de tec ted  by t h e  new algorithm. 
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Fig. 3 D i r e c t i o n a l  r e f l e c t a n c e  models f o r  d e s e r t  
and snow sur faces .  

TOMS d a t a  is not used t o  d e t e c t  c loudiness  
o v e r  snow, s i n c e  t h e  r e f l e c t a n c e  of t h e s e  t w o  
s u r f a c e s  i s  s imi l a r  i n  t h e  u/v. Also.  t h e  
s u r f a c e  temperature  a n a l y s i s  is a l s o  not  used f o r  
A n t a r c t i c a  and l e a v e s  t h e  t i e a t m e n t  of  d a t a  i n  
t h a t  region v i r t u a l l y  unchanged. Two a n t a r c t i c  
summers were  r e p r e s e n t e d  i n  t h e  o l d  d a t a  s e t  
w h i l e  o n l y  one i s  i n  t h e  improved d a t a .  S i n c e  
i c e c a p  snow is  g e n e r a l l y  more r e f l e c t i v e  t h a n  
snow i n  o t h e r  r e g i o n s .  i t s  d i m i n i s h e d  amount 
causes  t h e  average albedo t o  be s l i g h t l y  lower. 

3. EMISSION MODELS 

E m i s s i o n  models  f o r  ERBE u s i n g  t h e  o l d  
c l o u d  d e t e c t i o n  a l g o r i t h m  were  d e v e l o p e d  f o r  
d a y t i m e  only .  E s p e c i a l l y  o v e r  l a n d ,  c l o u d  
amounts  c o u l d  n o t  be  e s t i m a t e d  w i t h  s u f f i c i e n t  
a c c u r a c y  t o  d e v e l o p  r e l i a b l e  n ight t ime emission 
models. The use  of near-current  s u r f a c e  tempera- 
t u r e  analyses  i n  t h e  new a lgor i thm has a l l e v i a t e d  
t h i s  r e s t r i c t i o n  and n ight t ime models f o r  a l l  10 
ERBE s u r f a c e s  have been created.  

EMISSION LIMB DARKENING 
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Fig. 4 Anisotropic  emission func t ions  f o r  c l e a r  
d e s e r t .  

Daytime and n ight t ime emission models are 
constructed f o r  each s u r f a c e  type by c a l c u l a t i n g  
t h e  a n i s o t r o p i c  f a c t o r  as a func t ion  of s a t e l l i t e  
z e n i t h  ( v i e w i n g )  a n g l e  o n l y ,  w i t h i n  e a c h  of  t h e  
four  seasons and t e n  equal i n t e r v a l s  of l a t i t u d e .  
The e m i s s i o n  i s  assumed t o  b e  a z i m u t h  indepen-  
d e n t .  Not a l l  of  t h e  800 p o s s i b l e  c o m b i n a t i o n s  
are suf f  i c j e n t l y  populated t o  c a l c u l a t e  r e l i a b l e  
models  and some are  m i s s i n g  a l t o g e t h e r .  F o r  
example ,  n o  d a t a  a t  a l l  e x i s t s  f o r  s n o w / i c e  
models  i n  t h e  t r o p i c s  o r  f o r  d e s e r t s  a t  p o l a r  
l a t i t u d e s .  F o r  t h o s e  models  which  a re  w e l l  
populated, a pre l iminary  examination shows very 
few s i g n i f i c a n t  changes between the  old and new 
d a t a  (daytime only). 

To e f f i c i e n t l y  show o v e r a l l  c h a n g e s  
between old and new daytime emission models and 
t h e  d i f f e r e n c e  b e t w e e n  t h e s e  and t h e  n i g h t t i m e  
models, AFs and emi t ted  radiances were averaged 
o v e r  t h e  s e a s o n s  and l a t i t u d e  zones.  F ig .  4 
shows g l o b a l  a n n u a l  a v e r a g e s  of  d e s e r t  a n i s o -  
t r o p i c  e m i s s i o n  f a c t o r  f o r  o l d  d a y t i m e ,  new 
daytime, and n ight t ime,  This p a r t i c u l a r  s u r f a c e  
t y p e  i s  s e l e c t e d  as an example s i n c e  i t  shows a 
l a r g e  amount of limb-darkening i n  the  daytime as 
w e l l  a s  a l a r g e  d i f f e r e n c e  b e t w e e n  t h e  d a y t i m e  
and n i g h t t i m e .  Of s u c h  g l o b a l  a n n u a l  a v e r a g e s .  
only c l e a r  non-desert land shows va lues  a lmost  as 
l a r g e  f o r  b o t h  l i m b - d a r k e n i n g  and d a y / n i g h t  
d i f fe rence .  A l l  of t h e  o t h e r  s u r f a c e  types show 
much s m a l l e r  v a l u e s  f o r  b o t h  q u a n t i t i e s .  
I n d i v i d u a l  models  f o r  p a r t i c u l a r  s e a s o n s  and 
l a t i t u d e  zones  may b e  q u i t e  d i f f e r e n t  f rom t h e  
g l o b a l  a n n u a l  a v e r a g e ,  t h o u g h  t h e s e  a re  few i n  
number. For example, p a r t l y  cloudy land areas i n  
t h e  t r o p i c s  a t  a g i v e n  s e a s o n ,  do show even 
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l a r g e r  l i m b - d a r k e n i n g  amounts than deser t s .  I n  
t h i s  instance.  though. t h e  change from daytime t o  
n i g h t t i m e  is not  be as grea t .  

By compar ing  t h e  s e t  of  c u r v e s  i n  f i g .  4 
w i t h  t h e  u p p e r  se t  of c u r v e s  i n  f i g .  5. t h e  
r e l a t i o n s h i p  may b e  s e e n  b e t w e e n  a n i s o t r o p i c  
f a c t o r s  and b i n  a v e r a g e s  of  e m i t t e d  r a d i a n c e .  
The former are der ived  from t h e  l a t t e r  by divid-  
i n g  t h e  r a d i a n c e  a v e r a g e  of e a c h  b i n  by  t he  
emi t ted  f l u x  (propor t iona l  t o  t h e  a r e a  under t h e  
curve) and mul t ip ly ing  by pi. Also shown i n  f ig .  
5 are t h e  r a d i a n c e  c u r v e s  f o r  s n o w / i c e .  These  
are t h e  least limb-darkened of t h e  s u r f a c e  types 
c o n s i d e r e d .  The e m i s s i o n  v a l u e s  f o r  o v e r c a s t  
c l o u d  are  g e n e r a l l y  s i m i l a r  t o  snow. b u t  c l o u d  
shows more l imb-darkening .  p r o b a b l y  b e c a u s e  of  
f o r e s h o r t e n i n g  e f f e c t s  assoc ia ted  w i t h  v e r t i c a l  
t e m p e r a t u r e  s t r u c t u r e .  That  is. when v i e w i n g  
v e r t i c a l l y  d e v e l o p e d  c l o u d s  a t  p r o g r e s s i v e l y  
l a r g e r  viewing angles. h igher  and c o l d e r  s u r f a c e s  
o b s c u r e  l o w e r  and warmer ones  s e e n  f rom n i u i e  
v e r t i c a l  v iews .  T h i s  c a n  have  much t h e  same 
e f f e c t  as l i m b - d a r k e n i n g  due  t o  a t m o s p h e r i c  
absorpt ion.  
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I n  f i g s .  4 a n d  5 i t  may b e  s e e n  t h a t  
e m i s s i o n  c h a n g e s  from t h e  o l d  t o  t h e  new d a t a  
sets are q u i t e  small. This  seems t o  b e  g e n e r a l l y  
t r u e  f o r  g l o b a l  a n n u a l  a v e r a g e s  of  t h e  o t h e r  
s u r f a c e s  as w e l l .  S i g n i f i c a n t  c h a n g e s  f rom 
d a y t i m e  t o  n i g h t t i m e  a re  s e e n  m o s t l y  f o r  c l ea r  
l a n d  and d e s e r t  and t h e s e  c h a n g e s  are  p r o g r e s s -  
i v e l y  s m a l l e r  as m o r e  c l o u d  o b s c u r e s  t h e  
u n d e r l y i n g  surface.  

4. CONCLUSIONS AND FUTURE STUDIES 

The Nimbus-7 cloud d e t e c t i o n  a lgor i thm has 
b e e n  i m p r o v e d  i n  2 wayfi. F i r s t .  s u r f a c e  
temperatures  are now based upon 3-hourly c u r r e n t  
a n a l y s e s  r a t h e r  t h a n  b e i n g  e s t i m a t e d  f r o m  
c l i m a t o l o g y .  Secondly ,  it i s  now p o s s i b l e  t o  
d e t e c t  c l o u d s  u s i n g  u l t r a - v i o l e t  d a t a  f r o m  t h e  
TOMS i n s t r u m e n t  i n  a d d i t i o n  t o  t h e  i n f r a - r e d  
m e a s u r e m e n t s  of  t h e  T H l R  i n s t r u m e n t .  The most  
n o t i c e a b l e  e f f e c t  of  these c h a n g e s  i s  the  more 
a c c u r a t e  d e t e c t i o n  of low c louds  and t h e  a b i l i t y  
t o  a c c u r a t e l y  estimate cloud amount a t  night .  

Generally, t h e  b i - d i r e c t i o n a l  p a t t e r n s  of 
a n i s o t r o p i c  r e f l e c t a n c e  f a c t o r  d i d  n o t  change  
s i g n i f i c a n t l y  i n  t h e  new models. F o r  c l e a r  
ocean, however, whi le  t h e  p a t t e r n s  remained rel- 
a t i v e l y  unchanged. t h e  b i n  s tandard d e v i a t i o n s  of 
v i s i b l e  rad iance  were very much lower. S i g n i f i -  
c a n t  changes  i n  t h e  d i r e c t i o n a l  r e f l e c t a n c e  
models were noted f o r  c l e a r  ocean. p a r t l y  cloudy 
o v e r  ocean ,  o v e r c a s t  o v e r  ocean  i n  t h e  t r o p i c s .  
and both  mostly cloudy and overcast  over land i n  
p o l a r  regions. 

C h a n g e s  b e t w e e n  o l d  and  new d a y t i m e  
emission models a r e  genera l ly  q u i t e  small. Also. 
c h a n g e s  b e t w e e n  new d a y t i m e  end n i g h t t i m e  
e m i s s i o n  models  a re  s m a l l  f o r  most s u r f a c e s .  
Desert and non-desert land do vary s i g n i f i c a n t l y  
f rom day  t o  n i g h t ,  as does .  t o  a lesser e x t e n t ,  
p a r t l y  cloudy over  land. 

I n  t h e  a p p l i c a t i o n  of a n i s o t r o p i c  emission 
func t ions ,  it has  been aasumed t h a t  t h e  f i r s t  and 
las t  va lues  of each func t ion  extend t o  s a t e l l i t e  
z e n i t h  angles  of 0 and 90 deg.. respec t ive ly .  It  
i s  known t h a t  some b i a s  i n  t h e  f l u x  es t imate  
could be introduced by t h i s  assumption s i n c e  t h e  
d a t a  are  n o t  e v e n l y  d i s t r i b u t e d  a c r o s s  t h e s e  
bins .  I n  the  n e a r  f u t u r e ,  o t h e r  a n a l y s i s  schcnies 
i n v o l v i n g  c u r v e  f i t t i n g  and h i g h e r  r e s o l u t i o n  
z e n i t h  angle  b i n s  w i l l  be t r i e d .  

We w i l l  develop r e f l e c t a n c e  and emission 
models  f o r  d i f f e r e n t  c l o u d  l e v e l s  and typeu  hnd 
a re  e s p e c i a l l y  i n t e r e s t e d  i n  t h e  d e t e c t i o n  of 
c i r r u s  and t h e  s tudy  of its r a d i a t i v e  proper t ies .  
The d i r e c t i o n a l  r e f l e c t a n c e  models  which  were 
shown here  may a l s o  evolve as we seek t o  proper ly  
i n t e r p r e t  l a t i t u d e  e f f e c t s  i n h e r e n t  i n  t h e  
Nimbus-7 E R B  d a t a  s e t .  One o f  o u r  r e c e n t  
s t u d i e s .  i n  p r o g r e s s ,  i n d i c a t e s  t h a t  t h e  
d i r e c t i o n a l  models f o r  c louds are composites of 
r e l a t i o n s  h i p s  t h a t  change w i t h  l a t i t u d e  according 
t o  a changing mixture  of cloud types. 
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51.8 ERBE BIDIRECTIONAL MODEL CONSISTENCY CHECK 

D.G. Baldwin, and J.A. Coakley, Jr. 

National Center for Atmospheric Research * 
Boulder, Colorado 80307 

1. INTRODUCTION 

ERBE relies on scene identification and directional 
models to convert radiances observed with the ERBE 
scanner to radiant exitances. Errors in both scene 
identification and directional models thus contribute di- 
rectly to errors in the estimated exitances. Here we at- 
tempt to isolate potential errors in the directional mod- 
els. 

2. BIDIRECTIONAL MODELS 

ERBE derives its directional models and its 
scene identification procedures from the results of the 
NIMBUS-7 ERB experiment. The ERB scanner has a 
spatial resolution (90 km)a that differs from those of the 
ERBE scanner (30 km)2. The radiometric calibrations 
of the two instruments may also differ. Because the 
dependence of reflected radiances on emitted radiances 
is a nonlinear function of scene type, we would expect 
that both the procedures for scene identification and 
the directional models used by ERBE to be affected by 
differences in the spatial resolutions of the two instru- 
ments, if not by the possible differences in their radio- 
metric calibrations. To determine how such differences 
might affect ERBE results, we use the ERBS scanner 
to derive pseudo-directional models and compare these 
models with the ERB derived counterparts. Should the 
two models agree, errors caused by differences in cali- 
bration and spatial resolution could safely be judged as 
insignificant. 

To derive the directional models from the ERBS 
scanner data, we make the assumption common to all 
previous developments of directional models- namely 
that on average, the radiant exitance associated with 
a particular scene is independent of the viewing geome- 
try, the geographic location and the time of observation. 
This assumption allows us to derive pseudo-directional 
models directly from the ERBS unfiltered radiances. 
The pseudo-directional model for bin i, p i ,  is given by 

where script ml; is the ERBS unfiltered radiance for 
model 1 and bin i; RI; is the bidirectional reflectivity 
for model 1 and bin i; gi is the cosine of the solar zenith 
angle, 4, is the azimuth angle, and the product ApiA& 
represents the bin area. The averaged quantities in (1) 
are over all pixels in bin i .  The sum in the denominator 
of (1) is over all bins containing at least some minimum 
number of observations. We call the model "pseudo" 
because the ERBS orbit fails to capture data for some 
of the angular bins. 

3. IMPACT OF ERRORS 

To assess the implication of these differences for 
the ERBE derived radiant excitances, we compute dif- 
ferences in the excitances typical of 2.5" latitude lon- 
gitude boxes. We also intend to develop models with 
ERBE scanner data a t  degraded resolution in order to 
study the influence of spatial resolution on scene identi- 
fication and the directionality of the observed radiances. 
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51.9 

LIMB-DARKENING FUNCTIONS FOR THE EARTH-ATMOSPSHERE SYSTEM OVER DESERT SCENES 

1. INTRODUCTION 

Dav id  R. Brooks 

Atmospheri c Sciences D i  v i  s i  on 
NASA Langley Research Center 

Hampton, V i  r g i  n i  a 

The r a d i a n t  energy balance o f  t h e  
E a r t h ' s  dese r t s  i s  c u r r e n t l y  o f  p a r t i c u l a r  
i n t e r e s t  because such areas have n o t  y e t  been 
s tud ied  e x t e n s i v e l y  f rom s a t e l l i t e s  t h a t  have 
been sub jec ted  t o  r i g o r o u s  r a d i o m e t r i c  
c a l i b r a t i o n .  Data f rom t h e  E a r t h  Rad ia t i on  
Budget Experiment (ERBE) have been used t o  
examine t h e  behavior  o f  longwave (LW) rad iance 
as a f u n c t i o n  o f  v iew ing  z e n i t h  angle f o r  t h r e e  
major  dese r t  reg ions:  t h e  Sahara, t h e  Saudi 
Arabian Peninsula, and A u s t r a l i a .  Th is  s tudy 
has l e d  t o  a b e t t e r  understanding o f  t h e  l imb-  
darkening f u n c t i o n  f o r  dese r t  scenes and has 
a l s o  shed some l i g h t  on t h e  problems o f  auto- 
mated scene i d e n t i f i c a t i o n  a lgo r i t hms  as 
a p p l i e d  t o  l a r g e  s e t s  o f  s a t e l l i t e  data. 

has p rov ided  a number o f  o p p o r t u n i t i e s  
f o r  s tudy ing  t h e  behavior  o f  desert-atmosphere 
systems. Most o f  t h e  major  su r face  fea tu res  of 
t h e  E a r t h  a r e  v i s i b l e  from t h e  57' o r b i t  o f  t h e  
E a r t h  R a d i a t i o n  Budget S a t e l l i t e  (ERBS). 
a d d i t i o n  t o  i t s  usual c ross t rack  scanning mode, 
t h e  ERBE scanner inst rument  has a l s o  been 
operated i n  an a long t rack  mode. 
i d e a l  f o r  examining t h e  l imb-darkening phenome- 
non because any p o i n t  a long t h e  s a t e l l i t e  
groundtrack may be viewed f rom a complete range 
o f  v iew ing  z e n i t h  angles a t  e s s e n t i a l l y  con- 
s t a n t  s o l a r  z e n i t h  angle. P r e l i m i n a r y  process- 
i n g  i n  t h e  a long t rack  mode has been done f o r  
January 19, 23, and 27, 1985. The November 
1984 c ross t rack  data a r e  a l s o  a v a i l a b l e  f o r  
s t u d y i n g  t h e  l imb-darkening problem. 
case, t h e  c ross t rack  data f o r  a p a r t i c u l a r  
r e g i o n  and day have been averaged a t  each 
scan p o s i t i o n  o f  t h e  scanner inst rument  and 
assoc ia ted  wi th  t h e  mean v iew ing  z e n i t h  angle 
a t  each scan p o s i t i o n .  

The E a r t h  Rad ia t i on  Budget Experiment 

I n  

Th is  mode i s  

I n  t h i s  

2. THE LIMB-DARKENING PHENOMENON 

The v a r i a t i o n  o f  LW rad iance w i t h  view- 
i n g  z e n i t h  ang le  i s  a r e s u l t  o f  abso rp t i on  
a long t h e  i n c r e a s i n g  atmospheric pa th  l e n g t h  
between t h e  inst rument  and t h e  p o i n t  be ing 
viewed on t h e  sur face.  Near ly  a l l  sur faces 
( I n c l u d i n g  c l o u d  "sur faces"  over most p a r t s  
o f  t h e  E a r t h )  a r e  l imb-darkened, i.e., t hey  
appear c o l d e r  when viewed from a l a r g e  z e n i t h  
angle. Fo r  a p l a n e - p a r a l l e l  atmosphere, t h e  
p a t h  i s  p r o p o r t i o n a l  t o  t h e  secant of t h e  
v iewing z e n i t h  angle. For a spher i ca l  Ear th-  

atmosphere system, t h e  E a r t h ' s  cu rva tu re  p r e  
vents  t h e  p a t h  l e n g t h  from approaching 
i n f i n i t y  as v iew ing  z e n i t h  ang le  approaches 
90'. The LW rad iance may be represented by 
an equat ion o f  form 

L (e )  = L,P~ 

where P i s  t h e  r a t i o  o f  atmospheric p a t h  
l e n g t h  a t  v iewing z e n i t h  angle e t o  over- 
head atmospheric pa th  l e n g t h  and Lo i s  t h e  
rad iance measured a t  a v iew ing  z e n i t h  angle 
o f  0'. This  f o r m u l a t i o n  a p p l i e s  t o  an 
o p t i c a l l y  t h i n  atmosphere-- loosely speaking, 
one f o r  which t h e  atmosphere never t o t a l l y  
obscures t h e  u n d e r l y i n g  surface--and, w i t h  
rega rd  t o  t h e  d i s t i n c t i o n s  made i n  t h e  e a r l y  
paper by Schwarzschi ld (1906), i m p l i e s  t h a t  
t h e  E a r t h ' s  atmosphere i s  i n  a d i a b a t i c  r a t h e r  
than  r a d i a t i v e  e q u i l i b r i u m .  Th is  s imple one- 
parameter f o r m u l a t i o n  has been shown t o  
agree w e l l  w i t h  d e t a i l e d  r a d i a t i v e  t r a n s f e r  
c a l c u l a t i o n s  a p p l i e d  t o  s a t e l l i t e  data 
(Gupta, 1983; Gupta e t  al., 1985). 

It i s  o f t e n  t h e  case t h a t  ERBE LW 
radiances a r e  p o o r l y  represented by a s i n g l e -  
parameter p a t h  l e n g t h  f o r m u l a t i o n  a p p l i e d  t o  a 
f u l l  range o f  v iewing z e n i t h  angles. A 
m o d i f i e d  f u n c t i o n  o f  form 

L ( e )  = L0pX-a[p(e)-p(e=6O0)1, e > 60' 

has been used t o  represent  t h e  ERBE data f o r  
v iew ing  z e n i t h  angles g r e a t e r  t han  60'. The 
" e x t r a "  t e rm i n  equat ion (2)  must account f o r  a 
v a r i e t y  o f  c o n t r i b u t o r s  t o  t h e  observed l i m b  
darkening a t  l a r g e  v iewing angles. These i n c l u d e  
t h e  i n c r e a s i n g  o p a c i t y  o f  t h e  atmosphere and 
p o s s i b l e  s a t u r a t i o n  o f  t h e  atmopsheric t r a n s -  
mi t tance,  t h e  p o i n t  spread f u n c t i o n  o f  t h e  ERBE 
scanner inst rument ,  t h e  con tamina t ion  o f  t h e  ERBE 
f i e l d - o f - v i e w  w i t h  space-viewing p i x e l s  as t h e  
o p t i c a l  a x i s  o f  t h e  scanner approaches t h e  
hor izon,  and t h e  i n c r e a s i n g  s i z e  and decreasing 
homogeneity o f  t h e  scene i n  t h e  ground f o o t p r i n t  
as viewed f rom t h e  f i x e d - f i e l d - o f - v i e w  inst rument .  
The l a s t  o f  these e f f e c t s  may r e s u l t  i n  c loud  
contaminat ion o f  t h e  c l e a r  scene and may l e a d  t o  
increased ambigui ty  i n  t h e  scene i d e n t i f i -  
c a t i o n  process. 

t h e  ERBE scanner a r e  accounted f o r  i n  t h e  
opera t i ona l  process ing software. The c o r r e c t i o n  
f o r  space contaminat ion o f  t h e  f i e l d  o f  
view a t  l a r g e  v iewing z e n i t h  angles i s  

The geometric and e l e c t r o n i c  e f f e c t s  o f  
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i n s i g n i f i c a n t  f o r  t h e  opera t i ona l  EHBE 
processing, as t h e  LW radiances a re  no t  
i n v e r t e d  t o  LW r a d i a n t  ex i tance  f o r  
v iewing z e n i t h  angles l a r g e  enough t o  
be a f f e c t e d  by space-view contamination. 
However, i t  i s  r e l e v a n t  f o r  s p e c i f i c  
s t u d i e s  o f  l i m b  darkening, and has been 
inc luded  i n  t h e  present  ana lys i s .  

3. CLEAR SCENE I D E N T I F I C A T I O N  FOR DESERT 
SCENES 

Data from t h e  ERBE have t h e  apparent 
advantage o f  hav ing been i d e n t i f i e d  as t o  t h e  
u n d e r l y i n g  geography and separated i n t o  f o u r  
c loud  ca tegor ies :  c l e a r ,  p a r t l y  cloudy, 
most ly  c l o u d l y ,  and overcast .  The scene 
i d e n t i f i c a t i o n  a1 g o r i  thms a r e  s t a t i s t i c a l  
i n  na tu re  and can be expected t o  per form 
e r r a t i c a l l y  over h i g h l y  v a r i a b l e  surfaces 
where t h e r e  i s  an i n s u f f i c i e n t  data base o f  
me teo ro log i ca l  o r  c l i m a t o l o g i c a l  in forma- 
t i o n  t o  suppor t  a th resho ld -d r i ven  scene 
i d e n t i f i c a t i o n  approach. I n  a d d i t i o n ,  t h e  
" c l e a r "  category accepts a c loud  contam- 
i n a t i o n  o f  up t o  about 10%. 
problems w i t h  i d e n t i f i c a t i o n  o f  c l e a r  deser t  
sur faces a r e  f i r s t ,  t h e  d i f f i c u l t y  o f  assign- 
i n g  f i x e d  i n f r a r e d  th resho lds  f o r  sur faces 
w i t h  l a r g e  d i u r n a l  v a r i a b i l i t y  and, second, 
t h e  added complex i ty  o f  t h e  c loud  i d e n t i -  
f i c a t i o n  problem when t h e  u n d e r l y i n g  su r face  
i s  very b r i g h t .  

be found over  t h e  A f r i c a n  and A u s t r a l i a n  
dese r t s  d u r i n g  November. It i s  genera l l y  
t r u e  t h a t  f o r  many deser t  cond i t i ons ,  t h e  ERBE 
scene i d e n t i f i c a t i o n  i s  a f u n c t i o n  o f  v iewing 
z e n i t h  angle. S p e c i f i c a l l y ,  dese r t  scenes 
observed from l a r g e  v iewing z e n i t h  angles a r e  
o f t e n  more l i k e l y  t o  be i d e n t i f i e d  as p a r t l y  o r  
mos t l y  cloudy than  scenes observed from overhead. 
Th is  does no t  cause d i f f i c u l t i e s  i n  t h e  o v e r a l l  
ERBE e v a l u a t i o n  o f  t h e  r a d i a t i n g  p r o p e r t i e s  o f  
t h e  scene, bu t  i t  w i l l  i n  a p p l i c a t i o n s  t h a t  
seek t o  evaluate,  f o r  example, l i m b  darkening 
f o r  s p e c i f i c  c l e a r  scene types. 
way, examinat ion o f  t h e  ERBE data suppor ts  t h e  
view t h a t  t h e  scene i d e n t i f i c a t i o n  process 
becomes ambiguous l a r g e l y  because t h e  i n c r e a s i n g  
atmospheric o p a c i t y  a t  l a r g e r  v iewing z e n i t h  
angles tends t o  min imize t h e  d i f f e r e n c e  i n  LW 
radiance among t h e  va r ious  scene types. 

f o r  t h r e e  se lec ted  dese r t  scenes d u r i n g  t h e  
January 1985 a long t rack  scanner ope ra t i on  i s  
i l l u s t r a t e d  i n  Table 1. I n  each case, t h e  
scene i d e n t i f i c a t i o n s  have been grouped 
accord ing t o  v iewing z e n i t h  angle, i n  10' b ins.  
The t o t a l  number o f  measurements i n  each b i n  i s  
g i ven  f o r  t h e  " a l l "  c l a s s i f i c a t i o n .  For each 
scene c l a s s i f i c a t i o n ,  t h e  f r a c t i o n  o f  t h e  t o t a l  
measurements f a l l i n g  i n  t h a t  c l a s s i f i c a t i o n  i s  
given. I f  t h e  scene c l a s s i f i c a t i o n  i s  inde-  
pendent o f  v iewing z e n i t h  angle, t h e  f r a c t i o n  
f o r  each scene t y p e  should be constant  f o r  
each v iewing z e n i t h  angle b in .  

Each se t  o f  data represents  a s i n g l e  ERBS 
f l y o v e r  o f  a dese r t  reg ion.  These reg ions encom- 
pass most o f  t h e  western h a l f  o f  A u s t r a l i a ,  t h e  
Sahara, and t h e  Saudi Arabian Peninsula. I n  a l l  
cases, coas ta l  areas a r e  avoided t o  prevent  con- 
t a m i n a t i o n  o f  t h e  scene w i t h  ocean views. As 

Two s p e c i f i c  

S i g n i f i c a n t  c loud  cover  may r e g u l a r l y  

S ta ted  another 

The ERBE scene i d e n t i f i c a t i o n  performance 

each f l y o v e r  takes on ly  a few minutes, t h e  s o l a r  
z e n i t h  angle i s  n e a r l y  constant  d u r i n g  t h e  
f l y o v e r .  
t h e  measurements a r e  made a t  e s s e n t i a l l y  constant  
r e l a t i v e  azimuth; on t h e  "outbound" leg, t h e  
r e l a t i v e  azimuth i s  s h i f t e d  by 180'. 
c o n d i t i o n s  i l l u s t r a t e d  i n  Table 1 a re  i n d i v i d u a l  
cases and n o t  necessa r i l y  r e p r e s e n t a t i v e  o f  t h e  
o v e r a l l  behavior  o f  t h e  reg ions.  

The data used t o  generate Table 1 a r e  i l l u s -  
t r a t e d  g r a p h i c a l l y  i n  F igures 1-3. For each scene 
type, t h e  dependence o f  LW r a d i a t i o n  on v iewing 
z e n i t h  angle may be seen. 
fea tu re  o f  t h e  ERBE LW data i s  t h e  i n c r e a s i n g  
ambigui ty  among c l e a r  and c loudy scene c l a s s i f i -  
c a t i o n s  as v iewing z e n i t h  angle increases when- 
ever  t h e  a lgo r i t hms  de tec t  a m i x t u r e  o f  c l e a r -  
c loudy cond i t i ons ,  e s p e c i a l l y  d u r i n g  t h e  day. 
Th is  e f f e c t  i s  no tab le  i n  t h e  A u s t r a l i a n  data. 
Note a l s o  i n  t h e  A u s t r a l i a n  data t h e  l a r g e  
az imuthal  asymmetry i n  t h e  ove rcas t  scene; t h i s  
i s  thought  t o  be caused by a combination o f  
ambigui ty  about t h e  scene when viewed from 
oppos i te  d i r e c t i o n s  r e l a t i v e  t o  t h e  Sun and a 
r e a l  d i f f e r e n c e  i n  t h e  appearance o f  c loudy 
scenes under these oppos i te  cond i t i ons .  The 
n i g h t t i m e  Sahara data do n o t  e x h i b i t  any 
az imuthal  asymmetry, b u t  t h e  scene ambigui ty  
f o r  v iewing z e n i t h  angles g rea te r  t han  60' 
i s  s t i l l  ev ident .  I n  t h e  Saudi scene, viewed 
on t h e  same day and a l s o  a t  n i g h t ,  t h e  ERBE 
scene i d e n t i f i c a t i o n  a lgo r i t hms  de tec ted  on ly  
c l e a r  surfaces. I n  t h i s  case, t h e  l imb-  
darkening curve i s  remarkably smooth. 
r e s u l t s  a r e  c o n s i s t e n t  wi th  an a n a l y s i s  o f  
c loud  i d e n t i f i c a t i o n  from s a t e l l i t e s  us ing  GOES 
data (Minnis ,  1986); t h i s  study concluded t h a t  
ove res t ima t ion  o f  c loud  f r a c t i o n  ( e s p e c i a l l y  
f o r  h igh  c louds and t o t a l  c loud  cover)  i s  
r e l a t i v e l y  i n s i  gn i  f i c a n t  f o r  v iewing z e n i t h  
angles l e s s  than  about 50°, b u t  increases 
r a p i d l y  when t h e  v iewing z e n i t h  ang le  exceeds 
about 60'. and t h a t  t h i s  problem i s  most severe 
f o r  t o t a l  and h i g h  c loud  cover. 

On t h e  "inbound" l e g  o f  t h e  f l y o v e r ,  

The s p e c i f i c  

A c h a r a c t e r i s t i c  

These 

4. PARAMETERIZATION OF LIMB-DARKENING 
FUNCTIONS 

Limb darkening f o r  c l e a r  dese r t  scenes has 
been parameterized accord1 ng t o  equat ions (1 ) and 
( 2 ) .  The r e s u l t s  f o r  t h e  data o f  F igures 1-3 a re  
shown i n  Table 2. The d i f f e r e n c e  i n  t h e  l e v e l s  
of l i m b  darkening between t h e  Sahara-Saudi, and 
A u s t r a l i a n  deser ts ,  as expressed by t h e  parameter 
x, r e f l e c t s  t h e  f a c t  t h a t  t h e  A u s t r a l i a n  scene i s  
observed d u r i n g  daytime i n  t h e  Southern Hemis- 
phere 's  l a t e  s p r i n g  season. Therefore, t h e  su r -  
face temperature and water vapor p r o f i l e s ,  t h e  two 
dominant f a c t o r s  i n  l i m b  darkening, may d i f f e r  
g r e a t l y  from t h e i r  Nor thern Hemisphere coun te rpa r t s ,  

o f  l i m b  darkening due t o  f l u c t u a t i o n s  i n  su r face  
temperature and atmospheric composi t ion can be 
examined w i t h  t h e  a i d  o f  d a i l y  data from t h e  
November 1984 ERBE c ross t rack  scanner. The l imb-  
darkening phenomenon has been parameter1 zed 
f o r  a l l  t h e  Sahara and Saudi Arabian Peninsula 
data f o r  November 6-30. The data have been 
separated i n t o  daytime and n i g h t t i m e  measure- 
ments, and a summary of t h e  l imb-darkening 
parameters a r e  presented i n  Table 3. Although 
i t  i s  t r u e  t h a t  deser t  scenes a r e  more l imb-  
darkened a t  n i g h t  than they  a r e  d u r i n g  t h e  

I n  p r i n c i p l e ,  t h e  day-to-day v a r i a b i l i t y  o f  
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day, as expected, t h e  wide v a r i a t i o n  i n  t h e  
parameters r e f l e c t s  t h e  f a c t  t h a t  each d a i l y  
s e t  o f  daytime o r  n i g h t t i m e  data taken i n  
t h e  c ross t rack  scanning mode i s  a composite 
o f  measurements taken i n  d i f f e r e n t  p laces a t  
d i f f e r e n t  t imes. 

5. CONCLUSIONS 

These p r e l i m i n a r y  ERBE r e s u l t s  have 
been used f o r  t e s t i n g  and v a l i d a t i o n  o f  t h e  
opera t i ona l  so f tware  and data products. It 
should be s t ressed  t h a t  t h e r e  i s  p r e s e n t l y  
no evidence t h a t  t h e  c u r r e n t  ope ra t i ona l  
ERBE l imb-darkening models w i l l  produce 
s i g n i f i c a n t  e r r o r  i n  est imates o f  LW 
r a d i a n t  e x i t a n c e  over  l o n g  temporal o r  
l a r g e  s p a t i a l  scales. However, i t  i s  c l e a r  
t h a t  a b e t t e r  understanding o f  t h e  ERBE LW 
measurements, w i t h  some pa ramete r i za t i on  
a long t h e  l i n e s  suggested above, i s  requ i red  
t o  i n t e r p r e t  and c h a r a c t e r i z e  t h e  r a d i a t i v e  
behavior  o f  i n d i v i d u a l  scenes as a f u n c t i o n  
o f  s p e c i f i c  v iewing and s o l a r  cond i t i ons .  
Toward t h i s  end, t h e  ERBE data need t o  be 
decoupled as much as p o s s i b l e  from t h e i r  
i n t i m a t e  a s s o c i a t i o n  w i t h  a p a r t i c u l a r  set  
o f  scene i d e n t i f i c a t l o n  a lgo r i t hms ,  geo- 
g raph ica l  d i s t r i b u t i o n s ,  and inst rument  
c o n s t r a i n t s .  Because o f  t h e  n e a r l y  i d e a l  
c o n d i t i o n s  under which t h e  a long t rack  scan 
mode ob ta ins  measurements o f  LW radiance, 
these data merge as t h e  bes t  hope f o r  f r u i t f u l  

i n v e s t i g a t i o n  o f  t h e  l imb-darkening phenomenon. 
It has been demonstrated t h a t  a s imple pa th  
l e n g t h  pa ramete r i za t i on  o f  EHBE rad iances can 
be used t o  c h a r a c t e r i z e  and d i f f e r e n t i a t e  
among su r face  types when t h i s  pa ramete r i za t i on  
i s  r e s t r i c t e d  t o  v iewing angles no g r e a t e r  than 
60'. 
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Table 1. 

Deser t  scene i d e n t i f i c a t i o n  as a f u n c t i o n  o f  v iewing z e n i t h  
angle from se lec ted  ERBE measurements 

Viewing z e n i t h  angle, deg 
Scene 0- 10- 20- 30- 40- 50- 60- 70- 

Scene Date t y p e  10 20 30 40 50 60 70 80 

A u s t r a l i a  19 Jan. a l l  
(eo  = 57O, prli) c l e a r  dese r t  

p a r t l y  cloudy 
mos t l y  c loudy 
ove rcas t  

Sahara 19 Jan. a l l  
(eo  = 122O, am) c l e a r  dese r t  

p a r t l y  c loudy 
mos t l y  c loudy 
overcast  

c l e a r  dese r t  
Saudi 19 Jan. a l l  
(eo = 108O, pm) 

402 403 401 404 405 389 316 204 
.42 .42 .40 .37 .38 .35 .28 .04 
.21 .21 .24 .26 .21 .29 .37 .59 
.15 .17 .18 .19 .23 .24 .23 .37 
.20 .19 .17 .18 .19 .12 .11 .OO 

759 809 805 792 773 767 620 405 
.73 .73 .72 .70 .76 .72 .71 .71 
.14 .14 .16 .16 .11 .14 .13 .09 
.11 .10 .09 .10 .10 .08 .10 .14 
.02 .03 .03 .03 .03 .05 .06 .05 

257 258 256 256 257 257 198 133 
1.00 1.00 1.00 1.00 1.00 .99 .98 .96 
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Table 2 

Limb-darkening parameters f o r  se lec ted  deser t  
scenes from t h e  January 19, 1985, ERBE along- 
t r a c k  data set  

Region eo, deg x a(e0>60a) 

A u s t r a l i a  57 (pm) -0.2116 3.184 
Sahara 122 (am) -0.0998 1.854 
Saudi 108 (pm) -0.0974 1.241 

Table 3 

Summary o f  1 imb-darkening parameters f o r  
November 6-30, 1984, ERBE c ross t rack  LW 
measurements i n  t h e  Sahara and Saudi 
Arabian Peninsula 

- - 
S X  a Sa X 

Daytime 

N igh t t ime  
-0.1360 0.0285 1.2645 1.8673 

-0.1080 0.0287 1.0104 1.4603 

i 1.2 - overcast 
3,4 m s t l y  cloudy 
5.6 - part ly  cloudy 
7.8 - clear desert 
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AN APPROACH FOR VERIFYING CLEAR-SKY RADIATION MODELS 

WITH ERBS SCANNER MEASUREMENTS 

V. Ramanathan and P. Downey 

National Center for Atmospheric Research * 
Boulder, Colorado 80307 

1. INTRODUCTION 

One of the unique features of the earth radiation 
budget experiment (ERBE) is that, for the first time in 
the history of the earth radiation budget (ERB) mea- 
surement program, it will provide on a routine basis, es- 
timates of clear-sky top-of-the atmosphere longwave and 
solar radiation fluxes. This additional feature will en- 
able ERBE to address two key issues that are of funda- 
mental importance to climate. The first issue concerns 
verification of clear-sky radiation treatment in climate 
models and the second issue concerns the estimation of 
cloud-radiative forcing from ERB measurements (e.g., 
see Ramanathan, 1985). 

In this study, we explore the possibility of using 
ERBE clear-sky longwave radiances for validating ra- 
diation models. This is accomplished by attempting a 
detailed intercomparison of measured and computed ra- 
diances. The purpose of this paper is more to outline 
the novel and rigorous approach adopted for the valida- 
tion than to cite the results. Nevertheless, we will cite 
results to illustrate the validity of our approach. How- 
ever, the results should be considered preliminary since 
ERBE algorithms that convert the radiometer "signa- 
turen to radiances and fluxes are currently undergoing 
a detailed validation process. Indeed, studies such as 
the present one are part of the comprehensive valida- 
tion program that is being undertaken by the ERBE 
project. 

2. THE DATA SELECTION PROCEDURE 

The clear-sky fluxes are obtained from the scan- 
ning radiometers on board the Earth Radiation Budget 
Satellite (ERBS). The scanner has three channels: (i) 
the total channel which measures both the reflected so- 
lar and emitted longwave radiation, (ii) the shortwave 
channel which employs an optical filter to capture only 
the reflected solar radiaiton; (iii) the longwave channel 
with a filter to filter most of the radiation shortwaveof 4 
pm. The ERBE algorithm retrieves clear-sky longwave 
values by analyzing the scanner radiances for maximum 
values, Le., by employing a threshold approach. These 

* The National Center for Atmospheric Research is 
sponsored by the National Science Foundation. 

estimates are the basic data set used in the present 
study. This data set covers the region from 60"N to 
60"s for the period Nov. 6, 1984 to Nov. 30, 1984. To 
this data set, we employ the following selection proce- 
dure to minimize ambiguities in interpreting the data 
set: 

(a) The study is limited to night time conditions. 
The nighttime restriction enables us to use the total 
channel for estimates of longwave fluxes. We also do 
not include desert regions. 

(b) We adopt radiances rather than fluxes. Fur- 
thermore, we adopt only the filtered radiances. Al- 
though we restrict our study to the total channel which 
doesn't have a filter, the radiance incidence on the to- 
tal channel is filtered slightly because of the telescope 
mirror. 

(c) In order to minimize cloud-contaminated re- 
gions, we adopt only those regions for which the spatial 
standard deviation, u, of the radiance is less than 1%. 
The u for any scanner pixel is computed from radiances 
of five pixels including the pixel of interest and the four 
surrounding pixels. This constraint follows from the 
work of Coakley and Bretherton (1979) which demon- 
strated that clear-sky oceanic regions are characterized 
by very small variances in the longwave fluxes. 

3. THE RADIATION MODEL AND INPUT DATA 
FOR THE MODEL 

The model includes the effects of H20, C02, 0 3 ,  

CH4 and NzO. For H20, the model computes radiances 
in 5 cm-' intervals by employing the Malkmus expres- 
sion for transmittances for line absorption. The model 
also includes a continuum transmission to account for 
the effects of farwing absorption that are ignored in the 
5 cm-l model. The farwing transmission was derived 
to yield agreement with line-by-line calculations. In ad- 
dition, the model includes the e-type continuum. The 
model fluxes for the top of the atmosphere agree with 
line-by-line calculations within 1% for a variety of atmo- 
spheric profiles ranging from subarctic winter to trop- 
ical conditions (Tables l a  and Ib show an example of 
the comparison for mid-latitude summer conditions). 
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Table la: Model intercomparison 
(Hz  0 lines only) 

Profile: Mid-latitude Summer 
Spectral domain: 0-2200 cm-' 
Units: W m-z 

(iii) The radiosonde data should extend at least 
up to 50 mb. 

(iv) Once the above conditions are met, we adopt 
only those pixels for which ERBE reports clear-sky con- 
ditions for the four surrounding pixels. 

Model Upflux 
(0 mb) 

Line-by-line (Arking) * 334.4 
Present 336.3 

Line-by-line (Fels)* 333.96 
* These results were kindly provided by Drs. Arking and 
Fels and have also been cited in ICRCCM (1984). 

Table lb: Model intercomparison 
(H20, COZ, 03,  CH4 and N20 ) 

Profile: Mid-latitude Summer 
Spectral domain: 0-3000 cm-' 
Units: W m-' 

Model Upflux 
(0 mb) 

Present 287 
Line-by-line (Arking) * 285.78 

The model input paramaters are specified as fol- 
lows: The temperature and humidity are specified from 
radiosonde measurements appropriate for the time and 
location of ERBE observation. Zonal average November 
climatological distribution is adopted for ozone. The 
surface is assumed to be a black emitter. The com- 
puted spectral radiances are multiplied by the instru- 
ment spectral response function to obtain the filtered 
radiances. 

(v) Relative humidity error criterion: The rms 
error in radiosonde measurements of relative humidity 
is about 5% for temperatures greater than 273'K and 
about 10% for temperatures less than 273°K. Hence, 
the error in absolute humidity becomes large for very 
dry regions. In view of the above, we include only those 
soundings for which the rms error divided by the actual 
relative humidity is less than 50%. 

5. RESULTS 

There are about 2000 radiosonde soundings per 
day such that for the 25 days in November considered in 
this study, there are a total of roughly 50000 soundings. 
However, only 49 soundings satisfy all of the constraints 
imposed in this study (see Sections 2 and 4 for details). 

First, it should be noted that the present radiation 
model overestimates the outgoing radiance by 1 to 1.5% 
since it ignores the following radiation processes: 9-10 
pm bands of COz; 14 p m  bands of 0 3 ;  HzO absorption 
shortwaveof 4.5 pm; COz absorption in the vicinity of 4 
pm; trace gases such as CFCs, NH3, HN03 and others 
(see Ramanathan et al., 1985 for a complete list); and 
background tropospheric aerosols. Although individu- 
ally these processes have a small effect, their collective 
effect is of the order of 1 to 1.5%. Hence, if the input 
data to the model, the radiation model and the ERBE 
radiances were free of errors, the computed radiances 
should be larger than the observed ones by about 1 to 
1.5%. 

The frequency distributions of the percent differ- 
ence are shown in Figs. la and lb .  For Fig. la, the 
surface is assumed to be black. Fig. I b  is a sensitivity 
calculation, in which the surface emissivity is assumed 
to be non-black in the 8-12pm region and is 0.95 for 
ocean and 0.9 for land. However, we ignore reflection of 
radiation by the surface. Before interpreting the results 
in Fig. 1, we examined the validity of the results by 
considering the sensitivity of the results to a variety of 
parameters including: viewing zenith angle; spatial vari- 
ance of radiance; maximum and minimum dew point de- 
pression; and local time of observation (to name a few). 
Remarkably enough, the difference between computed 

4. SELECTION OF DATA FOR THE COMPARISON 

The following criteria are employed to select the 
data dbtained for the comparison study. 

(i) The radiosonde station location should lie 
within 30 km of the ERBE clear-sky region. 

(ii) The time at which ERBE clear-sky data is 
taken should fall within 1 hour of the radiosonde data. 
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(4 ERBS SCANNER RADIANCE 
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Figure 1. Frequency distribution of percent difference betweer 
computed and observed night time filtered radiances. The relative 
frequency, ;.e., no. of samples for each 1% difference divided by the 
total number is plotted. (a) surface emissivity is 1. (b) non-black 
emissivity in the 8-12 pm region. Since the reflection of radiation 
is ignored, this CMG overestimates the non-black effects by about 
50%. 
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- 

and observed waa nearly independent of these param- 
eters. For example, Figures 2 and 3 respectively show 
percent difference in radiance aa a function of viewing 
zenith angle and of the normalized spatial standard de- 
viation of the radiance. The near insensitivity to view- 
ing zenith angle alto leads to the encouraging conclusion 
that the scanner radiance does not suffer from viewing 
angle dependent error. The insensitivity to the percent 
variance suggests that the data we have chosen are effec- 
tively free from cloud contamination. Now comparing 

SAWLE SIZE= 4 9  0 ' 14. -11-6-88 TO 11-30-84 j 12. - 

Figs. l a  and Ib, it is seen that the surface emissivity 
makes a substantial impact on the mean error. This 
difference clearly suggests that additional work is re- 
quired in specifying emissivity in models. The overall 
picture that emerges from Fig. 1 is that the present ap- 
proach of selecting regions for validation of models holds 
significant promise. 
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Figure 2. Percent difference between computed and observed night 
time filtered radiances plotted as a function of viewing zenith angle. 
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Figure S. Percent difference in night time filtered radiance as a 
function of normalized standard deviations, N. N = ( o / R )  x 100. 
R is the mean of 6 pixel radiances, i.c., the pixel of interest and 
the four surrounding pixels and (I is the standard deviation of the 
radiances. 
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6. SUMMARY REFERENCES 

In summary, the validation study thus far has re- 
vealed the following encouraging features. The consis- 
tency between computed and observed radiances and 
the insensitivity of the difference (between computed 
and observed) to several satellite and meteorological pa- 
rameters clearly raise the exciting possibility of using 
scanner radiances for radiation model validation and for 
retrieving cloud-radiative forcing. However, a sample 
size of 49 is still not sufficient to arrive at firm conclu- 
sions but this problem can easily be solved by employing 
data for additional months. The next step is then to ex- 
amine if the rms difference in Fig. 1 can be explained 
based on known uncertainties in input data and in scan- 
ner radiances. If the rms difference can be explained by 
these factors, then the sort of results shown in Fig. 1 
can be used to validate clear-sky radiation theory. 
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1. INTRODUCTION 

Clear-sky planetary albedo is an important cli- 
mate variable that not only determines the amount of 
solar radiation absorbed under cloudless conditions, but 
also determines the degree to which clouds modulate the 
absorbed solar radiation. It is important therfore to val- 
idate the climate modeling practice of specifying bulk 
values of reflectivity for regions of several hundred km2 
or greater. 

(1986; hereafter referred to aa 
BMRH) , compared regional clear-sky albedos inferred 
from GOES observations with model computations. 
That study waa confined to most of North and South 
America and their adjacent ocean regions for Novem- 
ber. Albedos over oceans agreed to within f.O1, while 
albedos over land agreed to within f.02, both within 
the computed and observed uncertainties. 

In this paper, the computed clear-sky plane- 
tary albedos from BMRH are compared with prelimi- 
nary clear-sky albedos inferred from ERBS observations 
taken during November 1984. As a first step, we confine 
our attention exclusively to ocean surfaces. 

Our objectives in undertaking this study are 
twofold: First, a detailed comparison of the prelimi- 
nary ERBE results with computed clear-sky albedos will 
contribute to the process of validation of the algorithm 
used by ERBE to infer clear-sky albedos; next, once the 
ERBE data are validated by the above and other inde- 
pendent validation procedures, the ERBE data could 
then be used to verify the treatment of clear-sky albe- 
dos in climate models. 

Briegleb et.al. 

2. OBSERVED CLEAR-SKY ALBEDOS 

The observations used in this study are the prelim- 
inary November 1984 ERBS s-9 scanner data. As part 
of the standard ERBE scientific products, the monthly 
mean clear-sky albedo is estimated. However, these 
albedos derive from a scene identification algorithm that 
allows for up to 5% cloud cover contamination, which 
may bias the comparison with computed clear-sky albe- 
dos. 

In order to minimize the effects of clouds, we re- 
trieve a second estimate of the clear-sky albedo from the 
November 1984 S-9 scannersobservations. For each 2.5" 
x 2.5" ERBE ocean region, we isolate the observations 
from the entire month whose ERBE scene identifica- 
tion results in at least 80% clear sky identifications for 
all pixels falling within that region. The albedos for 

these observations are corrected from their local time 
values to local noon using the ERBE directional model 
for the ocean scene type. From this set of clear-sky lo- 
cal noon albedos, we isolate the minimum albedo from 
the entire month. About 80% of all possible ERBE 2.5" 
x 2.5" ocean regions between f 6 O "  latitude returned 
minimum albedos; the remaining regions were not sam- 
pled because of persistent cloud cover during November 
1984. 

Although this second estimate of the clear-sky 
albedo helps to minimize the effects of cloud, it still 
relies on the ERBE clear-sky scene identification. One 
way to determine the uncertainty due to cloud cover 
contamination is to use the estimated spatial standard 
deviation of clear-sky albedo provided in the ERBE S-9 
data. This quantity represents the spatial variability of 
the clear-sky pixels for the retrieved minimum albedo. 
These values are typically f.02. 

3. COMPUTATION OF CLEAR-SKY ALBEDOS 

The radiative transfer model of BMRH is used in 
this comparison study. The model albedos are com- 
puted on a 1" x 1" resolution; the albedos within each 
ERBE 2.5" x 2.5" region are obtained by linearlly aver- 
aging the 1" x 1" results. 

Basically, the BMRH model is a plane-parallel 
delta-Eddington radiative transfer model that accounts 
for 03,02,C02, and H 2 0  gaseous absorption and back- 
ground aerosol absorption. The model also accounts 
for molecular and aerosol scattering. The ocean sur- 
face albedo model accounts for both direct and diffuse 
incident radiation. 

The uncertainties in the model computations are 
due to the use of zonal mean climatological O3 and HzO 
amounts for November, the use of a climatological ocean 
aerosol model, and the use of an ocean surface albedo 
model appropriate for low surface-wind speeds and typ- 
ical hydrosol amounts. As reported in BMRH, these 
uncertainties yield typical albedo uncertainties of f.01 . 
4. RESULTS 

Figure 1 shows a histogram of computed minus 
inferred local noon clear-sky albedos. All 2.5" x 2.5" 
ERBE regions satisfying the retrieval criterion of section 
2 are included (about 3800) in this figure. The mean 
difference is +.001, with a standard deviation of .017. 
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Figure 1. Histogram of computed minus inferred local 
noon clear-sky albedos over ocean; November 1984 Pre- 
liminary ERBS s-9 data. 
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Ocean Regions 
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Figure 2 shows the zenith angle dependence of 
the computed and inferred local noon clear-sky albe 
dos. The solid lines show the aerosol-free computations 
(lower curve) and the computations with background 
marine aerosol. The zonal mean minimum local noon 
clear-eky albedos inferred from the ERBE observations 
are also shown, along with f standard deviation about 
the zonal mean. 

There appears to be no significant differences be- 
tween the computed and observed albedos in these fig- 
ures. We consider these favorable comparisons to be a 
positive step towards validating the ERBE algorithms 
for inferring clear-sky albedo over ocean. 
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Figure 2. Zonal mean local noon clear-sky albedos 
over ocean. Solid lines are computed with (upper) and 
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show standard deviation about the zonal mean. 
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1. INTRODUCTION 

The Earth Radiation Budget Satellite (ERBS) 
provides radiation observations from the earth and 
its atmosphere. The observations are for two 
broad spectral bands, a long-wave band of 5-200 
microns and a short-wave band of .2-5 microns. 
These data are recorded on board by both a scanner 
and two non-scanner instruments. The scanner, 
whose observations are one set of data used in 
this study, have a resolution of approximately 36 
by 48 kilometers. 

is obtained from the VISSR Atmospheric Sounder 
(VAS) on board GOES-6. Observations from the VAS 
are obtained in 12 spectral channels with a 
resolution of either 14 or 8 kilometers. The 
oversampled 14 km Multi-Spectral Image (MSI) data 
from VAS is used in this study to obtain temporal 
coincidence with the ERBS coverage. Theoretical 
studies (Smith and Woolf, 1982) indicate that a 
strong relationship exists between the multi- 
spectral radiance observations obtained in this 
mode and the outgoing long-wave radiation flux. 
Channel 7 (12.7~) is particularly sensitive to low 
level moisture whereas channel 8 (11.2~), the 
infrared window, possesses high sensitivity to 
surface temperature and cloudiness. 

Knowledge of the relationship between the 
VAS and ERBS instruments will be very useful for 
climate studies. One application of this informa- 
tion is to the study of the diurnal cycle of 
cloudiness and radiation. 
tions from VAS, more complete information becomes 
available in the western hemisphere for studying 
the diurnal cycle and for estimating daily aver- 
ages from the satellite ERBE system. 

This paper develops a preliminary relation- 
ship between the outgoing long-wave radiation flux 
as detected by ERBS and the spectral radiances 
observed by the VAS MSI channels which are most 
strongly correlated to the earth-atmosphere 
outgoing long-wave radiation flux. 

The other set of data used for this study 

With hourly observa- 

2. LONG-WAVE INTERCOMPARISON 

2.1 Data Selection 

The first revised, but preliminary ERBS 
tape released by NASA-Langley which possesses 

data for the same time that a VAS data set was 
available is for February 7 ,  1985. In order to 
compare and form relationships between the data 
from the two satellites the observations from 
each must be nearly simultaneous. Since the area 
of VAS coverage is fixed, comprising North and 
South America and the surrounding oceanic region, 
ERBS passes over this region provide the only 
opportunity for comparison. A nearly ideal ERBS 
orbit is available on this date, passing over the 
VAS subpoint at the equator near 108"W. This 
orbit covers a region with a diversity of cloud 
types beginning near 40"N in the eastern U.S. 
extending into the Gulf of Mexico to the Yucatan 
peninsula. This pass crosses the jet stream and 
includes a region where cirrus is widespread ( s e e  
Figure 1). 

the jet stream. As a test of the comparison 
method this region of coverage was chosen since 
it is the most difficult weather type to be 
encountered. The technique applied involved 
computer selection of points for comparison. The 
goal was to select a region starting at 40"N on 
the ERBS tape and choose points that gave good 
coverage, minimized redundancy, and retained good 
resolution, recognizing that the resolution for 
all satellites is best near their subpoint track 
and i s  worse near the horjzon. Since there is 
considerable ERBS scanner observation redundancy 
at the satellite subpoint the solution was to 
require a minimum distance of 30 kilometerfi 
between the points selected along a scan line. 
Each ERBE scan line contains 62 elements; to 
avoid the low resolution regions near the 
horizon, the first and last 11 elements along 
each line were excluded. Of the remaining 40 
elements redundancy elimination near the middle 
of each scan line reduced the average number of 
data points selected from each scan line to 26. 
Observations were selected from 100 scan lines 
giving a total of 2583 picture points. An 
outline of the ERBS long-wave top of the atmo- 
sphere region is shown in Figure 2. 

from the EKBS tape, the closest locations to the 
preliminary points were found in the VAS/MSI 
data. The oversampled VAS data have a spatial 
resolution approximately five times better than 
the ERBS so an average of 25 VAS observations 

Ordinarily, cloud motion is greatest in 

After the data point locations were chosen 
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Fig. 1. VAS infrared picture for 1801 GMT February 7, i985 showing region matched by ERBS orbit. 



relation and the scatter of the data about this 
line are shown in Figure 3 .  

L I4 

Fig. 2. ERBS top of the atmosphere flux for near 
1800 GMT February 7, 1985 showing region matched 
with VAS picture. 

overlapping the ERBS observation was computed. 
order to insure comparisons of uniform scene 
fields of view, a limit on the range between the 
maximum and the minimum VAS brightness tempera- 
tures of 5°C in the channel 8 data was chosen. 
After applying this criteria, 697 samples 
remained. 

In 

2.2 Regression Relationships 

The quality of fit of a simple linear 
relationship (not shown) between the VAS channel 8 
brightness temperatures and ERBS top of the 
atmosphere long-wave values indicated that a 
higher order regression relationship was needed. 
Also, it is better to correlate quantities con- 
verted to the same physical units. As a result, 
equivalent blackbody fluxes were computed from the 
VAS brightness temperatures using the Stephan 
Boltzman law: R = UT4 where 0 is the Stephan 
Boltzman constanr, T is the VAS brightness temper- 
ature, and R is the equivalent VAS blackbody 
flux. The regression line obtained from this v8 
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Fig. 3. Scatter diagram and regression line 
relating the VAS equivalent radiance to the ERRS 
top of the atmosphere long-wave values. 

The statistics of this case are shown in 
Table 1 and the regression equation obtained was: 
R * .507 R - 80.7 where R is the predicted 
EkBS top ofVthe atmosphere fong wave value. Note 
the high correlation coefficient of .9841, in 
spite of the apparent wide scatter about the 
line. The large mean deviation between the VAS 
11 pm channel blackbody flux and the ERRS top of 
the atmosphere flux is explained by the absorp- 
tion by atmospheric constituents observed outside 
the 11 urn window in the broad band observed by 
ERBS . 

Num = 697 
Avg VAS = 306.5 
Avg ERRS = 235.2 
Cor. Coeff. = .9841 
Standard Error of Estimate = 5.940 
Explained Variance = .9684 

Table 1.  Statistical relationships between VAS 
channel 8 equivalent radiance and ERBS top of the 
atmosphere long wave flux for 1801 GMT February 7, 
1985. 

Several multiple correlations were produced 
relating the ERBS to the VAS data. These were run 
separately, correlating the ERBS top of the 
atmosphere long-wave values and also the ERRS 
long-wave filtered (raw) data to the VAS data. 
The source of VAS variables were channels 7 and 
8, and the secant function of the VAS satellite 
zenith angle of observation. 

As shown in Table 2, one of the best 
results obtained was for the multiple correlation 
of RE, the ERBS top of  the atmosphere long-wave 
with: R the equivalent blackbody flux radi- 
ance forv$iS channel 7; Rv8, the equivalent 
blackbody flux for VAS channel 8; sec 0 ,  secant 
of the satellite zenith angle of the VAS observa- 
tion. 
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Step 1 

Variable .T4 

Standard Error 5.295 
of Estimate 
Explained Variance ,9749 

Cor. Coeff. .9t134 

Table 2. SteD-wise multiple r 

Step 3 

.9882 
5.128 

.9765 

UT4 

atis- 
ctics for predicting ERBS' top of the atmosphere 
long-wave values from VAS data. 

On the first step of the step-wise multi- 
ple regression the variable chosen was RV7 since 
it is highly correlated with surface and cloud 
radiation, and also more sensitive to water vapor 
emission than is R . On the second step, the 
secant of the sateyyite zenith angle was chosen, 
and on the third step channel 8 equivalent black- 
body flux was included. 

augmented by additional data from the next ERBS 
pass at 1930 GMT. The additional data was 
obtained us ing  the same criteria discussed above. 
Two areas were chosen for diversity of scene, 
centered near 10"W 12O"W and 40"N 1OOoW. 

The data from the 1801 6WT sample was 
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Fig. 4. Scatter diagram and regression line 
relating the VAS channel 8 temperature to the ERBS 
raw radiance. Both axis are multiplied by 10. 

Step 1 Step 2 Step 3 

Variable UT4 UT4 sec 0 
Cor. Coeff. .9fjz7 .9@8 .9859 
Standard Error of 6.735 6.478 6 . 4 6 8  
Estimate 
Explained Variance .9696 .9719 .9720 

Table 3 .  Expanded sample step-wise multiple 
regression statistics for predicting ERBS top of 
the atmosphere long wave values from VAS data. 

3.  FURTHER WORK 

The relationship found here for uniform 
fields will be checked against an independent 
data set to validate its usefulness. Even if it 
appears t o  stand up to such a test, it must be 
remembered that the preliminary ERBS data it 
canes from has not itself been fully validated, 
especial.ly the TOA modeling. Hence revisions may 
be necessary, though in all probability any 
changes would be expected t o  be small. Applica- 
tion of  the relationship to determine the diurnal 
cycle and the specification of daily average 
fluxes from the ERBS for various regimes will be 
presented at the meeting. 
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The scatter of the data is shown in Figure 
4. The wide scatter at the warm end where 
temperatures are greater than 290'K appear to be 
due to the inability of the channel 8 window to 
detect the variation of low level moisture 
commonly found over the ocean surface. Table 3 
shows the statistics for the multiple regression 
on this sampie. 
RE - 1.0520Tv7 - .39950Tfp - 1.195 sec 0 +44.36 

The fin 1 relation found was: 
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1. Introduction 

A new era of Earth Radiation Budget 
observations began in November, 1984 with the 
Earth Radiation Budget Experiment (ERBE) 
(Barkstrom, 1984). These observations overlap with 
series of observations begun in November, 1978 
from the Nimbus 7 spacecraft (Jacobowitz et 
a1,1984, Kyle et al,l984). The radiation budget is 
the basic boundary condition determining the 
Earth’s climate. We can improve our understanding 
of the earth’s climate by studying the 
fluctuations in the average weather which provide 
natural climate experiments providing that we have 
an accurate mean climatology for comparison. Our 
purpose in this study is to compare these two data 
sets to determine if they can be combined into a 
long term climatology of measurements which can be 
used to measure fluctuations or trends in the 
climate. 

2. Data 

At this time we are limited to observations 
from November 1984 because the final analysis 
scheme is still under final testing for the ERBE. 
There are three instruments in the ERBE system, a 
Wide Field of View (WFOV) intergrating sensor, a 
Medium Field of View sensor (WOV), and a scanning 
instrument with a field of view less than l00km. 
Some processing errors have been detected in the 
preliminary ERBE data set for the WFOV and MFOV 
products (ERBE Science Team, 1985). We have then 
confined our ERBE study to the scanner whose data 
has been analysed onto a 2.6 d e s t i t u d e ,  
longitude grid. The instrument is flying on a 
drifting satellite with inclination of 60 degrees, 
so an approximate diurnal average measurement is 
obtained in one month. For both data sets we 
limited our study to the monthly mean products 
because these are the measurements with the 
highest accuracy available from each system. 
Figure 1 shows the November mean Emitted Exitance 
and figure 2 shows the Albedo from ERBE. 

The WFOV sensor system on Nimbus 7 has been 
operating since November, 1978. It provides 
measurements from a sun synchronous orbit crossing 
the equator near noon and midnight. The original 
data has resolution of about 1500 km so at first 
sight the observations are a smoothed out version 
of the ERBE scanner measurements. 

3. Similarities 

There are large differences between the two 
sets of measurements. Figure 3 shows a scatter 
plot of corresponding locations from each. Only 
the region from 50 North to 50 South has been 
considered since the ERBE space craft has an orbit 

inclination of 60 degrees. Several least squares 
regressions are possible between the two data 
sets. First one can do a total least square fit 
which allows random error in each coordinate. 
Alternately one can do a linear regression of x on 
y or y on x. Thus three lines are plotted on the 
scatter plot. In the figures the slope is 
designated by A and the intercept by B. For 
numerical comparisons we will assign the ERBE data 
as a standard so we will select the slope and 
intercept which will change the Nimbus 7 to best 
match the ERBE. This is designated as DY in the 
scatter plots. The slope of 1.42 and intercept of 
-110 W/m2 exemplify the difference. These big 
differences are the result of the smoothing 
produced by the WFOV measurement system. 

A deconvolution procedure was applied to the 
data (Campbell and Yonder Haar, 1980) which in 
essence enhances the highs and lows producing 
figures 4 and 5. The deconvolution truncates the 
data at spherical harmonic order 15. To have a 
fair comparison we have also truncated the ERBE 
data fields to spherical harmonic 16. Now a 
correlation between two systems shows very good 
correspondence, figures 6 and 7. The fact that the 
slope of the correlation of the emitted exitance 
is 1.01 +.01) shows the two data sets to be 

slope of the fit line for the albedo of .90 k.02) 
seems to show a big difference. 

calibrate ‘a to the same radiometric scale. The 

A superposition of the zonal averages (fig 
8,9) shows the emitted exitance to be nearly 
identical in the northern hemisphere and around 
the equator. But south of 20 South a systematic 
deviation appears. We will argue below that this 
difference is produced by different diurnal 
sampling. The albedoes from the two systems do not 
match as well, with some significant differences 
just north of the equator. Separation of the zonal 
average into land and ocean components shows most 
of the difference occurs over the land. 

It is not possible to construct global 
averages directly from the ERBE data because of 
the satellite orbit cuts off the data around 60 
North and 60 South. Table 1 shows the area 
averages for the region from 50 North to 60 South. 
The full area averages are virtually identical, 
but there is some residual difference between the 
land and ocean areas in the albedo. 

Table 1 Regional 
Emitted 
A1 1 

N7 Raw 246.2 
N7 Decon 245.7 
ERBE Raw 246.5 
ERBE SPH 246.5 

averages for 50 North to 60 South 
Exitance (W/m2) Albedo 
Ocean Land All Ocean Land 
246.4 242.5 .266 .253 .299 
246.0 242.8 .264 .249 .304 

248.4 242.2 .268 .259 .291 
248.7 241.6 . m a  .257 ,297 
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4. Differences 

Subtracting the two fields (fig. 10 and 11) 
show some significant deviations especially over 
the land. From an examination the first four years 
of Nimbus 7 data, regional fluctuations of 5 to 10 
W/m2 occur in the monthly averages in the emitted 
exitance. This provides an objective matching 
requirement, the differences between systems 
should be less than the differences in monthly 
means from year to year. To detect changes in 
radiation budget, the ERBE and Nimbus 7 for the 
same month should match up to better than 5 W/m2. 
The differences seen in figure 11 are around 5 
W/m2 with bigger differences over the land, often 
more than 10 W/m2. 

The differences in albedo are confined to the 
continental areas. A fluctuation level between 
.025 and .05 is seen in the Nimbus 7 albedo data 
and the system differences are often bigger. This 
land ocean difference produces the slope of the 
line shown in figure 7. The difference between 
Nimbus 7 and ERBE appears then to be a mismatch in 
one or both measurement and analysis systems. 

5. Discussion 

To try to explain the differences, we have 
looked at the diurnal variations measured by the 
ERBE system. The measurement of the emitted 
exitance diurnal variation in ERBE is made from 
interpolations of the measurements at two to four 
different hours on each day of observation (Brooks 
et a1.,1084). An average of noon and midnight 
(plus or minus one hour) from ERBE differs by more 
than 5 W/m2 from the 24 hour average in some land 
regions. This implies that the simple average of 
noon + midnight as done in Nimbus 7 is not 
accurate. Before attempting to derive a diurnal 
correction for Nimbus 7, more monthly comparisons 
will be needed. 

The diurnal average albedo construction is 
much more complex in ERBE. Both a directional and 
bidirectional reflection model are used in 
reducing the measured radiances for ERBE. In the 
Nimbus 7 the albedo is calculated from the flux at 
satellite altitude devided by the maximum diffuse 
reflected flux and then a small directional 
correction is multiplied in. Both of these schemes 
are subject to model approximations. Since the 
biggest differences are over land, where one would 
expect bigger diurnal changes, the difference 
probably is caused by the different sampling of 
the diurnal changes, Nimbus 7 measures at only one 
local time of the day, where as ERBE samples at 
band of local times which changes from month to 
month. Estimating a diurnal correction to a full 
daylight average for either system is tougher than 
for the emitted exitance because less than half as 
many measurements are obtained from ERBE (half the 
measurements are made at night). 

To summarize: the albedoes are the same over 
very large scale but significant differences 
appear over the land. The emitted exitances are 
closer to matching than the albedo. Adjustments to 
the emitted exitance are possible for the diurnal 
sampling bias probably present in Nimbus 7. 

6. Conclusion 

The archive data of Nimbus 7 is totally 

different than the ERBE monthly mean product from 
the scanner. After deconvolution of the Nimbus 7 
the two data sets are very similar. The emitted 
exitance values are close enough together to be 
combined into a common climate time series if 
adjustments are made for diurnal sampling. Yore 
experience will be needed, especially with the two 
satellite situation in ERBE before an accurate 
diurnal correction for Nimbus can be established. 
One should remember that the purpose for including 
a drifting satellite in the ERBE was in fact to 
measure this diurnal variation. Thus finally the 
combined emitted exitances can be used to monitor 
year to year fluctuations in the climate to the 5 
W/m2 level. 

The albedo differences are probably due to 
diurnal variations either from geometrical 
reflection effects or true diurnal changes. 
Whether accurate diurnal corrections are possible 
remains for futher analysis. The systematic 
differences in albedo are larger than climate 
fluctuations, so combining the two data sets is 
not possible with this ERBE data processing and 
the deconvoluted Nimbus 7. This also precludes 
using the net radiation for combined Nimbus 7, 
ERBE year to year studies without extensive 
corrections. 

We expect to examine other overlaping months 
before the oral presentation of these results, so 
our quantitative conclusions are subject to 
change. Several papers will be presented at this 
meeting on internal ERBE comparisons and with 
other satellite measurements. These will combine 
to determine the final accuracy of the ERBE 
results. 
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Figure 6 .  Deconvolved Nimbus 7 albedo. 
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52.1 
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1. INTRODUCTION 

Over the p a s t  2 decades,  l i d a r s  have been 
used t o  s tudy  the  s t r a t o s p h e r i c  aerosol .  The 
ear l ies t  measurements found enhanced l e v e l s  near 
20 km which were later a t t r i b u t e d  to volcanic  
e r u p t i o n s ,  t h e  f i r s t  being due to the  March 1963 
e r u p t i o n  of Agung. Other vo lcanic  p e r t u r b a t i o n s  
were l a t e r  recognized by l i d a r  such as those due 
t o  t h e  e r u p t i o n s  of Fuego (October 19741, 
Agustine (January 1976), Mount S t .  Helens (May 
19801, Alaid ( A p r i l  19811, one of unknown o r i g i n  
(January 1982) ,  and then E l  Chichon ( A p r i l  
1982). Other e r u p t i o n s  probably per turbed t h e  
s t r a t o s p h e r e  dur ing  t h i s  per iod ,  bu t  have gone 
unnoticed due to the  l i m i t e d  number and l a t i t u d i -  
n a l  d i s t r i b u t i o n  of l i d a r s  i n  the world and t h e  
l i m i t e d  number of o t h e r  sensors  capable  of making 
s t r a t o s p h e r i c  a e r o s o l  measurements. L idars  do 
o f f e r ,  however, a very u s e f u l  t o o l  f o r  s tudying  
t h e  occurrence and temporal v a r i a t i o n  of vo lcanic  
p e r t u r b a t i o n s ,  thus  providing important  d a t a  f o r  
s tudying  the impact and e f f e c t s  of volcanic  erup- 
t i o n s ,  and using a e r o s o l s  a s  t r a c e r s ,  atmospheric 
motions. 

The f i r s t  s a t e l l i t e  sensor  developed f o r  
t h e  long-term measurement of s t r a t o s p h e r i c  aero- 
sols w a s  SAM 11, launched i n  October 1978. It  
remains o p e r a t i o n a l  today and has  produced, f o r  
t h e  f i r s t  time, an a e r o s o l  c l imatology i n  the  
Arctic and A n t a r c t i c  regions.  SAM I1 was f o l -  
lowsd i n t o  Earth o r b i t  by SAGE I i n  February 
1979 and obtained about  3 years  of measurements 
over l a t i t u d e s  from 79ON to 79OS. SAGE I1 was 
launched from s h u t t l e  i n  October 1984 i n t o  an 
o r b i t  similar to SAGE I, and remains o p e r a t i o n a l  
today. SAGE I also made measurements of ozone 
and n i t rogen  d ioxide ,  while SAGE 11, i n  a d d i t i o n  
t o  t h e s e ,  makes water vapor measurements. 

This SAM-SAGE series of s a t e l l i t e  s e n s o r s  
u t i l i z e s  the technique of solar o c c u l t a t i o n ;  t h a t  
is ,  they conduct t h e i r  measurements dur ing  each 
s p a c e c r a f t  s u n r i s e  and s u n s e t ,  record ing  t h e  
e f f e c t s  of the  a t t e n u a t i o n  of a e r o s o l s  and gases  
i n  the E a r t h ' s  atmospheric limb between s a t e l l i t e  
and Sun. Because of the  high s igna l - to-noise  
provided by the  s t r o n g  s o l a r  source and t h e  f a c t  
t h a t  t h e  instrument  is s e l f  c a l i b r a t i n g  before  
( s u n s e t )  o r  a f t e r  ( s u n r i s e )  each measurement 
event ,  p r o f i l e s  with high accuracy and v e r t i c a l  
r e s o l u t i o n  are obta inable .  A d e s c r i p t i o n  of 
these  instruments  can be found i n  McCormick e t  
a l .  (1979) and Mauldin e t  a l .  (1985) ,  and t h e  
mathematical techniques used f o r  the  product ion 
of its s p e c i e s '  p r o f i l e s  are given i n  Chu and 
McCormick (1979) and Chu (1986) .  

During the  per iod  1979 through 1982, many 
volcanic  e r u p t i o n s  per turbed t h e  s t r a t o s p h e r i c  
a e r o s o l  a s  i n d i c a t e d  above. SAGE I and SAM I1 
have provided a va luable  g loba l  d a t a  se t  on these  
p e r t u r b a t i o n s  (Kent and McCormick, 1984), and 
SAM I1 and SAGE 11 cont inue t o  observe t h e  
e f f e c t s  of the l a r g e s t  of these, E l  Chichon. The 
NASA Langley Research C e n t e r  l i d a r s ,  both a i r -  
borne and groundbased, have a l s o  provided a 
va luable  r e g i o n a l  and s ingle-poin t  d a t a  se t  
(McCormick, 1982; McCormick e t  a l . ,  1978). This  
was enhanced by the  f a c t  t h a t  the  1982 e r u p t i o n  
of E l  Chichon occurred between t h e  SAGE I and 
SAGE I1 o p e r a t i o n a l  measurements and, t h e r e f o r e ,  
t h e  Langley a i rborne  l i d a r  was e s p e c i a l l y  valu- 
a b l e  i n  providing d a t a  over a 2-year series of 
campaigns covering 90°N to  5 6 O S  (McCormick e t  
a l . ,  19841, which complemented g r e a t l y  t h e  SAM I1 
p o l a r  measurements and var ious  groundbased and 
o ther  measurements. 

This  paper w i l l  d e s c r i b e  d a t a  obtained 
from these  l i d a r  and sa te l l i t e  measurements, 
e s p e c i a l l y  those p e r t a i n i n q  t o  the impact of the 
e r u p t i o n s  of E l  Chichon. 

2. RESULTS 

E l  Chichon is loca ted  i n  southern Mexico 
(17.3ON, 93.2OW) and erupted  with four  major 
e r u p t i o n s  between March 28 and Apr i l  4, 1982, 
with t h e  l a r g e s t  occur r ing  on Apr i l  4. The 
clouds of s t r a t o s p h e r i c  m a t e r i a l  from these  erup- 
t i o n s  spread westward, c i r c l i n g  t h e  globe i n  3 
weeks (Matson and Robock, 1984) and were d e t e c t e d  
by l i d a r  a t  Mauna Loa on Apr i l  9 with record- 
s e t t i n g  s c a t t e r i n g  r a t i o s  a t  an a l t i t u d e  of 26-km 
( D e L u i s i  e t  a l . ,  1983). Subsequent l i d a r  
(McCormick e t  a l . ,  1984) and i n  s i t u  bal loon 
measurements (Hofmann and Rosen, 1983) showed 
material extending up t o  about  30-km a l t i t u d e  
with two l a y e r s  separa ted  by a region of minimum 
concent ra t ion  a t  21-km. The upper layer  con- 
ta ined  the most mass and o p t i c a l  depth (McCormick 
and Swiss le r ,  1983; Spinhi rne ,  1983) and a very 
d i f f e r e n t  s i z e  d i s t r i b u t i o n  (Hofmann and Rosen, 
1984). Per turb ing  e f f e c t s  of the  ~l Chichon 
cloud became apparent  on s e v e r a l  s a t e l l i t e  
sensors  producing a r t i f a c t s  i n  t h e i r  d a t a  sets 
(Bandeen and Fraser ,  1982). These s i g n a l s ,  how- 
e v e r ,  provided a u s e f u l  means f o r  mapping t h e  
movement of the  E l  Chichon cloud (Krueger, 1983; 
Barth e t  a l . ,  1983; Strong,  1984). 

Figure 1 shows the l i d a r  i n t e g r a t e d  back- 
s c a t t e r  a t  NASA Langley (37ON, 76OW) from 1974 
through the middle of 1985. The i n t e g r a l  is  c a l -  
c u l a t e d  from the  tropopause t o  30 km which always 
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Fig. 1 .  In tegra ted  backsca t te r  from the tropo- 
pause through 30-km f o r  t h e  NASA Langley ruby 
l i d a r  a t  37ON, 76OW. 

inc ludes  t h e  s t r a t o s p h e r i c  l a y e r  a t  t h i s  l a t i -  
tude. The time of e rupt ion  f o r  volcanoes known 
to  have placed m a t e r i a l  i n t o  t h e  s t r a t o s p h e r e  are 
annotated on the  absc issa .  Note the  record 
begins  with t h e  i n c r e a s e  and subsequent decay 
caused by the October 1974 erupt ion  of Fuego i n  
Guatamala (McCormick e t  a l . ,  1978) and cont inues 
t o  1979 with only the  high l a t i t u d e  e rupt ion  of 
S t .  Augustine reported (Remsberg e t  al . ,  1976). 
The per iod 1918-1979 was thought t o  be one i n  
which l i t t l e  o r  no volcanic  enhancement e x i s t s .  
This was soon changed, however, by the  e rupt ions  
of Mount S t .  Helens, Ulawun, Alaid,  Pagan, an 
u n i d e n t i f i e d  e r u p t i o n ,  and then the l a r g e s t  s i n c e  
Agung, and poss ib ly  the  l a r g e s t  i n  t h e  Northern 
Hemisphere i n  the l a s t  10 years ,  E l  Chichon. As 
can be seen i n  Figure 1 ,  i n t e g r a t e d  b a c k s c a t t e r  
increased  by an order  of magnitude over the high- 
es t  values  measured a f t e r  t h e  Mount S t .  Helens 
e rupt ion .  This record is f o r  37ON and, a s  such, 
is very dependent upon the  loca t ion  of t h e  p a r t i -  
cu la r  e rupt ion .  Alaid,  f o r  example, is  a t  a high 
northern l a t i t u d e ,  and its e f f e c t s  were b a r e l y  
p e r c e p t i b l e  a t  31aN. The Mount St. Helens (46ON) 
cloud,  however, moved p a s t  37ON soon a f t e r  i t s  
erupt ion  a s  can be observed i n  Figure 1 .  Also, 
note  t h e  l a r g e  increase i n  J u l y  1982. This was 
due t o  the t r a n s p o r t  of a small p iece  of the 
upper l a y e r  produced by E l  Chichon. The bulk of 
t h e  upper layer  was cons t ra ined  t o  approximately 
lOaS t o  30°N f o r  about  t h e  f i r s t  6 months a f t e r  
E l  Chichon's e rupt ion .  The lower a l t i t u d e  layer  
produced from ~l Chichon, however, d id  move much 
more r a p i d l y  toward the  poles. The f i r s t  ind ica-  
t i o n  a t  Langley of the  E l  Chichon p e r t u r b a t i o n  
w a s  the d e t e c t i o n  of its lower cloud on Apr i l  29, 
1982. The lower m a t e r i a l  reached the  north p o l a r  
region as soon a s  l a te  Apr i l  1982. 

Figure 2 g ives  b a c k s c a t t e r  p r o f i l e s  a t  
Langley from J u l y  1982 t o  November 1983, showing 
t h e  o r i g i n a l  upper layer  and t h e  subsequent 
decrease  i n  peak s c a t t e r i n g  and a l t i t u d e  and 
smoothing of the  layer .  Figure 3 p r e s e n t s  i n t e -  
gra ted  b a c k s c a t t e r  from f i v e  a i rborne  l i d a  
paigns. Note t h a t  peak va lues  of 9 x 10- 
recorded i n  J u l y  1982 a t  low l a t i t u d e s ,  approxi- 
mately an order  of magnitude g r e a t e r  than t h e  
h i g h e s t  va lues  l a t e r  observed a t  Langley ( 3 7 O N ) .  
The May 1983 p l o t  c l e a r l y  shows the  g loba l  d i s -  
t r i b u t i o n  (assuming t h i s  a i r c r a f t  " e l i o e "  through 
l a t i t u d e s  over l i m i t e d  longi tudes  is t y p i c a l  of 
t h e  g lobe)  with peak values  a t  about  S O O N ,  a les- 
ser peak over  the  l a t i t u d e  of the  volcano, and 
smaller y e t  amounts i n  the  Southern Hemisphere. 

h ;;; 

40- 
37OW Latltud. 

- - July 1, 1902 
-- --- Octobar 27, 1982 
-..- January 5, 1985 
- . - . Jun. 50, 1905 

Novmmbar I). 1985 

- - - - - 
3 

Fig. 2 .  Backscat ter  r a t i o  p r o f i l e s  a t  = 
0.6943 pm taken a t  t h e  NASA Langley Research 
Center. 
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Pig. 3 .  Column d e n s i t y  c a l c u l a t e d  from s t r a t o -  
s p h e r i c  i n t e g r a t e d  backsca t te r  f o r  f i v e  a i rborne  
l i d a r  missions during 1982-1984. 

Figure 4 is  a compilat ion of l i d a r  d a t a  taken 
from r e p o r t s  i n  t h e  Smithsonian 's  S c i e n t i f i c  
Event A l e r t  Network B u l l e t i n s .  P l o t t e d  is the 
value of peak b a c k s c a t t e r  r a t i o  minus 1 ( a e r o s o l  
b a c k s c a t t e r  ra t io)  a t  A = 0.6943 urn from var ious  
Northern Hemisphere s t a t i o n s .  The A = 1.06 pm 
values  reported from Fukuoka have been converted 
t o  = 0.6943 pm as given by McCormick and 
Swissler  (1984) .  The peak b a c k s c a t t e r  f o r  

lDt.3 (OM 1 1w ' 
1 0 - . l , i , 1 i ~ ~ I I ) ' i l i r i I i r * I r l i i I , , , I i i i L , , , i , i i l , i , l , I  
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Fig. 4. Peak a e r o s o l  backsca t te r  r a t i o s  a t  A = 
0.6943 v m  f o r  var ious  Northern Hemisphere l i d a r  
s t a t  ions.  
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approximately the f i r s t  9 months to  a year a f t e r  
t h e  e r u p t i o n  w a s  from t h e  upper l a y e r  (>20 km) 
as shown i n  Figure 2. Figure 4 shows c l e a r l y  the 
e f f e c t  of s t a t i o n  l a t i t u d e .  Immediately a f t e r  
t h e  e r u p t i o n ,  the lowest l a t i t u d e  l i d a r  s t a t i o n  
d e t e c t e d  t h e  h i g h e s t  va lues ,  As the  upper c loud 
moved northward past 30°N i n  about  l a te  October, 
t h e  higher  l a t i t u d e  s t a t i o n s  de tec ted  the  upper 
l a y e r  and a l l  s t a t i o n s  subsequent ly  recorded t h e  
same value of peak backsca t te r .  Evident ly ,  t h e  
cloud became much more homogeneous a t  the peak 
a l t i t u d e .  In  genera l ,  t h e  lower l a t i t u d e  sta- 
t i o n s  w i t h  h igher  t ropopauses  w i l l  record the 
h i g h e s t  a l t i t u d e s  f o r  t h e  peak. P r e s e n t l y  
(January 1986), the a e r o s o l  peak value recorded 
a t  Langley is about  0.4 a t  18 t o  19 km. 

SAM I1 1 pm o p t i c a l  depths  peaked i n  
January 1983 a t  values  of about  5 x 10 -' i n  t h e  
Arctic and about  one-half that value i n  t h e  
Antarc t ic .  O p t i c a l  depth values  peaked a t  20°N 
dur ing  the October-November 1982 a i rborne  l i d a r  
campaign a t  about  0.15 f o r  X = 0.44 pm 
(Spinhirne,  1983). Higher va lues  obviously 
occurred i n  t h e  f r e s h  volcanic  c loud as it i n i -  
t i a l l y  c i r c l e d  the Earth. S t r a t o s p h e r i c  tempera- 
tures  were also a f f e c t e d .  Labi tzke e t  a l .  (1983) 
have shown that  the 30-mb temperatures  between 
10°N and 30°N dur ing  July-October 1982 were s i g -  
n i f i c a n t l y  w a r m e r  than i n  the same months i n  the 
previous 18  years .  Peak temperature d e v i a t i o n s  
coincided with maximum a e r o s o l  enhancement both 
i n  a l t i t u d e  and l a t i t u d e .  These f i n d i n g s  are 
c o n s i s t e n t  with 1-dimensional r a d i a t i v e -  
convect ive models which p r e d i c t  t h a t  a e r o s o l s  
from a major e r u p t i o n  l i k e  E l  Chichon should 
cause a warming i n  t h e  s t r a t o s p h e r e  and cool ing  
near  the E a r t h ' s  s u r f a c e  (Hansen e t  a l . ,  1978). 
Robock (1984) c a l c u l a t e d  t h a t  t h e  a e r o s o l s  pro- 
duced by El  Chichon should cool  t h e  sur face  by 
1.0 to 1.4C a t  high nor thern  l a t i t u d e s  i n  t h e  
s p r i n g  and f a l l  of 1984 and 1985, and that t h e  
Northern Hemisphere annual  average should 
decrease  by 0.4 to 0.5C i n  1984 and 1985. 

Table 1 g i v e s  a l i s t i n g  of t h e  e r u p t i o n s  
described above and an estimate of t h e  t o t a l  glo- 
b a l  i n j e c t i o n  produced by them. Clear ly ,  E l  
Chichon produced the l a r g e s t  impact s i n c e  Agung, 
about  24 t i m e s  g r e a t e r .  

Globe1 Mass 

W a r  oete Locat 1 on k3';Y Source 

b u n 9  Mar. 1963 (8.4'5, 115.5.E) 

Fuego Oct. 1974 (14.5.N. 90.9.Y) 

'8ackgroun4 - 1979' 

S ierra  Ncgra Nov. 1979 IO.8.S. 91.2'U) 

M t .  St. tk lenr  May 1980 (46.2.N. 122.2.Y) 

Ulawun Oct. 1980 (5.5. 151.3.E) 

Ala ld  Apr. 1981 (50.8.W. 155.5.E) 
Pagan May 1981 118.l.W. 145.8.E) 

Untdcntl f led  
Source Jan. 1982 (Troptcal Source) 

E l  Chichon Apr. 1982 (17.3.N. 93.2%) 

16 

30 

6 

3 

0.57 

0.16 

0.55 

0.18 

0.5 

0.85 

12 

Oel rmen4ji an 
(1973) 
Cadle. e t  el. 
(1976. 1977) 

Cadle, e t  11. 
(1976. 1977) 
Lezrus. e t  al. 
(1979) 

Kent an4 
McCOnlck 
(1984) 

Kent en4 
McConnlck 
(1984) 

Kent an4 
McCornick 
(1984) 

Kent and 
R C o n l c k  
( 1984) 

Kent an4 

L 1984) 

Mroz, et 11. 
(1983) 

McCornlck 
(1983) 

McConlck 

A decay of t h e  g loba l  a e r o s o l  mass pro- 
duced by the  e r u p t i o n  of E l  Chichon has occurred 
s i n c e  e a r l y  1983. Using the l i d a r  and SAM I1 
data sets, McCormick and Swiss le r  (1986) have 
es t imated  t h e  l/e decay rate f o r  t h e  Northern 
Hemisphere and a t i m e  i n t e r v a l  of a year o r  more, 
to  be 10-11 months. This  per iod ,  and the  per iod 
from t h e  e r u p t i o n  t o  maximum s t r a t o s p h e r i c  e f f e c t  
(3-6 months) ,  are similar t o  those found f o r  
ear l ier  e r u p t i o n s .  

SUMMARY 

The 1982 erupt ions  of E l  Chichon produced 
t h e  l a r g e s t  p e r t u r b a t i o n  to  t h e  s t r a t o s p h e r i c  
a e r o s o l  s i n c e  Agung, and p o s s i b l y  t h e  g r e a t e s t  
p e r t u r b a t i o n  i n  t h e  Northern Hemisphere i n  the 
l a s t  70 years .  The s t r a t o s p h e r i c  impact of t h i s  
e r u p t i o n  and i ts  e f f e c t s  were one of the b e s t  
s t u d i e d ,  i f  no t  the  b e s t  s t u d i e d ,  i n  h i s t o r y .  
This was due of course to the  technology a v a i l a -  
ble i n  remote and i n  s i t u  sens ing  from sa t e l l i t e  
and o t h e r  p la t forms  and t h e  l a r g e  number of 
researchers  i n t e r e s t e d  i n  i t s  s tudy.  The s t u d i e s  
surrounding the 1980 e r u p t i o n  of Mount St .  Helens 
and the  v a l i d a t i o n  of SAM 11, SAGE I, and SAGE 11 
probably helped also,  due t o  t h e  widespread 
cooperat ion among s c i e n t i s t s  organized f o r  t h e s e  
e f f o r t s  . 

These e f f o r t s  have shown t h a t  the  s t r a t o -  
s p h e r i c  cloud produced from the  e rupt ion  of E l  
Chichon reached an a l t i t u d e  of a t  least  30-km, 
with e a r l y  peak a t  26-km. The cloud c i r c l e d  t h e  
globe i n  about  3-weeks and meridional  t r a n s p o r t  
of t h e  lower less massive material was observed 
a t  mid- and high nor thern  l a t i t u d e s  by l idar  
wi th in  a few weeks of the e rupt ion .  Movement of 
the  upper cloud was slower, with a zonal  b e l t  of 
t h e  more massive a e r o s o l  e x i s t i n g  between about  
lOoS and 30°N f o r  about  6 months a f t e r  the  erup- 
t i o n .  By t h e  end of 1982, t h i s  cloud was w e l l  
d i spersed  g loba l ly .  I$  maximum S t r a t o s p h e r i c  
loading of 1.2 x 10 g ( 1 2  megatonnes) w a s  
observed about  3-6 months a f t e r  t h e  e rupt ion .  
S t r a t o s p h e r i c  a e r o s o l  o p t i c a l  depths  i n  t h e  
v i s i b l e  were a s  high a s  0.15 to 0.2 during t h i s  
peak per iod a s  measured by sunphotometers on a i r -  
c r a f t  platforms.  The impact to t h e  Arctic and 
A n t a r c t i c  regions peaked i n  January 1983 with 
weekly averaged s t r a t o s p h e r i c  o p t i c a l  depths  a t  
A = 1 pm of about  0.05 to 0.1 i n  the Arctic and 
about  one-half t o  one-third t h a t  i n  t h e  
Antarc t ic .  Average l / e  decay t i m e s  f o r  the  aero-  
sol  o p t i c a l  depth o r  mass loading was determined 
from SAM 11 and l i d a r  t o  be 10-1 1 months. 

These a e r o s o l s  impacted t h e  s t r a t o s p h e r i c  
temperatures  s i g n i f i c a n t l y  and a r e  pred ic ted  t o  
cool  t h e  s u r f a c e  by 1.0 to 1.4C a t  high nor thern  
l a t i t u d e s  i n  the s p r i n g  and f a l l  of 1984 and 
1985 and t h e  Northern Hemisphere annual average 
by 0.4 t o  0.5C i n  1984 and 1985. These r e s u l t s  
have an  important  impl ica t ion  on the  d e t e c t i o n  of 
Co2 induced climate change. In  a d d i t i o n ,  these  
a e r o s o l s  o f f e r  new s u r f a c e s  f o r  heterogeneous 
chemistry important  f o r  the s tudy of ozone deple-  
t i o n .  F i n a l l y ,  t h e  s t r a t o s p h e r i c  aerosol w a s  
shown t o  have a d e l e t e r i o u s  e f f e c t  on var ious 
s p a c e c r a f t  remote sensors .  
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52.2 STRATOSPHERIC AEROSOL AND GAS EXPERIMENT (SAGE 11) 
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1 .  INTRODUCTION 

SAGE XI, launched from s h u t t l e  aboard the  
Earth Radiat ion Budget s a t e l l i t e  (ERBS) i n  
October 1984, i s  t h e  f o u r t h  i n  a s e r i e s  of 
s a t e l l i t e - b o r n e  s t r a t o s p h e r i c  a e r o s o l  monitoring 
instruments  flown by NASA. The s o l a r  o c c u l t a t i o n  
technique was employed i n  each case because of 
t h e  r e l a t i v e l y  l a r g e  s i g n a l  a v a i l a b l e  and its 
i n h e r e n t  s e l f - c a l i b r a t i o n .  A s  depic ted  i n  Figure 
1 ,  the  a t t e n u a t i o n  of s o l a r  r a d i a t i o n  through the  

was launched on t h e  Nimbus 7 s p a c e c r a f t  i n  
October 1978 (McCormick, 1979). SAM 11, which 
c o l l e c t s  d a t a  only i n  t h e  polar  regions because 
of the  Nimbus 7 high noon sun-synchronous o r b i t ,  
i s  s t i l l  c o l l e c t i n g  d a t a  today a f t e r  7 years  of 
s u c c e s s f u l  opera t ion .  The S t r a t o s p h e r i c  Aerosol 
and Gas Experiment I (SAGE I )  was launched 
February 1979 aboard t h e  Applicat ion Explorer 
Mission 2 (AEMZ) s p a c e c r a f t  (McCormick, 1979). 
SAGE I had four  s p e c t r a l  channels a t  1.0, 0.6, 
0.45, and 0.385 Dm f o r  measuring t h e  atmospheric 
e x t i n c t i o n  of a e r o s o l s ,  ozone, and n i t rogen  diox- 
i d e ,  and was i n  an o r b i t  t h a t  allowed c o l l e c t i o n  
of d a t a  from 79OS t o  79ON l a t i t u d e .  The SAGE I 

SUN- inst rument  c o l l e c t e d  d a t a  f o r  3 years  u n t i l  t h e  
AEM-2 s p a c e c r a f t  power subsystem f a i l e d .  The 
most r e c e n t  of these  experiments ,  SAGE 11, 
employs a seven s p e c t r a l  channel radiometer f o r  
measurinq a e r o s o l s  , ozone, n i  t rogen d ioxide ,  and 
water vapor. 

2. ERBS/SAGE I1 MISSION 

Fig 1 .  So lar  o c c u l t a t i o n  measurement geometry 

E a r t h ' s  atmosphere is  measured by the inst rument  
dur ing  s a t e l l i t e  s u n r i s e  and s u n s e t  per iods  from 
t h e  top  of t h e  atmosphere down t o  where the  s o l a r  
r a d i a t i o n  is blocked by t h e  E a r t h ' s  horizon o r  
cloud tops. Note t h a t  s i n c e  the  unat tenuated 
s o l a r  r a d i a t i o n  is measured p r i o r  t o  each s u n s e t  
and fol lowing each s u n r i s e ,  the measured s i g n a l  
can be normalized t o  exoatmospheric values ,  e l i m -  
i n a t i n g  the  requirement f o r  p r e c i s e  s o l a r  i n t e n -  
s i t y  measurements to  determine atmospheric t r a n s -  
mission. These s o l a r  a t t e n u a t i o n  p r o f i l e s  a r e  
thus  obtained a t  var ious  s p e c t r a l  wavelengths 
corresponding t o  c o n s t i t u e n t  e x t i n c t i o n  i n  t h e  
atmosphere and l a t e r  mathematical ly  inver ted  t o  
a e r o s o l  e x t i n c t i o n  and gaseous c o n s t i t u e n t  con- 
c e n t r a t i o n  p r o f i l e s .  The s o l a r  o c c u l t a t i o n  view- 
i n g  geometry from Earth o r b i t  a l s o  al lows these  
c o n s t i t u e n t  p r o f i l e s  t o  be mapped g l o b a l l y  f o r  
s tudying  t h e  temporal and s p a t i a l  v a r i a b i l i t y  of 
the s t r a t o s p h e r e .  

The s t r a t o s p h e r i c  Aerosol Measurement I 
( S A M  I ) ,  the  f i r s t  instrument  t o  u s e  t h i s  tech-  
nique from space ,  w a s  flown on the  Apollo-Soyuz 
T e s t  P r o j e c t  i n  J u l y  1975 (Pepin,  1977). I t  
employed a s i n g l e  s p e c t r a l  channel a t  1 Dm f o r  
a e r o s o l s  and only c o l l e c t e d  four  p r o f i l e s  to  test 
t h e  technique and instrument  design from a space 
platform.  The SAM I1 instrument ,  a l s o  employing 
a s i n g l e  s p e c t r a l  channel  a t  1 urn f o r  a e r o s o l s ,  

The SAGE I1 experiment i s  p a r t  of t h e  
Earth Radiat ion Budget S a t e l l i t e  (ERRS) designed 
t o  monitor t h e  E a r t h ' s  incoming and outgoing 
r a d i a t i o n  a s  p a r t  of NASA's c l imate  program. The 
s p e c i f i c  o b j e c t i v e s  of SAGE I1 are t o  ( 1 )  map 
v e r t i c a l  p r o f i l e s  of s t r a t o s p h e r i c  a e r o s o l s ,  
ozone, n i t rogen  d ioxide ,  and water vapor with a 
1-km v e r t i c a l  r e s o l u t i o n ,  and determine high 
a l t i t u d e  cloud coverage g l o b a l l y  from 80°s t o  
80°N; ( 2 )  s tudy  the  seasonal  and g loba l  varia- 
t i o n s  i n  t h e s e  clouds and i n  s t r a t o s p h e r i c  con- 
s t i t u e n t s  i n  order  t o  understand t h e i r  e f f e c t  on 
Earth r a d i a t i o n  budget and c l imate ;  ( 3 )  u t i l i z e  
s t r a t o s p h e r i c  a e r o s o l s  and gases  as  atmospheric 
tracers t o  s tudy  c i r c u l a t i o n ,  sources  and s i n k s  
of these  s p e c i e s ,  and t r a n s i e n t  phenomena such a s  
volcanic  e r u p t i o n s ;  and (4) i n v e s t i g a t e  atmos- 
pher ic  chemistry involving these  gaseous spec ies  
and s tudy  the  o p t i c a l  and phys ica l  p r o p e r t i e s  of 
a e r o s o l s .  

The seven s p e c t r a l  channels  employed by 
SAGE I1 were thus s e l e c t e d  t o  measure the  atmos- 
p h e r i c  e x t i n c t i o n  due t o  a e r o s o l s ,  ozone, n i t r o -  
gen d ioxide ,  and water vapor. The r e l a t i v e  con- 
t r i b u t i o n  of c o n s t i t u e n t  e x t i n c t i o n  t o  the  t o t a l  
e x t i n c t i o n  observed i n  each channel is  shown i n  
Figure 2 .  The ozone absorp t ion  channel is shown 
a t  600 nm, the  peak of the Chappuis band. The 
452- and 448-nm channels  have r e l a t i v e l y  narrow 
bandwidths and a r e  loca ted  on and off  a n i t rogen  
d ioxide  absorp t ion  f e a t u r e  t o  a l low a d i f f e r e n -  
t i a l  absorp t ion  measurement of n i t rogen  dioxide.  
The water vapor absorp t ion  channel is  shown a t  
940 nm i n  the  p-band. The o ther  t h r e e  channels 
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Fig .  2 V a r i a t i o n  i n  a t m o s p h e r i c  e x t i n c t i o n  due  
t o  aerosols, N 0 2 ,  0 3 ,  H20 and Rayle igh  s c a t t e r i n g  
a t  18 km from 0.3 t o  1 .02  u m .  

were s e l e c t e d  t o  measure n e u t r a l  d e n s i t y  and  
aerosol e x t i n c t i o n  wi th  minimum ozone ,  n i t r o g e n  
d i o x i d e ,  and water vapor  i n t e r f e r e n c e .  

ERBS/SAGE I1 w a s  launched  by s h u t t l e  and 
then  boos ted  i n t o  a 5 7 O  i n c l i n a t i o n ,  610-km cir-  
c u l a r  o r b i t  by an  onboard  p r o p u l s i o n  sys tem.  
T h i s  o r b i t  p r o v i d e s  30 solar o c c u l t a t i o n  measure- 
ments each  day ,  15 s u n r i s e  e v e n t s ,  each  s e p a r a t e d  
by a p p r o x i m a t e l y  24O l o n g i t u d e  a t  a p p r o x i m a t e l y  
t h e  same l a t i t u d e ,  p l u s  15 s u n s e t  e v e n t s  i n  a 
s imi la r  manner. G l o b a l l y ,  t h e s e  measurements 
w i l l  c o v e r  80°S  t o  A O O N  l a t i t u d e  th roughou t  a 
y e a r ' s  o p e r a t i o n  as shown i n  F i g u r e  3 .  The ERBS 
m i s s i o n  r e q u i r e s  a minimum of 1 y e a r  of opera -  
t i o n ,  b u t  t h e  c u r r e n t  estimates of r ema in ing  
expendab le  f u e l  would s u g g e s t  a l i f e t i m e  of more 
t h a n  10 y e a r s .  

F iq .  3 .  L a t i t u d e  of solar o c c u l t a t i o n  measure- 
ments sub - t angen t  p o i n t  (STP) v e r s u s  t i m e  f o r  
s a t e l l i t e  o b s e r v a t i o n s  from 57O i n c l i n a t i o n ,  
610 km c i r c u l a r  o r b i t .  

3 .  SAGE I1 INSTRUMENT DESCRIPTION 

The SAGE I1 i n s t r u m e n t  is a seven-channel  
r a d i o m e t e r  c o n s i s t i n g  of a n  e l e v a t i o n  s c a n  m i r -  
ror,  t e l e s c o p e ,  and g r a t i n g  s p e c t r o m e t e r  as shown 
i n  F i g u r e  4. The telescope is a s p h e r i c a l  
C a s s e g r i a n  wi th  a 5.1-cm a p e r t u r e  and an f-number 
o f  30, which forms a d i f f r a c t i o n - l i m i t e d  image of 
t h e  Sun a t  t h e  f i e l d  stop. An e x t e r n a l  s c a n  m i r -  
ror ref lects  t h e  solar r a d i a t i o n  i n t o  t h e  tele- 
s c o p e ,  s c a n n i n g  the solar image a c r o s s  t h e  f i e l d  
s t o p ,  which a lso s e r v e s  as t h e  e n t r a n c e  s l i t  t o  
t h e  s p e c t r o m e t e r .  The f i e l d  s t o p  d e f i n e s  t h e  
i n s t r u m e n t  i n s t a n t a n e o u s  f i e ld -o f -v i ew and i s  
r e c t a n g u l a r  i n  shape ,  0.5 arc minu tes  i n  e l e v a -  
t i o n  by 2.5 arc minu tes  i n  az imuth .  A t  t h e  
ERBS/SAGE I1 o r b i t  a l t i t u d e ,  t h i s  correspo1,ds to 
a p p r o x i m a t e l y  0.5 km by 2.5 km on t h e  E a r t h ' s  
h o r i z o n .  

F ig .  4 SAGE 11 i n s t r u m e n t  assembly .  
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The spectrometer  u t i l i z e s  a holographic  
g r a t i n g  t o  d i s p e r s e  t h e  solar r a d i a t i o n  i n t o  t h e  
seven rad iometr ic  channels  with the p r o p e r t i e s  
shown i n  Table I. Channels 1 ,  3, 4, 6 ,  and 7 
use  the f i r s t  o rder  r e f l e c t i o n  with the s p e c t r a l  
bandwidth, except  f o r  channel 6,  defined by t h e  
e x i t  s l i t  on t h e  Rowland Circle.  Channel 6 
employs an i n t e r f e r e n c e  f i l t e r  to  achieve i t s  
r e l a t i v e l y  narrow bandwidth. Channels 2 and 5 
use zero  order  r e f l e c t i o n  with i n t e r f e r e n c e  
f i l t e r s  to d e f i n e  their bandwidth, because they 
could not  be p h y s i c a l l y  accommodated on t h e  
Rowland C i r c l e .  

S i l i c o n  photo diodes are used to collect  
t h e  d ispersed  s o l a r  r a d i a t i o n  i n  each of t h e  
seven channels. The solar radiance d a t a  from t h e  
seven channels  are d i g i t i z e d  with a 12-bi t  
ana log- to-d ig i ta l  conver te r ,  y i e l d i n g  a dynamic 
range of more than 3000 f o r  each channel. A n  
a c t i v e  thermal c o n t r o l  is u t i l i z e d  i n  t h e  
spectrometer  t o  reduce t h e  temperature 
s e n s i t i v i t y ,  r e s u l t i n g  i n  a noise  l e v e l  of less 
than 1 count  i n  4096 counts  f o r  t h e  d e t e c t i o n  
8 ys t e m .  

Table I 

SAGE 11 spectrometer  c h a r a c t e r i s t i c s  

Primary Cen te r  
Channel C o n s t i t u e n t  Wavelength Bandwidth 
Number Detected (nm) (nm) 

1 Aerosol 1019.7 19.6 

3 03 599.9 14.5 
4 Aerosol 525 -0 14.8 

6 NO2 447.5 3.2 
7 N e u t r a l  304.6 19.8 

2 n20 935.5 20.0 

5 Nop, Aerosol 452.4 1.9 

Densi ty ,  Aerosol 

4. SAGE I1 INSTRUMENT OPERATION 

p r i o r  to each s p a c e c r a f t  s u n r i s e  or  sun- 
se t  event ,  t h e  SAGE I1 instrument  is turned on 
and r o t a t e d  to  the predic ted  azimuth angle  of the 
event .  The timing of these  commands and t h e  pre-  
d i c t e d  azimuth angles  are s t o r e d  i n  an onboard 
memory system which is p e r i o d i c a l l y  updated from 
t h e  ground. Once a t  the  pred ic ted  angle ,  po in t -  
ing  c o n t r o l  of t h e  instrument  is t r a n s f e r r e d  to  a 
p a i r  of Sun sensors1  and when the Sun comes i n t o  
t h e i r  field-of-view, t h e  instrument  is pointed a t  
the Sun wi th in  + 1  arc minute of the  rad iometr ic  
center. A t  t h a t  t i m e ,  the  e l e v a t i o n  mir ror  i s  
scanned r a p i d l y  over i ts  I O o  f ie ld-of-view to 
acqui re  t h e  Sun i n  e l e v a t i o n .  The scan mirror 
then slows down to a 15 a r c  minutes per sec rate,  
back and f o r t h  a c r o s s  t h e  solar d i s k  as t h e  Sun 
sets or rises with respect t o  t h e  Ear th’s  
horizon.  

The rad iometr ic  d a t a  are sampled a t  a 
rate of 64 Hz. Coupled w i t h  t h e  15 arc minute 
p e r  sec mir ror  scan rate,  approximately f o u r  
samples are c o l l e c t e d  i n  each km. In  process ing  
t h e  d a t a ,  these rad iance  d a t a  are averaged to  
o b t a i n  t h e  1-km v e r t i c a l  r e s o l u t i o n  c o n s t i t u e n t  
p r o f i l e s .  The sc ience  d a t a ,  along with var ious  
engineer ing  d a t a ,  are s t o r e d  i n  an onboard tape  
recorder  dur ing  each s u n r i s e  or s u n s e t  event  and 
p e r i o d i c a l l y  te lemetered t o  t h e  ground. 

5. SAGE I1 DATA VALIDATION 

Val ida t ion  of the  SAGE I1 d a t a  w i l l  con- 
s is t  of determining t h e  instrument  rad iometr ic  
measurement p r e c i s i o n  and t h e  comparison of 
der ived  products  with c o r r e l a t i v e  observa t ions .  
Through prelaunch t e s t i n g  and p o s t  launch engi- 
neer ing d a t a  e v a l u a t i o n ,  t h e  p r e c i s i o n  of t h e  
rad iometr ic  d a t a  has been determined t o  be better 
than *0.1% (Mauldin, 1985) .  

During the  f i r s t  year of opera t ion ,  th ree  
major f i e l d  campaigns were conducted t o  c o l l e c t  
correlative aerosol, ozone, n i t rogen  d ioxide ,  and 
water vapor d a t a ,  inc luding  groundbased and a i r -  
borne a e r o s o l  l i d a r  observa t ion ,  bal loon and a i r -  
borne i n  s i t u  p a r t i c l e  counters ,  rocke t  and 
balloon-borne ozone measurement, and bal loon-  
borne, n i t rogen  d ioxide ,  and water vapor measure- 
ments. A p re l iminary  comparison of t h e s e  d a t a  
with SAGE I1 der ived  p r o f i l e s  i n d i c a t e  e x c e l l e n t  
agreement. C o r r e l a t i v e  observa t ions  c o l l e c t e d  by 
numerous European and o ther  i n t e r n a t i o n a l  sc ien-  
t ists  w i l l  be compared with t h e  SAGE I1 d a t a  i n  
the  f u t u r e .  

6.  SUMMARY 

The SAGE I1 seven-channel radiometer was 
launched i n  October 1984 and has  s u c c e s s f u l l y  
operated f o r  over  a year c o l l e c t i n g  a e r o s o l ,  
ozone , ni t rogen  d ioxide  , and water vapor p r o f i l e s  
from 80°S t o  80°N l a t i t u d e .  The i n - o r b i t  per for -  
mance t o  d a t e  has been e x c e l l e n t .  Science d a t a  
are c u r r e n t l y  being evaluated through ex tens ive  
comparisons with correlative measurements. Pre-  
l iminary  r e s u l t s  of t h i s ” e f f o r t  i n d i c a t e  excel-  
l e n t  d a t a  q u a l i t y  and achievement of a l l  i n s t r u -  
ment o b j e c t i v e s .  
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5 2 . 3  
INVERSION OF SAGE I1 MEASUREMENTS 

W. P. Chu 

Atmospheric Sciences Div is ion  
NASA Langley Research Center 

Hampton, VA 23665 

1 .  INTRODUCTION 2 .  METHODOLOGY 

This  paper summarizes the procedures f o r  
r e t r i e v i n g  atmospheric c o n s t i t u e n t  v e r t i c a l  pro- 
f i l e s  from s o l a r  radiance measurements obtained 
from t h e  s a t e l l i t e  instrument  SAGE 11. The 
SAGE 11 instrument  is the la tes t  of the series of 
o c c u l t a t i o n  instruments  s p e c i f i c a l l y  designed f o r  
t h e  remote sens ing  of s t r a t o s p h e r i c  a e r o s o l s  and 
gases .  Previous instruments  i n  t h e  series con- 
s i s t e d  of SAM, SAM 11, and SAGE. They are a l l  
Sun p o i n t i n g ,  multi-wavelength radiometers  
opera t ing  i n  the s o l a r  o c c u l t a t i o n  mode €or  meas- 
ur ing  s e l e c t e d  atmospheric s p e c i e s  showing 
e x t i n c t i o n  c h a r a c t e r i s t i c s  i n  t h e  v i s i b l e  t o  near 
I R  s p e c t r a l  wavelength region.  A d e t a i l e d  
d e s c r i p t i o n  of t h e i r  opera t ion  has been given by 
McCormick e t  a l .  (1979). 

The genera l  c h a r a c t e r i s t i c  of the SAGE I1 
instrument  has  been d iscussed  by Mauldin e t  a l .  
(1985) .  B r i e f l y ,  t h e  instrument  v e r t i c a l l y  scans 
the  s o l a r  image dur ing  both s p a c e c r a f t  s u n r i s e  
and s u n s e t  events .  Solar  rad iance  is measured, 
l imi ted  by t h e  ins t rument ' s  v e r t i c a l  f ie ld-of -  
view of 0.5 arc-minute a t  seven s p e c t r a l  wave- 
length  bands loca ted  a t  0.385, 0.448, 0.453, 
0.525, 0.60, 0.94, and 1.02 micrometers. The 
s p e c t r a l  bandwidth f o r  f i v e  of the  channels is 
about  150 Angstrom. The two except ions a r e  
loca ted  a t  0.448 and 0.453 micrometers and are 
used f o r  d i f f e r e n t i a l  measurement of NO2 absorp- 
t i o n .  Their  s p e c t r a l  bandwidths are about  20 
Angstrom. The 0.94-micrometer channel is used f o r  
measurement of water vapor. The 0.6-micrometer 
channel  is loca ted  a t  the peak of the  ozone 
Chappuis band, and is most s e n s i t i v e  t o  ozone 
absorp t ion .  Measurements a t  the  o ther  wavelength 
channels  a r e  used t o  r e t r i e v e  the  a e r o s o l  ex t inc-  
t i o n  versus  wavelength c h a r a c t e r i s t i c s  from 0.385 
t o  1.02 micrometers. 

For r o u t i n e  d a t a  processing,  the  SAGE I1 
seven-channel solar rad iance  d a t a  a r e  converted 
to  atmospheric s l a n t  pa th  t ransmission value 
before  t h e  invers ion  can be performed. The pro- 
cedure €or reducing t h e  solar scan d a t a  i n t o  
t ransmiss ion  p r o f i l e  has  been d iscussed  by Chu 
and McCormick (1979). A l l  the  s o l a r  scan rad i -  
ance d a t a  are merged toge ther  to  genera te  seven 
s l a n t  pa th  t ransmissions versus  tangent  a l t i t u d e  
p r o f i l e s .  The scan d a t a  are then averaged i n t o  
1 -ki lometer  v e r t i c a l  increments to provide t h e  
mean s l a n t  path t ransmission value a t  each km 
a l t i t u d e .  The s tandard  devia t ion  c a l c u l a t e d  from 
t h e  averaging process  is used to  genera te  the  
es t imated  u n c e r t a i n t y  f o r  the  s l a n t  path t rans-  
mission values .  

2.1 General Approach 

The procedures f o r  i n v e r t i n g  t h e  SAGE I1 
d a t a  fol lows the  genera l  approach used i n  t h e  
invers ion  of the  SAGE d a t a  which was discussed by 
Chu and McCormick (1979). Since t h e  SAGE I1 d a t a  
c o n s i s t  of 7-wavelength measurements compared t o  
4-wavelength measurements loca ted  a t  1.0, 0.6, 
0.45, and 0.385 micrometers f o r  SAGE, the SAGE 
invers ion  scheme had t o  be modified f o r  SAGE I1 
d a t a  processing,  thus providing c h a r a c t e r i z a t i o n  
of t h e  aerosol e x t i n c t i o n  versus  wavelength 
behavior. A two-step r e t r i e v a l  scheme has been 
developed €or  t h e  SAGE 11 invers ion  which can be 
appl ied  to  t h e  7-wavelength s l a n t  path t r a n s -  
mission da ta .  The f i r s t  s t e p  i n  the invers ion  
process  is t o  s e p a r a t e  the c o n t r i b u t i o n  to  the 
s l a n t  pa th  t ransmission measurements from each 
s p e c i e s  a t  the  7-wavelength bands f o r  each a l t i -  
tude l e v e l .  Then the  v e r t i c a l  p r o f i l e  f o r  each 
s p e c i e s  can be inver ted  from t h e  i n d i v i d u a l  s l a n t  
path t ransmission versus  a l t i t u d e  p r o f i l e .  

2.2 Ozone and Aerosol R e t r i e v a l  

The SAGE 11 measured s l a n t  path t r a n s -  
mission p r o f i l e  when converted to the o p t i c a l  
depth  p r o f i l e  a t  the f i v e  wavelength channels  
loca ted  a t  1.02, 0.6, 0,525, 0.453, and 0.385 
micrometer can be w r i t t e n  as fol lows:  

G X i  - GXi(aerosol) + GXi(ozone) 

where 6Xi is the  o p t i c a l  depth measurement a t  
wavelength X and a l t i t u d e  l e v e l  i. It c o n s i s t s  
of c o n t r i b u t i o n s  from aerosol ,  ozone, NOp, and 
molecular s c a t t e r i n g  (Rayleigh s c a t t e r i n g ) .  The 
Rayleigh component is removed based on calcula- 
t i o n s  us ing  t h e  given temperature v e r t i c a l  pro- 
f i l e  d a t a  from t h e  Nat ional  Weather Service of 
NOAA. The NO2 component is removed from the d i f -  
f e r e n t i a l  absorp t ion  measurement between t h e  
0.448 and the  0.453 micrometer d a t a  a s  discussed 
i n  the  next  s e c t i o n .  Marquardt's nonl inear  a lgo-  
r i thm (Marquardt, 1963) is used to  s e p a r a t e  the  
ozone and a e r o s o l  c o n t r i b u t i o n s  i n  equat ion 1. 
The a e r o s o l  s l a n t  path o p t i c a l  depth versus  wave- 
length  behavior is assumed to be descr ibed  by a 
nonl inear  q u a d r a t i c  polynomial i n  t h e  v a r i a b l e  X. 
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The r e s u l t s  obtained from the Marquardt a lgori thm 
appl ied  to each a l t i t u d e  l e v e l  a r e  t h e  s l a n t  p a t h  
o p t i c a l  depth p r o f i l e s  f o r  ozone a t  0.6 microm- 
eters a e r o s o l  o p t i c a l  depth p r o f i l e s  a t  1.02, 
0.525, 0.453, and 0.385 micrometers. These f i v e  
s l a n t  path o p t i c a l  depth p r o f i l e s  can be w r i t t e n  
i n  the fol lowing form: 

'j 
6 i  = 1 Pij ( 2 )  

where 3, is  the  o p t i c a l  path length i n  t h e  j 
l eve l  f o r  tangent  he ight  i n  the  i l eve l ,  and the  
B i  is t h e  v e r t i c a l  e x t i n c t i o n  p r o f i l e  f o r  t h e  
i n d i v i d u a l  spec ies .  The above equat ion is then 
i n v e r t e d  with Twomey's modif icat ion of Chahine's 
nonl inear  a lgori thm (Twomey e t  a l . ,  1977). A 
s l i g h t  modif icat ion of t h i s  a lgori thm incorpo- 
r a t e s  some smoothing of the  r e t r i e v e d  p r o f i l e s  by 
averaging t h e  inver ted  r e s u l t  during each i t e r a -  
t i v e  cyc le .  The above mentioned smoothing i s  
only appl ied  t o  t h e  p r o f i l e  a t  high a l t i t u d e  
where t h e  concent ra t ion  of the s p e c i e s  is smal l  
and decreas ing  very rap id ly .  I t e r a t i o n  i s  
stopped when the  res idue  between the  a c t u a l  meas- 
urement and the c a l c u l a t e d  measurement approaches 
the  es t imated  u n c e r t a i n t y  of the  measurement. 

2.3 NO2 R e t r i e v a l  

The NO2 s i g n a t u r e  is mainly manifested i n  
t h e  d i f f e r e n t i a l  measurement between 0.453 and 
0.448 micrometer da ta .  By r a t i o i n g  t h e  s l a n t  
pa th  t ransmission of these  two-channel d a t a ,  the  
d i f f e r e n t i a l  t ransmiss ion  p r o f i l e  is obtained 
which c o n t a i n s ,  i n  a d d i t i o n  to the NO2 s i g n a t u r e ,  
c o n t r i b u t i o n s  from Rayleigh s c a t t e r i n g ,  some 
ozone absorp t ion ,  and some a e r o s o l  s c a t t e r i n g .  
I n  processing t h e  NO2 d a t a ,  a f i r s t  o rder  esti- 
mate of the No2 optical depth p r o f i l e  is obtained 
a f t e r  t h e  removal of t h e  Rayleigh component. 
This f i r s t  o rder  estimate f o r  NO2 is used f o r  t h e  
c o r r e c t i o n  i n  the  a e r o s o l  and ozone re t r ieval .  
Af te r  t h e  ozone and a e r o s o l  o p t i c a l  depth pro- 
f i l e s  are obtained from t h e  previous procedure,  
they are used to remove their c o n t r i b u t i o n s  from 
t h e  d i f f e r e n t i a l  t ransmission da ta .  The NO2 
v e r t i c a l  p r o f i l e  is  then inver ted  using equat ion 
( 2 )  f o r  t h e  NO2 s l a n t  path o p t i c a l  depth 
p r o f i l e .  The i n v e r s i o n  scheme used here  is 
i d e n t i c a l  t o  t h e  one used i n  t h e  ozone and 
a e r o s o l  invers ion .  

2.4 Water Vapor R e t r i e v a l  

By r a t i o i n g  t h e  0.94 t o  t h e  1.02 microm- 
eter t ransmiss ion  p r o f i l e s ,  a d i f f e r e n t i a l  t r a n s -  
mis s ion  p r o f i l e  conta in ing  predominately t h e  
water vapor absorp t ion  s i g n a t u r e  is obtained with 
some r e s i d u a l  s i g n a t u r e  from ozone absorp t ion ,  
a e r o s o l ,  and Rayleigh s c a t t e r i n g .  The i n t e r -  
f e r i n g  s i g n a t u r e s  can be removed from the  water 
vapor d a t a  using the  r e s u l t s  from t h e  ozone and 
aerosol retrievals.  The water vapor t ransmission 
p r o f i l e  is i n v e r t e d  using t h e  o r i g i n a l  Chahine's 
nonl inear  a lgori thms (Chahine, 1970). The t r a n s -  
mission p r o f i l e s  f o r  water vapor a r e  c a l c u l a t e d  
using an e m i s s i v i t y  growth approximation. The 
d a t a  base used €or  t h e  e m i s s i v i t y  growth approxi- 
mation is c a l c u l a t e d  using t h e  Four ie r  t ransform 
method (Gordley and Russe l l ,  1981). The accuracy 
of the Four ie r  t ransform method f o r  c a l c u l a t i n g  

t h e  water vapor absorp t ion  s i g n a t u r e  has  been 
compared with t h e  FASTCODE c a l c u l a t i o n  and was 
found t o  be i n  good agreement. The e m i s s i v i t y  
growth approximation technique has  been found t o  
be accurate and f a s t  f o r  c a l c u l a t i n g  t h e  water 
vapor t ransmission p r o f i l e  appropr ia ted  f o r  t h e  
SAGE I1 measurements under d i f f e r e n t  Water vapor 
concent ra t ion ,  temperatures ,  and pressure  l e v e l s .  

2.5 Est imat ion of Uncertainty f o r  Inver ted  
Data 

The u n c e r t a i n t y  assoc ia ted  with t h e  
i n v e r t e d  p r o f i l e  from t h e  SAGE I1 measurements is 
c a l c u l a t e d  based on t h e  est imated measurement 
errors from the  var ious  noise  sources .  The e r r o r  
sources  f o r  the  SAGE II measurements c o n s i s t  of 
random noise  i n  the  radiance measurement, po in t -  
i n g  u n c e r t a i n t y ,  a l t i t u d e  de te rmina t ion  e r r o r ,  
and the  u n c e r t a i n t y  i n  the  c a l c u l a t e d  Rayleigh 
component from the given temperature p r o f i l e  (Chu 
and McCormick, 1979). The est imated measurement 
e r r o r s  a r e  obtained from the root-mean-square of 
the  var ious  e r r o r  source terms. For the  i n v e r t e d  
SAGE 11 6-wavelength p r o f i l e s  ( a e r o s o l ,  ozone, 
and NO2 p r o f i l e s ) ,  the  est imated e r r o r s  a r e  c a l -  
c u l a t e d  similar t o  the  method descr ibed  by 
R u s s e l l  e t  a l .  (1981) whereby t h e  measurement 
e r r o r  a r r a y  is  mul t ip l ied  by an e r r o r  s e n s i t i v i t y  
matr ix  to  g ive  t h e  u n c e r t a i n t y  a s s o c i a t e d  wi th  
t h e  i n v e r t e d  resul ts .  The e r r o r  s e n s i t i v i t y  
matr ix  f o r  these  cases is t h e  inverse  of the  p a t h  
length  mat r ix  a s  descr ibed  by equat ion  ( 2 ) .  How- 
ever, f o r  the  water vapor p r o f i l e  r e t r i e v a l ,  t h e  
e r r o r  s e n s i t i v i t y  matr ix  has t o  be c a l c u l a t e d  
from t h e  e m i s s i v i t y  growth approximation 
technique.  

- 

3 .  CONCLUSION 

This  paper summarizes the  procedures  used 
by NASA Langley Research Center personnel  t o  pro- 
cess the  SAGE I1 measurements f o r  producing ver- 
t i c a l  p r o f i l e s  of a e r o s o l  e x t i n c t i o n  a t  f o u r  
wavelengths, and ozone, N 0 2 ,  and water vapor con- 
c e n t r a t i o n s .  These procedures are more compli- 
ca ted  compared t o  the  e a r l i e r  SAGE invers ion  
approach, bu t  they s t i l l  s a t i s f y  the requirements  
of accuracy and e f f i c i e n c y  f o r  processing t h e  
SAGE 11 data .  Comparison of t h e  SAGE I1 
r e t r i e v e d  p r o f i l e s  t o  c o r r e l a t i v e  measurements 
has  been performed, and the  r e s u l t s  w i l l  be d i s -  
cussed i n  another  paper by Swissler  (1986) dur ing  
t h i s  conference.  
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5 2 . 4  

GLOBAL DISTRIBUTION OF SAGE I1 DATA PRODUCTS 

D. Rind, G. Russell, J. Lerner 

Goddard Space Flight Center 
Institute for Space Studies 

New York, NY 10025 

1. INTRODUCTION 

The SAGE I1 instrument is currently pro- 
ducing assessments of the atmospheric concentra- 
tions of 03, 820, N02, and aerosol optical 
thicknesses at four wavelengths (3851.1, 45311, 5251.1, 
and 102%). 
retrieved data set is that it is possible to 
determine global distributions, and relate the 
results to source distributions, atmospheric 
dynamical patterns or chemical variations. 
retrieval method produces vertical distributions 
above specific locations which depend upon the 
relatj.on of the orbit to sunriselsunset. During 
one month this results in up to 900 records dis- 
tributed unevenly over the globe. To produce 
global maps requires first positioning of the 
data geographically, and then interpolating 
between data points. Care must be taken to 
ensure that the interpolation does not introduce 
imaginary patterns. 

2. TECHNIQUE 

One advantage of this satellite- 

The 

The coarse resolution version of the GISS 
general circulation model divides the earth into 
approximately 800 grid boxes (with a resolution 
of 8 O  latitude by loo  longitude). It is thus 
commensurate with the number of data points pro- 
duced by the SAGE I1 instrument in one month. In 
order to produce maps of the global distributions 
of the SAGE I1 data, we thus adopted the follow- 
ing procedure. Each data point was interpolated 
to the standard pressure levels from 300mb to 
0.2mb, and entered into the appropriate general 
circulation model grid box. If more than one 
value was recorded during the month for that 
grid box, the values were averaged. With all the 
data points so positioned, we then interpolated 
between grid boxes to fill in missing data, with 
the interpolation extending up to two grid boxes 
east-west or north-south. Interpolations of 
this distance did not seem to distort the basic 
patterns, and they are consistent with the 
practice of averaging data within each grid box. 
It should be noted that due to the spacing of the 
data retrieval, and the retrieval process itself, 
very small-scale horizontal structure is probably 
not obtainable. 

3. RESULTS 

Global distributions have been generated 
for the following pressure levels (in mb): 300, 
250, 200, 150, 100, 70, 50, 30, 10, 5, 2, 1, 0.4 
and 0.2 The following quantities have been 

plotted: 03, H20, N02, and aerosol optical thick- 
nesses at the four frequencies. Relevant data 
products produced by NMC and included on the data 
tapes such as temperature and height have also 
been plotted. In addition, NMC provides an esti- 
mate of the tropopause pressure. Maps of the 
distribution of this value have been generated, 
and used to distinguish the stratosphertc concen- 
trations of the data. Thus additional plots 
include the stratospheric column integral of 03, 
H20, N02, and aerosol optical thicknesses. 

The data to be discussed here is for 
April, 1985. During this month data was re- 
trieved at sunset in the Northern Hemisphere, 
and sunrise in the Southern Hemisphere. Monthly 
maps of the global distributions are thus not 
only averaged over time, they include a diurnal 
bias between hemispheres. This is of special 
importance for NO2 due to its photochemistry, but 
may affect all species in the upper troposphere 
as convective penetration can vary diurnally. 

150-30mb were found in the tropics, from 300-200mb 
at high latitudes, and above lOmb at highsouthern 
latitudes, Warmest temperatures below 200mb 
occurred in the tropics, from 150-30mb at high 
northern latitudes, and from 10-5mb again in the 
tropics. Warm air was found over the North 
Pacific from 10-5mb, while at higher altitudes 
warmest temperatures occurred over the North 
Atlantic. Upper tropospheric troughs over 
eastern Canada, eastern Asia and the North 
Pacific extended to 150mb; above, the best 
defined troughs existed over the western and 
eastern North Atlantic, disappearing by 30mb. 
Polar lows exist throughout, becoming very weak 
in the lower stratosphere, while above 30mb the 
Southern Hemisphere polar low predominates, with 
the Northern Hemisphere polar low shifting into 
the eastern Hemisphere. These fields are repre- 
sentative of early spring in the Northern 
Hemisphere, with remnants of the warm North 
Pacific high and cold North Atlantic trough still 
visible, while the Southern Hemisphere is moving 
towards its winter appearance. The tropopause 
is highest over the tropics (around 1OOmb) and 
lowest at high northern latitudes (300mb), again 
typical for this time. The meteorological data 
from which these results were derived correspond 
only to those observations taken at the locations 
and times at which SAGE retrievals were performed. 

Ozone concentrations from 200-10mb are 
greatest in the polar region, especially in the 
Aleutian area, with somewhat lower values in the 

Coldest temperatures for this month from 

552 



North A t l a n t i c  t rough.  Minimum v a l u e s  occur  a t  
low l a t i t u d e s .  G r a d i e n t s  l a r g e l y  d i s a p p e a r  by 
30mb, and from 10-5mb t h e r e  is a t r o p i c a l  maxi- 
mum w i t h  minimum v a l u e s  a t  h igh  l a t i t u d e s  o v e r  
t h e  North A t l a n t i c .  From 2-lmb peak v a l u e s  occur  
a t  h igh  s o u r t h e r n  l a t i t u d e s ,  w i t h  l i t t l e  v a r i a -  
t i o n  elsewhere.  The t r o p i c a l  minima a t  t h e  
h ighe r  p r e s s u r e s  are o f t e n  i n  t h e  t roposphe re ,  
a t  t h e  same t i m e  a s  t h e  h i g h  l a t i t u d e  maxima a r e  
i n  t h e  s t r a t o s p h e r e .  The maxima f o l l o w  t h e  
warm r i d g e  and avo id  t h e  t rough  i n  t h e  lower 
s t r a t o s p h e r e .  A t  h i g h e r  l e v e l s  t h e  t r o p i c a l  
maxima i s  presumably a photochemical  e f f e c t ,  
wh i l e  i n  t h e  upper  s t r a t o s p h e r e  t h e  h i g h  
s o u t h e r n  l a t i t u d e  maxima occur s  a t  t h e  end of 
l o c a l  summer. Peak g r a d i e n t s  of 8ppmv occur  a t  
lOmb between t h e  e q u a t o r i a l  peaks and t h e  North 
A t l a n t i c  p o l a r  minimum. 

NO2 d i s t r i b u t i o n s  are complicated by t h e  
s u n r i s e / s u n s e t  e f f e c t .  A t  l e v e l s  up through 70mb 
t h e r e  are l a r g e  c o n c e n t r a t i o n s  i n  s p e c i f i c  
e q u a t o r i a l  r e g i o n s ,  p o s s i b l y  a s s o c i a t e d  w i t h  
p e n e t r a t i n g  convect ion.  From 100-50mb minimum 
v a l u e s  occur  i n  t h e  Northern Hemisphere ( s u n s e t ) ,  
d i f f e r e n c e s  abou t  lppb.  A t  30mb t h e r e  i s  a 
g e n e r a l  e q u a t o r i a l  minimum. From 10-5mb, t h e  
low and s u b t r o p i c a l  l a t i t u d e s  of t h e  Northern 
Hemisphere a r e  now 3ppb g r e a t e r  t han  t h o s e  i n t h e  
Southern Hemisphere. A t  2mb t h e  hemisphere 
r a t i o  a g a i n  r e v e r s e s ,  w i t h  t h e  S o u t h e r n ,  
Hemisphere now lppb  g r e a t e r .  

peak up through 7Omb i n  s p e c i f i c  r eg ions .  Out- 
s i d e  of t h e s e  areas, low l a t i t u d e  v a l u e s  are 
s t i l l  much l a r g e r  t han  t h o s e  a t  h igh  l a t i t u d e s  
(by some 55ppm a t  150mb, b u t  remember t h i s  i s  
s t i l l  t h e  t roposphe re  a t  low l a t i t u d e s ) .  By 70mb 
t h e r e  i s  a g e n e r a l  t r o p i c a l  minima o f  1-3ppmv 
o u t s i d e  of t h e  r e g i o n s  of p o s s i b l e  convec t ive  
p e n e t r a t i o n .  From 5Omb-lmb t h e  Southern 
Hemisphere v a l u e s  a r e  g e n e r a l l y  l a r g e r  t han  
t h o s e  i n  t h e  Northern Hemisphere by 1-2ppm. A t  
5mb-2mb t h e r e  i s  a s l i g h t  peak (about  1-2ppm) a t  
h igh  s o u t h e r n  l a t i t u d e s ,  w h i l e  by lmb t h e  
Southern Hemisphere a g a i n  shows v a l u e s  i n  g e n e r a l  
about  2ppm l a r g e r  t han  i n  t h e  Northern 
Hemisphere. 

a r e  o c c a s i o n a l  v e r y  l a r g e  o p t i c a l  t h i c k n e s s e s  
i n  a l l  t h e  a e r o s o l  channe l s  o v e r  t h e  Amazon, 
t r o p i c a l  A f r i c a ,  I n d i a n  Ocean and w e s t e r n  
P a c i f i c  -- i n  somewhat s i m i l a r  l o c a t i o n s  t o  
t h e  peaks seen  i n  t h e  N20 and H20 d i s t r i b u t i o n s ,  
and t h e i r  l o c a t i o n  s u g g e s t s  p e n e t r a t i v e  con- 
v e c t i o n .  The peaks extend up through t h e  70mb 
l e v e l ;  o p t i c a l  t h i c k n e s s e s  a r e  a f a c t o r  of 1 0  o r  
more l a r g e r  t h a n  t h e  t r o p i c a l  minima. 
From 50-30mb Sou the rn  Hemisphere v a l u e s  are 
s l i g h t l y  l a r g e r  t han  t h o s e  i n  t h e  Northern 
Hemisphere, w i t h  minimum v a l u e s  o c c u r i n g  a t  t h e  
h i g h e s t  l a t i t u d e s ,  e s p e c i a l l y  i n  t h e  Northern 
Hemisphere. 

on t h e  d e f i n i t i o n  of t h e  t ropopause.  Ozone 
v a l u e s  are i n  g e n e r a l  agreement w i t h  e x p e c t a t i o n  
- l a r g e  v a l u e s  (0.46cm) a t  Northern Hemisphere 
h igh  l a t i t u d e s ,  w i t h  peaks c o r r e l a t e d  w i t h  t h e  
l o c a t i o n  of t r o p o s p h e r i c  t roughs ,  and s m a l l  
v a l u e s  (0.24cm) o c c u r r i n g  i n  t h e  t r o p i c s .  NO2 
v a l u e s  are l a r g e  i n  t h e  t r o p i c a l  peak r e g i o n s  
(.0013cm), w i t h  even l a r g e r  v a l u e s  a t  h igh  
l a t i t u d e s  of bo th  hemispheres.  Minimum v a l u e s  
occur  a t  o t h e r  t r o p i c a l  l o c a t i o n s ,  w i t h  v a l u e s  

Water vapor  v a l u e s  a l s o  show a n  e q u a t o r i a l  

In t h e  e q u a t o r i a l  upper t roposphe re  t h e r e  

The s t r a t o s p h e r i c  column amounts depend 

of .00015. Water vapor  h a s  a t r o p i c a l  peak 
v a l u e  of 23cm ove r  t h e  Amazon; o t h e r w i s e  t r o p i -  
c a l  minima are 0-Zcm, w i t h  4-8cm a t  h igh  l a t i -  
tudes .  It remains a q u e s t i o n  a s  t o  whether  t h e  
large NO2 v a l u e s  a r e  a c t u a l l y  i n  t h e  s t r a t o -  
sphe re ,  as w e l l  as t h e  water vapor above t h e  
Amazon. 

4. CONCLUSIONS 

Maps of t h e  g l o b a l  d i s t r i b u t i o n s  of t h e  
SAGE I1 d a t a  p r o d u c t s  can  h e l p  i n  v i s u a l i z i n g  
t h e  p r o c e s s e s  occur r ing .  D i f f i c u l t i e s  a r i s e  i n  
dec iphe r ing  t h e  s u n r i s e / s u n s e t  d i f f e r e n c e s ,  a s  
w e l l  as i n  de t e rmin ing  t h e  e x a c t  l o c a t i o n  of t h e  
t ropopause.  A r e  l a r g e  t r o p o s p h e r i c  v a l u e s  be ing  
convected i n t o  t h e  s t r a t o s p h e r e ?  Ana lys i s  of 
subsequent  months, and c o r r e l a t i v e  experiments  
may h e l p  r e s o l v e  t h e s e  i s s u e s .  
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52.5 

DISPERSION CHARACTERISTICS OF VOLCANICALLY INJECTED 

AEROSOL AS SEEN BY SAGE I ,  SAM 11, AND SAGE I1 

I .  INTRODUCTION 

Geoffrey S. Kent 

Science and Technology Corporat ion 
Hampton, V i r g i n i a  

Data o b t a i n e d  from t h r e e  s a t e l l i t e  
expe r imen t s  and by t h e  NASA/LRC a i r b o r n e  l i d a r  
system has been used t o  s t u d y  t h e  d i s p e r s i o n  o f  
a e r o s o l  i n j e c t e d  i n t o  t h e  s t r a t o s p h e r e  by 
s e v e r a l  v o l c a n i c  e r u p t i o n s  o c c u r r i n g  s i n c e  1979. 
The s a t e l l i t e  expe r imen t s  a r e  t h e  S t r a t o s p h e r i c  
Aeroso l  and Gas Experiment I (SAGE I ) ,  
S t r a t o s p h e r i c  Aeroso l  and Gas Experiment I1 
(SAGE 1 1 )  and S t r a t o s p h e r i c  Aeroso l  Measurements 
I1 ( S A M  I I ) ,  a l l  o f  which measure s t r a t o s p h e r i c  
a e r o s o l  e x t i n c t i o n  a t  a wavelength o f  I u m  
(McCormick e t  a l . ,  1978, Mauldin e t  a l . ,  1983) .  
The l a t i t u d i n a l  coverage and p e r i o d s  of  
o p e r a t i o n  o f  t h e s e  s a t e l l i t e s  a r e  shown i n  Tab le  
I ( a ) .  Tab le  I ( b )  g i v e s  t h e  l a t i t u d e s  and times 
o f  e r u p t i o n  o f  t h o s e  vo lcanoes  known t o  have 
i n j e c t e d  m a t e r i a l  i n t o  t h e  s t r a t o s p h e r e .  Of 
p a r t i c u l a r  s i g n i f i c a n c e  i s  t h e  gap between t h e  
f i n a l  SAGE I measurements and t h e  f i r s t  SAGE I1 
measurements (Oc tobe r ,  1984) d u r i n g  which t h e  
e r u p t i o n  of E l  Chichon occur red .  

The common s a t e l l i t e  d a t a  p roduc t  i s  a 
v e r t i c a l  p r o f i l e  o f  a e r o s o l  e x t i n c t i o n  a t  a 
wavelength o f  I pm f o r  t h e  l o c a t i o n  o f  each 
s a t e l l i t e  measurement.  By u s e  o f  a s u i t a b l e  
conve r s ion  f a c t o r ,  t h i s  may be used t o  d e r i v e  an 
approximate v a l u e  f o r  t h e  mass of a e r o s o l  
p r e s e n t .  The e x t i n c t i o n  may a l s o  be  used t o  
d e r i v e  t h e  e x t i n c t i o n  r a t i o ,  d e f i n e d  a s  t h e  
r a t i o  o f  I pm a e r o s o l  e x t i n c t i o n  t o  t h e  l o c a l  I 
urn molecu la r  e x t i n c t i o n .  T h i s  i s  analogous t o  
t h e  a e r o s o l  b a c k s c a t t e r i n g  r a t i o  commonly 
d e r i v e d  from l i d a r  measurements.  I t  i s  an 
approx ima te ly  conserved q u a n t i t y  under  t r a n s p o r t  
and,  f o r  t h a t  r e a s o n ,  p a r t i c u l a r l y  u s e f u l  for  
t h e  s t u d y  o f  a tmosphe r i c  movements. 

Table  l ( a )  

S a t e l l i t e  o c c u l t a t i o n  experiments  

L a t i t u d e  Period of 
S a t e l l i t e  Coverage Operat ion 

SAGE I 74'5 - 74ON Feb 1979-Nov 1981 
SAGE I1 75's - 75'N O c t  1984-Present 
SAM I1 80°S-640S;640N-800N O c t  1978-Present 

Table l ( b )  

Volcanic e r u p t i o n s ,  1979-1985, 
s i g n i f i c a n t l y  a f f e c t i n g  t h e  s t r a t o s p h e r e  

Date Volcano Location 

N w  13 ,  1979 S i e r r a  Negra 0.8"S, 91.2OW 
May 18, 1980 S t .  Helans 46.2'N, 122.2OW 
O c t  7, 1980 Ulawun 5.OoS, 151.3'E 
Apr 27, 1981 Ala id  50.8'N, 155.5"E 
May 15 ,  1981 Pagan 18.1"N, 145.8'E 
Dec 1981 - 

Mar 28 - 
Low L a t i t u d e  Jan 1982 Unknown 

Apr 4 ,  1982 E l  Chichon 17.3'N, 93.2OW 

2 .  STRATOSPHERIC AEROSOL DISPERSION 
FOLLOWING THE 1979- 198 I VOLCANIC ERUPTIONS 

Of t h e  f i v e  s i g n i f i c a n t  e r u p t i o n s  
o c c u r r i n g  between 1979 and 1981, t h r e e  occur red  
i n  low l a t i t u d e s  and two i n  high n o r t h e r n  
l a t i t u d e s .  The maximum a l t i t u d e  reached by any 
m a t e r i a l  from t h e s e  e r u p t i o n s  was 23-24 km. 
Subsequent s t r a t o s p h e r  i c  e f f e c t s  were monitored 
by SAGE I and SAM 11. D e t a i l e d  d i s p e r s i o n  
p a t t e r n s  f o r  t h e  s t r a t o s p h e r i c  a e r o s o l  v a r i e d  
b u t  t h e  f o l l o w i n g  g e n e r a l  c h a r a c t e r i s t i c s  were 
no ted .  

I .  The m a j o r i t y  o f  t h e  m a t e r i a l  from t h e  
h igh  l a t i t u d e  e r u p t i o n s  remained w i t h i n  t h e  same 
hemisphere.  

2.  The m a t e r i a l  from low l a t i t u d e  
e r u p t i o n s  d i s p e r s e d  i n t o  both hemispheres ,  
t r a n s p o r t  be ing  seasonab ly  c o n t r o l l e d  and 
g r e a t e s t  i n t o  t h e  w i n t e r  hemisphere.  

3 .  S u b j e c t  t o  ( 1 )  and . ( 2 )  above,  t h e  
a e r o s o l  tended t o  become c o n c e n t r a t e d  i n t o  t h r e e  
l a t i t u d i n a l  zones ( a )  20's - 20°N; ( b )  <4OoS and 
( c >  >40°N, wi th  minimum c o n c e n t r a t i o n s  between 
l a t i t u d e s  30' and 40'. 
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3. AEROSOL DISPERSION FOLLOWING THE 
ERUPTIONS OF EL CHICHON 

The e r u p t i o n s  o f  E l  Chichon i n  March and 
A p r i l ,  1984 d i f f e r e d  from t h e  e a r l i e r  e r u p t i o n s ,  
n o t  o n l y  i n  t h e  much g r e a t e r  magni tude  o f  t h e  
s t r a t o s p h e r i c  e f f e c t s  b u t  a l s o  i n  t h e  a l t i t u d e  
t o  which m a t e r i a l  was i n j e c t e d ,  which was a t  
l e a s t  30 km. A t  t h e  time o f  t h i s  e r u p t i o n ,  SAGE 
I had ceased  o p e r a t i o n  and SAGE I1 was n o t  y e t  
o p e r a t i n g .  The movement o f  t h e  s t r a t o s p h e r i c  
c l o u d  was mon i to red  by t h e  NASA/LRC a i r b o r n e  
l i d a r  sys t em (McCormick, e t  e l . ,  1984) a s  w e l l  
a s  by o t h e r  expe r imen t s .  These  showed t h e  
d i s p e r s i o n  t o  be a l t i t u d e  dependen t .  During t h e  
f i r s t  few months f o l l o w i n g  t h e  e r u p t i o n ,  
m a t e r i a l  below about  21 km s p r e a d  r a p i d l y  
nor thward  w h i l e  m a t e r i a l  above t h i s  a l t i t u d e  was 
s t i l l  main ly  c o n f i n e d  t o  t h e  l a t i t u d e  band s o u t h  
o f  25'N. T h i s  upper  m a t e r i a l  began s p r e a d i n g  
nor thward  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  June - Ju ly  
1982 and con t inued  th roughou t  t h e  n o r t h e r n  
summer and f a l l .  D i s p e r s i o n  i n t o  t h e  s o u t h e r n  
hemisphere  was less e x t e n s i v e l y  moni tored  b u t  
SAM I1 o b s e r v a t i o n s  showed t h a t  v o l c a n i c  a e r o s o l  
had r eached  t h e  A n t a r c t i c  r e g i o n  by December, 
1982. 

4. SAGE I1 OBSERVATIONS OF THE EL CHICHON 
AEROSOL 

SAGE I1 o b s e r v a t i o n s  commenced i n  October  
1984. By t h i s  t ime ,  t h e  E l  Chichon a e r o s o l  c l o u d  
was w e l l  d i s p e r s e d  g l o b a l l y ,  i t  was c o n c e n t r a t e d  
i n t o  t h r e e  p r i n c i p a l  l a t i t u d e  zones a s  d e s c r i b e d  
i n  S e c t i o n  2 f o r  e a r l i e r  e r u p t i o n s ,  w i th  
approx ima te ly  e q u a l  mass l o a d i n g  i n  each  zone .  
In c o n t r a s t  t o  t h e  mass l o a d i n g ,  maximum a e r o s o l  
e x t i n c t i o n  r a t i o s  ( a n d ,  hence ,  a e r o s o l  mixing 
r a t i o s )  s t i l l  o c c u r r e d  w i t h i n  t h e  low l a t i t u d e  
zone .  The e x i s t e n c e  o f  t h i s  r e s e r v o i r  o f  h i g h e r  
a e r o s o l  mixing  r a t i o  bo th  i n  t h e  SAGE I1 d a t a  
and a l s o  i n  t h e  e a r l i e r  SAGE I d a t a  
( p r e - v o l c a n i c )  h a s  enab led  a s t u d y  t o  be  made of  
a r e g u l a r  s e a s o n a l  movement o f  m a t e r i a l  from low 
t o  h i g h  l a t i t u d e s .  

I n  l a t e  1984 and e a r l y  1985, a t y p i c a l  
h igh  n o r t h e r n  l a t i t u d e  e x t i n c t i o n  r a t i o  p r o f i l e  
had a peak v a l u e  o f  abou t  10-15 a t  an  a l t i t u d e  
o f  15-18 km. I n  November and December 1984, an 
a p p r e c i a b l e  number o f  p r o f i l e s  were found 
showing a n  e x t r a  h igh  a l t i t u d e  l a y e r  w i t h  a 
l a y e r  maximum a t  an a l t i t u d e  o f  25 km or  
g r e a t e r .  Examples o f  "normal" and "anomalous" 
p r o f i l e s  a r e  shown i n  F i g .  1. Examinat ion  o f  
SAGE I d a t a ,  b o t h  b e f o r e  and a f t e r  any v o l c a n i c  
e r u p t i o n s ,  showed a s i m i l a r  phenomenon. 
Moreover,  t h e  o c c u r r e n c e  o f  t h e s e  "anomalous" 
l a y e r s  i s  s e a s o n a l  i n  bo th  hemisphe res ,  maximum 
numbers b e i n g  found i n  w i n t e r  w i t h  v e r y  low o r  
z e r o  o c c u r r e n c e  i n  mid-summer. Both l o c a l  
p r o d u c t i o n  and m i c r o p h y s i c a l  change  a r e  u n l i k e l y  
mechanisms f o r  t h e  c r e a t i o n  o f  t h e s e  "anomalous" 
h igh  a l t i t u d e  l a y e r s .  The on ly  p l a c e ,  where 
matching  e x t i n c t i o n  r a t i o s  a r e  t o  be  found a t  
s i m i l a r  a l t i t u d e s ,  i s  w i t h i n  t h e  low l a t i t u d e  
zone. The i n f e r e n c e  from t h e  d a t a  i s  t h a t  we 
a r e  o b s e r v i n g  s e a s o n a l  movement o f  m a t e r i a l ,  a t  
a l t i t u d e s  i n  t h e  r e g i o n  o f  25 kms, from low 
l a t i t u d e s  i n t o  t h e  w i n t e r  hemisphere .  T h i s  
r e s u l t  i s  c o n s i s t e n t  w i t h  r e c e n t  work by Leovy 
e t  a l .  (1985) ,  where poleward t r a n s p o r t  o f  

ozone i n  t h e  middle  s t r a t o s p h e r e  i n t o  t h e  w i n t e r  
hemisphere  i s  shown t o  be a s s o c i a t e d  w i t h  
p l a n e t a r y  s c a l e  s t r a t o s p h e r i c  waves. 

[ a )  
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Fig. 1. SAGE I1 e x t i n c t i o n  r a t i o  p r o f i l e s  
o b t a i n e d  on 16 November 1984. 

(a) Normal p r o f i l e ,  48.S0N, 69.6OW 
(b) Anomalous  p r o f i l e ,  48.0°N, 148.7OE 
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1. INTRODUCTION 

The Stratospheric Aerosol and Gas 
Experiment I1 (SAGE 11) is a seven channel 
spectrometer which infers the vertical distribu- 
tion of stratospheric aerosols, ozone, nitrogen 
dloxide and water vapor from the extinction of 
solar radiation measured during spacecraft sun- 
rlsefsunset. SAGE I1 was deployed by the space 
shuttle on October 5, 1984 as part of the ERB 
satellite package and scientific data acquisition 
commenced October 24. A detailed description of 
the instrument package, measurement technique and 
retrieval algorithm may be found in companion 
papers in these proceedings by McMaster (1986) 
and Chu (1986). To date, over a years worth of 
water vapor data has been obtained with global 
coverage ranging from 80' S to 80' N at altitudes 
from 45 km down to the cloud tops or 2 km in 
cloud free regions. This unique data set will be 
used to establish a global water vapor climatol- 
ogy and improve our understanding of aerosol for- 
mation mechanisms and troposphericfstratospheric 
exchange processes. Since SAGE I1 is the first 
experiment to remotely sense upper tropospheric 
water vapor from space we will present prelimi- 
nary data from the lower stratosphericfupper tro- 
pospheric altitude regions. Due to the prelimi- 
nary nature of the data we will be concerned more 
with validating the data set than with presenting 
and discussing temporal or spatial variations of 
the water vapor concentrations. We will present 
zonal means for the month of April 1985 and com- 
pare them to the tropospheric water vapor given 
in Oort (1983) below 300 mb and the LIMS water 
vapor as described in Russell et al. (1984) above 
100 mb. We know of no global long-term data set 
which covers the intermediate 100 mb to 300 mb 
region. 

2. COMPARISON TO HISTORICAL WATER VAPOR 
MEASUREMENTS 

In this section we will present selected 
monthly zonal means for April 1985 and compare 
them to two well known water vapor compilations, 
the LIMS measurements as described by Russell et 
al. (1984) and the Global Atmospheric Circulation 
Statistics, 1958-1973 (GACS) developed by Oort 
(1983). The two data sets are fundamentally 
different in several ways. The LIMS experiment 
used the technique of thermal infrared limb 
scanning to remotely sense water vapor from space 
with near global coverage (64's to 84'N) from 
October 24, 1978 to May 28, 1979. In contrast, 
the GACS water vapor climatology is developed 

from several different data sets composed prima- 
rily of rawinsonde observations. Southern hemi- 
sphere climatology is based on the 1963 to 1973 
time period while the northern hemisphere includ- 
es an additional 5 year period, from 1958 to 
1963. Longitudinal coverage obtained with the 
LIMS experiment is very uniform in both hemi- 
spheres, while most GACS rawinsonde data are 
taken over land at fixed locations which deter- 
mines the longitudinal coverage. The GACS data 
have altitude coverage from 1000 mb to 300 mb 
while the LIMS experiment covers 100 mb to 1 mb. 
In spite of the differences in measurement tech- 
niques, sampling biases and time frames among the 
experiments, comparing SAGE I1 to these water 
vapor distributions can provide helpful insights 
as to the quality of the data. 

To remove data contaminated by clouds and 
noisy transmission data each SAGE I1 profile was 
screened by using information from the retrieved 
water vapor mixing ratio and the slant path 
transmissions for the 1.02 pm aerosol and 0.94 
water vapor channels. Figure 1 illustrates typi- 
cal measured slant path transmission for the 
1.02 pm and 0.94 pm channels. The differential 
water vapor slant path transmission is also 
shown. The differential transmission must be 
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Figure 1. Measured slant path transmissions vs. 
altitude for cloudy (a) and cloud free (b) 
conditions. Error bars are the estimated 
standard deviation uncertainty. Horizontal 
dashed line indicates the tropopause height. 
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further corrected for Rayleigh scattering, 
aerosol and ozone signature before the water 
vapor retrieval can be performed. The error bars 
indicate the estimated standard deviation of the 
slant path transmission which is based on the 
scan averaging error. The meteorological cloud 
at 12.5 km in Figure la can be identified very 
easily by looking at the rapid drop in transmis- 
sion when the cloud is first encountered. Water 
vapor data at and below the cloud level are de- 
leted from further consideration. The SAGE I1 
data set is initially biased toward cloud free 
conditions since the retrieval process is termi- 
nated when thick clouds are observed. Removing 
the cloud contaminated data reinforces this 
trend. Water vapor data that are inferred from 
noisy transmission data are deleted at and below 
any level where the error bars of the 1.02 p m  and 
0.94 um channels overlap or when the absolute 
level of the slant path transmissions drop below 
the noise levels. These two checks prevent the 
water vapor from being used when the differential 
slant path transmission has been calculated from 
indeterminate or very low signal levels. The 
final screen applied to the data looks for a 
water vapor mixing ratio several times greater 
than the saturation mixing ratio of water. This 
situation occasionally happens if the differen- 
tial slant path transmissions are not corrected 
for the interferring signatures properly. This 
screening process has been applied to the April 
zonal means presented in this paper. 

At the start of April, SAGE I1 sunset and 
sunrise events were located at 62' N and 46' N ,  
respectively. By the fifth of April the sunset 
events had moved to 76' N while the sunrise 
events moved to the equator. On April 23 sunrise 
events were located at 55' S and moved north to 
46' S by the end of the month. The locations of 
the sunset events slowly moved south reaching 
12' N at the end of the month. 
ern high latitudes were sampled early in the 
month while the southern high latitudes were 
sampled toward the end of the month. Because of 

Thus, the north- 
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Figure 2 .  Comparison of the SAGE I1 preliminary 
data, LIMS and Global Atmospheric Circulation 
Statistics monthly zonal means for April at 30' N 
(a) and 30' S (b). Horizontal dashed line 
indicates the average tropopause height. 

this a monthly zonal mean for a particular lati- 
tude band may be more representative of a specif- 
ic time period such as the second week of the 
month, for example, than for a full month. Table 
1 shows the total possible number of events for 
April at selected middle and high latitudes after 
being grouped into 10' latitude bins centered on 
the latitude shown. Also shown are the number of 
suitable events remaining after the data screen- 
ing process is applied at 10 km and 5 km. 

TABLE 1 

SAGE I1 Global Coverage for Selected 10' 
Latitude Bins in April 1985 

Center Total Remaining Events Tropopause 
Latitude Events at 10 km at 5 km km 

60' N 83 69 6 9 .o 
40' N 56 17 0 11.1 
30' N 48 13 1 13.6 

40' S 44 22 10 13.4 
30' S 30 21 15 15.5 

60' S 42 19 4 10.0 

g Figures 2 ,  3 and 4 present the preliminar 
SAGE I1 zonal means for April 1985 for 30°, 40 
and 60' N and S ,  respectively. The preliminary 
SAGE I1 data are compared to the LIMS and GACS 
data in these figures. The SAGE I1 zonal means 
were calculated with 10' latitude bins while the 
LIMS data used 4' bins and the GACS data was 
averaged in 5' bins. The SAGE I1 measurement 
error bars show the zonally averaged standard 
deviation of the estimated measurement error. 
The estimated error in turn is derived from the 
random error in the differential transmission, 
uncertainties in correcting the interference 
signatures and uncertainties inherent to the 
water vapor retrieval itself. Thus, the estima- 
ted error includes both random and bias compo- 
nents. The variation of the mean values shows 
less variation than that expected from the 

t 0 GRCS 0 

I IO im io00 
HP PPHV 

0 ,,:; 

I IO im IOW 
ti& PPflV 

Figure 3. Comparison of the SAGE I1 preliminary 
data, LIMS and Global Atmospheric Circulation 
Statistics monthly zonal means for April at 40' N 
(a) and 40' S (b). Horizontal dashed line 
indicates the average tropopause height. 
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Figure  4. Comparison of t h e  SAGE I1 p r e l i m i n a r y  
d a t a ,  LIMS and Global  Atmospheric C i r c u l a t i o n  
S t a t i s t i c s  monthly zonal  means f o r  A p r i l  a t  60' N 
(a)  and 60' S ( b ) .  H o r i z o n t a l  dashed l i n e  
i n d i c a t e s  t h e  ave rage  t ropopause h e i g h t .  

e s t i m a t e d  e r r o r .  The number of e v e n t s  i n  each  
zona l  mean as a f u n c t i o n  of a l t i t u d e  is 
q u a l i t a t i v e l y  d e s c r i b e d  by Table  1 and must be 
t aken  i n t o  c o n s i d e r a t i o n  a long  w i t h  t h e  d i v e r s e  
o r i g i n s  of t h e  three d a t a  s e t s  when comparing 
them. O v e r a l l ,  t h e  agreement is q u i t e  good. 
SAGE II and LIMS z o n a l  ave rages  a g r e e  t o  b e t t e r  
t h a n  1.5 ppmv everywhere wi th  a few e x c e p t i o n s .  
The major  e x c e p t i o n  is a t  30' S where SAGE I1 is 
g r e a t e r  t han  LIMS by 2.0 ppmv. P o s s i b l y  t h i s  is  
due t o  be a problem w i t h  modeling the a e r o s o l  
s i g n a l  i n  t h e  water vapor channel .  SAGE I1 wate r  
vapor  zona l  means i n  e q u a t o r i a l  r e g i o n s  ( n o t  
shown) where t h e  a e r o s o l  l a y e r  a t  20 km is very  
d i s t i n c t  show s i m i l a r  p e r t u r b a t i o n s .  Work is 
c u r r e n t l y  underway on ways t o  improve t h e  a e r o s o l  
c o r r e c t i o n  i n  t h e  w a t e r  vapor  channe l .  Agreement 
w i t h  the GACS d a t a  is a l s o  q u i t e  good a s  can be 
seen i n  F i g u r e s  2 ,  3 and 4. A r e l a t i v e  accu racy  
of lo.% f o r  t h e  GACS wa te r  vapor  is g iven  by Oort 
(1983) a t  low a l t i t u d e s  and from t h e  GACS annua l  
and s e a s o n a l  v a r i a b i l i t y  s t a t i s t i c s  we e s t i m a t e  
an  annual  v a r i a b i l i t y  of approx ima te ly  10% f o r  
A p r i l  a t  t h e  a l t i t u d e s  where t h e  SAGE I1 and GACS 
d a t a  ove r l ap .  When t h e s e  two f a c t o r s  a r e  consid-  
e r e d  t h e  SAGE I1 and GACS d a t a  a g r e e  excep t  f o r  a 
s i n g l e  p o i n t  a t  40' S. 

3 .  DISCUSSION 

Because of t h e  many d i f f e r e n c e s  (measure- 
ment t e c h n i q u e s ,  sampling b i a s e s  and o b s e r v a t i o n  
p e r i o d s )  between SAGE I1 and t h e  comparison d a t a  
s e t s  we do n o t  expec t  t o  f u l l y  r e s o l v e  t h e  re- 
maining measurement d i s c r e p a n c i e s .  It i s  q u i t e  
p o s s i b l e  t h a t  some of t h e  remaining d i s c r e p a n c i e s  
r e p r e s e n t  a n a t u r a l  change i n  t h e  wa te r  vapor 
d i s t r i b u t i o n .  However, a comparison such a s  t h i s  
one is an  obvious f i r s t  s t e p  i n  t h e  d a t a  v a l i d a -  
t i o n  p rocess .  Our nex t  e f f o r t  is t o  compare t h e  
SAGE I1 wate r  vapor  d a t a  wi th  n e a r l y  s imul t aneous  
wa te r  vapor  sonde d a t a  ob ta ined  by t h e  Naval 
Research Labora to ry  of NOAA i n  Boulder ,  Colorado 
and t o  t h e  c u r r e n t  NMC upper  a i r  r ad iosonde  d a t a .  

Although t h e  SAGE I1 wa te r  vapor d a t a  a r e  
p r e l i m i n a r y  a t  t h i s  t ime,  t h e  agreement between 
i t  and o t h e r  g l o b a l  d a t a  s e t s  f o r  t h e  month of 
A p r i l  i s  q u i t e  good. In  a d d i t i o n ,  t h e  SAGE II 
d a t a  shows a smooth t r a n s i t i o n  from t h e  LIMS d a t a  
a t  100 mb t o  t h e  GACS d a t a  a t  300 mb. The com- 
p a r i s o n  has  a l lowed us  t o  i d e n t i f y  s e v e r a l  a r e a s  
which need a d d i t i o n a l  work. We have shown t h a t  
SAGE I1 has  t h e  c a p a b i l i t y  t o  provide measure- 
ments of wa te r  vapor i n  t h e  lower s t r a t o s p h e r e /  
upper  t roposphe re  which w i l l  improve ou r  knowl- 
edge of t h e  g l o b a l  wa te r  vapor c l ima to logy .  
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1. INTRODUCTION 

In a recent study by Kent et al. (1985) it 
was shown that a systematic change in the 
stratospheric aerosol distribution occurred at 
high northern latitudes during the 1979-1980 
winter season. It was observed that the aerosol 
layer descended in altitude within the polar 
vortex and a strong gradient in aerosol 
extinction was established across the polar night 
jet stream above about 14 km. Further 
observation showed that the redistribution of 
aerosol optical properties inside the vortex 
persisted until the breakup of the vortex in 
spring. Analysis of 2 other winter seasons for 
the northern hemisphere showed a similar 
distribution in late winter (Wang and McCormick, 
1985). 

It is natural to examine the behavior of 
the stratospheric aerosols in the Southern 
Hemisphere under similar conditions. The austral 
winter season of 1984 i s  selected because of the 
availability of aerosol data from 2 satellite 
experiments. A major distinction is apparent, 
however, in the character of aerosol properties 
between the two studies; the former (Kent et al., 
1985) was conducted using aerosols observed under 
near background conditions while this study 
examines aerosol still highly influenced by the 
eruption of El Chichon in 1982. 

2. SAM XI AND SAGE I1 OBSERVATIONS 

Since October 1978, near continuous 
observations of the polar stratospheric aerosol 
distribution have been made by the Stratospheric 
Aerosol Measurement (SAM) I1 instrument. The 
basic inferred product is aerosol extinction at a 
wavelength of 1 pm and a vertical resolution of 
1 km (McCormick et al., 1979 and Chu and 
McCormick, 1979). In this paper an alternative 
form, extinction ratio is used because in the 
absence of aerosol formation or loss processes 
and microphysical changes it behaves as a 
conservative tracer. SAM 11 measurements are 
made between latitudes of about 64' and 80' with 
the most extreme latitudes sampled at the 
equinoxes and the lowest latitudes sampled at the 
solstices. In a 24 hour period, approximately 14 
observations are made in each polar region. 
During a winter season in the southern 
hemisphere, moat sample opportunities lie within 
the polar vortex unlike the situation in the 
arctic region where the vortex changes shape and 
orientation with respect to the pole frequently. 
This allows the SAM II sensor to make 
measurements outside the vortex. 

It i s  now possible to extend the 
latitudinal coverage of aerosol optical 
properties beyond polar latitudes with the recent 
launch of the Stratospheric Aerosol and Gas 
Experiment (SAGE) 11. Unfortunately because of 

the orbital characteristics of the Earth 
Radiation Budget Satellite (ERBS) spacecraft, mid 
and high latitudes are sampled by SAGE I1 for 
only limited periods separated by intervals of 
several weeks to a month or more (McMaster, 
1986). Compounded with the late launch data of 
ERBS with respect to this austral winter and the 
periodic coverage of the instrument, the 
usefulness of the SAGE I1 data for this analysis 
is limited to the period prior to the break up of 
the vortex in late November 1984. Nevertheless, 
aerosol profiles observed outside the vortex 
provide a comparison for profiles observed by SAM 
I1 at higher latitudes. 

Figure 1 shows 3 SAM I1 1. pm aerosol 
extinction ratio profiles taken at different 
periods of the 1984 winter season. In each plot, 
the horizontal lines represent error bars and the 
dashed line denotes the reported height of the 
local tropopause. The first plot (Figure la) 
shows a typical extinction ratio profile prior to 
the formation of the vortex in early April. The 
profile taken on March 12, 1984 has extinction 
ratio values ranging from the peak at about 13 km 
of approximately 14 to values near 1.2 above 
24 km. In sharp contrast, the profile observed 
nearly 8 months later (Figure lb) has a shape 
distinctly different from the previous one. 
Extinction ratio values are significantly lower 
at the peak and fall quickly to values between 
1.2 and 2.0 above 16 km. Profiles like this one 
are characteristic of other profiles observed for 
a period of a month or more earlier. At the 
beginning of summer, the last profile shown in 
this sequence (Figure IC) shows the reappearance 
of higher extinction ratio values above 16 km. 
This observed behavior is consistent with a 
similar pattern found by Kent et al. (1985). 

As noted earlier, the shape of an 
extinction ratio profile during winter strongly 
depends upon its location relative to the polar 
night jet stream. The 50 mb synoptic situation 
for November 24, 1984 is displayed in Figure 2. 
The triangles denote the locations of SAM I1 
measurements for this date with the solid filled 
triangle indicating the position of the profile 
illustrated in Fig. lb. It is apparent that this 
profile lies on the cyclonic side of the jet 
stream axis or  inside the vortex near its center. 

Shown also on the figure are the 
measurement locations for the SAGE I1 instrument 
indicated by circles for the same day. Here the 
SAGE I1 profiles all lie outside the vortex. The 
solid circle indicates the location of a single 
SAGE I1 extinction ratio profile displayed in 
Figure 3. This profile is representative of 
conditions prevailing at the sampled latitude and 
does not represent an anomalous case. Large dif- 
ferences in extinction ratio values are evident 
between the SAGE I1 and SAM I1 (Figure lb) obser- 
vations, particularly above about 16 km. A 
strong gradient in aerosol concentration must 
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Fig. 1. SAM I1 extinction ratio profiles 
observed in the southern hemisphere. Error bars 
are represented by horizontal lines and the 
tropopause altitude is denoted by the dashed 
line. The profiles were obtained for (a) on 
March 12, 1984 at 77.6' S and 117.3' E, (b) on 
November 24, 1984 at 67.8' S and 4.4' E and (c) 
on December 20, 1984 at 64.6' S and 15.6 E. 6 

exist between these two observations and it is 
likely, as shown later, that the greatest 
variation occurs in the vicinity of the jet 
stream core. Also of interest is the strong 
enhancement at the peak and its slight upward 
displacement from the profiles seen in Figure la 
and Figure IC. This feature may be due in part 
to a latitudinal dependence, especially the 
vertical differences. The magnitude of the peak, 
however, is still under investigation at this 
time. 

Fig. 2. Location of SAM 11 measurements are 
shown by triangles and SAGE I1 measurements are 
indicated by circles on the 50 mb meteorological 
analysis map for November 24, 1984. Geopotential 
altitudes are shown in meters. The solid 
triangle denotes the location of the SAM I1 
profile shown in Fig. lb and the solid circle 
indicates the location of the SAGE I1 profile 
shown in Fig. 3 .  

O o O o  EXT[NCTION IO RRT[O 16 

Fig. 3.  SAGE XI extinction ratio profile 
obtained on November 24, 1984 at 55.9' S and 
28.9' W. 

3 .  VARIATION OF EXTINCTION RATIO DURING THE 
WINTER SEASON 

To examine the behavior of aerosol 
concentration over the complete winter season 
(March to December), each extinction ratio value 
observed at an altitude of 19 km is presented in 
Figure 4. This altitude is chosen because of its 
close proximity to the 50 mb pressure surface 
where the determination of a profile's location 
relative to the jet stream could be made. The 
data have also been screened to remove events 
with error bars greater than 50 percent and the 
inclusion of clouds. In addition, an attempt was 
made to account for particle growth or evapora- 
tion due to changing temperature conditions. 
This microphysical change occurs because aerosols 



s e e k  t o  ma in ta in  t h e i r  e q u i l i b r i u m  w i t h  ambient 
water vapor.  Using a s imple model, t h e  
e x t i n c t i o n  r a t i o  i s  a d j u s t e d  t o  a r e f e r e n c e  
t empera tu re  of 223 K which i s  t y p i c a l  of summer 
c o n d i t i o n s  a t  19 km. This  a d j u s t e d  v e r s i o n  of 
e x t i n c t i o n  r a t i o  is presen ted  i n  F igu re  4 because 
i t  i s  a more conserved q u a n t i t y  and a b e t t e r  
i n d i c a t o r  of t r a n s p o r t  p rocesses .  

20 - 

1. - 

10 - 

14 - 

0 = 1 2 -  
I. c-- a 

O U  
Mar. Apr. Yay J 

Fig.  4. SAM I1 temperature-adjusted e x t i n c t i o n  
r a t i o  v a l u e s  observed a t  19 km from March t o  
December 1984. The reg ion  con ta ined  w i t h i n  t h e  
t h i n  v e r t i c a l  l i n e s  i n d i c a t e s  t h e  approximate 
pe r iod  t h e  v o r t e x  was p r e s e n t  on 50 mb maps. The 
area shown between t h e  dashed v e r t i c a l  l i n e s  
shows t h e  approximate pe r iod  t empera tu res  < 193 K. 

Examination of F igu re  4 shows f o u r  
d i s t i n c t  p e r i o d s  wi th  d i f f e r e n t  a e r o s o l  proper- 
t i e s .  The f i r s t  pe r iod  shows a s t e a d y  l o s s  of 
a e r o s o l s  a s  e x t i n c t i o n  r a t i o  v a l u e s  d e c l i n e  from 
between 6 t o  9 i n  e a r l y  March t o  v a l u e s  between 2 
t o  6 a t  t h e  end of Apr i l .  Next, i n  e a r l y  May 
t h e r e  is a r i s e  i n  t h e  va lue  of some d a t a  p o i n t s  
which cu lmina te s  i n  t h e  per iod of June t h r u  t h e  
f i r s t  of September. Maximum v a l u e s  shown a r e  
peaked a t  20 bu t  are i n  f a c t  l a r g e r ,  t h e i r  t r u e  
v a l u e s  be ing  d i s r e g a r d e d  f o r  i l l u s t r a t i v e  
purposes .  A s  i n d i c a t e d  i n  t h e  f i g u r e ,  t h i s  
pe r iod  of h i g h e r  v a l u e s  corresponds c l o s e l y  t o  
t h e  per iod i n  which some 50 mb t empera tu res  were < 193 K. A t  t empera tu res  nea r  193 K and below 
r a p i d  growth i n  p a r t i c l e  s i z e  occur s  (Yue and 
Deepak, 1981 and S t e e l e  et a l . ,  1983) and t h e  
s imple e x t i n c t i o n  adjustment  desc r ibed  above is 
i ncapab le  of  hand l ing  them. These anomalously 
h i g h  e x t i n c t i o n  r a t i o  e v e n t s  a r e  r e f e r r e d  t o  as 
P o l a r  S t r a t o s p h e r i c  Clouds (PSCs) and have been 
observed i n  t h e  SAM I1 d a t a  set f o r  o t h e r  yea r s  
(McCormick e t  a l . ,  1982). 

During t h i s  s a m e  4 month pe r iod ,  some of 
t h e  a d j u s t e d  e x t i n c t i o n  r a t i o  v a l u e s  a l s o  
con t inue  t o  dec rease  i n  magnitude. By June 
v a l u e s  as low as 1.6 are observed w i t h  lower 
v a l u e s  found i n  J u l y  and August. These same low 
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v a l u e s  a r e  seen u n t i l  mid December. A s  would be 
expected from theory ,  t h e  enhanced v a l u e s  
d i s a p p e a r  when t h e  50 mb t empera tu res  are g r e a t e r  
than 193 K i n  mid September. It i s  dur ing  t h i s  
pe r iod  t h a t  t he  r eg ion  sampled showed only a very 
low c o n c e n t r a t i o n  of a e r o s o l s  u n t i l  mid and l a t e  
October.  This  f e a t u r e  a g r e e s  w e l l  w i th  the  
annual  pe r iods  of low o p t i c a l  depth r epor t ed  by 
McCormick e t  a l . ,  (1981).  

Towards t h e  end of October,  t h e r e  a r e  
s p o r a d i c  e v e n t s  where t h e  e x t i n c t i o n  r a t i o  d a t a  
i n c r e a s e s  up t o  va lues  of about 8. The number of 
t h e s e  e v e n t s  becomes more f r equen t  i n  November 
and becomes t h e  r u l e  by t h e  end of December when 
t h e r e  is no evidence of t h e  win te r  v o r t e x  i n  t h e  
d a i l y  s y n o p t i c  maps. Fu r the r  i n s p e c t i o n  of t he  
50 mb maps shows t h a t  t h e s e  r e l a t i v e l y  h i g h e r  
e x t i n c t i o n  r a t i o  e v e n t s  tended t o  l i e  o u t s i d e  t h e  
v o r t e x ,  as i l l u s t r a t e d  by t h e  SAGE I1 p r o f i l e  i n  
F igu re  3,  o r  nea r  t h e  a x i s  of t h e  j e t  stream. 

4 .  SUMMARY 

The a e r o s o l  d i s t r i b u t i o n  observed by SAM 
I1 and SAGE I1 f o r  t h e  a u s t r a l  w in te r  of 1984 
shows t h a t  w i th in  t h e  vo r t ex ,  a lowering of t he  
e x t i n c t i o n  r a t i o  occur s  above a t  l e a s t  19 km. 
Measurements o u t s i d e  t h e  v o r t e x  o r  nea r  t h e  a x i s  
of t h e  jet s t ream show p r o f i l e s  w i th  h i g h e r  
a e r o s o l  c o n c e n t r a t i o n s .  It is  i n f e r r e d  t h a t  a 
s t r o n g  g r a d i e n t  i n  a e r o s o l  i s  e s t a b l i s h e d  a c r o s s  
t h e  je t  s t ream. The d a t a  a l s o  show t h a t  P o l a r  
S t r a t o s p h e r i c  Clouds a r e  p r e s e n t  f o r  a pe r iod  of 
about  3 months a t  19 km and t h a t  a r eg ion  of low 
a e r o s o l  c o n c e n t r a t i o n  remains und i s tu rbed  f o r  4 
o r  more weeks. A s  t he  sou the rn  po la r  v o r t e x  
weakens and changes shape, a i r  with more a e r o s o l  
is observed. It is l i k e l y  t h a t  t h i s  i s  due t o  
bo th  the s h r i n k i n g  n a t u r e  of t h e  v o r t e x  and t h e  
g r a d u a l  mixing of a i r  a long  t h e  p e r i p h e r a l  of t h e  
vo r t ex .  These f e a t u r e s  a r e  i n  good agreement 
wi th  r e s u l t s  p re sen ted  by Kent e t  a l .  (1985) f o r  
a no r the rn  win te r  season.  

The lowering of t h e  a e r o s o l  c o n c e n t r a t i o n  
appea r s  t o  be r e l a t e d  t o  a n  o v e r a l l  descen t  of 
t h e  a e r o s o l  l a y e r  w i th in  t h e  vo r t ex .  Kent e t  a l .  
a t t r i b u t e  t h i s  t o  a g e n e r a l  subsidence of a i r .  
I n  the  case  p re sen ted  h e r e ,  however, p a r t i c l e  
s ed imen ta t ion  must account  f o r  a p o r t i o n  of t h e  
downward movement of t h e  l a y e r  s i n c e  PSC's a r e  
more p r e v a l e n t  and occur  f o r  a longe r  pe r iod .  
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1 * INTRODUCTION 

In order to obtain global scale 
information on stratospheric aerosols in a 
nearly continuous mode, NASA has developed three 
satellite instruments in the last 10 years, 
namely, the Stratospheric Aerosol Measurement I1 
(SAM 111, and the Stratospheric Aerosol and Gas 
Experiment I and I1 (SAGE I, SAGE 11). SAM I1 is 
a one-channel radiometer specially designed to 
measure aerosol extinction at I pm wavelength in 
the earth's polar regions. SAGE I is a 
four-channel instrument with aerosol information 
contained in the extinction measurements 
centered at two wavelengths, i.e., 1 .  pm and .45 
pm. The SAGE I1 instrument is a seven-channel 
radiometer which measures aerosol extinction at 
four different wavelengths, 1 . 0 2 ,  0 . 5 2 5 ,  0 . 4 5 ,  
and 0.385 pm. The other channels in the SAGE I 
and SAGE I1 instruments are used for measuring 
stratospheric gases. They both measure 
stratospheric ozone and nitrogen dioxide, and 
SAGE 11 also measures stratospheric water 
vapor. The water vapor information is important 
since the eize of the aerosol particles is 
directly affected by the ambient water vapor 
concentration (Steele and Hamill, 1 9 8 1 ) .  The 
detailed arpectr of the SAM I1 and SAGE I 
mearurernents have been reported by McCormick et 
al. (1979)  and McCormick ( 1 9 8 2 1 ,  and a 
daacription of the SAGE I1 instrument has been 
given by Mauldin et al., ( 1 9 8 4 ) .  

It ir clear that the aerosol physical and 
chemical properties are important information 
for underrtanding the radiative characteristics 
and the governing processes in determining the 
distribution of this stratorpheric layer (Turco 
et al., 1979;  Lenoble and Brogniez, 1 9 8 5 ) .  The 
objective of this study is to investigate these 
properties including aerosol size distribution 
and composition utilizing SAGE I1 
multi-wavelength aerosol extinction and water 

vapor measurements. The emphasis is also made 
toward understanding the aerosol size 
information contained in the SAGE I1 aerosol 
extinction measurements. The inference of the 
aerosol size distribution from satellite 
instruments is desirable due to the fact that 
they provide global coverage observations. As 
mentioned earlier SAM I1 is a one-channel 
instrument, no information of aerosol size 
distribution can be extracted from the 
extinction measurements. With the two-channel 
extinction measured at 1.0 and 0.45 pm from the 
SAGE I instrument, a simple model size 
distribution can be obtained (Yue and Deepak, 
1983). Since the SAGE I1 instrument is equipped 
with four aerosol channels and also one 
additional channel for measuring water vapor, 
the SAGE I1 observations are expected to make 
substantial improvements in determining the 
physical and chemical properties of 
stratospheric aerosols. Since, in many cases, 
correlative ground truth measurements, including 
aerosol size distribution, as well as lidar 
backscattering are conducted for data validation 
purposes, the derivation of aerosol size 
distribution based on SAGE I1 observations, 
including water vapor and aerosol extinctions, 
provide an alternative means for data 
comparison. 

2. APPROACH AND DATA DESCRIPTION 

In deriving the chemical composition, it 
is assumed that the stratospheric aerosols are 
sulfuric acid/water droplets. There is ample 
evidence in supporting this assumption (e.g., 
Rosen, 1971;  Russell et al., 1981;  Oberbeck et 
al., 1983;  etc.). With this assumption, the 
equilibrium acid weight percentage and 
refractive index at SAGE I1 aerosol wavelengths 
for observed temperature and humidity can be 
calculated (Steel and Hamill, 1981;  Yue and 
Deepak, 1 9 8 1 ) .  Recently, this method of 
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de te rmin ing  t h e  r e f r a c t i v e  index  has  a l s o  been 
employed i n  development o f  model r e f r a c t i v e  
index  for s t r a t o s p h e r i c  a e r o s o l s  ( R u s s e l l  and 
Hami l l ,  1984).  

To i n f e r  t h e  a e r o s o l  s i z e  d i s t r i b u t i o n  
based on SAGE I1 mult i -wavelength a e r o s o l  
e x t i n c t i o n  measurements,  a mod i f i ed  
Levenberg-Marquardt a l g o r i t h m  (Morer e t  e l . ,  
1980) i s  adopted f o r  de t e rmin ing  t h e  o p t i m a l  
s o l u t i o n  o f  t h e  model s i z e  d i s t r i b u t i o n  
pa rame te r s  i n  t h e  l ea s t  s q u a r e s  s e n s e .  Both 
lognormal  and mod i f i ed  gamma models are inc luded  
i n  t h i s  a n a l y s i s .  Furthermore,  t h e  a n a l y s i s  h a s  
a l s o  been extended by i n t r o d u c i n g  t h e  
c o r r e l a t i v e  l i d a r  b a c k s c a t t e r  measurements a t  
0.532 and 0.6943 vm i n  r e t r i e v i n g  a bi-mode 
a e r o s o l  s i z e  d i s t r i b u t i o n .  R e s u l t s  o f  t h e  
d e r i v e d  s i z e  d i s t r i b u t i o n s  can be compared wi th  
c o r r e l a t i v e  s i z e  measurements.  I n  t h e  s i n g l e  
mode c a s e s  t h e  d e r i v e d  s i z e  d i s t r i b u t i o n s  are 
used t o  c a l c u l a t e  t h e  b a c k s c a t t e r  c o e f f i c i e n t s  
a t  l i d a r  wave leng ths ,  which can be used t o  
compare wi th  c o r r e l a t i v e  l i d a r  measurements.  

The d a t a  set  used i n  t h i s  s t u d y  i n c l u d e s  
t h e  p r e l i m i n a r y  p r o f i l e s  o f  SAGE I1 water vapor  
and mult i -wavelength a e r o s o l  e x t i n c t i o n s  
o b t a i n e d  a t  Laramie,  Wyoming, on November 30, 
1984, and t h e  c o r r e l a t i v e  measurements o f  t h e  
U n i v e r s i t y  of  Wyoming dus t sonde  and t h e  NASA 
LaRC a i r b o r n e  l i d a r .  The dus t sonde  used i n  t h i s  
ground t r u t h  m i s s i o n  i s  a s ix -channe l  o p t i c a l  
p a r t i c l e  c o u n t e r .  It measures t h e  number o f  
p a r t i c l e s  hav ing  a r a d i u s  l a r g e r  t han  r microns 
(Nr; r - 0.01, 0.15, 0.25, 0.95, 1.2, and 1.8 
urn) (Hofmann and Rosen, 1982) .  The NASA LaRC 
a i r b o r n e  l i d a r  sys t em c o n s i s t s  of a ruby laser& - 0.6943 pm), and a Nd:YAG laser (A- 1.06 pm) .  
The l a t t e r  can be o p e r a t e d  i n  a 
frequency-doubled manner and p r o v i d e  a v e r t i c a l  
p r o f i l e  o f  b a c k s c a t t e r  a t  0.532 pm. 

3. RESULTS AND DISCUSSION 

3.1 Aerosol  Composition 

F i g u r e  I shows t h e  w a t e r  vapor  p r e s s u r e  

180 130 200 210 220 230 2’10 
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F i g u r e  1. The  vapor  p r e s s u r e  a8 a f u n c t i o n  
of t empera tu re  o v e r  w a t e r ,  i c e  and s i x  
d i f f e r e n t  H2SO4 weight  p e r c e n t a g e  of 
s u l p h e r i c - w a t e r  s o l u t i o n s .  T h e  16 symbols 
are t h e  SAGE I1 water  vapor  o b s e r v a t i o n s  
(see t e x t ) .  

as a f u n c t i o n  of t empera tu re  ove r  water,  i ce ,  
and s i x  d i f f e r e n t  H SO weight  p e r c e n t a g e s  o f  
s u l p h u r i c  acid-water’ s o k u t i o n s  (dashed l i n e s ) .  
The 16 symbols i n  F i g .  I r e p r e s e n t  t h e  
d i s t r i b u t i o n  o f  SAGE I1 measurements on November 
30, 1984 on t h i s  vapor  p r e s s u r e  v e r s u s  
t empera tu re  space .  These 16 symbols,  which 
beg in  wi th  0 and end wi th  B, cor re spond  t o  t h e  
measured r e s u l t s  of  SAGE I1 ins t rumen t  a t  
a l t i t u d e s  from 15 km up t o  30 km, r e s p e c t i v e l y ,  
w i th  a Ikm i nc remen t .  A s  shown i n  F i g u r e  I ,  
t h i s  se t  of SAGE I1 Laramie measurements sugges t  
an approximate composi t ion o f  73% H SO and 27% 
H 0 by weight  f o r  t h e  s t r a t o s p h e $ i P  a e r o s o l  
d r o p l e t s .  T h i s  composi t ion i n f o r m a t i o n  o f  H SO 
o f  t h e  a e r o s o l  d r o p l e t s  a t  a p a r t i c u l a r  l&ef 
between 15 and 30 km i s  then  used t o  i n f e r  t h e  
r e f r a c t i v e  indexes  a t  SAGE I1 a e r o s o l  
wavelengths .  The d e r i v e d  r e f r a c t i v e  indexes  are 
i n c o r p o r a t e d  i n t o  t h e  r e t r i e v a l  s t u d y  of  a e r o s o l  
s i z e  d i s t r i b u t i o n  a t  t h e  co r re spond ing  s l t i t u d e  
l e v e l .  

2 

3.2 Aerosol  S i z e  D i s t r i b u t i o n  

I n  t h e  s i n g l e  mode a n a l y s e s ,  t h e  SAGE I1 
4-channel a e r o s o l  e x t i n c t  ion measurements a r e  
used t o  d e r i v e  t h e  3 pa rame te r s  which appea r  i n  
t h e  lognormal r e p r e s e n t a t i o n ,  and 4 i n  mod i f i ed  
gamma. To o b t a i n  t h e  bi-mode d i s t r i b u t i o n ,  t h e  
c o r r e l a t i v e  l i d a r  b a c k s c a t t e r  o b s e r v a t i o n s  a t  
ruby and g reen  wavelengths  are u t i l i z e d ,  
t o g e t h e r  w i t h  t h e  4-channel SAGE I1 a e r o s o l  
e x t i n c t i o n s  i n  de t e rmin ing  t h e  s i x  pa rame te r s  
a m e a r i n n  i n  t h e  bi- lognormal  e x p r e s s i o n .  The 

RADIUS. YICRON 

1 

RADIUS. YICUON 

Figure  2 .  S t r a t o s p h e r i c  a e r o s o l  s i z e  
d i s t r i b u t i o n s  d e r i v e d  from SAGE 11 a e r o s o l  
c x t i n c t i o n s  a t :  ( a )  1 5  km, ( b )  18 km. ( c )  
2 1  km,  and ( d )  2 4  km. 
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r e t r i e v e d  a e r o s o l  s i z e  d i s t r i b u t i o n s  a t  
a l t i t u d e s  15, 18, 21,  and 24 km are d i s p l a y e d  i n  
F i g s .  2a t o  d .  The d i s t i n c t  f e a t u r e s  o f  t h e s e  
r e t r i e v e d  s i z e  d i s t r i b u t i o n s .  a r e  t h e  r e l a t i v e l y  
c l o s e  agreement o f  t h e  d i s t r i b u t i o n  i n  s i z e  
r ange  between approx ima te ly  0.2 and 0.7 pm among 
t h e  t h r e e  d i f f e r e n t  models adopted i n  t h i s  
s t u d y .  I n  t h e  c a s e  o f  bi-lognormal model 
a n a l y s i s ,  t h e  r e t r i e v e d  r e s u l t s  i n d i c a t e  a 
second mode o f  t h e  s i z e  d i s t r i b u t i o n  n e a r  0.38 
pm. T h i s  second mode appea r s  t o  be o c c u r r i n g  i n  
a l a y e r  c e n t e r e d  a t  an a l t i t u d e  of 19 km. It i s  
i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e s u l t s  o f  t h e  two 
s i n g l e  mode a n a l y s e s  appea r  t o  d i s t r i b u t e  
themselves  i n  a smoothed f a s h i o n  around t h e  
bi-modal d i s t r i b u t i o n  n e a r  t h e  s i z e  r ange  where 
t h e  second mode o c c u r r e d .  

We have c a l c u l a t e d  t h e  b a c k s c a t t e r  
co r re spond ing  t o  ruby and g reen  l i d a r  
wavelengths  u s i n g  t h e  r e t r i e v e d  two s i n g l e  mode 
a e r o s o l  s i z e  d i s t r i b u t i o n s .  The computed 
r e s u l t s  a r e  compared w i t h  l i d a r  o b s e r v a t i o n s .  
F i g s .  3a and b show t h e  r e s u l t s  o f  comparison 
f o r  g reen  and ruby b a c k s c a t t e r ,  r e s p e c t i v e l y .  
I n  g e n e r a l ,  t h e r e  i s  a r e a s o n a b l e  agreement 
between t h e  o b s e r v a t i o n s  and t h e  d e r i v e d  r e s u l t s  
based on r e t r i e v e d  s i z e  d i s t r i b u t i o n s ,  
e s p e c i a l l y  below about  23 km a t  both 
wavelengths .  However, d i f f e r e n c e s  a r e  
n o t i c e a b l e  a t  t h e  a l t i t u d e  of  24 km. I n  
a d d i t i o n ,  t h e  r e t r i e v e d  a e r o s o l  s i z e  
d i s t r i b u t i o n  on 30 November 1984 l e a d s  t o  ruby 
b a c k s c a t t e r  which i s  g r e a t e r  t h a n  t h e  
o b s e r v a t i o n s  above 25 km ( F i g .  3 a ) .  

101 RUBY Ib) CRLCN 
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3 . 3  Aeroso l  S i z e  In fo rma t ion  of  SAGE I1 
Mult iwavelength Aerosol  E x t i n c t i o n s  

To examine t h e  in fo rma t ion  c o n t e n t  of  t h e  
SAGE I1 mult iwavelength a e r o s o l  e x t i n c t i o n  
o b s e r v a t i o n  w i t h  r e s p e c t  t o  t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n ,  t h e  v a r i a t i o n s  o f  t h e  normalized 
e x t i n c t i o n  e f f i c i e n c y  f a c t o r  (Q) a t  SAGE I1 
a e r o s o l  wavelengths  as a f u n c t i o n  o f  a e r o s o l  
r a d i u s  a r e  c a l c u l a t e d  and d i s p l a y e d  i n  F i g .  4. 
This  no rma l i zed  e f f i c i e n c y  f a c t o r  i n d i c a t e s  t h e  
r e l a t i v e  weight  o f  t h e  a e r o s o l  s i z e  t o  t h e  
c o n t r i b u t i o n  o f  t h e  observed e x t i n c t i o n .  Thus,  
t h e  r a d i u s ,  a t  which t h e  e f f i c i e n c y  f a c t o r  shows 
a maximum, co r re sponds  t o  t h e  a e r o s o l  s i z e  wi th  
t h e  maximum i n f o r m a t i o n  embedded i n  t h e  observed 
e x t i n c t i o n  a t  t h e  p a r t i c u l a r  wavelength.  With 
t h i s  u n d e r s t a n d i n g ,  one can see t h a t  t h e  maximum 
a e r o s o l  s i z e  i n f o r m a t i o n  o f  t h e  SAGE I1 a e r o s o l  
e x t i n c t i o n  d a t a  s e t  i s  w i t h i n  t h e  r a d i u s  r ange  
o f  approx ima te ly  0.25 pm t o  0.80 pm. Another 
s o u r c e  o f  i n f o r m a t i o n  about  t h e  l imits  o f  t h e  
r e t r i e v a b l e  r a d i u s  r ange  i s  t h e  s o - c a l l e d  r a t i o  
c r i t e r i o n  (He in tzenbe rg  e t  a l . ,  1981).  According 
t o  t h i s  c r i t e r i o n ,  t h e r e  i s  no in fo rma t ion  about  
a e r o s o l  s i z e  d i s t r i b u t i o n  t h a t  can be  e x t r a c t e d  
from o p t i c a l  measurements a t  any two wavelengths  
i n  a r a d i u s  range w i t h i n  which t h e  r a t i o  o f  t h e  

LL .75 

CT 0 c 
0 

> 
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F i g u r e  3.  Comparison of t h e  b a c k s c a t t e r  
c o e f f i c i e n t s  between L i d a r  o b s e r v a t i o n s  
and t h e  c a l c u l a t i o n s  based 011 r e t r i e v e d  
aerosol s i z e  d i s t r i b u t i o n s  from SAGE I1 
a e r o s o l  e x t i n c t i o n s .  

To compare wi th  t h e  c o r r e l a t i v e  dus t sonde  
o b s e r v a t i o n s ,  t h e  r e t r i e v e d  a n a l y t i c  s i z e  models 
are used t o  o b t a i n  t h e  i n t e g r a t e d  s i z e  number 
N 15 and N 25. It i s  found t h a t  t h e  r e t r i e v e d  

5 
a e r o s o l  s i z ' e  d i s t r i b u t i o n s  y i e l d  v a l u e s  o f  N 
which a r e  h i g h e r  t h a n  t h o s e  o f  d u s t s o d e  
measurements f o r  a l l  t h e  t h r e e  a n a l y t i c  models.  
On t h e  o t h e r  hand,  s u b s t a n t i a l  improvement is  
found i n  t h e  r e s u l t s  of  N 25 c a l c u l a t e d  u s i n g  
bi- lognormal  r ep resen ta t ion ' .  Some improvement 
of t h e  r e s u l t s  o f  a mod i f i ed  gamma model o v e r  
t h e  lognormal  d i s t r i b u t i o n  i s  a l s o  n o t i c e a b l e  
f o r  t h i s  p a r t i c u l a r  c a s e .  

0 I ~ 1 1 1 1 1 1 1  I I 
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R R D I U S .  MICRON 

F i g u r e  4.  E f f i c i e n c y  factors  a t  SAGE I1 
aerosol wave leng ths  f o r  background atmos- 
p h e r i c  aerosols. 
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F i g u r e  5. R a t i o s  of  e f f i c i e n t  f a c t o r s  a t  
d i f f e r e n t  wave leng ths  f o r  background stra- 
t o s p h e r i c  aerosols. 
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two corresponding efficiency factors is a 
constant. Applying this criterion, we have 
calculated the ratio of Qe.525/Qe1.02 and 
Qe*385/Qe1*02 (Fig. 5). Figure 5 shows also 
the ratio of Qs*532/Qe1*02. As one can see 
from Fig. 5 ,  the non-invertible radius range 
extends below the radius of 0.1 pm and also 
beyoned about 1.0 pm. However, as one would 
expect, the information content near these 
limits becomes relatively poor as revealed 
by the distributions of the efficiency factor 
in Fig. 4 .  

4 .  Summary 

In this paper, we have presented the 
initial analysis of stratospheric aerosol 
composition and size distributions based on 
preliminary data sets of SAGE I1 and correlative 
ground observations on 30 November 1984 st 
Laramie, Wyoming. A modified Levenberg-Marquardt 
algorithm is adopted for determining the optimal 
solution of model size distribution parameters 
in the least squares sense. In addition, the 
information content of the SAGE I1 aerosol 
extinctions with respect to the aerosol size 
distribution is also discussed. 
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RETRIEVAL OF AEROSOL S I Z E  DISTRIBUTION MOMENTS FROM 

MULTIWAVELENGTH PARTICULATE EXTINCTION DATA 

John M .  Livingston 
SRI I n t e r n a t i o n a l ,  Menlo Park,  CA 94025 

P h i l i p  B. Russel l  
NASA Ames Research Center ,  

1 .  INTRODUCTION 

An a n a l y t i c  technique f o r  d e r i v i n g  a e r o s o l  
s i z e  d i s t r i b u t i o n  moments from multiwavelength 
remote sens ing  measurements was proposed by Two- 
mey and Howell (1967) and Twomey (1974). T h e i r  
method, c a l l e d  t h e  eigenvalue method because i t  
is based on eigenanalyses  of t h e  kernel  covari-  
ance mat r ix ,  approximates an a p p r o p r i a t e  oment 
weighting f u n c t i o n  w ( r ) ,  where w ( r )  = r ,  r’, r3 ,  
e t c . ,  by a l i n e a r  combination of the  corre-  
sponding kernel  func t ions  k(X , r ) .  The same 
l inear combination of t h e  measurements can t h e n  
be used t o  i n f e r  t h e  p a r t i c u l a r  manent. T h a t  i s ,  
f o r  p a r t i c u l a t e  e x t i n c t i o n  measurements E p ( h )  
taken a t  wavelengths Ai, A i + l  ,..., A N ,  i f  

N 

i = 1  
w(r) = E a i k ( X i , r ) ,  

where t h e  k ( A i , r )  a r e  t h e  Mie e x t i n c t i o n  c r o s s  
s e c t i o n s  , then 

where n ( r )  i s  the  d i f f e ren t i a l  p a r t i c l e  s i z e  
d i s t r i b u t i o n .  S i n c e  many a e r o s o l  p r o p e r t i e s  of 
i n t e r e s t ,  such a3 p a r t i c l e - l a y e r  mass, a r e a ,  and 
e f f e c t i v e  p a r t i c l e  s i z e ,  are e i t h e r  mcments o r  
combinations of moments of t h e  aerosol  s i z e  d i s -  
t r i b u t i o n ,  t h i s  technique,  i n  p r i n c i p l e ,  can be 
used t o  der ive  t h e s e  q u a n t i t i e s .  

A computer r o u t i n e  has been developed t h a t  
incorpora tes  t h i s  methodology t o  i n v e r t  m u l t i -  
wavelength p a r t i c u l a t e  e x t i n c t i o n  measurements 
taken by t h e  s a t e l l i t e - b o r n e  SAGE I1 sunphoto- 
meter. I n  t h i s  paper ,  t h e  r o u t i n e  is appl ied  
f i rs t  t o  s y n t h e t i c  p a r t i c u l a t e  e x t i n c t i o n  meas- 
urements t h a t  were c a l c u l a t e d  a t  SAGE I1 wave- 
l e n g t h s  from Mie theory using both model ana ly t -  
ical  s t r a t o s p h e r i c  a e r o s o l  s i z e  d i s t r i b u t i o n s  a n d  
a series of pre- and post-El Chichon s t r a t o s p h e r -  
i c  a e r o s o l  s i z e  d i s t r i b u t i o n s  measured by a wire 
impactor. I n f e r r e d  mcments and moment uncertaln-  
ties are presented.  The r o u t i n e  i s  then appl ied  
t o  actual measurements taken by SAGE I1 dur ing  
t h e  Apr i l  1985 B r a z i l  c o r r e l a t i v e  experiment, and 
i n f e r r e d  moments a r e  compared w i t h  corresponding 
moments de r ived  from a p p l i c a t i o n  of an ext inc-  
tion-to-moment conversion r a t i o  method t o  t h e  
same d a t a  se t .  

Moffet t  F i e l d ,  CA 94035 

2. DESCRIPTION OF RETRIEVAL ROUTINE 

O u r  p a r t i c u l a r  adapta t ion  of t h e  Twomey 
and Howell eigenvalue methodology is an i t e r a t i v e  
procedure t h a t  uses a n  a n a l y t i c a l  f u n c t i o n ,  which 
we c a l l  a compression s i z e  d i s t r i b u t i o n ,  t o  ap- 
proximate t h e  t r u e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
The compression s i z e  d i s t r i b u t i o n  i s  a r a p i d l y  
varying f u n c t i o n  of p a r t i c l e  r a d i u s  -- i n  p a r t i c -  
ular, a lognormal, modified gamma, or  power law 
funct ion  -- t h a t  is used  t o  weight both t h e  ex- 
t i n c t i o n  kerne ls  and t h e  moment weighting func- 
t i o n s  before  an e igenanalys is  of t h e  kernel co- 
var iance matrix i s  performed. I t  is analogous t o  
t h e  s i z e  d i s t r i b u t i o n  weighting func t ion  t h a t  has  
been used  by Herman e t  a l .  (1971 ) and King e t  a l .  
(1978) i n  constrained l i n e a r  invers ion  problems. 

The f i r s t  i t e r a t i o n  ( z e r o t h  o r d e r )  com- 
press ion  s l z e  d i s t r i b u t i o n  is determined by an 
i n t e r p o l a t i o n  and table-lookup method (Box and 
Lo, 1976) t h a t  r e l a t e s  the c o e f f i c i e n t s  of a 
leas t - squares  f i t  (on a log-log s c a l e )  of par- 
t i c u l a t e  e x t i n c t i o n  versus  wavelength t o  s p e c i f i c  
parameters of the  compresslon f u n c t i o n ,  where t h e  
parameters have been der ived by  Mie s c a t t e r i n g  
c a l c u l a t i o n s  t h a t  assume a p a r t i c u l a r  set of 
ref rac ti ve i n d i  ces  . The compress ion d i  3 t r i b u t  ion 
i s  then normalized by r e q u i r i n g  i t s  c a l c u l a t e d  
1.0-pm e x t i n c t i o n  t o  equal  t h e  t r u e  1.0-pm value 
( w i t h  o r  without t h e  addi t ion  of random ext lnc-  
t ion  e r r o r s ) .  Before each subsequent i t e r a t i o n ,  
t h e  r o u t i n e  tries t o  opt imize agreement between 
t h e  approximated a n d  true l l ~ ~ m p r e s s e d l l  moment 
weighting func t ions  by using i n f e r r e d  values  of 
t h e  p a r t i c l e  e f f e c t i v e  r a d i u s  and e f f e c t i v e  var i -  
ance (combinations of s i z e  d i s t r i b u t i o n  moments) 
t o  a d j u s t  r e l a t e d  parameters of t h e  compression 
fun c t  i on. 

3. RETRIEVALS FOR SYNTHETIC MEASUREMENTS 

The  e igenvalue technique h a s  been appl ied  
t o  s y n t h e t i c  P a r t i c u l a t e  e x t i n c t i o n  measurements 
c a l c u l a t e d  from a s tandard  s e t  of a n a l y t i c a l  
s t ra tospher  i c a e r o s o l  si ze d i  s t r i  b u t  ions  (Russe l l  
e t  a l . ,  1981) and an assumed s e t  of wavelength- 
dependent r e f r a c t i v e  i n d i c e s  correspondlng t o  an 
aerosol  composition of 75% s u l f u r i c  a c i d  and 25% 
water. Figure 1 p resents  r e s u l t s  from a three-  
wavelength ( A  = 0.385, 0.453, 1.02 urn) retrieval 
t h a t  uses a lognormal compression s i z e  d i s t r i b u -  
t i o n  and assumes no p a r t i c u l a t e  e x t i n c t i o n  uncer- 
t a i n t i e s .  The devia t ion  of each i n f e r r e d  moment 

J 6  8 



n 
2 
[r 
w 

Figure 1 
for moments derived by application of eigenvalue method to 
synthetic particulate extinction measurements calculated at 
wavelengths 0.385, 0.453, and 1.02 pm from five model strato- 
spheric aerosol size distributions. 

Retrieval errors and moment uncertainty estimates 

f'rom i t 3  r e s p e c t i v e  true value is expressed a s  
percent e r r o r ,  and 13 shown f o r  t h r e e  i t e r a t i o n s  
of t h e  invers ion  r o u t i n e .  Results a r e  presented 
f o r  f i v e  model s i z e  d i s t r i b u t i o n s :  lognormal 
(nonvolcanic)  - 0, modified gamma-1 (haze H )  - 0, 
zold-1 (nonvolcanic)  - A ,  zold-2 (pos tvolcanic  
s o l u b l e )  - v, and modified gamma-3 (AFCL volcan- 
i c )  - D. Each s i z e  d i s t r i b u t i o n  had a dustsonde 
channel r a t i o  N 0 . , 5 / N 0 . 2 5  = 3,  where N r  is t h e  
number of p a r t i c l e s  w i t h  r a d i u s  2 r .  I n  g e n e r a l ,  
r e t r i e v e d  moments agree  wel l  w i t h  t h e  model val-  
ues ,  although es t imates  of both t h e  b i a s  ( e r r o r  
bars  w i t h  narrow t i c k s )  assoc ia ted  w i t h  t h e  or-  
thogonal approximation t o  t h e  t rue moment weight- 
ing  func t ion  and t h e  unbiased moment uncer ta in ty  
( e r r o r  bars  w i t h  wide t i c k s )  tend t o  overest imate  
t h e  e r r o r s .  

Simulat cd par t i  c u l a t e  e x t i  n c t l  on measure- 
ments have a130 been c a l c u l a t e d  a t  SAGE XI wave- 
l e n g t h s  by using a s e t  of 1 4  s e p a r a t e  s t r a t o -  
s p h e r i c  aerosol  s i z e  d l s t r i b u t i o n s  measured by 
the  NASA Ames Wire Impactor ( A W I )  a t  a l t i t u d e s  
near 20 km before and a f t e r  t h e  e rupt ion  of E l  
Chichon i n  A p r i l  1982 -- i n  p a r t i c u l a r ,  from 
October 1981 through December 1983. Moments have 
been I n f e r r e d  by i n v e r t i n g  t h e s e  s imulated ex- 
t i n c t i o n  measurements, w i t h  and without t h e  addi-  
t i o n  of random e r r o r s ,  I n  two- and three- 
wavelength r e t r i e v a l s .  

L i t t l e  d i f f i c u l t y  was encountered i n  re-  
t r i e v i n g  model s i z e  d i s t r i b u t i o n  moments f o r  
e i t h e r  two- or three-wavelength invers ions  with 
no random e x t i n c t i o n  e r r o r s .  Furthermore, t h e  
inc lus ion  of such e r r o r s  was s u c c e s s f u l l y  handled 
f o r  a two-wavelength invers lon .  However, when a 

t bee-wavelength r e t r i e v a l  w i t h  random e x t i n c t i o n  
u n c e r t a i n t i e s  was at tempted,  t h e  occurrence of 
nega t ive  moment expansion c o e f f i c i e n t s ,  a ( h ) ,  
t y p i c a l l y  resulted i n  non-physical moment i n f e r -  
ences and/or unacceptably l a r g e  manent uncertain-  
t ies due t o  ampl i f ica t ion  of t h e  r e l a t i v e  ex t inc-  
t i o n  u n c e r t a i n t i e s .  

T h i s  l e d  t o  development of a wavelength 
combination technique t h a t  combines information 
a t  ad jacent  wavelengths when measurement uncer- 
t a i n t i e s  become excess ive ly  l a r g e .  I n  s h o r t ,  
e x t i n c t i o n  kerne ls  a t  t h e  two s h o r t e s t  wave- 
l e n g t h s  a r e  weighted by t h e  Inverse  square  of 
their  respec t ive  u n c e r t a i n t i e s  and t h e n  summed t o  
y i e l d  a new ftcombined wavelength" k e r n e l .  ( I n  
order  t o  y i e l d  t h e  proper u n i t s ,  t h i s  new kernel 
inc ludes  a weighting f a c t o r ,  t h e  lfcombinedlT un- 
c e r t a i n t y ,  which i s  der ived by tak ing  t h e  sum of 
t h e  squares  of t h e  inverse  u n c e r t a i n t i e s . )  T h i s  
same procedure is then appl ied  t o  t h e  e x t i n c t i o n  
measurements a t  t h e s e  two wavelengths t o  produce 
a "combined1! e x t i n c t  1 on measurement . 

Figure 2 presents  composite r e s u l t s  from a 
three-wavelength r e t r i e v a l  t h a t  u t i l i ze s  t h i s  
wavelength combination technique t o  i n v e r t  syn- 
t h e t i c  p a r t i c u l a t e  e x t i n c t i o n  measurements ( w i t h  
assoc ia ted  random e r r o r s  ind ica ted  by e r r o r  b a r s )  
t h a t  were c a l c u l a t e d  a t  wavelengths 0.385, 0.453 
and 1.02 pm from t h e  AWI-measured s i z e  d i s t r i b u -  
t i o n s .  Retrieved moments ( labe led  TWOHOW) a r e  
shown a f t e r  t h r e e  i t e r a t i o n s  of t h e  r o u t i n e :  

0.6 

0.4 

0.2 

0 

1 

0.1 

+ i 

10 

1 

0.1 

84 

MONTH 

Figure 2 
random uncertainties) calculated from a series of pre- and post- 
El  Chichon (arrow) Ames Wire Impactor-measured stratospheric 
aerosol size distributions; moments and moment uncertainties 
inferred by application of Twomey and Howell (1967) eigen- 
value retrieval technique and Box and Lo (1976) f i t  method to 
the synthetic measurements. 

Synthetic particulate extinction measurements (with 
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e r r o r  bars  d i s p l a y  t h e  b i a s  es t imate  (narrow 
t i c k s )  and t h e  t o t a l  uncer ta in ty  (wide t i c k s )  i n  
t h e  i n f e r r e d  moment. The l a t t e r  u n c e r t a i n t y  i n -  
c ludes both u n c e r t a i n t i e s  i n  t h e  s y n t h e t i c  ex- 
t i n c t i o n  measurements and u n c e r t a i n t i e s  i n  t h e  
der ived moment expansion c o e f f i c i e n t s .  Also 
shown f o r  comparison a r e  corresponding moments 
( labe led  BOXLO) t h a t  were c a l c u l a t e d  d i r e c t l y  
from t h e  ad jus ted  compression s i z e  d i s t r i b u -  
t i o n .  C l e a r l y ,  t h e  moment r e t r i e v a l s  success- 
f u l l y  monitored both volume and p a r t i c l e  s i z e  
changes t h a t  occurred dur ing  t h e  one-an d-on e-ha1 f 
years  fol lowing t h e  e r u p t i o n  of E l  Chichon. T h i s  
is s i g n i f i c a n t  because these s i z e  d i s t r i b u t i o n s  
e x h i b i t e d  a wide range of aerosol  concent ra t ions  
and p a r t i c u l a t e  e x t i n c t i o n  c o e f f i c i e n t s ,  and t h u s  
they provide a p a r t i c u l a r l y  s t r i n g e n t  performance 
t e s t  f o r  t h e  invers ion  r o u t i n e .  

The rms d i f f e r e n c e s  between model and 
TWOHOW-inferred moments are presented s e p a r a t e l y  
i n  F igure  3 f o r  t h e  nonvolcanic (October 1981 and 
May 1982 o n l y )  and volcanic  (post-May 1982) AWI-  
measured s i z e  d i s t r i b u t i o n s .  Results p r i o r  t o  
t h e  e rupt ion  a r e  not a s  good as those  fol lowing 
t h e  e rupt ion  because of l a r g e  r e l a t i v e  errQrs i n  
t h e  p a r t i c u l a t e  e x t i n c t i o n  values a t  wavelengths 
0.385 pm and 0.453 um caused by t h e  small  p a r t i -  
cle-to-gas e x t i n c t i o n  r a t i o s  a t  these two wave- 
l e n g t h s  during nonvolcanic condi t ions .  I n  gen- 
e r a l ,  results der ived using t h e  TWOHOW technique 
a r e  about one-and-one-half times as accura te  a s  
those  c a l c u l a t e d  from t h e  BOXLO method, w i t h  t h e  
except ion of  the  nonvolcanic e f f e c t i v e  w i d t h .  

A :  0.385, 0.453, 1.020 grn 
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Figure 3 
inferred moments shown in Figure 2 for pre- and post-El 
Chichon wire impactor-measured stratospheric aerosol size 
distributions. 

Root-mean-square differences between true and 

4. RETRIEVAL FOR A SAGE I1 MEASUREMENT: 
COMPARISON WITH CONVERSION R A T I O  RESULTS 

The eigenvalue moment r e t r i e v a l  r o u t i n e  
has a l s o  been used t o  der ive  inferences  of t h e  
t h i r d  moment (volume) of t h e  s t r a t o s p h e r i c  aero- 
s o l  s i z e  d i s t r i b u t i o n  from s e l e c t e d  p a r t i c u l a t e  
e x t i n c t i o n  measurements made by SAGE I1 dur ing  
t h e  Apr i l  1985 Braz i l  c o r r e l a t i v e  measurement 

experiment. For comparison, s e p a r a t e  in ferences  
have been obtained through a p p l i c a t i o n  of a con- 
vers ion r a t i o  technique t o  t h e  same measurements. 

The conversion r a t i o  method u t i l i z e s  ver- 
t i c a l  p r o f i l e s  of observed wavelength p a r t i c u l a t e  
e x t i n c t i o n  r a t i o s  [ E p ( h ) / E  (1.02 urn) f o r  A =  
0.385, 0.453, 0.525 pm) t o  s e f e c t  mean conversion 
r a t i o  q u a n t i t i e s  (such a s  volume-to-extinction 
r a t i o  and p a r t i c l e  e f f e c t i v e  r a d i u s )  t h a t  have 
been generated from Mie s c a t t e r i n g  c a l c u l a t i o n s  
a t  t h e  SAGE I1 wavelengths f o r  an a p p r o p r i a t e  se t  
of r e f r a c t i v e  indices and model s t r a t o s p h e r i c  
aerosol  s i z e  d i s t r i b u t i o n s .  The r e s u l t a n t  v e r t i -  
c a l  p r o f i l e s  of conversion r a t i o s  a r e  then com- 
bined w i t h  t h e  measured 1.02 pm p a r t i c u l a t e  ex- 
t i n c t i o n  p r o f i l e  t o  y i e l d  p r o f i l e s  of i n f e r r e d  
moments of t h e  a c t u a l  s t r a t o s p h e r i c  aerosol  s i z e  
d i s t r i b u t i o n .  Applicat ion of t h e  conversion r a t i o  
method t o  t h e  Apri l  6 B r a z i l  SAGE I1 sunrise  
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Figure 4 Derivation of third moment by application of con- 
version ratio method to SAGE I I particulate extinction measure- 
ments at wavelengths 0.453 and 1.02 pm for Brazil sunrise event 
of April 6, 1985. 
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event using d a t a  a t  0.453 and 1.02 pm is d i s -  
played i n  Figure 4. Corresponding moments have 
a l s o  been der ived by s e p a r a t e  a p p l i c a t i o n s  of the  
conversion r a t i o  method t o  t h e  measured p r o f i l e s  
of E (0.385 pm)/E (1.02 pm) and E (0.453 p m ) / E  
(1.05 pm),  and vglues genera l ly  a&ee  t o  withi! 
about f i f t e e n  percent .  

Figure 5 p r e s e n t s  t h i r d  moment inferences  
der ived from a p p l i c a t i o n  of both t h e  eigenvalue 
method and t h e  conversion r a t i o  method t o  t h e  
Apri l  6 SAGE I1 measurements a t  a l t i t u d e s  20.2 
km, 25.2 km and 30.2 km. I n f e r r e d  moments and 
moment u n c e r t a i n t i e s  a r e  shown f o r  t h r e e  l tera- 
t i o n s  of the  eigenvalue moment r e t r i e v a l  rou- 
t i n e .  Three-wavelength invers ions  were performed 
s e p a r a t e l y  using t h e  measurements a t  wavelengths 
0.385, 0.453 and 1.02 pm, and a t  0.453, 0.525 and 
1.02 pm, w i t h  t h e  measurements a t  t h e  two s h o r t -  
est wavelengths combined i n  each case.  The  range 
of moment values  der ived by t h e  conversion r a t i o  
method a t  each a l t i t u d e  is presented.  Conversion 
r a t i o  u n c e r t a i n t i e s  a r e  not  shown, b u t  ranged 
from 6% t o  15% a t  20.2 km, 9% t o  16% a t  25.2 km,  
and 21% t o  65% a t  30.2 k m ,  w i t h  t h e  l a r g e s t  un- 
c e r t a i n t i e s  assoc ia ted  w i t h  moments der ived from 
t h e  Ep(0.525 pm)/Ep(l.02 pm) r a t i o s .  The l n -  
c rease  i n  conversion r a t i o  moment u n c e r t a i n t i e s  
w i t h  a l t i t u d e  I s  t h e  result  of propagation of 
l a r g e r  measurement u n c e r t a i n t i e s  a t  t h e  g r e a t e r  
a l t i t u d e s .  A t  each h e i g h t ,  i n f e r r e d  moments 
using t h e  two s e p a r a t e  methods of r e t r i e v a l  agree  
w i t h  each o ther  w i t h i n  t h e i r  respec t ive  uncer- 
t a i n t i e s .  

I 3 . 0 1  - - I  - 1- -- 1 -  1 30.2 km 1 
I 

I1 measurements. A t  each a l t i t u d e ,  t h e  t h i r d  
moment i n f e r r e d  a f t e r  t h e  f i rs t  i t e r a t i o n  was 
s l i g h t l y  l a r g e r  than ,  but well within t h e  respec- 
t i v e  uncer ta in ty  limits o f ,  t h e  corresponding 
moment i n f e r r e d  from the three-wavelength re- 
t r i e v a l .  Unfortunately,  moments r e t r i e v e d  f.rom 
t h e  four-wavelength invers ion  increased w i t h  
success ive  i t e r a t i o n s  a t  20.2 km and, t o  a lesser 
degree,  a l s o  a t  25.2 km. The source of t h i s  
troublesome i n s t a b i l i t y  has not been diagnosed. 
However, t h e  30.2 km r e s u l t  was s t a b l e .  

5. SUMMARY 

A r o u t i n e  has been developed t h a t  incorpo- 
r a t e s  t h e  eigenvalue methodology of Twomey and 
Howell (1967) t o  der ive moments of t h e  s t r a t o -  
s p h e r i c  aerosol  s i z e  d i s t r i b u t i o n  from m u l t i -  
wavelength parti  c u l a t e  extl  nct ion measurements . 
T h i s  r o u t i n e  h a s  been appl ied  t o  s y n t h e t i c  ex- 
t i n c t i o n  measurements c a l c u l a t e d  from a n a l y t i c a l  
s t r a t o s p h e r i c  aerosol  s i z e  d i s t r i b u t i o n s  and from 
s t ra tospher  i c a e r o s o l  s i z e  d i s t r i  b u t 1  ons measured 
by a wire impactor before and a f t e r  t h e  e rupt ion  
of E l  Chichon. In  genera l ,  r e t r i e v e d  moments 
have been found t o  agree  well w l t h  t h e  moments of 
t h e  input  s i z e  d i s t r i b u t i o n s .  Addi t lona l ly ,  t h e  
r o u t i n e  has been used t o  i n f e r  t h e  t h i r d  moment 
(volume) from s e l e c t e d  measurements taken by t h e  
SAGE I1 sensor  during a s l n g l e  Apri l  1985 s u n r i s e  
event .  These moment in ferences  agree  within t h e  
measurement and r e t r i e v a l  u n c e r t a i n t i e s  w i t h  
corresponding moments i n f e r r e d  using a conversion 
r a t i o  technique.  
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PROCEEDINGS OF THE FIRST SINO-AMERICAN WORKSHOP ON 

EDITORS 

Elmar R .  R e i t e r ,  Zhu Baozhen and Q i a n  Yongfu 

Beij ing,  China 

F 

Sese ion Topics: 

*Planetary and Large-Scale Effects of Mountains 
on General Circulation and Climate: 
Observational Aspects 

*Planetary and Large-Scale Effects of Mountains 
on General Circulation and Climate: 
Theoretical Aspects 

*Planetary and Large-Scale Effects of Mountains 
on General Circulation and Climate: Numerical 
Modelling 

*Mesoscale Effects of Mountains on Heavy Rainfa 11 
and Severe Local Storms: Observational Aspects 

*Mountain-Valley Circulations and Their Effects 
on Met eorol ogica 1 Fields 

Proceedings of the  F i r s t  Sino-American Workshop 
on Mountain Meteorology sponsored by t h e  Chinese 
Academv of  Sciences and t h e  U.S.  National Academy 
of Sciences,  held dur ing  May 18-23, 1982 i n  
Bei j lng ,  China, have been published by t h e  Science 
Press  (Bei j i n g  , China) . 
The book inc ludes  both t h e o r e t i c a l  and appl ied  
aspec ts  of t h e  phys ica l  arid dynamical processes  
involved i n  mountain meteorology. A perusal  of 
t h i s  volume w i t h  i t s  a n a l y s i s  of recent  research  
and development and t h e  l a tes t  observa t iona l  tech- 
niques w i l l  provide t h e  reader  with a focus f o r  
f u t u r e  explora t ion .  s tudy ,  and major e f f o r t s .  

Mountains of var ious  s c a l e s  on e a r t h  e x e r t  an 
important e f f e c t  on regFonal weather and c l i m a t e ,  
and can a l s o  have s i g n i f i c a n t  and far-reaching 
e f f e c t s  on weather events  and t h e  general  c i r c u l a -  
t i o n  on a g loba l  b a s i s .  

The weather and cl imate  i n  China i s  g r e a t l y  a f f e c t -  
ed by t h e  Tibetan P la teau  j u s t  a s  the  weather and 
cl imate  i n  t h e  United S t a t e s  i s  g r e a t l y  a f f e c t e d  
by the  Rocky Mountains. Thirty-two papers repre-  
s e n t  t h r e e  important s u b j e c t s ,  namely: (1) t h e  
dynamic and thermal e f f e c t s  of t h e  Tibetan Plateau 
and Rocky Mountains on t h e  genera l  c i r c u l a t i o n  i n  
t h e  Northern Hemisphere, ( e s p e c i a l l y  the  e f f e c t s  
on occurrence and development of t h e  Asian summer 
monsoon); and on t h e  numerical models wi th  l a r g e  
s c a l e  topography included;  (2) t h e  e f f e c t s  of t h e  
var ied-sca le  topography on t h e  occurrence and de- 
velopment of heavy r a i n f a l l s  and l o c a l  severe  
storms; t h e  e f f e c t s  of t h e  Rocky Mountains on 
genesis  and outbreak of l o c a l  severe  storms and 
tornadoes; and t h e  e f f e c t s  of t h e  Andes ahd t h e  
Alps on t h e  genes is ,  development and movement of 
e x t r a t r o p i c a l  cyclones; and (3) t h e  mountain- 
v a l l e y  c l r c u l a t i o n  and t h e i r  e f f e c t s  on some 
meteorological  f i e l d s .  

The book w i l l  be of s p e c i a l  i n t e r e s t  t o  meteorol- 
o g i s t s ,  t h e o r e t i c i a n s ,  research  workers, meteorol- 
ogy s tudents / tenchers ,  and weather f o r e c a s t e r s .  
Also, those  s c i e n t i s t s  working i n  t h e  f i e l d s  of 
hydrology. hydrometeorology, and geography w i l l  
f i n d  i t  p e r t i n e n t .  

699 Pagee-Hardcwer 
P u b l i s h e d 4  984 
Prict+$42.50 
(Plus  $2.00 pos tage  6 handling) 

Send order and remittance to: 

AMERICAN METEOROLOGICAL SOCIETY 
45 Beacon St., Boston, MA 02108 



S E L E C T E D  L I S T  OF W M O  P U B L I C A T I O N S  

The American Meteorological Society (AMs), as part of its objectives to disseminate knowledge in the 
atmospheric and related oceanic and hydrologic sciences, has been distributing WMO publications to 
residents of Canada and the United States during this past year. The AMS would like to take this 
opportunity to thank you for the encouraging response to this new endeavor. We look forward to your 
continued support during the coming months. Announcements of new and currently available publications 
will be made in forthcoming issues of The Bulletin. 

All prices listed below are quoted in U.S. Dollars. (Availability and prices are subject to change 
without notice.) Orders and inquiries from residents of U.S.A. and Canada should be directed to: 
American Meterological Society, Attn: WMO Publication Center, 45 Beacon Street, Boston, M A  02108, 
U.S.A. Remittance must accompany all orders; only after receipt of payment will the order be 
processed. Add $3.00 per book for postage and handling. Payment from Canadian clients must be made by 
a draft on a U.S. Bank or by International Money Order. Checks or money orders should be made payable 
to the AMS in U.S. dollars. Residents of all other countries should direct orders and inquiries to: 
World Meteorological Organization, Publications Sales Unit, P.O. Box No. 5, CH-1211 Geneva 20, 
Switzerland. 

WMO Bulletin - Quarterly Subscription WMO 5 - Composition of the WMO - Quarterly Subscription 
Number of Years Surface Mail Airmail Number of Years Surface Mail Airmail 

WNO NO. 

1 $ 48.00 $ 66.00 
2 78.00 107.00 
3 109.00 150.00 

1 $ 60.00 $ 77.00 
2 110.00 145.00 
3 150.00 200.00 

Single issue 17.00 20.00 
$ Unit Price 

A t l a s e s  
CliMtiC Atlas Of E u r o p .  
ClflMtfC Atlas O f  South AmeriCd. Volume I: 
Climatic Atlas of North and Central merica. Volume I: Maps of Mean Temperature and 

CliItIdtiC Atlas Of Asia. Volume I: 
International Cloud Atlas, Abridged Edition, 1956 
International Cloud Album for Observers in Aircraft, 1956 

Volume I: Maps of Mean Temperature and Precipitation 
Maps of Mean Temperature and Precipitation 

Precipitation 
Maps of Mean Temperature and Precipitation 

B a s i c  D o c u m e n t s  
15 - Basic Documents No. 1 - (Excluding Technical Regulations), 2nd Edition, 1984 
60 - Basic Documents NO. 3 - Agreements and Working AIIangeRIUltS with other International 

Organiza t ions, 1 9 83 

T e c h n i c a l  R e g u l a t i o n s  
49 - Technicdl Regulations - Basic Documents No. 2 (loose leaf; requires one cover) 

Vol. I General, 2nd Edition, 1984 
Vol. I1 Meteorological Services for International Air Navigation, 1976 
V03.111 Hydrology, 1979 

Cover 
555 - Technical Regulations - Hydrology dnd International Hydrological Codes, 1980 
558 - NdnUal on Marine Meteorological .services, 1981 
W e a t h e r  R e p o r t i n g :  S t a t i o n s ,  D a t a  P r o c e s s i n g  a n d  T r a n s m i s s i o n s  

9 - Weather Reporting 
Vol.  A Observing Stations: Basic Volume: 

Subscription to Supplement Service (Bi-Annual): 

Vol. B Data Processing: Basic Volume: 
Subscription to Supplement Service (Bi-Annual): 

Vol. C Transmissions: Basic Volume: 
Subscription to Supplement Service (Bi-Monthly): 

Vol. D Information for Shipping: Basic Volume: 
Subscription to Supplement Service (Bi-Monthly): 

Covers for Basic Volumes: 
V o l .  A and B (each require 1 cover) 
Vol. C (requires 4 covers) 
Vol. D (requires 3 covers) 

**Currently out of stock and unavailable from ANS or WHO 

surface mail 
airmail 

surface mail 
airmail 

surface mail 
a i r ma i 1 

surface mail 
ai rmai 1 

$150.00 
175.00 
150.00 

180.00 
36.00 
9.00 

$30.00 
18.00 

$25.00 
OOP.' 
12.00 
8.00 

20.00 
20.00 

$115.00 
134.00 
140.00 
60.00 
30.00 
37.00 
125.00 
132.00 
160.00 
150.00 
96.00 
120.00 

16.00 
16.00 
8.00 
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b'M0 N O .  $ unit Price 

O p e r a t i o n a l  M a n u a l s  
306 - Manual on C o d e s  

Vol. I International Codes, 1984 Edition (w/out cover) $80.00 
(w/cover ) 90.00 

Vol. I1 Regional Codes and National Coding Practices, 1982 Edition (+!/Out cover) 40.00 
(w/cover 

485 - Manual  on the G l o b a l  D a t a - P r o c e s s i n g  S y s t e m  (Vol. I and I1 one binder) 
Vol. I Global Aspects, 1977 
vol. I1  Regional Aspects, 1980 

P o l l u t i o n ,  1978 
491 - I n t e r n a t i o n a l  O p e r a t i o n s  Handbook for M e a s u r e m e n t  o f  Background  A t m o s p h e r i c  

544 - Manual  on the G l o b a l  Observing S y s t e m  (Vol. I and I1 one binder), 1981 

G u i d e s  
8 - G u i d e  t o  M e t e o r o l o g i c a l  I n s t r u m e n t s  and  Observing P r a c t i c e s ,  5th Edition, 1983 

100 - G u i d e  t o  C l i m a t o l o g i c a l  P r a c t i c e s ,  2nd Edition, 1983 
114 - G u i d e  t o  Q u a l i f i c a t i o n s  and  T r a i n i n g  o f  M e t e o r o l o g i c a l  Personnel Employed  i n  the 

134 - G u i d e  t o  A g r i c u l t u r a l  M e t e o r o l o g i c a l  P r a c t i c e s ,  2nd Edition, 1981 
168 - G u i d e  t o  H y d r o l o g i c a l  P r a c t i c e s  - 

Provision o f  M e t e o r o l o g i c a l  Services for  I n t e r n a t i o n a l  A i r  N a v i g a t i o n ,  1974 

"01. I Data Acquisition and Processing, 1981 
Vol. I1 Analysis, Forecasting and other Applications, 1983 

305 - G u i d e  on the G l o b a l  D a t a - P r o c e s s i n g  S y s t e m ,  1982 
471 - G u i d e  t o  M a r i n e  M e t e o r o ~ o g i c a l  Services, 2nd Edition, 1982 
488 - G u i d e  on the G l o b a l  O b s e r v i n g  S y s t e m ,  1977 
623 - G u i d e  to  the  IGOSS D a t a - P r o c e s s i n g  and  Services S y s t e m ,  1983 
636 - G u i d e  on the A u t o m a t i o n  o f  D a t a - P r o c e s s i n g  Centers, 1985 

T r a i n i n g  M a n u a l s  
7 4 0  - Compendium o f  T r a i n i n g  F a c i l i t i e s  for M e t e o r o l o g y  and O p e r a t i o n a l  H y d r o l o g y ,  

258 - G u i d e l i n e s  for E d u c a t i o n  and T r a i n i n g  of Personnel in M e t e o r o l o g y  and O p e r a t i o n a l  

266 - Compend ium o f  L e c t u r e  Wotes for  T r a i n i n g  C l a s s  IV M e t e o r o l o g i c a l  Personnel 

6th Edition, 1982 

H y d r o l o g y ,  3rd Edition, 1984 

Vol. I Earth Science, 1970 
Vol. I 1  Meteorology, 2nd Edition, 1984 

Vol. I Part 1 Dynamic Meteorology, 1973 
364 - Compend ium of Meteorology for u s e  b y  C l a s s  I and  11 M e t e o r o l o g i c a l  Personnel 

Part 2 Physical Meteorology, 1973 
Part 3 Synoptic Meteorology, 1978 

Part 2 Aeronautical Meteorology, 1978 
Part 3 Marine Meteorology, 1979 
Part 4 Tropical Meteorology, 1979 
Part 5 Hydrometeorology, 1985 
Part 6 A i r  Chemistry and Air Pollution Meteorology, 1985 

Vol. 11 Part 1 General Hydrology, 1977 

432 - P r o c e e d i n g s  o f  the WMO/IAMAP S y m p o s i u m  on E d u c a t i o n  and  T r a i n i n g  i n  M e t e o r o l o g y  a n d  
M e t e o r o l o q i c a l  A s p e c t s  o f  E n v i r o n m e n t a l  P r o b l e m s  ( C a r a c a s ,  F e b r u a r y  1 9 7 5 ) ;  1975 

489 - Compend ium of T r a i n i n g  F a c i l i t i e s  i n  E n v i r o n m e n t a l  P r o b l e m s  R e l a t e d  t o  M e t e o r o l o g y  
a n d  O p e r a t i o n a l  H y d r o l o g y ,  1977 

492 - L e c t u r e s  on F o r e c a s t i n g  o f  T r o p i c a l  W e a t h e r ,  I n c l u d i n g  T r o p i c a l  C y c l o n e s ,  
w i t h  P a r t i c u l a r  R e l e v a n c e  t o  A f r i c a .  P r o c e e d i n g s  o f  WMO S e m i n a r ,  Dakar  
November 1976;  1977 

493 - P r o c e e d i n g s  o f  the M e e t i n g  on E d u c a t i o n  and  T r a i n i n g  i n  M e t e o r o l o g i c a l  Aspects o f  
A t m o s p h e r i c  P o l l u t i o n  a n d  Related E n v i r o n m e n t a l  P r o b l e m s .  R e s e a r c h  T r i a n g l e  
P a r k ,  U.S.A.,  J a n u a r y - F e b r u a r y  1 9 7 7 ;  1977 

593 - L e c t u r e  Notes for T r a i n i n g  c l a s s  IV A g r i c u l t u r a l  M e t e o r o l o g i c a l  Personnel, 1982 
634 - Guidelines f o r  C o m p r e h e n s i v e  D a t a - P r o c e s s i n g  i n  O p e r a t i o n a l  H y d r o l o g y  a n d  Land 

622 - Compend ium o f  Lecture Wotes on M e t e o r o l o g i c a l  I n s t r u m e n t s  for  C l a s s  11 a n d  C l a s s  I V  
Wa t er Mana gemen t 

P e r s o n n e l ,  1985 

O p e r a t i o n a l  H y d r o l o g y  R e p o r t s  
337 - A u t o m a t i c  Collection and T r a n s m i s s i o n  o f  H y d r o l o g i c a l  O b s e r v a t i o n s ,  O.H.R. 2; 1973 
341 - Benefit and  C o s t  A n a l y s i s  o f  H y d r o l o g i c a l  F o r e c a s t s .  A S t a t e - o f - t h e - A r t  Report, 

419 - M e t e o r o l o g i c a l  a n d  H y d r o l o g i c a l  Da ta  R e q u i r e d  i n  Planninq a n d  Development of W a t e r  

425 - H y d r o l o g i c a l  F o r e c a s t i n g  P r a c t i c e s ,  O.H.R. 6: 1975 

O.H.R. 3; 1973 

R e s o u r c e s ,  O.H.R. 5 ;  1975 

In p r e p a r a t i o n  
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UNO No. $ unit Price 

0 p e r  a t  ion  a I H y d r o  I o  g y R e p o r t s  ( c o n  t ' d l  
433 - Hydrological Network Design and Information Transfer. Proceedings o f  the International 

461 - Casebook o f  Examples o f  Organization and Operation o f  Hydrological Services, 

476 - Hydrological AppliCatiOn o f  Atmospheric Vapour Flux Analyses, O . H . R .  11;  1977  
513 - Applications O f  Remote Sensing t o  Hydrology, O . H . R .  12:  1979  
519 - Manual on Stream Gauging ( 2  Vol.  set i n  one b i n d e r ) ,  O . H . R .  13:  1980 
559 - Hydrological Data Transmission, O . H . R .  1 4 ;  1 9 8 1  
560 - Selection o f  Distribution wpes f o r  Extremes o f  Precipitation, O . H . R .  15: 1 9 8 1  
561 - Measurement o f  River Sediments, O . H . R .  16:  1 9 8 1  
576 - Case Studies of National Hydrological Data Banks (Planning, Development and 

Seminar, Newcastle upon Tyne, u.K., A u g u s t  1 9 7 4 ,  O . H . R .  8: 1976  

O . H . R .  9;  1977 

Organization), o . H . R .  17:  1 9 8 1  
577 - Flash Flood Forecasting, O . H . R .  18: 1 9 8 1  
580 - Concepts a n d  Techniques in  Hydrological Network Design, O . H . R .  19:  1982 
587 - Long-Range Water-Supply Forecasting, O . H . R .  20: 1982  
589 - Methods o f  Correction for  S y s t e m a t i c  Error i n  Point Precipitation Measurement for 

635 - Casebook on Operational Assessment of Areal Evaporation, 0 . H . R .  22; 1985  
Operational Use, O . H . R .  21: 1982 

R e p o r t s  o n  M a r i n e  S c i e n c e  A f f a i r s  
499 - Meteorological Aspects of the Contributions Presented a t  the Joint Oceanographic 

500 - Present Techniques o f  Tropical Storm Surge Prediction, M . S . A .  13 :  1978  
548 - S a t e l l i t e  Data Requirements f o r  Marine Meteorological Services, M . S . A .  14: 1980 
595 - The Preparation and Use o f  Weather Maps b y  Mariners ( u p d a t e  of T . N .  7 2 ) ,  

Assembly (Edinburgh, September 19761, M . S . A .  12;  1978  

M.S .A .  15: 1982 

S p e c i a l  E n v i r o n m e n t a l  R e p o r t s  
372 - A Brief  Survey of Meteorology as Related t o  the Biosphere, S . E . R .  4: 1973  
403 - Drought (Lectures from 2 5 t h  WMO Executive Committee), S . E . R .  5: 1975  
440 - Determination of the Atmospheric Contribution o f  Petroleum Hydrocarbons t o  the 

448 - Weather, Climate and Human Settlements, S . E . R .  7; 1976 
455 - The Quantitative Evaluation of the Risk o f  Disaster from Tropical cyclones, 

459 - An Evaluation o f  Climate and Water Resources fo r  Development of Agriculture in  the 

460 - Report and Proceedings of the WMO Air Pollution Measure Techniques Conference 

496 - Systems o f  Evaluating and Predictng the E f f ec t s  of Weather dnd Climate on Wildland 

504 - Implementation Plan for  the Determination o f  the Atmospheric Contribution of 

517 - Meteorology and the Human Environment - Lectures Presented a t  the 29 th  Session of 

563 - Proceedings of the Symposium on the Development o f  Multi-Media Monitoring o f  

647 - Papers Presented a t  the WMO Technical Conference on Observation and Measurements 

Ocean, S . E . R .  6 :  1976  

S . E . R .  8: 1976  

Sudano-Sahelian Zone o f  West Africa,  S . E . R .  9: 1976  

(APOMET) ,  Gothenburg, October 1976,  S . E . R .  10: 1977 

Fires, S . E . R .  11; 1978  

Petroleum Hydrocarbons t o  the Oceans, S . E . R .  12; 1979  

the WMO Executive committee, S . E . R .  13:  1979  

Environmental Pollution ( R i g a  19781,  S . E . R .  15: 1980  

o f  Atmospheric Contaminants (TECC~VAC), S . E . R .  16;  1985  

T e c h n i c a l  Notes  
391 - Meteorology and the COlOrddO Potato Beetle, T . N .  137;  1975  

394 - Upper-Air Sounding Studies (Vols. I and II), T.N. 140: 1975  
400 - u t i l i za t ion  of Aircraf t  Meteorological Reports ( R e v .  of T . N .  801 ,  T . N .  1 4 1 :  1975 
423 - Rice and Weather, T.N. 144:  1975  
424 - Economic Benefits  o f  Climatological Services, T.N. 145:  1975 
426 - Cost and Structure o f  Meteorological Services w i t h  Spec ia l  Reference t o  the Problem 

431 - Review o f  the Present Knowledge o f  Plant Injury b y  Air Pollution, T . N .  147;  1976  
436 - controlled Climate and Plant Research, T.N. 148:  1976  
438 - Urban Climatology and i t s  Relevance to  Urban Design, T.N.  149:  1976  
4 4 1  - AppliCdtfOn o f  Building Climatology t o  Problems o f  Housing and Building fo r  Human 

458 - Crop-Weather Models and Their Use i n  Y i e l d  Assessments, T.N. 151: 1 9 7 7  
467 - Radiation Regime of Inclined Surfaces, T .N.  152;  1977 
478 - The S c i e n t i f i c  Planning and Organization o f  Precipitation Enhancement Experiments, 

392 - Drought and Agriculture, T.N. 138:  1975  

o f  Developing Countries, T . N .  146:  1975 

Settlements, T .N.  150: 1976 

w i t h  Particular Attention t o  Agricultural Needs, T.N. 154:  1977  
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WMO NO. $ m i t  P r i c e  

T e c h n i c a l  N o t e s  ( c o n t ’ d l  
482 - Forecast ing Techniques of Clear A i r  Turbulence Inc luding  t h a t  Associated with 10.00 

487 - Techniques of Fros t  P r e d i c t i o n  and Methods of Fros t  and co ld  Pro tec t ion ,  T.N. 157:  1978  35 .00  
495 - Handbook of Meteorological Forecast ing f o r  Soaring Fl ight .  T.N. 158:  1978  

Mountain Waves, T.N. 155:  1977  

497 - Weather and Parasi t ic-Animal  DiSease,-T.N. 159: 1978  
498 - Soya Bean and Weather, T.N. 160:  1978  
507 - The Applicat ion of Atmospheric E l e c t r i c i t y  Concepts and Methods to  o t h e r  P a r t s  of 

Meteorology, T.N. 162:  1978  
526 - The Economic Value of Agrometeorological Information and Advice, T.N. 164: 1980  

532 - Meteorological Fac tors  Affectng t h e  Epidemiology of the Cotton Leaf Worm and Pink 

536 - The Role of Agrometeorology i n  Agr icu l tura l  Development and Investment P r o j e c t s ,  

550 - Meteorological and Hydrological A s p e c t s  of S i t i n g  and Operation of Nuclear Power 

530 - The Plane tary  Boundary Layer, T.N. 165;  1980 

Bollworm, T.N. 167:  1980 

T.N. 168:  1980 

P l a n t s ,  T.N. 170 
vol .  I Meteorological Aspects, 1985  
Vol. 11 Hydrological Aspects, 1981  

554 - Fog and Reduced V i s a b i l i t y  h e  t o  Fog a t  Aerodromes, T.N. 171:  1985  
557 - Meteorological Aspects of t h e  U t i l i z a t i o n  of Solar  Radiation a s  an Energy Source  + 

566 - The E f f e c t  of  Meteorological Fac tors  on Crop Yields and Methods of Forecast ing the 

575 - Meteorological A s p e c t s  of t h e  U t i l i z a t i o n  o f  Wind a s  an Energy Source, T.N. 175:  1981 
583 - Tropospheric Chemistry and A i r  Po l lu t ion ,  T.N. 176:  1982  
581 - Review of Atmospheric D i f f u s i o n  Models for Regulatory Applicat ions,  T.N. 177;  1982 
591 - Meteorological A s p e c t s  o f  Cer ta in  Processes  Affectng Soil Degradation - Especia l ly  

597 - A Study of Agroclimatology of t h e  Humid Tropics of South-East Asia, T.N. 179:  1982  
620 - Weather-Rased Mathematical Models for Est imat ing Developnent and Ripening of Crops, 

625 - use of Radar i n  Meteorology, T . N .  181;  1985 
629 - Analysis  of Data from I n t e r n a t i o n a l  Experiments on Lucerne, T.N. 182;  1985  
630 - Severe convec t ive  Weather i n  Relat ion to I n f l i g h t  Phase, T.N. 183:  1985  
633 - Land-Use and AgrO-System Management Under Severe C l i m a t i c  Condi t ions,  T.N. 184:  1985  

Annex: World Maps o f  R e l a t i v e  Global Radiat ion,  T.N. 172:  1981  

Yield, T.N. 174;  1982 

Erosion, T.N. 178:  1983 

T.N. 180:  1983 

641 - Meteorological Observations using NAVAID Methods, T.N. 185:  1985  

494  - The Role of S a t e l l i t e s  i n  WMO Programmes i n  the 1 9 8 0 ’ s ,  W . W . W .  36: 1977  
528 - World Weather Watch - WMO Tropical  cyclone P r o j e c t  - Sub P r o j e c t  No.  6 - Operat ional  

535 - World Weather Watch - The Plan and Implementation Programme 1980-1983; 1 9 7 9  
553 - Conversion of Grid-Point M t a  i n t o  Meteorological Maps with a Mini-Computer 

617 - World Weather Watch - The Plan and Implementation Programme ( 1 9 8 4 - 1 9 8 7 ) :  1983  

Techniques for Forecast ing Tropical  Cyclone I n t e n s i t y  and Movement, 1979  

System, W.W.H. 37; 1980  

W o r l d  W e a t h e r  W a t c h  S t a t u s  R e p o r t s  
601 - World Weather Watch - 11th S t a t u s  Report on Implementation, 1982  
639 - World Weather Watch - 1 2 t h  S t a t u s  R e p o r t  on Implementation, 1984 

G e n e r a l  R e f e r e n c e  P u b l i c a t i o n s  
2 - Meteorological Serv ices  of the World, 1985  

174 - Catalogue of Meteorological Data f o r  Research 
47 - I n t e r n a t i o n a l  L i s t  of Selec ted ,  Supplementary and A u x i l l i a r y  Ships ,  1985  

P a r t  I Published Synopt ic  and Climatological  Data, 1965 
P a r t  I 1  Meteorological s t a t i o n s  w i t h  Observat ional  S e r i e s  Extending over 

P a r t  I11 Meteorological Data Recorded on Media Usable by Automatic Data- 

P a r t  IV Sources of Addit ional  Data Needed f o r  Research on Cl imat ic  Change, 1 9 7 9  

Vol. I Terminology and Codes 
Vol. I1 I l l u s t r a t e d  Glossary 

8 0  y e a r s  or more, 1970  

Processing Machines, 1972 

259 - WMO Sea-Ice Nomenclature, 1970  (Vol. I and I 1  one b inder )  

P u b l i c a t i o n s  o f  G e n e r a l  I n t e r e s t  
385 - I n t e r n a t i o n a l  G l o s s a r y  of Hydrology, 1974 
420 - Proceedings of a WMO Technical Conference on Automated Meteorological  S y s t e m s  

(TECAMS), Washington, D.C., February 1975j 1975  

I n  prepara t ion  
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WMO NO.  

P u b l i c a t i o n s  o f  G e n e r a l  I n t e r e s t  ( c o n t ' d l  
4 6 3  - Weather a n d  Water, 1977 
4 6 9  - International G l o b a l  m t a - P r o c e s s i n g  S y s t e m  P l a n  to  S u p p o r t  the 1st CARP G l o b a l  

E x p e r i m e n t  (WWW), 1977 
4 7 7  - Solar m e r g y .  P r o c e e d i n g s  o f  the WNO/UNESCO S y m p o s i u m ,  G e n e v a ,  A u g u s t -  

S e p t e m b e r  1 9 7 6 :  1977 
4 8 1  - P r o c e e d i n g s  o f  the S y m p o s i u m  on the A g r o m e t e o r o l o g y  o f  the Maize ( C o r n )  C r o p ,  

J u l y  1 9 7 6 ;  1977 
5 1 0  - P a p e r s  P r e s e n t e d  a t  the WNO S y m p o s i u m  on B o u n d a r y  L a y e r  P h y s i c s  A p p l i e d  to  

S p e c i f i c  P r o b l e m s  o f  A i r  P o l l u t i o n  ( m r r k o p i n g ,  J w I e  1 9 7 8 ) ;  1978 
5 2 3  - T h e  A t m o s p h e r i c  B o u n d d r y  L a y e r ,  1979 
5 3 7  - P r o c e e d i n g s  o f  the W o r l d  C l i m a t e  C o n f e r e n c e  - A C o n f e r e n c e  o f  E x p e r t s  an C l i m a t e  

5 4 2  - C l i m a t i c  C h a n g e s  and  T h e i r  E f f e c t s  on the B i o s p h e r e ,  1980 

5 7 0  - A u t o m a t i c  Weather S ta t ions  f o r  T r o p i c a l  c y c l o n e  A r e a s ,  1981 
5 7 3  - T y p h o o n  O p e r a t i o n a l  E x p e r i m e n t  - A G e n e r a l  D e s c r i p t i o n  (TOPEX R e p o r t  No. 31,  1981 
574  - Sea-Ice I n f o r m a t i o n  Services i n  the w o r l d ,  1981 
5 7 8  - P r o c e e d i n g s  o f  the T e c h n i c a l  C o n f e r e n c e  on c l i m a t e  - A s i d  a n d  west P a c i f i c  

( C u a n g z h o u ,  C h i n a ,  1 5 - 2 0  December  1 9 8 0 ) :  1981 
5 8 2  - I n t e g r a t e d  G l o b a l  Ocean Services S y s t e m s  - G e n e r a l  P l a n  a n d  I m p l e m e n t a t i o n  

Programme 1 9 8 2 - 1 9 8 5 ,  1982 
5 8 5  - Satel l i tes  i n  M e t e o r o l o g y ,  O c e a n o g r a p h y  a n d  H y d r o l o g y ,  1982 
596  - P r o c e e d i n g s  o f  the T e c h n i c d l  C o n f e r e n c e  on c l i m a t e  - A f r i c a  ( A r u s h a ,  25-30 

6 0 8  - Twentieth A n n i v e r s a r y  o f  the W o r l d  Weather Watch - O p p o r t u n i t i e s  a n d  O u t l o o k  f o r  

6 1 6  - F i r s t  WMO Long-Term P l a n  P a r t  I :  Overall P o l i c y  and  S t r a t e g y  ( 1 9 8 4 - 1 9 9 3 ) ;  1983 
6 2 4  - M e t e o r o l o g y  A i d s  Food P r o d u c t i o n ,  1985 
6 2 7  - T h e  Next D e c a d e  M e t e o r o l o g y  a n d  Operational H y d r o l o g y  in  the Service o f  Mankind - 
6 3 2  - P r o c e e d i n g s  of the C l i i n d t e  C o n f e r e n c e  f o r  Latin America and  the C a r r i b e a n  1 9 8 3 ;  1984 
6 3 7  - M e t e o r o l o g y  a n d  P u b l i c  S a f e t y ,  1985 
6 4 3  - M e t e o r o l o g y  a n d  S o c i e t y ,  1985 

a n d  M a n k i n d ,  G e n e v a ,  F e b r u a r y  1 9 7 9 ;  1979 

5 4 3  - M a  a n d  C l i m a t i c  V a r i a b i l i t y ,  1980 

J d n U d r y  1 9 8 2 ) :  1982 

I m p r o v e d  W o r l d  Weather Watch, 1983 

A P o l i c y  f o r  A d v a n c e m e n t ,  1985 

$ mit P r i c e  

C o m m i s s i o n v  C o n g r e s s ,  E x e c u t i v e  a n d  A n n u a l  R e p o r t s  
5 0 8  - R e s o l u t i o n s  o f  C o n g r e s s  a n d  E x e c u t i v e  C o r n i t t e e ,  1985 
5 4 7  - 8 t h  W o r l d  M e t e o r o l o g i c a l  C o n g r e s s  - P r o c e e d i n g s ,  1980 
5 6 8  - S c i e n t i f i c  L e c t u r e s  P r e s e n t e d  a t  the 8 t h  W o r l d  M e t e o r o l o g i c a l  C o n g r e s s ,  

5 9 0  - COmmiSSiOn f o r  Instruments a n d  M e t h o d s  o f  O b s e r v a t i o n  - A b r i d g e d  F i n a l  R e p o r t  o f  the 

5 9 8  - COttImiSSiOn f o r  A t m o s p h e r i c  Sciences - A b r i d g e d  F i n a l  R e p o r t  o f  the 8 t h  Session, 1982 
5 9 9  - WMO E x e c u t i v e  C o m m i t t e e  3 4 t h  Session - A b r i d g e d  R e p o r t  w i t h  R e s o l u t i o n s ,  1982 
6 0 2  - C o m m i s s i o n  for A e r o n a u t i c a l  M e t e o r o l o g y  - A b r i d g e d  F i n a l  R e p o r t  o f  the 7 t h  

6 0 3  - Long-Range T r a n s p o r t  o f  sulphur i n  the A t m o s p h e r e  and  A c i d  R a i n  - Lectures P r e s e n t e d  

6 0 6  - C o n s o l i d a t e d  R e p o r t  on the V o l u n t a r y  C o - o p e r a t i o n  Programme I n c l u d i n g  P r o j e c t s  A p p r o v e d  

6 0 9  - A n n u a l  R e p o r t  o f  the W o r l d  M e t e o r o l o g i c a l  O r g a n i z a t i o n ,  1982-83:  1983 
6 1 1  - C o m m i s s i o n  f o r  B a s i c  S y s t e m s  - A b r i d g e d  F i n a l  R e p o r t  o f  the 8 t h  Session, 1983 
6 1 4  - S c i e n t i f i c  Lectures P r e s e n t e d  a t  the 9 t h  m r l d  M e t e o r o l o g i c a l  C o n g r e s s ,  

6 1 5  - Ninth W o r l d  M e t e o r o l o g i c a l  C o n g r e s s  - A b r i d g e d  R e p o r t  w i t h  R e s o l u t i o n s ,  1983 
6 1 9  - WMO E x e c u t i v e  C o u n c i l  3 5 t h  Session - A b r i d g e d  F i n d l  R e p o r t  w i t h  R e s o l u t i o n s ,  1983 
6 2 8  - Annual R e p o r t  o f  the W o r l d  M e t e o r o l o g i c a l  O r g a n i z a t i o n  ( 1 9 8 3 ) ;  1984 
6 3 8  - C o m m i s s i o n  f o r  H y d r o l o g y  (CHY) - A b r i d g e d  Final R e p o r t  o f  the 7 t h  Session, 1985 
6 4 0  - commission for Marine M e t e o r o l o g y  ( C M M )  - A b r i d g e d  Final R e p o r t  of the 9 t h  

6 4 4  - Annual R e p o r t  o f  the W o r l d  M e t e o r o l o g i c a l  O r g a n i z a t i o n  ( 1 9 8 4 ) ;  1985 
6 4 8  - WMO E x e c u t i v e  C o m m i t t e e  3 6 t h  Session - A b r i d g e d  Final R e p o r t  w i t h  R e s o l u t i o n s ,  1984 
6 4 9  - S c i e n t i f i c  Lectures p r e s e n t e d  a t  the 3 6 t h  Session o f  the UNO E x e c u t i v e  C o m m i t t e e ,  1984 
6 5 1  - C o m m i s s i o n  f o r  Instrument a n d  M e t h o d s  o f  Observation - A b r i d g e  Final  R e p o r t  o f  the 

G e n e v a  1 9 7 9 ;  1981 

8 t h  Session ( 1 9 8 1 ) ;  1.982 

Session, 1982 

a t  the 3 3 r d  Session of the WMO E x e c u t i v e  committee, 1983 

f o r  C i r c u l a t i o n  in .1982-19831  1983 

G e n e v a  1 9 8 3 ;  1985 

Session , 19 85 

9 t h  Session (1982)  

R e p o r t s  o f  S e s s i 0 n . s  o f  R e g i o n a l  A s s o c i a t i o n s  
594  - R e g i o n d l  A s s o c i a t i o n  I I I  ( S o u t h  A m e r i c a )  - A b r i d g e d  Nna l  R e p o r t  o f  8 t h  Session, 1982 
6 0 4  - R e g i o n a l  A s s o c i a t i o n  V ( S o u t h - W e s t  P a c i f i c )  - A b r i d g e d  F i n a l  R e p o r t  o f  the 8 t h  

Session ( 1 9 8 2 ) ;  1983 

* In p r e p a r a t i o n  
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WHO No. unit P r i c e  

R e p o r t s  o f  S e s s i o n s  o f  R e g i o n a l  A s s o c i a t i o n s  ( c o n t ' d )  : 1983 25.00 
605 - R e g i o n a l  A s s o c i a t i o n  V I  ( E u r o p e )  - A b r i d g e d  F i n a l  R e p o r t  o f  the 8 t h  Session ( 1 9 8 2 j  1983 25.00 
607 - R e g i o n a l  Association I ( A f r i c a )  - A b r i d g e d  F i n a l  R e p o r t  o f  the 8 t h  Session ( 1 9 8 2 j  1985 25.00 
642 - R e g i o n a l  A s s o c i a t i o n  IS ( A s i a )  - A b r i d g e d  F i n a l  Report o f  the 8 th  Session (19821 

G a r p  S p e c i a l  R e p o r t s  
R e p o r t  of the S e m i n a r  on P r o g r e s s  i n  D i a g n o s t i c  S t u d i e s  o f  the G l o b a l  A t m o s p h e r i c  C i r c u l a t i o n  

Report o f  the S e m i n a r  on P r o g r e s s  i n  NLlmerical M o d e l l i n g  a n d  the t m d e r s t a n d i n g  o f  

R e p o r t  o f  the S e m i n a r  on Progress i n  T r o p i c a l  Meteorology a s  a R e s u l t  o f  the G l o b a l  

$27.00 

27.00 

40.00 

a s  a R e s u l t  o f  the G l o b a l  W e a t h e r  E x p e r i m e n t  ( A u g u s t  1 9 8 4 1 ,  N O .  42: 1985 

P r e d i c t a b i l i t y  a s  a R e s u l t  o f  the G l o b a l  W e a t h e r  E x p e r i m e n t  (October 19841, N o .  43, 1985 

Weather E x p e r i m e n t  (October 1 9 8 4 / ,  N o .  44: 1985 

A L P H A B E T I C A L  L I S T  OF O U T  OF P R I N T  P U B L I C A T I O N S  

The AMS has a limited supply of the following HMO publications. These titles are considered out of 
print and are only available from the AMS. Orders for these publications will be processed on a 'first 
come first serve' basis. Unprocessed orders will be returned promptly. 

208 - A Note on C l i m a t o l o g i c a l  N o r m a l s ,  T . N .  84: 1967 
355 - A i r f l o w  Over M o u n t a i n s  R e s e a r c h ,  1973 
378 - An I n t r o d u c t i o n  to  A g r o t o p o c l i m a t o l o g y ,  T . N .  133: 1974 
413 - A p p l i c a t i o n s  o f  S a t e l l i t e  Data t o  A e r o n a u t i c a l  M e t e o r o l o g y ,  1975 
249 - A r t i f i c i a l  M o d i f i c a t i o n  o f  C l o u d s  and P r e c i p i t a t i o n  , T . N .  105; 1969 
* * *  - B e a u f o r t  S c a l e  o f  Wind Force ( T e c h n i c a l  6 O p e r a t i o n a l  Aspects), M . S . A .  3 :  1970 
612 - c o m m i s s i o n  for A g r i c u l t u r a l  MeteOrOlOgy - A b r i d g e d  F i n a l  R e p o r t  8 t h  Session; 1983 
6 0 0  - C o m m i s s i o n  for C l i m a t o l o g y  6 A p p l i c a t i o n  o f  M e t e o r o l o g y  - A b r i d g e d  Report 8th 

282 - C o m m i s s i o n  for H y d r o l o g i c a l  6 M e t e o r o l o g i c a l  Services - A b r i d g e d  F i n a l  R e p o r t ,  1970 
584 - C o m m i s s i o n  for M a r i n e  M e t e o r o l o g y  - A b r i d g e d  Final Report of 8 t h  S e s s i o n :  1981 
512 - C o m p a t a b i l i t y  o f  Upper A i r  m t a ,  T . N .  163: 1978 
434 - Compendium o f  L e c t u r e  Notes in  M a r i n e  M e t e o r o l o g y  f o r  c l a s s  111 and c l a s s  I V  

240 - Compendium of T r a i n i n g  F a c i l i t i e s  f o r  M e t e o r o l o g y  6 O p e r a t i o n a l  H y d r o l o g y  

588 - C o n s o l i d a t e d  R e p o r t  on the V o l u n t a r y  C o - o p e r a t i o n  Program I n c l u d i n g  P r o j e c t s  

359 - E n v i r o n m e n t a l  F a c t o r s  i n  O p e r a t i o n s  t o  c o m b a t  O i l  S p i l l s ,  M.S.A. 9; 1973 
2 3 3  - E s t i m a t i o n  o f  Maximum F l o o d s ,  T . N .  98: 1969 
565 - F i r s t  P l a n n i n g  M e e t i n g  for TOPEX. Repor t  NO. 1 ;  1980 
* * *  - G l o b a l  Ocean R e s e a r c h  R e p o r t ,  M.S.A. 1: 1970 
1 5 9  - High Level F o r e c a s t i n g  for Turbine E n g i n e d  A i r c r a f t  Operations Over A f r i c a  f i  

M i d d l e  E a s t ,  T . N .  64: 1964 
257 - HOW t o  Become a M e t e o r o l o g i s t ,  1970 
475 - I n f o r m a t i o n  on the A p p l i c a t i o n  o f  M e t e o r o l o g i c a l  S a t e l l i t e  Data i n  R o u t i n e  

4 2 9  - I n t e r c o m p a r i s o n  o f  C o n c e p t u a l  Hodels  Used i n  O p e r a t i o n a l  H y d r o l o g i c a l  

491 - I n t e r n a t i o n a l  O p e r a t i o n s  Handbook for Measurement  of Background Atmospheric 

551 - L e c t u r e  Notes for T r a i n i n g  C l a s s  11 a n d  C l a s s  111 A g r i c u l t u r a l  M e t e o r o l o g i c a l  

332 - Manual For E s t i m a t i o n  o f  P r o b a b l e  Maximum P r e c i p i t a t i o n ,  O.H.R. 1: 1973 
197 - Manual on M e t e o r o l o g i c a l  O b s e r v i n g  i n  Transport A i r c r a f t ,  1st Edition, 1966 
225 - Measurement  o f  p e a k  D i s c h a r g e  b y  I n d i r e c t  M e t h o d s ,  T . N .  90; 1968 
251 - M e t e o r o l o g i c a l  ~spects  o f  A i r  P o l l u t i o n ,  1970 
243 - M e t e o r o l o g y  and  G r a i n  S t o r a g e ,  T . N .  101; 1969 
138 - M e t e o r o l o g y  and the M i g r a t i o n  o f  DeSert L o c u s t s ,  T . N .  5 4 ;  1963 
226 - Methods In  U s e  For The R e d u c t i o n  o f  A t m o s p h e r i c  P r e s s u r e ,  T . N .  91: 1981 
427 - Modern D e v e l o p m e n t s  i n  H y d r o m e t r y ,  001. I I  - P a p e r s  S u b m i t t e d  by A u t h o r s  and  

Discussion o f  I n t r o d u c t o r y  Reports and P a p e r s  (Vol. I out of print and 
out of stock), 1976 

Session: 1983 

P e r s o n n e l ,  1976 

5th Edition , 1980 

A p p r o v e d  i n  1 9 8 1 :  1982 

O p e r a t i o n s  and Research, 1977 

F o r e c a s t i n g ,  O.H.R. 7; 1975 

P o l l u t i o n ,  1978 

p e r s o n n e l ,  1980 

388 - M u l c h i n g  E f f e c t s  on P lan t  C l i m a t e  and Y i e l d ,  T . N .  136: 1975 
549 - Papers P r e s e n t e d  a t  the WMO T e c h .  C o n f e r e n c e  on R e g i o n a l  and b l o b a l  Observation 

1 3 3  - Protection A g a i n s t  Frost Damage, T . N .  51: 1963 
o f  A t m o s p h e r i c  p o l l u t i o n  R e l a t i v e  t o  c l i m a t e ,  s . E . R .  14; 1980 
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WHO NO. 

O u t  o f  P r i n t  P u b l i c a t i o n s  ( c o n t ’ d )  
524 - Regional  A s s o c i a t i o n  IV ( N o r t h  6 central m e r i c a )  - Hurricane Opera t iona l  P l a n :  1979 
586 - Reg iond l  A s s o c i a t i o n  I V  ( N o r t h  & central A m e r i c a )  - Abr idged  Final Repor t  

383 - Rev iew  of Urban C l i m a t o l o g y  1968-1973, T.N. 134: 1974 
539 - Review of Urban C l i m a t o l o g y  1973-1976, T.N. 169: 1979 
283 - S a t e l l i t e  and Computer A p p l i c a t i o n s  t o  S y n o p t i c  Meteorology ,  1971 
312 - S e l e c t e d  Papers  on Meteoro logy  a s  Re la ted  the Human mvlroment, S.E.R. 2; 1971 
199 - Some Methods of C l i m a t o l o g i c a l  A n a l y s i s ,  T.N. 81: 1966 
178 - S t a t i s t i c a l  malysis  and Prognosis i n  m t e o r o l o g y ,  T.N. 71: 1966 
231 - T h e  Measurement o f  A tmospher i c  R a d i o a c t i v i t y ,  T.N. 94: 1968 
618  - T r o p i c a l  Cyc lone  Opera t iona l  P l a n  f o r  ~e South West I n d i a n  Ocean, 1983 
450 - WNO Symposium on the I n t e r p r e t a t i o n  of Broadsca le  Nkrp P r o d u c t s  for Local P o r e c a s t i n g  

399 - W M O / I m p  scienti f ic C o n f e r e n e  on Weather M o d i f i c a t i o n ,  T a s h k e n t ,  

162  - WMO/Iucc Symposium on Research  6 D e v e l o p e n t  A s p e c t s  of Long-range 

562 - Weather and A i r b o r n e  Organisms, T.N. 173: 1980 
113 - Weather and m o d  (Freedom from Hunger Campaign, Basic Study No. l), 1962 
533 - World M e t e o r o l o g i c a l  Congress  - Abridged  Repor t  w i t h  R e s o l u t i o n s ,  8 t h  session: 1979 

8 t h  s e s s i o n ;  1982 

Purposes, Warsaw, 11-16 Oc tober  1976: 1976 

1-7 October  1973: 1974 

F o r e c a s t i n g ,  T.N. 66: 1965 

4 tm i t  P r i c e  

Announcing the tenth edition. . 
Curricula 
in the 
Atmospheric, 
Oceanic, and 
Related 
Sciences: 
1984 

Colleges 
and 
Universities 
in the 
United States 
and 
Canada 

ISBN 0-933876-59-9 

Tliis new and expanded version of the Society-sponsored series of bien- 
nial reports on academic curricula surveying U.S. and Canadian colleges 
and universities offering degrees or majors in the atinosplleric sciences, 
physical or dynamical oceanography, and hydrology is cosponsored by 
the University Corpontion for Atmospheric Research. 

The report includes information for 99 schools on academic and key re- 
search personnel, types of degrees granted, undergraduate and/or grad- 
uate courses and credits, types of financial support, research programs 
and their principal investigators, numbers of degrees granted, and de- 
scriptions of special facilities. A summary consolidation of key data is 
included. 

The educational and reference information contained in this volume is 
an indispensable resource to prospective students. to those involved in 
career planning and counseling, and to the entire atmospheric, oceano- 
graphic. and hydrologic community. 

Over 350 pages-price $12.00 

(add $2.00 postagdhandling) 

Send orders and remittance to: 

American Meteorological Society 
45 Beacon Street, Boston, MA 02108 
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A FIELD GUIDE To THE 
AWiPHERE 
VINCENT J. SCHAEFER /JOHN A. DAY 

THE PETERSON FIELD GUIDE SERIES 

A unique guide to the skin of 
air that surrounds the earth and 
to the phenomena that can be 
observed there - air pollution 
and tropical storms, cumulus 
clouds and contrails, mist and 
graupel. 

This book tells how to judge the 
condition of the atmosphere - 
and forecast the weather - by 
watching the shapes of clouds, 
the color of the sky, and the 
visibility of landmarks. It tells 
how to photograph clouds from 
an airplane, how to make clouds 
in a freezer, and how to catch a 
snowflake’s image in a bit of 
plastic. 

Chapters on unusual clouds, 
severe storms, color in the at- 
mosphere, particles in the 
atmosphere, precipitation, 
weather modification, and sim- 
ple experiments that can be per- 
formed in any home make this 
Field Cuidc a brilliant introduc- 
tion to meteorology. 

March 1981 
Nonf iction/Nature 
384 pp. 4% x 7% 
32 color photographs, 
337 b/w photographs 
53 line drawings 
ISBN 24080-8 

3.95 add $1.00 postage 

Send order and remittance t o :  

American Meteorological Society 
45 Beacon St., Boston, Mass. 02108 



AMERICAN 
METEOROLOGICAL 
SOCIETY 

SINCE 1919 

serving an international membership 
in the atmospheric 
and related hydrospheric sciences 

P R O F E S S I O N A L  
S E R V I C E S  

A C T I V I T I E S  

E D U C A T I O N  

M E M B E R S H I P  

Y O U  A N D  A M S  

YOU AND AMS 

MEMBERSHIP IN T H E  AMS MEANS THAT 

YOU 

YOU 

YOU 

YOU 
YOU 

YOU 

YOU 

YOU 

YOU 

can keep abreast of the latest techniques and 
developments in the atmospheric sciences and 
related fields in industry, government, education 
and private meteorology. 
can participate in and attend local chapter 
meetings, national conferences and specialized 
symposia thus contributing and gaining in 
knowledge and stature. 
can receive the various quality journals and 
publications of the AMS at a reduced rate. 
can receive job opportunity listings. 
can obtain guidance material and expert 
counsel. 
can associate with fellow meteorologists 
and other distinguished scientists and develop 
lasting professional and personal friends. 
can continue your  technical education and keep 
pace with scientific advancement. 
can provide leadership for students, the 
scientific community, the public and A M s .  
can support and contribute to the major 
programs that lead to scientific progress and 
educational development of the world. 

WHETHER YOUNG O R  EXPERIENCED 

AMS NEEDS YOU 

Write for an application: 
American Meteorological Society 

45 Beacon Street 
Boston, MA 02108 


