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FOREWORD 

I t  is just twenty months since the 2nd Conference in Williamsburg and we are ready once 
again to present current research activities in  t h e  science of remote sensing of tlie atmosphere 
and oceans. A total of 96 papers’ in regular sessions and 18 papers in joint sessions will be 
presented during the week. This  intense activity suggests a growing and vital cotnmunity. Also, 
t h e  opportunity for joint sessions here and a t  previous conferences suggests tlie vital role satellite 
observations play in current research in many subfields. 

In 1986 the name of the AMS committee and the conference were  changed to include 
Oceanography. I t  is especially appropriate that we have scheduled a joint session with the 
Ocean-Atmosphere Interaction Conference here in Anaheim. A joint session with the Interactive 
Information Processing conference is also planned. Other highlights of the week include: 

I )  A session on New and Future Systems to  include discussion of remote sensing platforms 
planned for the 1990s. 

2) For the first time a session on Ocean Remote Sensing. 
3) An update on ISCCP (International Satellite Cloud Climatology Project) progress 

including some results from the recent regional experiment. 
4) A wide array of additional topics from atmospheric sounding techniques to weather arid 

forecasting applications to radiation budget studies. 
A careful examination of the program reveals that the remote sensing coininunity is in  

transition in two respects. First, we  await the next generation of operational satellites and an 
array of international efforts especially in exploitation of microwave frequencies (passive and 
active). Many new techniques using these sensors are being anticipated. Some of them will 
render current satellite techniques obsolete. Second, we  continue to increase our contributions to 
the resolution of some fundamental questions about the atmosphere and oceans (ERB, cloud 
climatology, severe storm dynamics, air-sea interaction, SST, ocean circulation systems). This is 
in contrast to traditional, technique oriented studies where new methods of observation are 
developed. Evidence of this is also apparent in other conferences where  satellite studies of 
fundamental issues are appearing with greater frequency. These transitions eiisiire a growing and 
vigorous community and, in the short term, an exciting week of presentations and discussions. 

Philip A. Durltee 
Prograin Chairman 

PROGRAM COMMITTEE Philip A. Durkee 
Denn i s Che s t er s 
Floyd Hauth 
Kenneth R. Hardy 

Stanley Q. Kidder Riitliotiy Mostck 
Dale Lowry Gregory S. Wilson 
David S. McDougal 
Erik Mollo-Christensen 

l’liorrias Votider I laar 
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1.1 

EVALUATION OF SATELLITE SAMPLING OF THE MIDDLE ATMOSPHERE 
USING THE GFDL SKYHI GENERAL CIRCULATION MODEL 

Denise Stephenson Graves 
AT&T Bell Laboratories 

Whippany, NJ 07981 

1.0 INTRODUCTION 

Atmospheric data gathered via the satellite platform currently 
provides more than 4 times the global meteorological information 
available from the traditional radiosonde-rawinsonde- 
rocketsonde-oceanic sensor network. The majority of the 
traditional ground-based measurement stations are located in the 
Northern Hemisphere while the maritime sensor network provides 
most of its meteorological coverage over the principal maritime 
regions. The satellite however, gives complete global coverage, 
providing a massive data base containing the majority of 
meteorological data gathered over global maritime regions as well 
as over land areas in the Southern Hemisphere. 

Atmospheric data obtained from the aforementioned 
traditional means have historically been accepted by the scientific 
community as "truth". Temperature and wind fields calculated 
from satellitebased measurements have been routinely compared 
to this "truw to determine the validity of the satellite's indirect 
method of measurement. Because the satellite platform routinely 
provides a more complete and consistent data set over maritime 
regions relative to other atmospheric sensors, the routine use of 
weather ships and weather ~COM~~SSMCC has been abandoned. 
This decrease in the traditional sources of data, particularly over 
oceanic areas, has resulted in less observational data available to 
aid in the validation of data from the satellite platform. 
Consequently, the importance of satellite data in describing the 
atmosphere over these regions has increased. 

The'overall objective of this study is to examine the validity of 
various "meteorologically-significant" dynamical diagnostics 
calculated from data measured from the satellite platform with 
principal focus within the northern hemisphere, wintertime 
middle atmosphere. Two items are of particular concern in this 
study. These are (1) the accuracy of the structure of global 
atmospheric temperature fields calculated from satellite 
measurements and (2)  the sensitivity of various meteorological 
fields defined from satellite temperatures to emrs  in these 
temperature fields. The satellite platform provides the most 
complete and consistent global coverage of the earth's 
atmosphere. Because the data obtained from this platform are 
frequently used to examine mathematical theoria thought to 
M b e  fluid motions of the earth's atmosphere, a thorough 
understanding of the attributes and limitations of the satellite's 
~eteorological data base is desirable. 

The approach taken here to study this problem is to simulate a 
nadir-viewing, near polar-orbiting satellite that samples the carth's 
middle atmosphere. Numerically simulated satellite 
measurements of the atmosphere's longwave and microwave 
radiation arc used in a mathematical inversion scheme to convert 
the satellite's measured radiation to temperaturts. Using the 
vertical temperature profiles defined from the simulated satellite 
radiation data, meteorological fields of geopotential height (Z), 
zonal (LJ) and meridional (V) winds, heat and momentum fluxes, 
the Ertel's isentropic potential vorticity and the divergence of the 
Eliassen-Palm flux are calculated. Direct comparisons are then 
made between the satellite's view of these meteorological 
variables and the "true" variables. 

2.0 DATA AND ANALYSIS PROCEDURE 

The current study mumes that the verification data set (the 
"true" meteorological variables that &be the e ' s  
atmospheric state) is defined by calculations from the National 
Oceanic and Atmosphetic Administration ( N O M )  Goophysical 
Fluid Dynamics Laboratory's (GFDL) SKYHI general circulation 
model (GCM). Several versions of the SKYHI CXM exist which 
differ primarily in the degree of resolution of the model's 
horizontal grid. The version of the SKYHI GCM uscd in this 
study has horizontal resolution of 3" of latitude by 3.6" of 
longitude (N30 vedon) with 40 vertical levels extending from the 
earth's surface to approximately 80h. (Sce Fels et al. (1980) for 
further details of the version of SKYHI used in this study.) Data 
from SKYHI are used in this study in lieu of actual meesunments 
of the earth's atmosphere because the GCM provides a complete, 
consistent set of global, synoptic data with known spatial, vertical 
and temporal resolution. This type of resolution can be obtained 
from traditional obswations only after extensive 
interpolativdextrapolative analysis and concatenation of 
measurements from a myriad of observing instruments (each 
instrument having a different accuracy) have ban performed. 
The advantage of using the SKYHI GCM data is that concuns 
such as (a) the impact of undersampling in describing the 
atmospheric state, (b) the impact of instrumental error upon 
measured meteomlogical fields, (c) the effect of measurements 
obtained at different timca (asynoptic) in describing the global 
atmosphere at a specific instance in time (synoptic) and (d) the 
influence of human intervention in subjcaively analyzing the 
measured fields becomes moot. 

The time of year selected for this case study, January, contains 
both quiescent and highly transient meteorological episodes. This 
was done because the hue test of the reliability of the s a t a t e  as 
an investigative tool lies in its ability to characterize accurately, 
hi@y variable phenomenon, e.g., the evolution of major and 
minor stratospheric sudden warming events. These extreme 
situations are both provided to some degrec in the January 
SKYHI GCM data used here. 

The analysis techniques used in this study for calculating 
vertical temperature profiles from satellite radiances are designed 
to parallel the operational procedur*, of NOAANational 
Environmental Satellite Data Information &Ma 
( N O M S D I S )  in Suitland, Maryland. (Sec Weinrcb and Hill 
(1980) and Weinreb et al. (1981) for details of the computer 
analysis techniques.) From an asynoptic sample of temperatures 
for the month of January, transmittances and radian= are 
defined which cornspond to the instruments comprising the 
Television Infrared Oprating Sounder (TIROSN) Opuational 
Vertical Sounder (TOVS). The TOVS satellite system i s  
comprised of three instruments that measure the atmosphere's 
emitted radiation. These instruments are the High Rcaolution 
Infrared Sounder (HIRSZ), the Stratospheric Sounding Unit 
(SU),  and the Microwave Sounding Unit (MSU). 
NOAA/NESDIS uses the mathematical technique of statistical 
linear regression analysis to define vertical temperature profiles 
from satellite radiances measured by each of these ~nstruments. 
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(See Smith and Woolf (1976) for details of the technique of 
statistical linear regression analysis employed by 
NOAA/NESDIS.) This technique requires the use of predefined 
vertical profiles of temperature and water vapor mixing ratio to 
infer the vertical atmospheric temperature structure from the 
satellite’s radiation measurements. The predefined fields of 
temperature and water vapor mixing ratio used by 
N O W D I S  are comprised of climatological and near real 
time data obtained from the traditional radiosonde and 
rocketsonde networks. This observational data network has been 
simulated in the current study and the resultant meteorological 
data are used in the inference of vertical temperature structure 
from the satellite’s radiation field. 

Several issues are examined in this study More  comparisons 
are performed between the meteorological variables calculated 
from the nadir-viewing satellite’s temperature fields and the “true” 
variables of the SKYHI atmosphere. These include: 

i. similarities and differences between the SKYHI GCM and 
the earth‘s atmosphere 

ii. the limitations of using the quasi-geostrophic 
approximations to define the atmosphere’s true zonal mean 
zonal wind, meridional fluxes of heat and momentum and 
the Eliassen-Palm (EP) flux divergence, divF 

iii. the limitations of a discrete, synoptic sample of the 
atmospheric temperature field in defining the true character 
of the temperature field 

iv. the attributes and limitations of objective analysis 
techniques employed to convert asynoptic satellite data to a 
synoptic form, and 

v. the impact of the density of the global 
radiosonddrocketsonde data measurement network in 
defining vertical temperature profiles from satellite radiance 
measurements 

The importance of portions of items (ii) and (v) are a d d r d  in 
this paper. Further details of the work presented in this paper 
and the meteorological issues listed but not discussed can be 
found in Graves(1986). 

3.0 DISCUSSION 
Comparisons were made between data from the SKYHI GCM 

and observational data analyses to a s w  the realism of SKYHI 
relative to the earth’s atmosphere. These comparisons were 
performed to determine the appropriateness of using the SKYHI 
GCM data as a surrogate for the earth‘s atmosphere for purpose 
of conducting a study that models the retrieval of atmospheric 
field data (Le. temperature, wind and other derived dynamical 
quantities) from satellite measurements of the earth‘s radiation 
field. Using three climatological data sets, Geller, Wu and 
Gelman (1983), Hamilton (1982), and Labitzke and 
Collaborators (1972) as indicators of the earth‘s true atmospheric 
character, the time averaged, horizontally varying and zonally 
averaged fields of temperature, wind, meridional eddy fluxes of 
momentum and temperature and the Eliassen-Palm flux 
divergence were examined relative to those diagnostics from 
SKYHI. Also, the realism between vertical profiles of 
temperature and zonal and meridional winds from SKYHI at 
selected rocketsonde station locations was examined relative to 
these data defined in the Range Reference Atmosphere atlases 
(e.g.,1983). The SKYHI results are repreaentative of a single 
year of GCM data while the climatologies are defined from 
s e v d  yeam of observations. 

Concluded from this comparative analysis was that SKYHI is 
a reasonable substitute for the earth‘s atmosphere for purposes of 
this simulated satellite study. Two comparisons that were made 
have a direct influence on the simulated satellite results presented 
here. These are 

i. comparisons between the use of the geostrophic and 
gradient wind equations in approximating the zonal winds 
of SKYHI and 

ii. comparison between SKYHI’s actual Eliassen-Palm flux 
divergence and this divergence calculated from the SKYHI 
data using the quasi-geostrophic potential vorticity 
equation. 

The first comparison resulted in the use of the gradient wind 
equation to define the simulated satellite meteorological 
parameters. Concluded from the w o n d  cornparison was that the 
eddy-induced E-P flux divergence eddies calculated from the 
meridional flux of quasi-geostrophic potential vorticity 
underestimates the true magnitude of SKYHI’s divF by 10% 
within the upper stratosphere and by larger percentages in the 
lower mesosphere. The errors inherent in the satellite inferred 
divF can only exceed these estimates. The impact of this final 
comparison upon actual meteorological analyses cannot be 
addressed in reality but only through a simulated study of this 
nature. 

An understanding of the mathematical method used to infer 
vertical temperature structure from satellite measurements of 
radiation emitted from the atmosphere is paramount to 
understanding the results of this study. The process of inferring 
vertical temperature structure from measurements of the radiation 
emitted from the atmosphere requires the numerical-inversion of 
the equation of radiative transfer. The radiance,-I(B), can be 
defined in terms of the spectral response function, @ ( u ) ,  given as 
a function of the inverse monochromatic frequency, Y, and the 
monochromatic radiance, I(v,e),  upwelling from the atmosphere 
as a function of u and zenith angle 0 as 

v)  

Instruments for measuring the earth’s emitted radiation, that is, 
radiometers, must be quantitatively definable so that calculations 
can be made of the radiation emitted within a finite spectral (i.e,, 
frequency) interval. The term “channel” is used to describe this 
finite frequency range within which radiation is being measured. 
Spectral response functions, cD(v), defined as a function of 
wavenumber, describe the nonuniform way in which the various 
channels of the radiometer react to radiation incident upon them. 
The monochromatic radiance is represented by the equation 

I(u,O) is defined for a non-scattering, plane-parallel atmosphere 
in local thermodynamic equilibrium. Also, other variables in 
equation (2) are: 

B ( v , T ) :  Planck function 

T ( v , ~ , P ) :  fractional transmittance from level p to the 

e(v,e): surface emissivity. 

s (subscript): surface 

altitude of the radiometer (m) 

The problem of inverting the integral equation of radiative 
transfer given by (1) is an ill-conditioned one. This equation is 
ill-conditioned because there are only a finite number of 
measurements available to infer the atmosphere’s temperature 
profile which is a continuous function of pressure. 

There are many methods available to solve equation (1) for 
the earth’s unknown temperature profile. The solutions obtained, 
however, are not unique, The technique of statistical linear 
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regression used by NOAA/NESDIS calculates an atmospheric 
temperature as the deviation of an unknown temperature T from 
"some" climatological mean temperature. This deviation can be 
expressed as a linear combination of the deviation of the 
measured equivalent brightness temperature (determined from the 
satellite's channel radiance measurements) from "some" 
climatological mean equivalent brightness temperature. 

SKYHI GCM data were used to reconsmct the indirect 
retrieval of vertical temperature profiles from satellite radiances 
above 100mb. The process begins by defining asynoptic 
temperature (later referred to in section 4 as SKYHI SAT), 
relative humidity and surface pressure profiles from SKYHI 
corresponding to the subsatellite ground track of a nadir-viewing, 
near polar orbiting satellite. Computer programs used in 
performing the SKYHI temperature to simulated satellite 
temperature calculations were provided by M. Chalfant of 
NOAA/NESDIS in Suitland, MD. 

Transmittances and radiances representative of the instruments 
comprising the TOVS system of NOAA's TIROSN satellite 
system were calculated from the SKYHI data. Satellite simulated 
temperatures were then calculated using the technique of 
statistical regredon analysis from the SKYHI radiances and two 
climatological temperature data bases. These data bases are 

a SKYHI climatological data base that has spatial locations 
contiguous with radiosonde stations; lags the satellite 
simulated temperatures in time by two weeks and 

the PDS1200 data currently employed by NOAA/NESDIS 
for temperature inversions above tomb. 

i. 

ii. 

The PDS1200 i s  a permanent data set (PDS) comprised of 1200 
instantaneous vertical profiles of atmospheric temperature and 
relative humidity measured from rocketsondes during the time 
period 1963 through 1972. These profiles are representative of 
high latitude, middle latitude and tropical environments but are 
predominantly northern hemisphere (NH) data. 

A fundamental question regarding the use. of the technique of 
statistical linear regression analysis is how sensitive are the 
inferred satellite temperatures to the information contained in the 
climatological data bases. This question is addressed in the next 
section by using three different data sets to initialize the 
regression technique. These data sets are generically referred to 
as initialization data sets. m e  initialization data set used by 
NOAANFSDIS in the inference of atmospheric temperatures i s  
always comprised of PDS1200 data above the lOmb pressure level 
and near real time radiosonde data below the lOmb level. The 
coupling of these independent data sets at tomb defines a 
discontinuity in the information used to infer temperatures from 
satellite measurements using the technique of statistical linear 
regression analysis. The implications of using each of these data 
sets in calculating vertical temperatures via the technique of 
statistical linear regression analysis are discussed in the next 
section. 

Three initialization data sets are used in this study to analyze 
their influence on temperatures inferred from satellite 
measurements. The data comprising each of the initialization 
data sets used in this study and the acronyms representing each 
are 

i .  PDS: PDS1200data 

i i .  NHCONT: SKYHI GCM data spatially located at existing 
NH radiosonde sitca; data are sampled randomly in time 
within the two weeks preceding the simulated satellite 
temperature retrievals 

iii. NHDISCONT: NHCOh'T data from 1M)mb to 10mb; 
PDS1200 data above 1Omb. (This data set mimics the 
operational procedure currently employed by 
NOAA/NESDIS.) 

The satellite temperatures were interpolated onto a mar 
grid prior to defining the geopotential height and wind fields for 
each day in January. The daily SKYHI lOOmb synoptic 
geopotential height was used as the reference surface when the 
geopotential height field was calculated wing the hypsometric 
equation. Fourier transforms of the T, U, V and Z fields were 
used to interpolate these data onto an even global spatial grid that 
has the same spatial resolution as the SKYHI GCM. These fields 
were then used to calculate the quasi-geostrophic Elisssen-Palm 
flux divergence from the quasi-geostrophic potential vorticity. 
Comparisons were then made between the simulated satellite 
fields of these meteorological quantities and the original SKYHI 
fields. 

4.0 RESULTS 

Simulated satellite temperature fields and Eliassen-Palm flux 
divergence maps are compared with these meteorological fields 
calculated from SKYHI GCM data. Temperature comparisons 
show that the accuracy of satelliteinferred temperatures 
determined from the use of the technique of statistical linear 
regression analysis is highly dependent upon the initialization data 
set used. Finally, the comparison of satellite estimates of the 
Eliassen-Palm flux divergence with the true SKYHI GCM fields 
shows differences in both the magnitude and sign of divF within 
the middle atmosphere. 

4.1 Temperatures 

The experiment comparison to follow uses the initialization data 
sets described in the previous section, namely, PDS, NHCONT 
and NHDISCONT to calculate satellite temperatures using the 
method of statistical linear regression analysis. Shown in Figure 1 
are three contour plots depicting zonal mean temperature 
differences for Janllary 1 defined as a function of latitude and 
pressure. The first depicts the difference between the SKYHI 
GCM asynoptic temperatures (SKYHI SAT) and PDS while 
Figure l b  defines the difference between SKYHI SAT and 
NHCONT. In the winter hemisphere (NH), the magnitude of 
temperature errors using either initialization data set is 
comparable, generally less than 5°K throughout the middle 
atmosphere. Exceptions, however, dominate the lower 
mesosphere where errors exceed 12°K for both initialization data 
sets. The large temperature errors in the summer hemisphae 
middle atmosphere using either PDS or NHCONT are an artifact 
of inferring summer temperature s t r u c h ~ r  from a NH 
initialization data set. 

Errors from use of PDS in equatorial regions above 5mb m 
on the order of 10°K while the errors from use. of NHCONT in 
this region are double this value above lmb. This is a region of 
high gravity wave activity within the SKYHI GCM (Miyahara, 
Hayashi and Mahlman, 1985). The sampled data comprising 
NHCONT can only approximate the true wave activity in the 
tropics to a limited degree. The sparsenss of radiosonde station 
locations in the tropics reflected in both of the initialization data 
sets used here and the accuracy of the temperature variability 
defined from these station data contribute to the large errors. 

Shown in Figure l c  are contom of the temperature difference 
between SKYHI SAT and NHDISCONT. A comparison 
between Figures l b  and IC indicates significant incrceses in 
temperature differences. Differences from 5°K to 20°K are noted 
at the level of discontinuity, lOmb, and in the lower mcsosphae 
when the continuous data, Figure la, arc cornparod with the 
discontinuous data Figure IC. It should be noted that temperature 
differences are significantly less as a mult of improved 
temperature inferences within the stratosphere, when the vertically 
continuous PDS data are used in lieu of the discontinuous data 
(NHDISCONT). Therefore, this comparison indicates that a 
more realistic approximation of vertical temperature structwt in 
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Figure 1. Zonal Mean Temperature Differences for January 1. 
(Units: O K )  

the vicinity of the lOmb level would result from use of the 
continuous PDS1200 data. 

For both data comparisons, SKYHI SAT vs. NHCONT and 
SKYHT SAT vs. NHDISCONT, there is a systematic pattern of 
regions of positive and negative temperature differences 
throughout the equatorial middle atmosphere. This  may be 
indicative of a misrepresentation of the vertical phase of the true 
SKYHI temperature waves by the satellite temperature. 

Shown in Figure 2 is a latitudelpresure map depicting the 
difference between the SKYHI SAT tmpexatures and the 
temperatura in the PDS1200 initialization data set. This figure 
diffcrs from Figure la  in that the t e m p t u r e  differences in 
Figure la are defined between SKYHI SAT and the satellite's 
temperaturea inferred from the use of the PDSlZOD as the 
initialization data set. In contrast, Figure 2 describes the 
temperature differences between SKYHI SAT and the latitude 
band averaged temperatures in the PDS12M) initialization data 
set. Comparisons between Figurea la and 2 indicate similar 
patterns of temperature differences within the tropical middle 
atmosphere. Particularly evident from a comparison of Figures 
la  and 2 is the fact that the technique employed by 
NOAA/NESDlS does a remarkably good job of approximating 
the SKYHI SAT temperatures within the extratropical 

5 
L A T I ~ U D E ? ~  

Figure 2. SKYHI SAT minus the temperaturw comprising the 
PDSl200 (Latitude band spatial averages are used to define the 
contoured temperature differences.) (Units: "K) 

atmosphere. T h i s  excellent agreement is achieved in spite of the 
existence of extremely large temperature differences between the 
SKYHI SAT zonally averaged temperatures and the latitudinal 
band averaged tempera- comprising the PDS1200 data set 
(Figure 2). 

4.2 Eliassen-Palm Flux Divergences 

The Eliassen-Palm flux divergence is a meteorological 
diagnostic that defines the influence of eddy motions in forcing 
the zonally-averaged zonal flow. Because of the importance of 
divF as an indicator of atmospheric behavior, it is important to 
d e t d n e  its fidelity as derived from satellite radiance 
measurements relative to that defined given the true temperature 
and wind fields. DivF is numerically defined for this study a8 the 
zonally averaged meridional eddy flux of quasi-geostrophic 
potential vorticity. 

Shown in Figure 3 are three latituddprcssure maps of divF 
averaged for seven days during the time period 01-14 January. 
The first defines divF as calculated geostrophically from the 
SKYHI GCM data. The second and third map display contours 
of divF as derived from the two sets of satellite temperature data, 
NHCONT and NHDISCONT, respectively. 

Poleward of 6PN latitude, the region of convergent divF in 
SKYHI (Figure 3a) is also defined by both the NHCONT and 
NHDISCONT data. The magnitude of maximum convergence 
diffen for the three cases, SKYHI indicates 22.8*10-5rn/sec2 
while NHCONT defines a value of 25.1*IO-5mlsec2 and 
NHDISCONT -28.3* 10-5m/sec2 for 60"N latitude at the Imb 
preasure level. The degree of agreement/disagreement indicated 
by these values highlight the fact that many of the essential 
features of divF are not accurately represented from the satellite 
data. For example, both estimates of divF from the satellite data 
define a small region of divergence poleward of 60"N latitude in 
the middle to upper stratosphere, not indicated by the SKYHI 
data. Also, equatoncrard of 50"N latitude there is very poor 
agreement between SKYHl's dfvF and that calculated from the 
satellite temperatures. 

There are many reasons for the failure of the simulated 
satellite data to accurately define the magnitude and sign of divF, 
particularly poleward of 60"N in the upper stratosphere. Before 
beginning an elaboration of these reasons, it must be emphasized 
that the calculation of the meteorological diagnostic, divF, 
requires several differentiations of the geopotentid height field, 
which is, in turn, determined from temperatures inferred from 
satellite radiance measurements. To retain accuracy, a 
diflerentiated field must be virtually free of "noise" or errorless on 
the scale on which the differentiation occurs. If this is not the 
case, then erroneous differentiations will result in incorrect 
diagnostics 

There is a high percentage of spatial temperature variance in 
SKYHI equatorward of 50" latitude in the upper stratosphere that 
cannot be explained from sampled satellite temperatures. At 
best, the temperature information defined for spatial scales larger 
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than wavenumber 6 will be aliased by the measurements and 
temperature inferences into smaller wavenumbem. This 
information is vitally important when defining a highly 
differentiated field. In contrast, the N H  stratospheric midlatitude 
dynamics are dominated by large amplitude, long waves that are 
more accurately characterized from the nadir viewed satellite 
data. This explains the more accurate representation of divF by 
the satellite data in this region. Without an accurate description 
of spatial variations, it is improbable that a m t e  values of divF 
can result. 
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Figure. 3. Time averaged, LatituddPressure Maps of the 
Eliassen-Palm Flux Divergence. Data averaged for 7 days during 
the time period 01-14 January. (Units: 10-5rn/sec2) 

5.0 SUMMARY AND CONCILJDING REMARKS 

A simulated case study has been performed to examine and 
define the limitations of vanous "met~rologicaily-siignifictint" 
dynamical diagnosticv calculated from data measured from the 
satellite platform relative to the m e  diagnostics in the 
atmosphere. In research of this study objective, two items of 
particular concern were highlighted in this paper. They are 

i. the accuracy of the structure of global atmospheric 
temperature fields calculated from satellite radiance 
measurements and 
the sensitivity of the Eliassen-Palm flux divergence defined 
from satellite temperatures to errors in these temperature 
fields. 

The role played by climatological data in the inference of 
temperature from satellite measured radiances using the method 
of statistical linear regression analysis is illustrated. Temperaturc 
differences between asynoptic SKYHI t e m p c r a m  and simulated 
satellite temperaturcs of less than 3°K CM be found in the 
midlatitude lower stratosphere but CM exceed 10°K equatorward 
of 50"N in the upper strataspherdower mesouphen. The 
divergence of the Etimn-Palm flux as defined from the satellite 
radiances significantly differs in both magnitude and sign from 
that of SKYHI throughout the middle atmospheie. 

Results of this study have indicated that measurements of 
atmospheric radiation obtained from the satellite platform can be 
succe&ully used to provide a broad gamut of meteorological 
information. Measurements from the satellite platform, at 
present, provide indim? measures of the atmosphere's vertical 
structure. The results of this study have identified limitations 
mncerning the practical use of the technique of statistical lineax 
regression currently used by NOAA/NESDIS to define 
temperature from satellite channel ~ d i a n c e ~ .  In particular, the 
fact that if different initialization data sets are used to calculate 
temperature from identical satellite mdiance~ using the 
NOAA/NESDIS technique, then the results CM differ 
dramatically. 

The eradication of the majority of these limitations appcar 
plausible based upon the research conducted within this study. 
Others, however, require additional study and possibly a changc 
in the analysis approach currently employed by NOAA/NESDIS 
to calculate temperature from satellite r a d i ~ c e ~ .  The most 
obvious change in the current system signals the need for more 
rocketsonde data in the upper atmosphere high latitude regions, 
within the tropics and within the Southern Hemisphere. The 
addition of a nominal number of additional sitcs, judicially 
positioned could mean the difference between accurate retxievals 
and retrievals that are severely biased. Further examination and 
implementation of the suggestions made throughout this text and 
in Graves (1986) will muit in more reliable and robust satellite 
derived meteorological quantities. 

i i .  
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1.2 

A CLIMATOLOGY OF ATMOSPHERIC STABILITY FOR THE TROPICS DERIVED FROM TOVS 
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Cooperative I n s t i t u t e  f o r  Research i n  Environmental Sciences 
Univers i ty  of Colorado 
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1. INTRODUCTION 

The c l i m a t o l o g i c a l  d i s t r i b u t i o n  of deep 
convection over t h e  t r o p i c a l  o c e a n s  h a s  been 
o b s e r v e d  t o  be a p p r o x i m a t e l y  c o i n c i d e n t  w i t h  
areas of highest  sea sur face  temperature  (SST) 
and with surface wind convergence. The influence 
of Mgh SST on deep convection i s  assumed to  take 
place through increased moisture ava i lab i l i ty  and 
decreased atmospheric s t a b i l i t y .  Lack of adequate 
upper-air d a t a  over t h e  t r o p i c a l  oceans has  made 
it d i f f icu l t  t o  ver i fy  t h e  role  of atmospheric 
s t a b i l i t y  i n  d e t e r m i n i n g  t h e  l o c a t i o n  and 
i n t e n s i t y  of deep convection. 

The T I R O S  O p e r a t i o n a l  V e r t i c a l  Sounder  
(TOVS) has  provided dal ly ,  near-global coverage 
of atmospheric temperature  and moisture s ince 
1979. Although t h e  v e r t i c a l  reso lu t ion  of TOVS is 
re la t ive ly  coarse ,  w e  have found t h a t  i n  the  
t r o p i c s  the  information re turned  is adequate t o  
e s t i m a t e  t h e  s t a t i c  s t a b i l i t y  under  most  
conditions (Khalsa and Ste iner ,  1987a). 

Mean monthly values of a s t a b i l i t y  index 
(SI)  based on TOVS d a t a  have been computed f o r  
the  period 1982 - 1986. A subse t  of t h i s  d a t a  i s  
examined and compared w i t h  h ighly  r e f l e c t i v e  
cloud (HRC, which is a measure of organized deep 
convection), and SST f o r  t h e  global t rop ics .  The 
period 1982-1985 was used t o  compute means for SI 
and HRC in order  t o  match t h e  i n t e r v a l  f o r  which 
SST d a t a  was avai lable .  

2. DATA SETS 

2.1 TOVS 

The opera t iona l  TOVS product, as archived 
by NESDIS, is used f o r  t h i s  study. Fif teen values 
of l a y e r - a v e r a g e d  v i r t u a l  t e m p e r a t u r e  and 3 
values of prec ip i tab le  water a r e  contained i n  t h e  
d a t a  s e t .  Data from individual soundings, up t o  
16,000 per  day, have been ex t rapola ted  onto dai ly  
5 x 5" g r i d s  f o r  t h e  t1-30" t r o p i c a l  s t r i p  ( for  
d e t a i l s  see Khalsa and Ste iner ,  1987b). 

The s u i t a b i l i t y  of TOVS f o r  determining 
atmospheric s t a b i l i t y  i n  t h e  t r o p i c s  is discussed 
i n  Khalsa and Ste iner  (1987a). There, through 
comparisons with i n  situ soundings made i n  t h e  
e a s t e r n  P a c i f i c ,  i t  was shown t h a t  i t  was 
possible  t o  der ive  a n  index t h a t  i n  most c a s e s  
represented  t h e  s t a b i l i t y  of t h e  atmosphere t o  
deep convection. 

This  s t a b i l i t y  i n d e x  i s  d e f i n e d  a s  t h e  
d i f f e r e n c e  be tween  t h e  s a t u r a t e d  e q u i v a l e n t  
p o t e n t i e l  temperature  i n  t h e  700 - 500 mb layer 

and the  equivalent po ten t ia l  temperature  i n  the  
1000 - 850 mb layer:  

S I  Oes(700-500) - Oe(1000-850) (1) 

S i n c e  e q u i v a l e n t  p o t  e n  t i a l  t e m p e r a t u r e  is 
c o n s e r v e d  u n d e r  mois t  a d i a b a t i c  a s c e n t ,  t h i s  
difference provides  a measure  of t h e  buoyant  
r e s t o r i n g  force  ac t ing  on a low-level parce l  when 
i t  is l i f t e d  t o  midtroposphere. A negat ive value 
means a n  unstable  s t r a t i f i c a t i o n ,  i.e. t h e  parce l  
w i l l  continue t o  r i se .  

2.2 Sea Surface Temperature 

The source of SST f o r  t h i s  s tudy is t h e  
blended a n a l y s i s  f rom t h e  Cl imate  Analys is  
C e n t e r .  This  d a t a  s e t  is based on b o t h  s h i p  
r e p o r t s  and AVHRR d e t e r m i n a t i o n s  o f  s u r f a c e  
temperature. 

2 .3  Deep Convection 

The HRC d a t a  s e t  is  'used as  a proxy f o r  
deep convection i n  t h e  t rop ics .  Dai ly  mosaics of 
POES imagery  a re  s u b j e c t i v e l y  a n a l y z e d  f o r  
evidence of deep convection (Garcia, 1985). Here, 
HRC w i l l  be expressed as number of days per month 
a t  a given locat ion.  The gridded d a t a  e x i s t s  f o r  
the  225" t r o p i c a l  s t r i p .  

3. RESULTS 

3.1 January 

I n  Fig. 1 t h e  mean of t h e  s t a b f f l t y  index 
f o r  January is contoured f o r  values  smaller than 
8K. I n  Fig. 2 t h e  J a n u a r y  mean of SST is 
contoured f o r  values exceeding 27.5" C. I n  both 
a s .  1 and 2 regions of HRC a re  shown by various 
d e n s i t i e s  of s h a d i n g  d e s c r i b e d  i n  t h e  f i g u r e  
capt ions.  A s  expected f o r  the  nor thern  hemisphere 
w i n t e r ,  e x t r e m a  in a l l  t h r e e  v a r i a b l e s  o c c u r  
most ly  south of t h e  equator. 

Over t h e  oceans HRC occurs  almost e n t i r e l y  
within t h e  S I  - 8 contour  (Fig. 1). The region of 
g r e a t e s t  i n s t a b i l i t y  ( S I  < 0) encompasses most of 
t h e  over-ocean loca t ions  with HRC > 4 days. 

S I  i s  u s u a l l y  p o s i t i v e  ( s t a b l e )  o v e r  
cont inents  because TOVS r e t u r n s  r e l a t i v e l y  low 
n e a r - s u r f a c e  v a l u e s  of e q u i v a l e n t  p o t e n t i a l  
temperature. SI is never found t o  be smaller than 
8 over t h e  African Continent b u t  over  t h e  near- 
equator ia l  regions of South American low values 
of S I  do occur. We are cur ren t ly  working on 
r e f i n e m e n t s  i n  t h e  s t a b i l i t y  c r i t e r i o n  f o r  
c o n t i n e n t a l  regions. 
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Longitude 

F i g u r e  1. Mean s t a b i l i t y  i n d e x  for J a n u a r y  1 9 8 2 - 1 9 8 5 ,  c o n t o u r e d  €or v a l u e s  less  t h a n  8K '1hddrr iq  
i n d i c a t e s  p r e s e n c e  o f  h i g h l y  re f lec t ive  c l o u d  (HRC): l i g h t e s t  s h a d e ,  1 - 3  d a y s ;  m e d i u m  shdd#7 1 

darkest s h a d e ,  > 8 d a y s .  

5 / 1  

Longitude 

F i g u r e  2 .  
S h a d i n g  i n d i c a t e s  p r e s e n c e  of HRC a s  d e s c r i b e d  i n  Fiq. 1. 

Mean sea s u r f a c e  t e m p e r a t u r e  f o r  J a n u a r y  1982-1985 c o n t o u r e d  for v a l u e s  e x c e e d  inq .2/.5°C. 

Pacific and Eastern Indian oceans having S I  < -4. 
Over-ocean HRC now mostly occurs within the  S I  < 
4 contour and HRC > 4 d occur mostly within the 
S I  < 0 contour, a s  fo r  the  January mean case. 
Regions of HRC > 8 days  off t h e  c o a s t s  of 
southern Mexico and Central America occur within 
the S I  < -4 contour. A contour of S I  < -4 also 
extends up towards the  Bay of Bengal where HRC > 
8 days r e f l ec t s  Indian monsoon convection. 

Over-ocean HRC f a l l s  a lmost  e n t i r e l y  
w i t h i n  t h e  SST > 27.5" C i s o t h e r m .  The 
correspondence between higher SST's and regions 
of HRC > 4 i n  the  eas te rn  Pacific is relatively 

The 27.5" C isotherm of SST is seen t o  
encompass most of the convection i n  the cent ra l  
and western Pacffic and Indian oceans but misses 
much of the  convection in the near-equatorial 
convergence zones in t h e  e a s t e r n  Pacific and 
Atlantic oceans 

3.2 July 

Mean conditions €or J u l y  1982-1985 show 
t h a t  S I  minima, SST and HRC maxima are a l l  
concentrated nor th  of the  equator with much of 
the northern subtropics now having low S I  (Figs. 
3 and 4 ) .  There is a large region in the western 

Longitude 

Figure 3 .  Mean s t a b i l i t y  i n d e x  and HRC for J u l y  1982-1985,  a s  d e s c r i b e d  i n  F l q .  I. 

9OoE 1800 90°W 
Longitude 

F l y ~ r e  4 .  Mean s e a  s u r f a c e  t e m p e r a t u r e  and HRC for J u l y  1 9 8 2 - 1 9 8 5 ,  a 5  d e s c  ~~l 1 ' 7  ' 
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are shown. Convection i s  concentrated near  and 
eas t  of t h e  D a t e l i n e .  The S I  < 8 c o n t o u r  
encompasses almost all over-ocean HRC. There are 
only a few s m a l l  areas of S I  < 0, all occurring 
where HRC > 8 days. 

c l o s e  b u t  e l s e w h e r e  i t  is n o t  a s  good. In 
par t icu lar ,  t h e  region of warmest water, 29' C, 
in t h e  wes tern  Pacif ic  and Indian oceans encloses  
only a f r a c t i o n  of t h e  HRC > 4 a r e a  whereas S I  < 
0 encompasses essent ia l ly  a l l  of it. 

Regions of SST g r e a t e r  than 29" C e x i s t  
between 90" E and t h e  Dateline and between 125 

In Figs. 5 and 6 condi t ions f o r  January and 1%" W. These warmest waters encompass of ly a 
f r a c t i o n  of t h e  area with HRC > 8 days, 

3.3 January 1983 

1983, near  t h e  peak of t h e  s t r o n g  EL Nino event ,  

z 

Longitude 
F i y u r e  5. Stability index and HRC f o r  January 1983, as descrlbed I I I  E l g .  1 

Longitude 
f i l y u r r 2  6. Sea surface temperature and HRC for January 1983, as described in Fiy. 2. 

4. SUMMARY 5. REFERENCES 
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s t a b i l i t y  f o r  the  e n t i r e  g l o b a l  t r o p i c s ,  it 
a p p e a r s  t h a t  areas  of d e e p  c o n v e c t i o n  o c c u r  
p r i m a r i l y  in t h o s e  areas  w i t h  t h e  l o w e s t  
s t a b i l i t y .  Although a threshold value of 27.5" C 
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malsa (1987). I n  c o n t r a s t ,  t h e  s t a b i l l t y  index 
gave  b o t h  a t h r e s h o l d  f o r  HRC and a f a v o r e d  
loca t ion  f o r  highest  HRC values corresponding t o  
t h e  lowest  s t a b u t y .  

The g r o s s  correspondence between S I  and 
SST is r e l a t i v e l y  h i g h ,  i .e.  low a t m o s p h e r i c  
S t a b i l i t y  general ly  occurs  over  high sea sur face  
temperatures .  This i n d i c a t e s  t h e  important  r o l e  
p layed  by s u r f a c e  c o n d i t i o n s  i n  d e t e r m i n i n g  
s tabFUty on monthly time scales. On s h o r t e r  time 
sca les ,  midtropospheric condi t ions can have more 
of a n  i n f l u e n c e .  A s t u d y  of t h e  30-60 d a y  
oscFUation i n  t h e  global  t r o p i c s  h a s  shown t h a t  
midtropospheric warming can  i n c r e a s e  s t a b i l i t y  
w h e n  low- leve l  c o n d i t i o n s  remain  c o n s t a n t  
(Khalsa, Weickmann and Ste iner ,  1987). 
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1.3 

RETRIEVAL OF AIR SURFACE TEMPERATURES OVER OCEANS FROM SATELLITE RADIANCE MEASUREMENTS USING 
STRATIFICATION TECHNIQUES 

Larry M. McMillin 

National Oceanic and Atmospheric Administration 
National Environmental Satellite, Data, and Information Servica 

Satellite Research Laboratory 
Washington, D.C. 20233 

1. INTRODUCTION 

Most retrieval algorithms used to convert 
satellite based measurements of atmospheric 
radiance to temperature are based on linear 
models. Linear models work well in the middle of 
the atmosphere where the lapse rate is fairly 
constant over large height intervals. However, 
linear approaches have difficulty producing 
accurate results near the surface and the 
tropopause where the temperature profile may have 
a local maximum or minimum. In the past several 
years, several authors have investigated various 
classification (stratification) approaches to 
producing temperature soundings. Uddstrom and 
Wark (19851, Wark (1986), and Thompson (1985) 
investigated various approaches with simulated 
data, and McMillin (1985 & 1986) has evaluated 
classification approaches based on actual 
measurements. In a related paper, Thompson et 
al. (1987) discuss the distinction between a 
problem that is ill-posed in a mathematical sense 
and one that is ill-posed in a practical sense. 
They demonstrated that although many mathematical 
functions can be added to a profile to produce 
different atmospheric profiles with the same 
radiances, in practice, profiles producing the 
same radiance are unique, because many of the 
mathematical perturbations produce layers that 
are extremely superadiabatic or otherwise 
physically impossible. Results based on both 
simulated and actual measurements demonstrate 
that the classification technique produces 
substantial increases in retrieval accuracy over 
the current operational retrieval method used by 
the National Environmental Satellite, Data, and 
Information Service (NESDIS). 

NESDIS polar satellites are made with the TIROS 
Operational Vertical Temperature Sounder (TOVS) , 
which consists of three separate instruments. 
The High resolution Infrared Radiation Sounder is 
a twenty channel instrument to sound the lower 
atmosphere. Channels 1-7 use the 15 pm region of 
the spectrum to sense atmospheric temperature, 
channel 8 uses the 10-12 pm window region region 
to sense the surface temperature, and channels 10- 
12 are used to sense water vapor. These 12 
channels are all in the infrared region of the 
spectrum. Channels 13-19 form a second set of 
sounding channels in the near infrared region 

Atmospheric measurements on the current 

that is particularly useful for measuring 
temperatures near the ground. Channels 13-17 
respond to the atmospheric temperature while 
channels 18 and 19 respond to the surface 
temperature. In this study, only channels 13-15 
were used since channels 18 and 19 essentially 
duplicate the information given by channel 8. 
Channel 17 is affected by stimulated emission and 
it is difficult to relate the value of this 
channel to an atmospheric temperature in day 
light. 

channel sounder. While the infrared measurements 
are affected by clouds, measurements in the 
infrared region penetrate many clouds, giving the 
microwave channels an advantage in cloudy 
areas. Channels 22-24 sense atmospheric 
temperature in the microwave region, and channel 
21 senses the surface radiance. One of the 
disadvantages of the microwave measurements is 
that the surface emissivity is more variable than 
it is in the infrared. 

an instrument designed to measure the upper 
atmosphere. The measurements of this instrument 
are not relevant to the topic covered in this 
paper. 

use of atmospheric radiances is the lack of 
vertical resolution. The radiance for a 
particular channel represents a weighted average 
temperature over some region of the atmosphere. 
The width of the region is determined by the 
physics of atmosphere and the technology used to 
limit the bandpass of the channel. With the 
filter instruments used on the TIROS Operational 
Vertical Sounder (TOVS), it is difficult to 
obtain sufficient resolution to resolve features 
such as surface inversions. As an example, a 
sample of 1921 profiles had 367 profiles for 
which the lapse rate between 1000 and 950 hPa had 
an inversion. In the same sample, channel 10 had 
a lower brightness temperature than channel 8, 
the surface channel, 62 times, channel 13 was 
lower only 10 times, and channel 7 was lower only 
1 time. The one channel that frequently responds 
to the inversion is channel 10. 

It is difficult to use channel 10 to infer 
temperature in a conventional retrieval method 
because the concentration of the water vapor has 
to be known. Water vapor concentrations can be 

The Microwave Sounding Unit (MSU) is a 4 

The Stratospheric Sounding Unit (SSU) is 

One of the problems associated with the 
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highly variable. However, a classification 
approach does not depend on knowledge of the 
concentration. Because there is such a large 
correlation between atmospheric moisture and 
temperature, a classification approach can use 
the temperature information in the moisture 
channel in a non-linear way to obtain temperature 
information about the surface layers. 

RETRIEVAL ERRORS 

OPERATION 
- -CLASSIFICATION 

C-LAND-NIGHT 

0 1 2 3 
RMS TEMPERATURE DIFFERENCE (K) 

Fig. 1. Retrieval accuracies for the operational 
approach, a single classification, and a 
classification separated into land night 
(inversion) and all other cases (lapse). 

2. APPROACH 

Work on classification approaches in 
NESDIS started with the work of Uddstrom and Wark 
(1985) which was done in the early 80's. In this 
paper, the authors discussed the results of using 
typical shape functions to classify the 
atmosphere. The results were based on simulated 
data. Later, Wark (1986) discussed the results 
of using an eigenvector approach for the 
classification on simulated data. McMillin 
(1985) discussed the results of using the typical 
shape function approach on real measurements. As 
a result Of these studies, it was decided to use 
the eigenvector approach suggested by Wark 
(1986). Although the distinction may be somewhat 
obscure in many cases, the typical shape function 
approach is a clustering method. With the switch 
to eigenvectors, the approach switched from one 
of putting data into clusters to one of 
stratifying the data into groups that are evenly 
spaced over the range. In the stratification, an 
attempt is made to make the groups far enough 
apart to be distinct, yet close enough together 
that the distance from any sounding to its 
appropriate mean will always be small. 
strict clustering approach, it is possible for a 
sounding to be far from any group, and the 

In a 

sounding will be made with a poor first guess. 
Although cases far from a cluster are rare, the 
rare cases are weather and the common cases are 
climatology. The results of applying the 
eigenvector stratification method to real data 
are given by McMillin (1986). 

separating the retrievals into two groups, one 
containing the ocean cases and the day cases over 
land: and one containing the night cases over 
land. The separation was made on the assumption 
that soundings in the first group would have 
lapse conditions near the ground and that 
soundings in the second group would have 
inversions. Figure 1 compares the accuracies of 
the operational NESDIS soundings, stratification 
without the separation into expected lapse 
groups, and stratification with the separation. 
There is a definite advantage to doing the 
separation. Even though the increase in accuracy 
resulting from the separation is substantial (0.3 
to 0.4 K throughout most of the atmosphere), it 
is more appealing to detect the lapse conditions 
from a more direct indicator such as the radiance 
data. 

Uddstrom and Wark (1985) showed the value 
of subtracting a mean profile temperature before 
attempting a classification (stratification). In 
the case of the eigenvector approach, the 
eigenvectors are then free to capture the shape 
of the profile without being affected by 
temperature shifts. For the surface, channels 
4-8, 10-15, and 22 were selected to be used for 
the stratification, and channels 5-8, 10-15, and 
22 were averaged and subtracted. 

The eigenvectors of the covariance matrix 
of channels 4-8, 10-15, and 22 were calculated. 
Coefficients of the eigenvectors associated with 
the four largest eigenvalues were calculated for 
the dependent data set, and the maximum and 
minimum of each was found and used to determine 
the range. Each eigenvector range was then 
divided into a number of groups, and the 
boundaries of these groups were calculated and 
saved. For each group, the mean value of the 
brightness temperatures and the temperatures were 
then calculated. When a retrieval is done, the 
brightness temperatures of the selected channels 
are averaged for that profile and then the 
average is subtracted from the vector of observed 
radiances to calculate a selection vector. The 
eigenvector coefficients of the selection vector 
are then calculated and compared with the group 
boundaries to determine the class. Then the mean 
brightness temperature and temperature for that 
class are used as the first step in the retrieval 
process. 

After 1986, the method was refined by 

3 .  TEST PROCEDURE 

The method was evaluated on a sample of 
satellite measurements that were collocated with 
radiosondes. In the collocation, the satellite 
soundings were required to be within : 6 hours of 
the radiosonde and within a distance that varies 
with latitude zone because the o€ the varying 
number of radiosondes present. The distances 
ranged up to 3' of latitude in data sparse areas 
near the South Pole, but lo is typical. In 
addition, where possible, two radiosondes twelve 
hours apart were averaged to the time of the 
satellite observation. 
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Measurements from all latitude zones were 
included in the data set. Coefficients and 
initial results were generated from data 
collected in the May of 1987. Tests are being 
run on data collected in August and September. 
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Fig. 2. Mean profiles of selected classes. 

4. RESULTS 

The evaluation of the method progressed in 
two stages. In the first stage, the mean 
radiosonde profiles for the classes were 
examined. As the class number increased, the 
profiles progressed from a lapse condition to an 
inversion condition. Figure 2 shows the mean 
profiles for selected classes. As expected, the 
classes tend to follow the gross structure 
changes associated with the change from tropical 
to polar cases. 
of the profiles from cold to warm near the 
surface with increasing class number. 
however, that class 80 occurs before class 65. 
This is due to the difference in lapse rate at 
the surface. 

In the second stage, temperature 
retrievals were obtained for the classes. A 
covariance matrix was constructed by using the 
eigenvector coefficients to identify the class 
for a given profile and subtracting the class 
mean from the profile. 
were treated as a single sample t o  calculate a 
single covariance matrix covering all classes. 
Regression coefficients were then generated to 
relate retrieved temperatures to the observed 
radiances using the procedure described in 
McMillin (1986). Figure 3. shows the results of 
the stratification retrieval. In contrast to the 
method used in Fig. 1, this stratification was 
optimized for the surface and shows a substantial 
increase in accuracy over the operation from 600 
hPa to the surface. As expected, the accuracy of 
the stratified result was not as good in the 
upper atmosphere. However, a retrieval based on 
the surface stratification for layers near the 

This is shown by the progression 

Note, 

The resulting deviations 

surface and the atmospheric stratification for 
other layers would provide the best of both 
results. Ideally, the mixing of the two 
stratifications would be a smooth function of 
height. 
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Fig. 3.  Retrieval accuracies for the operational 
approach and stratification optimized for the 
surf ace. 
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1. INTRODUCTION 

Atmospheric temperature profiles are retrieved 
operationally from TIROS-N Operational Vertical Sounder 
(TOVS) radiances in all atmospheres - clear, partly cloudy and 
overcast, at NOAA/NESDIS (Smith, et al. 1979). The TOVS 
consists of three instruments; a High-resolution Infrared 
Radiation Sounder Version 2 (HIRS/2), a Microwave Sounding 
Unit (MSU), and a Stratospheric Sounding Unit (SSU). The 
HIRS instrument has 20 channels and measures the upwelling 
thermal energy in the infrared region of the spectrum. The 
infrared radiances from HIRS are contaminated by the presence 
of clouds and pose a serious problem in retrieving temperature 
profiles in partially cloudy and overcast regions. In regions of 
partial cloudiness, the infrared radiances are corrected for the 
cloud contamination through use of the adjacent pair technique 
(Smith, 1968, McMillin, 1978). This approach is also known as 
the N* technique. Multiple level cloudiness, along with noise in 
the sample of radiance data, introduce sources of error into the 
cloud-clearing procedure. Since cloud cleared radiances are 
treated as clear radiances by the statistical regression based 
retrieval algorithm, the residual errors in cloud cleared radiances 
result in less accurate retrievals in partly cloudy areas than in 
clear areas. There have been considerable efforts directed 
towards refining the cloud-clearing procedure. Operationally, 
screening for multiple level clouds is done in an attempt to 
produce a consistent sample of data from which to compute N* 
and to subsequently correct the partially cloudy radiances. This 
screening procedure doesn't remove all cases of multiple level 
cloudiness, however. Additionally, enough noise remains in the 
samples to adversely affect retrieval accuracy. This paper 
describes a method being developed for reducing residual noise in 
radiances and for providing the improved cloud cleared radiances. 

2. REVIEW OF CURRENT CLOUD-CLWING 
PROCEDURE 

The current operational cloud clearing approach utilizes 
adjacent radiance measurements in a retrieval area comprised of 
9 Fields of View (FOVs). m e  concept of N*, which is essentially 
a ratio of cloud amounts, N1 and N2 at two adjacent FOVs, is 
introduced and is defined as: 

I ( v,c) is the clear radiance at wavenumber V, 
I (u ,l) and I( u,2) are radiance measurements for two 

adjacent FOVs within the area of observation 

The assumption is made that N* is independent of 
wavenumber so that once N* is obtained for one channel, it can 
be applied to radiances of all the other infrared channels via 
equation 1, to estimate clear column radiances as follows: 

1 (w,c) = [N* 1(~,2)  - I(~, l ) l / (N*-l)  (2) 

Before N* can be used to correct for all other channel 
radiances, the non-trivial problem of initially computing N* for 
one channel must be solved. The method used in TOVS is based 
on the adjacent pair technique in which two FOVs in a sounding 
area are used and N" values are derived from interchannel 
regression relationships as detailed by McMillin and Dean (1982). 
Tko separate calculations of N* are performed and are compared 
for consistency. First, an N* value using only HIRS data is 
computed. A regression scheme is used to predict the 4.3 micron 
channel radiance from the measured radiances in the 15 micron 
band channels. Neither observation is cloud-free but the 
radiances in these two regions respond differently to clouds. The 
HIRS channels 6, 7 , 8  and 10 are used to predict HIRS channel 
13. An iterative method described by McMillin and Dean (1982) 
is used in deriving the No value. A second N* value based upon 
Microwave Sounding Unit (MSU) data for the same sounding 
area is computed. A cloudy microwave pseudo-radianw for MSU 
channel 2 (53.74 GHz), scaled to HIRS channel 6 wavenumber, is 
calculated via regression utilizing the cloud contaminated HIRS 
channels 5, 6, 7 and 8 radiances. An equivalent clear radiance 
value for HIRS channel 6 is obtained by converting observed 
radiances for MSU channel 2 since microwave radiances are 
essentially unaffected by clouds. These two estimates of Ne are 
compared and averaged together where consistent. Once N* is 
calculated, it is a fairly straight-fonvard technique to produce the 
clear column radiances for the remaining HIRS channels. 

The cloud-clearing algorithm assumes that clear and 
cloudy radiances are uniform over the area covered by the FOVs 
used to calculate an N* value and are linearly related to cloud 
amounts. A change from the original TOVS Operational 
Processing System to Enhanced TOVS System in 1986 (Swaroop, 
et al., 1985, Keale, gt al. 1986) caused this assumption to be less 
valid. The original system produced an average N* value from 
screened pairs of adjacent FOVs in a large area (63 FOVs). This 
allowed for greater consistency in the N* process The Enhanced 
System, however, produces N* values for much smaller FOV 
areas, thereby losing much of the consistency of the earlier 
system. Cloud height and amount may vary dramatically in these 
areas, causing partly cloudy radiances to change greatly within 
one retrieval region. This adds noise to the procedure. The 
upgraded No algorithm attempts to compensate for these effects 
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3. THE UPGRADED N+ ALGORITHM 

The upgrades to the N* algorithm include improved 
radiance screening procedures to remove multiple level cloud 
effects and the use of averaging techniques to reduce noise. The 
adjacent pair technique is replaced by the use of two radiance 
measurements representative of the sounding area. Despite these 
changes, techniques used in the actual cloud-clearing process are 
retained by the new algorithm. The HIRS and MSU based N* 
values are calculated via the same relationships outlined in 
Section 2, and the clear radiances are produced using the N* 
values in the same general manner as in the operational 

The screening technjque for removal of multiple level 
clouds is accomplished in the. following manner: 7bo channels 
whose weighting functions peak close to the surface are selected. 
The radiances for one channel for all 63 FOVs representing a 
large sounding area are ordered from lowest to highest as 
illustrated in Figure 1. Radiances for the second channel are 
examined and if for any FOV, the second channel radiances are 
not in the same order as the first channel, then that FOV is 
discxded. The selection is done so that the FOVs corresponding 
to the highest clouds remain. This examination process is 
repeated for all the FOVs and FOVs are discarded unti1 a 
monotonic sample is attained. Figure 2 represents the screened 
subset of points which were presented in Figure 1. Addition of 
this strict screening procedure further remwes the FOVs with 
multiple level clouds whose radiances are not linearly related with 
other FOVs. 

The use of an averaging technique to remove noise from 
the sample represents a return to the concept of using differences 
of averaged radiances in a sounding area to compute N*. This 
replaces the current operational approach which utilizes the 
average of differences of adjacent FOVs. The method of using 
averaged radiances is correct for single level clouds (Smith, 1967) 
but will be in error for multiple level clouds. For this reason, it is 
important to include the previously described screening of 
multiple level clouds along with the averaging technique to 
produce an accurate estimate of N* and clear radiances. The 
averaging approach has been shown to produce very accurate 
results in the upper troposphere (Susskind et at. 1984). The 
adjacent pair technique, in the absence of multiple level clouds, 
produces accurate results in the lower troposphere. "he new 
algorithm attempts to combine the best portions of both 
approaches. 

algorithm. 
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Fig. 1. The HIRS channel 6 radiance against HIRS channel 8 
radiance plot for all 63 FOVs. 

The averaging technique utilizes the monotonic sample 
FOVs to generate a least squares line fit for the two selected 
channel radiances. The outliers are then rejected to reduce the 
noise and establish high correlation between two selected 
channels. The remaining monotonic sample FOVs are also used 
to derive least squares lines for all the infrared channels relative 
to HIRS channel 7. The slope and the intercept of the line are 
used along with the highest and lowest radiances from HIRS 
channel 7 to derive the highest and lowest radiances in the area 
for all the other HIRS channels. These highest and lowest 
radiances replace the adjacent spots in the operational technique 
to compute the N*. Since the line fitting technique requires the 
screened sample of the 63 FOV sounding area, but the retrievals 
ase produced on the 9 FOV sub-area, the highest and lowest 
radiances for the 9 FOV region must be obtained. In practice, a 
predicted highest radiance for the 63 FOV area is obtained via a 
regression scheme using radiances from HIRS channeis 1,2 and 3 
and MSU channels 2, 3 and 4, which are all relatively cloud-free. 
The difference between the predicted highest radiance and the 
actual high radiance is assumed to be constant over the 63 FOV 
area and is used as an offset in estimatjng highest radiance for the 
9 FOV areas. Once the high and low spots are obtained, the 
method of computing the clear column radiance is essentially the 
same as the current operational method. 

4. RESULTS 

Testing of this algorithm on a few test cases has shown 
improvements over the operational method. Generally, the new 
method produces fewer partly cloudy soundings than the 
operational method does. The rejected data are classified as 
cloudy. The actual decrease in partly cloudy soundings is sensitive 
to the tightness of the screening procedure and noise reduction. 
For example, the correlation coefficient limit of the least squares 
line was tightened from 0.90 to 0.99 in one set of experiments. 
The resulting decrease in N* soundings was on the order of 5 8 % .  
Testing is continuing to select the optimal level of screening. 
Some case study results comparing the operational and new 
algorithm are presented below. Since clear retrievals are the 
highest quality TOVS soundings and the purpose of a cloud 
clearing technique is to approximate clear radiances, clear and 
partly cloudy retrievals in the same general area should be similar, 
One means of evaluating the results, therefore, is by analyzing the 
diiferences between the clear and partly cloudy soundings from 

.. 

Fig. 2. The HIRS channel 6 radiance against HIRS channel 8 
radiance plot for the remaining monotonic FOVs. 
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both the operational and the new techniques. Figure 3 shows 
plotted 850 mb retrieval temperature values. The partly cloudy 
retrievals from the operational and the new algorithm are shown 
respectively within square brackets and parentheses. Remaining 
values show clear soundings. Inspection of the data reveals that 
generally the new algorithm appears to be producing a less noisy, 
more accurate sample of partly cloudy retrievals which are in 
better agreement with the clear retrievals. Significant 
improvements of 5 degrees or more are noted at locations A and 
B with improvements of 0.4 to 1.0 degrees at locations C, D, E 
and F. No appreciable improvements. or very slight degradations 
are found only at locations G, 1-1 and I. The improvements made 
are significant and further tuning of the algorithm should lead to 
additional improvement. 
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5. SUMMARY 

.- 
11 

111 

.- 

A new method for noise reduction and elimination of 
multiple level cloud effects on partly cloudy radiances has been 
developed. Retrievals made with this algorithm in partly cloudy 
regions are shown to be more consistent and in better agreement 
with the clear retrievals than operational partly cloudy retrievals 
are. Some partly cloudy radiances produced by the current 
system prove to be too noisy to be accepted by the new algorithm 
and are screened out and called cloudy 
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1. INTRODUCTION 

A t  t h e  Second Conference on S a t e l l i t e  
Meteorology and Oceanography, we presented a 
paper by Fleming, e t  a l .  (1986b) t h a t  descr ibed 
an a l g o r i t h m  f o r  t h e  simultaneous r e t r i e v a l  o f  
temperature and mo is tu re  f rom s a t e l l i t e  rad iance  
measurements. Here we a re  concerned w i t h  t h e  
p r a c t i c a l  implementat ion o f  t h a t  a l g o r i t h m  i n  an 
o p e r a t i o n a l  s e t t i n g  i n  which l a r g e  volumes o f  
s a t e l l i t e  data must be processed almost i n  r e a l  
t ime. Major changes t o  t h e  o r i g i n a l  a l g o r i t h m  
a r e  r e q u i r e d  i n  order  t o  s a t i s f y  these opera- 
t i o n a l  c o n s t r a i n t s .  

The changes i n c l u d e  l i n e a r i z a t i o n  o f  t h e  
opera to r  t o  e l i m i n a t e  t h e  i t e r a t i o n s  r e q u i r e d  by 
t h e  o r i g i n a l  n o n l i n e a r  operator ,  ope ra to r  s c a l i n g  
t o  compensate f o r  t h e  l i n e a r i z a t i o n ,  an improved 
i n i t i a l  approx imat ion t o  t h e  so lu t i on ,  and t h e  
t rans fe rence  o f  c e r t a i n  computations done o n l i n e  
t o  an o f f l i n e  procedure. 
a r e  presented i n  t h e  nex t  s i x  sect ions.  I n  
Sec t i on  8, r e s u l t s  a re  presented which compare 
r e t r i e v a l  accurac ies o f  t h e  new 1 i n e a r i  zed 
minimum va r iance  simultaneous (MVS) r e t r i e v a l  
system w i t h  those o f  t h e  o r i g i n a l  non l i nea r  MVS 
r e t r i e v a l  system. A sumnary and conclus ions a re  
g i ven  i n  t h e  n i n t h ,  and f i n a l ,  sec t i on .  

D e t a i l s  of these changes 

2. THE TUNING SETS 

The minimum va r iance  simultaneous (MVS) 
r e t r i e v a l  system i s  a so -ca l l ed  b'physicallt 
r e t r i e v a l  method i n  t h a t  i t  i s  d e r i v e d  f rom t h e  
p h y s i c a l  model o f  t h e  r a d i a t i v e  t r a n s f e r  
equation. T h i s  i s  i n  c o n t r a s t  t o  s t a t i s t i c a l  
r e t r i e v a l  methods, such as regress ion,  which r e l y  
on comp i la t i ons  o f  matched data. The matched data 
a r e  rad iosonde temperature and mo is tu re  p r o f i l e s  
matched i n  p lace  and t i m e  w i t h  t h e  rad iances 
measured by s a t e l l i t e .  Whi le  such da ta  se ts  a re  
n o t  needed i n  theo ry  by phys i ca l  r e t r i e v a l  
methods, t h i s  i s  n o t  t r u e  i n  p rac t i ce .  
c e r t a i n  phys i ca l  parameters, such as s p e c t r a l  
l i n e  parameters, t h a t  en te r  i n t o  t h e  phys i ca l  
model a r e  n o t  known w i t h  complete accuracy, small  
matched data se ts  a re  needed t o  c o r r e c t  (i.e., 

Because 

tune )  f o r  these u n c e r t a i n t i e s .  Hence, these data 
s e t s  a re  known as " t u n i n g  sets" .  A t u n i n g  s e t  i s  
much smal ler  t han  t h e  matched data se ts  r e q u i r e d  
by s t a t i s t i c a l  r e t r i e v a l  methods. I t  i s  compiled 
f rom h i g h  q u a l i t y  radiosonde data and c loud - f ree  
rad iance  data which a re  se lec ted  t o  be represen- 
t a t i v e  o f ,  and w e l l  d i s t r i b u t e d  w i t h i n ,  a speci -  
f i c  l a t i t u d i n a l  and l o n g i t u d i n a l  sector ,  a l and  
o r  sea category, and a season ( a c t u a l l y  a p e r i o d  
o f  severa l  weeks). On t h e  o the r  hand, i f  a i r  
mass c l a s s i f i c a t i o n  i s  used, these ca tegor ies  a re  
rep laced  by a i r  mass classes. Jus t  how these 
se ts  a re  used f o r  t u n i n g  i s  expla ined i n  d e t a i l  
i n  Fleming, e t  a l .  (1986a). Here we have addi -  
t i o n a l  uses f o r  them, which a r e  expla ined sub- 
sequent ly .  

3. LINEARIZATION OF THE OPERATOR 

The s o l u t i o n  vec to r  o f  t h e  minimum 
var iance simultaneous (MVS) r e t r i e v a l  method i s  
o f  t h e  form 

( 1 )  

where t h e  vec to r  elements T and Q rep resen t  tem- 
p e r a t u r e  and water  vapor m i x i n g  r a t i o ,  respec- 
t i v e l y ,  t h e  s u p e r s c r i p t  T i n d i c a t e s  vec to r  
transpose, and t h e  s u b s c r i p t s  t and q represent ,  
r e s p e c t f u l l y ,  t h e  number o f  temperature and 
m i x i n g  r a t i o  elements i n  V ,  b u t  t h e  s u b s c r i p t  s 
rep resen ts  t h e  sur face.  The number o f  elements 
i n  V i s  

m = t + q + l .  ( 2 )  

The non l i nea r  ope ra to r  C f o r  t h e  MVS 
r e t r i e v a l  method i s  of t h e  fo rm 

(3 )  

where "-1" denotes t h e  m a t r i x  inverse,  S i s  t h e  
covar iance m a t r i x  o f  t h e  vec to r  V whose dimen- 
s ions  a r e  mxm, A i s  t h e  m a t r i x  o f  we igh t i ng  func-  
t i o n s  w i t h  dimensions nxm ( n  i s  t h e  number o f  
channels), and N i s  t h e  system no ise  covar iance 
m a t r i x  whose dimensions a re  nxn. Covariance 
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matrix S is a block matrix with three principal 
submatrices having dimensions txt, 1x1, and qxq, 
respectively. The matrix A also ic in block 
form, but is a row of three submatrices of dimen- 
sion nxt, nxl, and nxq, respectively. For a 
complete description of S, including the off- 
diagonal submatrices, and A see Fleming, et al. 
(1986b). 

In its complete and correct form, the 
matrix operator C is nonlinear because the matrix 
A, and hence C, depends on the solution vector V. 
The usual method for treating such a problem is 
to evaluate A for some initial solution vector 
Vo, insert A in (31 ,  use ( 3 )  to solve for VI, 
and repeat the process by iteratively evaluating 
A (and hence C) for Vk and solving for Vk+l. 
However , this procedure is computational ly too 
time consuming for our operational setting. 
get around this difficulty, we linearize the 
operator C as follows. 

vectors from the tuning set for a given latitudi- 
nal and longitudinal sector, land/sea category, 
and season described in Section 2, we evaluate a 
separate, nonlinear matrix A for each individual 
Profile vector in the set. This produces a set 
Of individual matrices Ai which yield the single 
average matrix A, i.e., 

To 

Using the temperature/moi sture prof i le 

( 4 )  

Then by applying the matEix Ti to (31 ,  one obtains 
the linearized operator c, given explicitly by 

(5) 
This operator is used operationally to retrieve 
the solution vector V, i.e., 

- 
V = + C(T* - T*) (6) 

where T* is the late1 lite-measured brightness 
temperature and V and T* are the initial 
temperature/moi sture and brightness temperature 
vectors, respectively, which are vector averages 
from the tuning set as per Fleming, et al. 
(1986a). 

4 .  OPERATOR SCALING AND VECTOR OISPLACEMENT 

Equations ( 5 )  and (6) are not quite 
correct as given because of scaling and displace- 
m n t  factors which arise from the fact that the 
exact matrix A, denoted ACVI to indicate depen- 
dence upon V, has been replaced by an approximate 
(average) one. In other words, the nonlinear 
matrix form of the radiative transfer equation i s  

ACVJ V = T* ( 7 )  

but the linearized form is 

XV =-f* 
where ?* differs from the brightness temperature 
T* because of averaging. A successful approach 
to compensating for the discrepancy between the 
two brightness temperatures i s  by the following 
Operator scaling and vector displacement Proce- 
dure. A 

It turns out that T* and T* are, to a 

first approximation, linearly related, i.e., 
A 

T* = a T* + b ( 9 )  

where the slopes a and the intercepts b are 
determined by a least squares fit. The variables 
T* and f* are obtained by using the appropriate 
tuning set in eqs. (7) and (8). Of course, coef- 
ficients a and b are functions o f  channel as well 
as of the tuning set. Consequently, if ( 5 )  and 
(6) are rederived using (91, they become, 
respectively, 

(10) 

and 
c 

V + C(T* - T* - 6 )  (11) 

where D is a diagonal matrix of the form 
D = diagia 
form 6 = [ti, ..., bn] . Retrievals are cal- 
culated using (10) and (111, not ( 5 )  and (6 ) .  

..., an) end 6 is a vector of the 

5. IMPROVED INITIAL APPROXIMATIONS 

So far we have concentrated on improving 
the efficiency of the operational MVS retrieval 
method, but we also have improved the retrieval 
accuracy. 
initial approximations used in (11) by imple- 
menting the so-called 
which is described next. 

Reduced to its essentials, the library 
search technique is one in which the given 
brightness temperature vector T* used to do a 
specific retrieval is compared with every bright- 
ness temperature vector in each of the tuning 
sets. 
to the given T* are saved and averaged. 
weighted vector norm is used as the measure of 
closeness.) The resulting average brightness 
temperature vector is used for T* in (11). Then 
the twenty radiosonde profile vectors V 
corresponding to the twenty averaged brightness 
temperature vectors also are avera ed. This 
second average vector is used for ! in (11). 
be a good compromise between having enough vectors 
to average out noise and anomalous structures, 
and not having too many so that the accuracy and 
fine structure of a good first approximation are 
washed out. A comprehensive discussion of  the 
library search procedure and results are presented 
in a companion paper of this Preprint Volume by 
Goldberg, et al. (1988). Both the improved ini- 
tial approximations of the library search tech- 
nique and the linearization of the operator 
described in Sections 3 and 4 are used in the MVS 
retrieval method to meet operational time schedule 
and accuracy requirements. 

6. OFFLINE PROCEDURES 

This was accomplished by improving the 

"library search technique'', 

The twenty such vectors that are closest 
(A 

In practice the number twenty is found to 

The operator linearization technique 
described above permits us to transfer much of 
the computational burden from online to an 
offline procedure, thereby allowing us to better 
meet operational processing time requirements. 
Central to the offline procedures are the matcher! 
tuning data sets, which are called "bins" in the 
offline mode. At all times there are available 
27 such bins organized as follows. There are 
nine latitudinal belts (90-60N, 60-45N, 45-30N, 
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30-15N, 15N-l5S, 15-30S, 30-455, 45-605, 60-90s) 
times the three categories of LAND/DAY, LAND/ 
NIGHT, and SEA/DAY&NIGHT for a total of 27 bins. 
None of the data are are older than three weeks. 

piling the bin data. The remaining steps of the 
offline procedures are as follows: 

1. Generate the individual weighting function 
matrices A based on the data in each bin. 

2. Average the 4 matrices in each bin to 
obtain an average A for each bin. 

3 .  Determine the elements of the matrix D and 
vector B by least squares from the bin data. 

4.  Select the proper covariance matrix S for 
each bin. 
matological data and stored. 

5 Assemble the matrix components SaTD and 

Note that the complete matrix operator cannot 
be assembled offline because if a channel fails 
on the instrument, we have to be able to strip 
out, online, the appropriate column from SATD and 
the appropriate row and column from DASnD. 
Also, the matrix N must be computed online. 

The bulk of the offline work is in com- 

They have been precalculated from cli- 

DXSA~D.  

7. ONLINE PROCEDURES 

Since most of the computational work i s  
done offline, the online computations can be done 
efficiently. Futhermore, this paper deals only 
with the retrieval algorithm; therefore, it is 
assumed that the brightness temperatures have 
been corrected for clouds, surface elevation, 
precipitation, cloud liquid water, limb effects, 
etc. in an earlier part of the online processing 
system. Consequently, the online procedures for 
retrieval processing reduce t o  the following 
steps: 

based on channel failures (if any) and whether 
the field of view is clear or overcast. 

2. Choose the appropriate bin out of the 27 
available based on location, time of day, and 
land/sea criteria described in Section 6. 

3 .  Call in the a priori bin data from storage 
as determined by Step 2. 

4. Set up the noise covariance matrix N based 
on the instrumental noise, cloud amount in the 
original field of view, and any other factor that 
contributes to the overall system noise. 

5. If fewer than the full complement of chan- 
nels is to be used, delete the appropriate rows 
and/or columns from the indi vi dual components of 
the retrieval operator. 

6. Assemble the retrieval operator, which 
includes calculating the inverse matrix, 

7. Do a library search, as described in 
Section 5, t o  obtain the initial approxSmations 
for the retrieval. 

8. Execute the retrieval using eqs. (10) and 
(11) given in Section 4 .  

These steps constitute the essential steps of the 
retrieval process. There are other procedures 
such as quality assurance, that are required in 
any retrieval process. However, since these are 
standard procedures, they are not discussed. 

1. Decide the channel combination to be used 

8. RESULTS 

Two tests were conducted to determine the 
validity of linearizing the retrieval operator in 
the manner described in Sections 3 and 4. In the 
first test the full nonlinear operator ( 3 )  was 

used t o  do the retrievals and in the second test 
the linearized operator (10) was used. Since we 
did not want to test two new concepts at the same 
time, the library search procedure was not  used 
in either of the tests. Instead, the average 
vectors of V and T* from the appropriate bins 
(tuning sets) were used for the initial 
approximations. 

of 334 cases of brightness temperature vectors 
from the TOVS sounder on the NOAA 9 satellite 
in the summer o f  1986. Included in the data were 
132 midlatitudinal sea cases, 89 tropical sea 
cases, and 113 midlatitudinal land cases. The 
sample set included both day and night cases, but 
were limited to clear sky cases to avoid having 
the results of  the tests being influenced by the 
cloud-clearing algorithm. 
the results of the two tests for temperature and 
water vapor mixing ratio, respectively. 

The data used in the tests were a sample 

Tables 1 and 2 show 

TABLE 1. Rms temperature retieval errors using the nonlinear 
and linearized operators as a function of pressure, 

Pressure Linearized operator Nonlinear operator 
lmb) (C J (C) 

115 2.09 2.08 
135 
150 
200 
250 
300 
350 
400 
430 
4 7 5  
500 
5 70 
620 
670 
700 
780 
850 
920 
950 

1000 

2.21 
2.22 
2.27 
2.05 
1.74 
1,60 
1.50 
1.40 
1.35 
1.37 
1.36 
1.43 
1.45 
1.61 
1.96 
2.43 
2.14 
2.25 
2.25 

2.19 
2.22 
2.16 
2.05 
1.75 
1.54 
1.43 
1.35 
1.33 
1.35 
1.35 
1.43 
1.45 
1.57 
1.86 
2.36 
2.11 
2.27 
2.15 

TABLE 2. Rms water vapor mlrlng r a t l o  retrlevdl error urfnq the nanllnear 
linear and 1Inearized operators as a funcllon of pressure. 

Pressure 
(mb) 

300 
350 
400 
4 30 
475 
500 
570 
620 
670 
700 
780 
850 
920 
950 

1000 

Ltnearl led operator 
(CI 

.10 

.21 
,35 
.43 
.61 
.70 
.98 

1.18 
1.38 
1.57 
2.08 
2.35 
2.28 
2.14 
2 . 0 9  

Non) inear operator 
( C )  

.09 

.20 

.32 

.42 

.55 

.62 . a9 
1.07 
1.29 
1.45 
1.91 
2.18 
2.07 
2.07 
2.08 

It is evident from Tables 1 and 2 that 
both the temperature and the water vapor mixing 
ratio retrievals from the true nonlinear operator 
are (with a few minor exceptions) more accurate 
than those from the approximate linearized opera- 
tor. These results are what one would expect; 
however, the surprise is how little the 
linearized operator results differ from the 
nonlinear operator results. 

Results from testing the library search 
technique are not given here because they are 
presented in a companion paper of this Preprint 
Volume by Goldberg, et al. (1988). The results 
of that paper show that there is an improvement 
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i n  r e t r i e v a l  accuracy when us ing  t h e  l i b r a r y  
search i n i t i a l  vec to rs  i n  t h e  MVS l i n e a r i z e d  
method as opposed t o  us ing  t h e  average b i n  
vectors .  

9. SUMMARY AND CONCLUSIONS 

We have shown how t h e  non l i nea r  r e t r i e v a l  
ope ra to r  can be l i n e a r i z e d  t o  improve t h e  e f f i -  
c i ency  o f  t h e  opera t i ona l  r e t r i e v a l  process ing 
system. The improvement i n  e f f i c i e n c y  i s  o f  t h e  
order  o f  t e n  t imes i n  CPU t ime  over t h e  non l i nea r  
approach. We a l s o  have shown how one c a l c u l a t e s  
and app l i es  ope ra to r  s c a l i n g  f a c t o r s  and b r i g h t -  
ness temperature displacement vec to rs  t o  compen- 
sa te  f o r  e r r o r s  i n t roduced  by t h e  l i n e a r i z a t i o n  
process. 
improvement i n  e f f i c i e n c y ,  we have e f f e c t e d  
improvement i n  r e t r i e v a l  accuracy through t h e  
l i b r a r y  search technique. 

achieves much o f  i t s  computational advantage by 
t r a n s f e r r i n g  c e r t a i n  o n l i n e  computations t o  
o f f l i n e  processing. A l i s t i n g  o f  t h e  new O f f l i n e  
and o n l i n e  steps are summarized i n  Sect ions 6 and 
7, r e s p e c t i v e l y .  

F i n a l l y ,  t u n i n g  se ts  o f  matched 
radiosonde/radiance data were descr ibed and were 
shown t o  be c e n t r a l  t o  t h e  whole l i n e a r i z a t i o n  
and r e t r i e v a l  process. T h e i r  importance i s  
emphasized by t h e  many ways i n  which t h e y  a re  
used, namely: 

1. TO t une  t h e  r e t r i e v a l  a l g o r i t h m  f o r  uncer- 
t a i n t i e s  i n  t h e  phys i ca l  model. 

2. To l i n e a r i z e  t h e  opera to r  by averaging 
i n d i v i d u a l  ope ra to rs  based on t h e  t u n i n g  set .  

3. To d e r i v e  c o e f f i c i e n t s  by l e a s t  squares f o r  
Operator s c a l i n g  and vec to r  displacement. 

4. To p rov ide  data se ts  on which t h e  l i b r a r y  
search conducted. 

accuracy r e s u l t i n g  from t h e  l i n e a r i z a t i o n  of t h e  
non l i nea r  MVS operator  can e a s i l y  be t o l e r a t e d  
i n  View o f  t h e  l a r g e  ga in  i n  computational 
e f f i c i ency .  But, i n  t h e  f i n a l  ana lys i s  t h i s  l o s s  
of accuracy i s  even l e s s  than t h a t  shown by t h e  
r e s u l t s  o f  Tables 1 and 2 because they do n o t  
i n c l u d e  t h e  ga in  i n  accuracy achieved by us ing  
t h e  l i b r a r y  search technique. Thus, t h e  
i n c o r p o r a t i o n  of t h e  techniques of operator  
l i n e a r i z a t i o n  and l i b r a r y  search i n t o  t h e  
c p e r a t i o n a l  process ing system y i e l d s  a r e t r i e v a l  
system t h a t  i s  bo th  compu ta t i ona l l y  e f f i c i e n t  and 
accurate. 

I n  a d d i t i o n  t o  ach iev ing  s i g n i f i c a n t  

The operator  l i n e a r i z a t i o n  procedure 

We conclude t h a t  t h e  minor  degradat ion i n  
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A METHOD FOR OBTAINING AN IMPROVED INITIAL APPROXIMATION 
FOR THE TEMPERATURWMOISTURE RETRIEVAL PROBLEM 

1. INTRODUCTION 

Mitchell D. Goldberg and Jaime M. Daniels 
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4400 Forbes Blvd., Lanham, MD 20706 

Henry E. Fleming 
Satellite Research Laboratory 

NOAAfNESDIS 
Washington, D.C. 20233 

The primary purpose of satellite derived temperature and 
moisture retrievals is to provide information over regions where 
conventional radiosonde data are either sparse or non-existent. 
Retrieval accuracy comparable to radiosonde measurements 
continues to be the long term objective, but the low vertical 
resolution of present-day radiometers precludes this. One way of 
reducing retrieval error and improving retrieval structure is to 
improve the initial approximation used in the retrieval. 

Retrieval structure is predominantly carried over from 
the structure of the initial approximation. The initial 
approximation. also referred to as the first guess, has traditionally 
been derived from a mean condition of an ensemble of apriori 
data representing some given range of latitude and season. h e  
problem with this approach is that ensemble means are typically 
smooth, resulting in smooth retrievals. The solution to this 
problem is to use a first guess representative of the ambient 
condition, in terms of structure. 

The focus of this paper is to present a pattern recognition 
library search technique for improving the initial approximation. 
This technique was derived from the concept that if a set of 
indistinguishable radiance vectors existed and was matched to 
“ground truth” radiosonde profiles of temperature and moisture, 
the ground truth, due to non-uniqueness and the limited vertical 
resolution of the radiometer, would not be indistinguishable but 
very similar in both magnitude and structure. We assume that 
m e r e  occurrences of non-uniqueness (Le., two quite different 
atmospheric profiles, resulting in the same set of radiance 
vectors) are statistically uncommon. Other library search 
approaches have been reported by Chedin and Scott (1985), 
Goldberg, et at. (1985) and Thompson, et at. (1985). 

The objective of the library search technique is to find a 
small sub-set of radiance vectors from a historical library of 
matched data that are similar to the ambient radiance. These 
matched data are satellire radiances matched in time and space 
with radiosonde temperature and moisture profiles. The small 
sub-set of radiance vectors, along with their matched temperature 
and moisture profiles, are used to generate the first guess vectors 
for the retrieval algorithm. 

The library search technique is presently used in the 
Minimum Variance Simultaneous (MVS) algorithm (Fleming, et 
ai. 1988). Results based on the library search are compared to the 
more common approach of using mean conditions representing a 
latitudinal and seasonal regime of which the ambient condition is 
a member. 

2. APPROACH 

The library search method uses nearest neighbor 
discriminate analysis to compute a “closeness measure’’ between 
the ambient condition and each radiance member in the library. 
The closene measure, p, between the ambient radiance vector, 
r, and the K libraw radiance memberris defined as Sk ‘ 

where the superscript “T’ denotes matrix transposition, “-1” 
denotes matrix inversion, and S is the covariance matrix of the 
radiance measurements within the library. 

Instead of using the temperature, moisture and radiance 
vectors associated with the minimum p value, the first guess is 
obtained by averaging the vectors associated with the n smallest 
p values. After some experimentation, the best value of n was 
found to be 20. The closest neighbor by itself is not used for 
three reasons. First, due to non-uniqueness of solutions to the 
radiative transfer equation, the nearest neighbor in radiance 
space, can theoretically be a distant neighbor in temperature 
space. Second, satellite radiometers do not have the vertical 
resolution of the radiosonde, and therefore, radiances are 
insensitive to small scale structure in temperature/moisture 
profiles, hence the closest neighbor might not correspond to the 
most representative ambient structure. Finally, there are always 
some discrepancies between matching real satellite observations 
with radiosonde data, since the radiometer has a relatively large 
horizontal resolution and the satellite overpass time rarely 
coincides with the time of the radiosonde observation. 

3. APPLICATION 

The library search technique supplies first guess 
information to the Minimum Variance Simultaneous (MVS) 
retrieval algorithm, which has been used in processing NOAA-IO 
retrievals since March 1987 in parallel with the current 
operational regression algorithm at NOAAMESDIS. The same 
channels arc used for both library search and the retrieval. The 
library is updated on a daily basis with radiances matched to 
radiosonde data, based on a fued set of 200 geographically 
distributed radiosonde stations. In this operational environment, 
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approximately 50000 retrievals are processed daily from radiance 
data collected over 14 orbits. The library search technique can be 
used for each sounding. however, to avoid the needless 
generation of redundant first y e s s  information, we test the 
applicability of the library search first guess, used in the previous 
sounding. to the current data. 

To  test for first guess redundancy. a "redundancy" 
closeness measure, based on equation 1, is computed between the 
ambient radiance vector and thc most recent library search first 
guess radiance vcctor. A threshold limit, defined a s  the mean of 
the twenty smallest p values associated with the most recent 
library search, is compared to the redundancy closeness measure. 
A new first guess is generated only if the threshold is exceeded, 
otherwise, the first guess applied in the previous sounding is used. 
On the average, only 30% of a11 soundings required the 
generation of new first gucss information. 

4. DATA 

Results in this paper are derived from channel radi;ince 
data collected from the High-resolution Infrared Radiation 
Sounder (HIRSD), Microwave Sounding Unit (MSU), and the 
Stratospheric Sounding Unit (SSU) on board the NOAA-10 
polar orbiting satellite for the period of October 6-16. 1987. A 
complete description of thesc instruments can be found in Smith 
et ai. (1978). To ev:iluate the retrievals, radiosonde temperature 
and moisture profiles are matched to retricvnls. under the 
condition that the matched pairs are within 3 hours and within a 
3' spatial window. Only clear and cloud-corrected (N*) 
radiances (McMillin antl Dean, 1Y82) are used in the evnluatioii. 
The matched data are sorted into the following latitude zones to 
facilitate the eval ua t i on: 

a) Zone 1 (60-YO0N) 1309 cases 

b) Zone 2 (30-60°N) 1784 cases 

c) Zone 3 (30'S-30°N) 588 cases 

Table 1. The 27 MVS Retrieval Bins 

1 .atitude && Lnnd/Day Lnnd/Nirrht ____ 
60 < L A T z  90N 
45 < LAT 5 6ON 
30 < LAT545N 
15 < LAT 5 30N 
15s < LAT 5 1SN 
15 < LAT 5 30s 
30 < LAT 5 45s 
4.5 < LAT 5 60s 
60 < LATz90S 

10 
11 
12 
13 
14 
15 
16 
17 
18 

* No lhy/Niglit Breakdown over Ocean 

19 
20 
21 
22 
23 
24 
25 
26 
27 

The channel combination used for clear and partly- 
Cloudy retricv;ils are I-IIRS 2-7 and 13-16, MSU 2-4, antl SSU 1-3. 

5. RESULTS 

Before the development and implementation of the 
hbrary search technique, the ensemble means from 27 bins of 
matched radiosonde/radiance data sets (see Tal)le 1). were used 
for the initial approximation i n  the MVS retrieval algorithm. TO 
demonstrate the library search approach, results based on Iihriiry 
search are compared to rcsults based on ensemble means. 
hwcver .  we will first demonstrate the high degree of ambient 
representation generatetl by the library search procedure. Figures 
l(a-b) and 2(a-b) are displays of thermal gradients, gciierated 
using a VlCOM computer-based interactive graphics system 
(Brown, e t  ai. 1988). Figures l a  and 2a show the approximation 
of the ambient thermal field generated by the lib1 ary search 
technique at 250 mh antl 750 mb. whereas Figures l b  antl 211 
show the corresponding retrieved thermal field. Overall, the first 
guess field appears to be a very good first approximation of the 
;imbicnt field, but notice that the retrieval sharpens the features 
detected by library search. 

Figurc lh. MVS rctricv:d field at 250 mh, using thr libr:1q search 
first guess field. 
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POLAR (60-90N) CLEAR/NN SAMPLE S I Z E =  1309 

0 O I N  FIRST GUCSS 

Figure 2a. Library search first guess field at 700 mb. 

Figure 2b. MVS retrieval field at 700 mb, using the library search 
first guess field. 

Retrieval RMS errors (retrieval vs. radiosonde) and first 
guess errors (retrieval vs.first guess) are shown ;n Figures 3(a-b), 
4(a-b) and 5(a-b) for Zones 1, 2 and 3, respectively. All three 
figures clearly illustrate that library search significantly reduces 
both the temperature and water vapor mixing ratio first guess 
errors. Furthermore, retrievals based on library search are more 
accurate. Library search has a larger impact on retrieval accuracy 
in regions of the atmosphere where temperature and moisture 
have the highest variability, more specifically, this includes regions 
near the surface and above 500 mb. 

MIOLATITUDE (30-60N) CLEAR/Nx SAMPLE S IZE=  1784 

0 B I N  FIRST GUCS! 

* MVS/LIEFIARY 

o MYS/OIN MEAN 

200 looI  

S I Z E =  588 
LID FIRST GUESS 

B I N  FIRST GUESS 1 MVS/L I BR AnY 

TROPICS (30s-30N) CLEAR/NN SAMPLE 

70 

no 

90 

100 

Figures 3a-Sa. Temperature MVS retrieval and first guess error 
profiles using library search and bin means for polar, mid- 
latitudes and tropics. respectively. 
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POLAR (60-90N) CLEAR/NX SAMPLE S I Z E =  1309 
- 

m L I E  FIRST GUES! 

o B I N  FIRST GUES! - HVS/LIBIIARY 

0 MVS/EIN MEAN 

WATER VAPOR M I X I N G  R A T I O  RMS ERROR (G/KG] 

MIDLATITUDE (30-60N) CLEAR/NN SAMPLE SIZE=? 1784  
1.16 FIRST GUESS 

400 o B I N  FIRST GUESS 

300 

- WVS/LIORARY 

0 HVS/BIN MEAN 

"ol !I 1 
\ 

'I, 

1000 f - 
0 

WATER VAPOC M I X I N G  R A T I O  RMS2ERROR (G/KGl 
I 

TAOPICS (30S-30N) CLEAR/NN SAMPLE S IZE=  588 
300 

400 0 BIN FIRST GUESS - HVS/LIBRARY - 500 rn - I 0 HVSIBIN MEAN 

600 2 In 
700 

Figures 3b-5b. Water vapor mixing ratio MVS retrieval and first 
guess error profiles using library search and bin means for polar, 
mid-latitudes and tropics, respectively. 

Notice that in Zones 2 and 3, library search water vapor 
first guess errors are smaller near the surface than the errors 
associated with retrievals based on ensemble means. This is 
probably a consequence of the high variability of moisture in the 
horizontal and the relatively poor horizontal resolution of the 
radiometer. Remember, first guess temperature and water vapor 
profiles are derived from point measurements (radiosonde), 
whereas a retrieval represents an average condition defined by the 
horizontal and vertical resolution of the radiometer. 

Observing the significant reduction of first guess errors, 
one might have expected library search to have a much larger 
impact on retrieval accuracy. However, retrieval accuracy is also 
defined by the retrieval operator. Apparently, the retrieval 
operator. which incorporates radiative transfer physics and apriori 
covariance relationships of temperature and water vapor, plays an 
important role. The role of the first guess is to provide 
information on the vertical structure of atmosphere, that cannot 
be resolved by present-day radiometers. 

6. CONCLUSIONS 

It was demonstrated that library search can generate a 
good approximation of the ambient thermal and moisture field. 
Furthermore, the use of library search in conjunction with a 
physical retrieval algorithm resulted in more accurate retrievals, 
especially in regions of high variability. An important feature of 
this technique is that apriori data sets are not partitioned into 
different regimes of latitude and season, as required by the 
traditional ensemble approach. 

7. ACKNOWLEDGEMENTS 

The authors wish to acknowledge Charles Novak and 
Michael Chalfant of NESDIS for providing the resources to 
conduct the study and to Charles Brown of ST Systems Corp. 
The authors are also indebted to Lisa Markel for drafting, and 
Chris Mitchell for typing the manuscript. 

8. REFERENCES 

Brown, C.E., K. Fakhrai, M. Liu, A. Swaroop, and A.L. Reale, 
1988: An image processing display system for evaluation 
of operational meteorological products. Prcnrlnt 
Volume: Fourth Conference on I n t v  

and Hvdrology, Feb. 1-5, 1988, Anaheim, Calif. 
Published by Amer. Meteor. SOC., Boston, MA 

Chedin, A., and N.A. Scott, 1985: The 31 (Improved Initialization 
Inversion) method applied to the satellites of the 
'TlROS-N series. In Deepak, A.. H.E. Fleming, and M.T. 
Chahine (Eds.), Advances in Rem ote Sensina Retrieval 
Methods, A. Deepak Publishing, Hampton, Virginia 

Fleming, H.E., M.D. Goldberg, and D.S. Crosby, 1988: 
Operational implementation of the minimum variance 
simultaneous retrieval method. Voluqlc: Third 
Conference on Sate llite Meteorolggv and Oce-. 
Jan. 31-Feb. 5,1988, Anaheim, Calif. Published by Amer. 
Meteor. SOC., Boston, MA 

Goldbcrg, M.D., N.C. Grody, and O.E. Thompson, 1985: Analog 
temperature retrievals using a library search procedure. 
In Deepak, A., H.E. Fleming, and M.T. Chahine (Eds.), 

Deepak Publishing, Hampton, Virginia, 461-470. 
McMillin, LM., C. Dean, 1982: Evaluation of a new operational 

technique for producing clear radiances. 6 ADDL 
Meteor,, 21, 1005-1014. 

Smith, W.L., H.M. Woolf, C.M. Hayden. D.Q. Wark. and L.M. 
McMillin, 1979: The TIROS-N operational vertical 

Iliompson, O.E., M. Goldberg and D. Dazlich, 1985: Pattern 
recognition in the satellite temperature retrieval problem. 
J. Clim. AoiA Meteor., & 30-48. 

Bnd Processina Svstems for m o r o l  ow. OceanonraDhv. 

A d v , l n c e s e t r i e v a l  h@$h~&, A. 

sounder. &&&p& Meteor. So& ,60,1177-1187. 

23 



1.7 

COMPARISONS BETWEEN PHYSICALLY RETRIEVED TEMPERATURE AND MOISTURE FIELDS 
FROM NOAA-7 AND NOAA-9 AND CONVENTIONAL ANALYSES OR RADIOSONDE DATA 

N. Husson, Y. Tahani, N.A. Scott, and A. Chedin 

Laboratoire de MiWorologie Dynamique du CNRS 
Ecole Polytechnique, 91128 -Palaiseau Cedex, France 

1. INTROWCTION 

The quality of the instruments aboard the 
present generation of operational meteorolog cal 
satellites (the Tiros-N series) and the 
increasing capability of the so-called phys cal 
inversion methods to accurately retr eve 
atmospheric parameters from the mu1 ti -spectral 
radiative measurements, explain the increasing 
compatibility of these remote observations with 
the requirements of most of 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 (a priori information) aspects of the 
phenomena - very often through a coupling of the 
various instruments (e.g. infrared and microwave 
sounders). 

The "31" (Improved Ini ti a1 i sati on 
Inversion) algorithm (Chedin et al., 1985a, 
1985b, 1986) has been designed with the purpose 
o f  retrieving geophysical parameters from space 
radiometric measurements and oriented towards 
the processing of the Tiros-N series 
observations made by the TOVS (Tiros-N 
Operational Vertical Sounder) instruments : 
HIRS-2,  a 20-channel infrared radiometer, and 
M U ,  a 4-channel microwave radiometer. 

This procedure is a physico-statistical 
type method which relies on a "pattern 
recognition" type approach. The inversion of the 
radiative transfer equation is spl itted into two 
steps, both of which take satellite measurements 
as their source data. The first step "inverts" 
these measurements according to the principle of 
"best initial profile" from among a vast 
selection of atmospheric situations archived in 
advance and classified i n  groups according to 
air mass type. This "library" of atmospheres, 
"TIGR" (TOVS Initial Guess Retrieval data set) 
(see above references), consists at present of 
about 1200 situations carefully sampled by 
statistical analysis methods. The selected set 
o f  observed brightness temperatures is 
"compared" to each of the computed sets of 
brightness temperatures and the "closest" is 
retained. 

From the initial profile obtained in this 
manner, the second step performs the radiative 
transfer equation inversion. The basis for 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 
of the Jacobian associated with the retrieved 
initial guess, in the "TIGR" data set. 

The use of the so-called "#-method" (see 
above references) relying on a coupling of the 
infrared and microwave channels, to obtain 
"equivalent clear radiances" in cloudy areas, 
preserves as far as possible the nominal 
vertical resolution of the instruments. 

Resulting from a compromise between the 
spatial resolutions of the two sounders HIRS-2 
(infrared) and MSU (microwaves) and from an 
over-sampling along the subsatellite track, the 
31 algorithm produces one retrieval every 
100 x 30 km2. 

Algorithm "31" i s  producing thermal 
structure and other products such as - 
geopotential thicknesses, thermal winds, cloud 
parameters such as altitude, cloud amounts, 
relative humidities and water vapor amounts. 

Retrievals of water vapor quantities 
(relative humidities, total amount of 
precipitable water vapor) are made for 3 layers 
delimited by the levels 1000, 800, 500 and 
300 mb. Following the temperature profile 
retrieval, the brightness temperatures 
associated with the initlal guess are corrected 
for the deviations between the initlal 
temperature profile and the final solution 
giving rise to the initial guess for water vapor 
and surface temperature retrievals. The method 
used is based upon a simultaneous physical 
inversion o f  the water vapor amounts and o f  the 
surface temperature. 

: 
8, 10, 11, 12 for the day-time observations and 
18, 10, 11, 12 for the night-time observations. 
A ridge type estimation procedure is used : 

Four HIRS-2 channels are presently used 

Ab = ( X ' X  t 71) - '  X '  BY 
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where X ( X '  transpose of X)  is the matrix o f  the 
partial derivatives of the brightness 
temperatures with respect to relative humidities 
and surface temperature. AY is the difference 
between observed (cleared) brightness 
temperatures and the initial values of the 
parameters considered, 7 is a smoothing 
parameter (Lagrangian parameter). 

The "31" method has been applied to N O M - 7  
and NOAA-9 satel 1 ite observations over Europe, 
to assess its capability to produce accurate 
temperature soundings or geopotential 
thicknesses, as we1 1 as water vapor re1 ated 
quantities. Systematic comparisons with either 
Operational analyses or colocated radiosoundings 
data have been performed. 

2 .  

2.1 Jhe NOAA-7 " s i t u a t i o ~  

Six "situations't were selected, corres- 
ponding either to a single satellite pass 
(giving a more restricted geographic zone of 
coverage), or to two successive satellite 
Passes, They are generally related to complex 
atmospheric situations, often characterized by a 
very rapid evolution and have resulted in 
substantial errors in forecasting either by the 
European Center in Reading (ECMWF) or by the 
French Met, Office or both. The dates range from 
September to December 1983 (see Chedin et a1 . , 
1987). 

PRESENTATIONS OF THE SITUATIONS ADOPTED 

NOAA7 orb. 11664, September 27,1983,14352 

0 

fig I : ECMWF opt?r&nal an&sis : 
thicknesses IooO-850 mb, in OC ( virtual tunperahcrcr) 

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, 

A total of nine scenes have been studied. 
The 2 situations reported here are for September 
27, 1983, orbit nb. 11664 at 14:35Z and for 
December 28, 1983, orbit nb. 12963 at 14:17Z 
(see also Chedin et al., 1987). 

They have been selected as the ones 
corresponding to the slightest errors in the 
forecasts, the first one being however more 
complex than the second. 

Observatlons from NOAA-9 were chosen, for 
two satel 1 ite passes over the "HAPEX-MOBILHY" 
("Hydrology - Atmospheric Pilot Experiment" - 
"Mod41 isation du 611 an Hydrique") experiment 
site (AndrB et al., 1987) corresponding to June 
9, 1987, orbit nb. 7676 at 2:02 pm, and to June 
19, 1987, orbit nb. 7817 (C. Ottl6, Private 
Communication). 

3 .  RESULTS OF COMPARISONS BETWEEN CONVENTIO- 
THE NOAA-7 AND NOAA-9 CASES 
NAL ANALYSIS AND 31 ALGORITHM RESULTS FOR 

The quality of retrieved products (thermal 
structure as well as water vapor related 
quantities) has been estimated, for the N O M - 7  

-.. , \ 
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and NOAA-9 situations mentioned above, through 
comparisons with ECMWF (European Center for 
Medium Range Weather Forecast) conventional 
analyses. Vi sua1 comparisons have a1 so been made 
on the basis of geopotential thickness fields. 

3.1 TemDerature structure 

1) Orbit number 11664 

On a qualitative point of view, opera- 
tional analyses of 1000-850 mb and 1000-500 mb 
geopotential thicknesses of the ECMWF (expressed 
in virtual temperatures), are presented in 
Figures 1 and 3 respectively. Figures 2 and 4 
display the corresponding "31" thickness 
charts. 31 fields appear quite similar to those 
resulting from operational analyses both as 
regard value and aspect. For a more detailed and 
precise analysis of the differences between the 
two fields, see Chedin et al., 1987. 

A quantitative assessment of the accuracy 
o f  the retrieved products has been approached by 
a statistical analysis of the deviations between 
the 31 retrievals and the ECMWF thickness 
fields. The results of this statistical 
evaluation are reported on Figure 5 which 
displays statistics on the differences between 
31 retrieved geopotential thicknesses and 
corresponding analysis from ECMWF, for 7 
layers : 1000-850, 850-700, 700-500, 500-300, 
300-100. 100-70 and 70-50 mb. Mean and standard 
deviations are in percentage of geopotential 
thickness of corresponding layer for the Us 
standard atmosphere. Comparisons with analyses 
comprise about 1660 "31" samples over a total of 
1752 for this orbit. 

2) O r b i t  12963 

Quantitative results of the statistical 
evaluation of the differences between 31 
retrieved geopotential thicknesses and ECMWF are 
shown on Figure 6. Over a total of 1475 samples 
for this orbit, about 1410 are involved in this 
evaluation. 

3) NOM-9 selected passes 

Figure 7 displays the same kind of results 
as Figures 5 and 6 for the NOAA-9 pass, orbit 
7017. 

A few remarks come out of these results. 
The two NOAA-7 passes show a standard deviation 
of about 0.6% throughout the atmospheric column 
except for the lowest layer where it reaches 0.9 
to 1%. Biases are more important for orbit 11664 
(the most complex). They are less than the 
standard deviations (one exception). The NOAA-9 
pass nb. 7676, corresponding to a more 
"classical 'I meteorological situation, displays 
results (not shown) similar to NOAA-7 pass 
number11963 when the second one (7817) shows a 
standard deviation still better of 0.3% to 0.5% 
with a peak at about 0.8% for the lowest layer. 

These results are considered as 
satisfactory. 

j ig 3 : ECMWF operational analysis : 
thicknesses 1000-500 mb, in O C  ( virtuul temperatures) 

NOM7 orb. 11664, September 27,1983, 14.352 

f i g  4 : 1 a)O-SlW mb geopotential thicknesses 
rem*evedfkom the 3t algorithm 
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orbit NOAA7 

mean content 

biais 

std. dev. 

sample 

table 1 : Di erences between 31 retrieved and ECMWF 
anatyse f totd water vapor contents (g.cm-2) 

for the two NOM 7 passes. 
The number of samples retained is not as 

important as for the thickness fields because of 
the cloudy relection flag : 60% is'the adopted 
limit nebulosity value for proceeding to water 
vapor retrievals. 

11664 12963 

1.92 1.51 

-0.53 -0.27 

0.72 0.36 

902 975 

orbit NOM9 7676 7817 

mean content 1.99 2.00 

biais -0.09 -0.07 
4 

std. dev. 0.48 0.60 

sample 592 546 
- - 

table 2 : Differences between 31 retrieved and ECMWF 
amlysed total water vapor contents (g.crn-2) for the 

two NOM9 passes. 

From these results, it appears that rms 
values ranging from 25% to 30% of the total 
water vapor content are obtained except for 
orbit NOAA-7 number 11664 for which it reaches 
the surprisingly bad value of 46%. Going deeper 
into the analysis of this result has led us to 
point out an area for which discrepancies 
between 31 retrieved and ECMWF analysed total 
water vapor contents are very large. This is 
shown on Figs. 8 andz 9 : over Spain, values o f  
the order of 4 g.cm- are given by ECMWF w)en 31 
retrieves values of the order of 1.5 g.cm- . A s  
a preliminary attempt to elucidate this 
question, comparisons have been made between 
radiosonde data, 31 retrlevals and ECMWF values. 
They are shown In Table 3 which concludes i n  
favor of 31. 

fig 5 : NOAA7, orbit 11664, statistics on the dflerences 
beween 31 retrieved geopotenrial t h i c k s e s  and 

corresponding analysis from ECMWF 

0 

-0,2 -0,4 l- . IO00 

-850 
850 
-700 

700 
-500 -300 -100 -70 -50 

17 Std. dW 

fig 6: NOAA7, orbit 12963, statistics on the differences 
between 31 retrieved geopotentid thickncsscs and 

corresponding analysis from ECMWF 

j ig 7: NOAA9, orbit 781 7, statistics on the differences 
beween 3/ retrieved geopotennbl rhicksses and 

corresponding analysis from ECMWF 
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Station 

Madlid 

La 2.33 1.86 3.12 Coruna 

R/S 31 ECMWF 

1.34 1.40 4.58 
data 

tab& 3 : comparison between radiosonde data, 31 retrieval 
and ECMWF analysis values of total water vapor [in glcm2) 

4. CONCLUSION 

This study of a few selected cases 
confirms previous results obtained through the 
31 retrieval algorithm. Departures between 31- 
retrieved and ECMWF-analysed geopotential 
thicknesses generally display standard 
deviations ranging from 0.3% (nclassical" 
meteorological situation) to 0.6% (complex 
situation) with a peak for the lowest layer 
(0.8% to 1%). For the total water vapor content, 
nns values are of the order of 25% to 30% of the 
mean content. In one case, a much larger value 
(46%) has been explained in large part, in favor 
o f  31. Further comparisons are in progress in 
cooperation with Dr. G. J.  Prangsma from KNMI 
(Nether1 ands) , 
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1. INTRODUCTION 

NOAA/NESDIS produces operational temperature and 
water vapor soundings from the TIROS Operational Vertical 
Sounder (TOVS) on board the NOAA TIROS-N series polar 
orbiting satellites. NESDIS operates two sun synchronous, polar 
orbiting satellites, an odd-numbered satellite for midday and 
mid-night measurements and an even-numbered satellite for 
morning and evening measurements. The TOVS consists of three 
instruments; the second version of the High-resolution Infrared 
Sounder (HIRSP), the Microwave Sounding Unit (h4SU) and the 
Stratospheric Sounding Unit (SSU). The H I R S / 2  supplemented 
by the MSU are primarily used to gene- tropospheric sounding 
products. 

Due to the failure of MSU channels 2 (53.73 GHZ) and 3 
(54.96 GHZ) on board NOAA-9, sounding products from NOAA- 
9 were discontinued on March 17, 1987. Global sounding 
products became solely dependent. on NOAA-10 with a 50% 
reduction in coverage. This included the loss of timely sounding 
data from the northeast Pacific region for direct input into the 
National Meteorological Center’s (NMC) Nestcd Grid Model 
(NGM) for numerical weather prediction. At that time, a system 
to generate tropospheric sounding products without the MSU 
channels 2 and 3 did not exist. These are the primary 
tropospheric sounding channels of the MSU and are required to 
validate the H I R S / 2  data and to produce soundings in cloudy 
atmospheres. 

NESDIS has since developed a system to generate TOVS 
sounding products without MSU channels 2 and 3. This system 
became operational for NOAA-9 on September 1,1987. NOAA- 
9 soundings were evaluated by NMC during September and found 
to be usable. NMC was scheduled to begin using NOAA-9 
products in the NGM and other forecast models by November 
1987, as well as distribution to the European Center for Medium- 
range Weather Forecasting. Worldwide distribution of NOM-9 
products over the Global Telecommunication System was also 
scheduled to resume during November. 

The following paper describes modifications to the 
TOVS processing system to generate soundings without 
Tropospheric MSU data that were implemented for NOAA-9. An 

evaluation technique and results comparing the observed accuracy 
of NOAAB and NOAA-10 soundings are presented. Results 
showing the impact on sounding accuracy of the removal of 
specified TOVS channels are also presented. Results are for 
soundings generated using a statistical regression algorithm. 

2. SYSTEM DESCRIPTION 

The sounding system for NOAA-9 does not require MSU 
channels 2 and 3. The HIRSn channel I6 (4.4 pm) is also not 
available. MSU channels 1 (50.31 GIG) and 4 (57.95 GHZ) are 
available and used in the processing. Figure 1 shows the 
atmospheric sensitivity of the various TOVS channels. A gap in 
the sensitivity is present in the vicinity of the tropopause 
(2OOmb). The loss of MSU channel 3 and HIRS channel 16 for 
NOM-9 amplifies this pblem. 

Sounding products for NOAA-9 are generated similar to 
those for NOM-10. hior to the cloud clearing step the only 
difference is that the MSU channels 2 and 3 are not available as 
predictors for limb and water vapor corntion. The main 
difference in processing occurs in the clwd clearing procedure. 
Tests to identify cloud contaminated HIRSD data using MSU 
channels 2 and 3 are not done. It was also found that the 
calculation of clear column brightness temperatures (McMillh, 
1987) for HIRSI;! data without MSU channels 2 and 3 is unstable, 
therefore, it is not done, Only HIRSD data in cloud-free areas BIC 

processed into tmpospherk products. 
Prior to the retrieval step, objective analysis of the clear 

H I R S / 2  data is done and a quality indicator is set. Normally, 
these procedures use MSU channels 2 and 3 together with HIRSL? 
data to identify outliers. For NOM-9, separate channels of the 
H I R S / 2  are used to check other H I R S / 2  channels. This p e d u r e  
cannot be used over high terrain (>1.2 km) and for these the 
quality indicator is set to questionable. 

NOM-9 products consist of tropospheric (Io00 mb. to 
115 mb.) and stratospheric (lo0 mb. to .1 mb.) soundings for 
cloud free regions and only stratospheric soundings in cloudy 
regions. Accurate tropospheric soundings cannot be retrieved in 
cloudy atmospheres without MSU channels 2 and 3. NO products 
are distributed over high terrain. 
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Fig. 1: Normalized Atmospheric Weighting Functions for TOVS 
Channcls. 

Clcar tropoosphcric wundiogs arc computed using the 
HIRSL! sounding channels and MSU channcl 4. Stratospheric 
soundings arc produced similar to hc normal TOVS operation 
except that fhc MSU channcl 3 is not uscd. Thc MSU channcl4 
is also uscd for cocfficicnt intcplation hetwwn TOVS htitudc 
zones (samc a? normal TOVS system). 

Clear soundings comprise about 30% of thc tofa1 numbcr 
of soundings produced for NOAA-9. Figurc 2 shows an example 
of h C  tropospheric sounding covcragc for NOAA-9 over a 24- 
hour Deriod. Thc dark a r o i  rcprcscnt cloud free rcgions for 
which NOAA-9 tropospheric produci? wen: gcncnted and the 
white arm.? cloudy rcgions. The corrcsponding NOAA-IO picturc 
would haw shown complctc global covcragc. 

3. RESULTS 

3.1 Evaluation Tcchnisuc 

Scvcral mclhd .  arc availablc to compute c m  slitistics 
for sounding systems. Thc rc-rcwicval mcfhod, was chosen for 

this papcr. This mcthod uses archivcd data-scts of TOVS 
sounding and upper-air radiosonde (mob) matchups. A dcpcndcnt 
s;implc (21 days) of miitchups is uscd to gcncntc "new" rcfrkval 
cocfficicnts (using sfatisticxl rcgrcssion) and an indcpcndcnt 
smnplc (7 tlays) is uscd for cvaluation. Thc cvaluation is donc by 
rc-rctricving thc soundings in the indcpcndcnt sample with thc 
"ncw" cocfficicnLs and computing c m r  statistics rclativc to the 
rnohs. 

Kaob and sounding matchups arc collcctcd daily and 
storcd on a 28-day roLiting filc during miitinc TOVS pmcssing 
wilh a scp?ntc file for o?ch s?tcllitc. The distance window for 
matchups nngcs from 25 km. to 300 km. depending u p n  thc 
latitude zone (and mob dcnsity). Linozr timc interpolation of h c  
raoh data to thc sounding Limc is donc if Ihc timc diffcrcncc for 
thc matchup cxcccds 3 hours. Thc matchup f i l a  arc archivcd by 
NESDIS cvcry 15 days for resorch and dcvclopmcnt purpscs 
and systcm backup. 

Thc rc-rctricval mcthod is applied in two ways to 
cvaluatc the impct of rcmoving specifid TOVS channels from 
thc proccssing. 

Pmccdurc " A  evaluates obscrved NOAA-9 and NOAA- 
I O  crror sL?tistics using thc scpintc matchup fi la archivcd for 
cach satellite. The dcpcndcnt and indcpcndcnt simples from cach 
siicllirc arc sclcctcd for thc same time pcriod. Ihis proccdurc 
dircctly mmsurcs thc impact rcmoving MSU channcls 2 and 3 
and HIRSD channcl 16 using coincidcnt d m  from NOAA-9 and 
NOAA-IO. Howcvcr. this proccdurc also rcflcct? diffcrcnccs duc 
to thc diffcrcnt mmplcs for cach satcllitc which can distort rhc 
rcsults. 

koccdurc "B" cvaluntcs thc impact of rcmoving cach of 
thc following channcls from thc TOVS processing systcm: 

o HIRS/.2channcl 16, 
o HlRW channcl 16 and MSU channcls 2 Rr 3, and 
o All MSU channels. 

This is donc using thc NOAA-IO matchup data only. 
Thc dcpcndcnt and indcpcndcnt matchup samples arc identical for 
cach of thc abovc scenarios with scparatc "ncw" cocfficicnts for 
cach. This avoids thc problcm of comparing results for diffcrcnt 
simples. Howcvcr. cvalu:ition results do not ncccssarily rcflect 
thc actual pcrformancc of a particular satcllitc (i.c., NOAA-9). 

Fig. 2 NOAA-9 Tropospheric Covcmgc for a 24-hoiit Pcnod. 
Whitc Arm.. Indicate No Covcragc Doc to clou&. 
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Fig. 3: Mean (left) and RMS (right) &or (OK) Statistics for 
Temperature Soundings in the Latitude Zone 60 N to 30 N Using 
proced~re "A". 9/28/87 - 1014B7. 

3.2 Evaluation Results 

Results comparing the mean and rms e m r  statistics for 
the various sounding system scenarios are. summarized below, 
Only tropospheric data are shown, results in the stratosphere 
being least affected by the channels removed. Results are for 
clear TOVS soundings. The evaluation period chosen was 
September 28 through October 4,1987. 

Figures 3 and 4 show error statistics for temperature 
soundings for the latitude zones 60 N to 30 N and 30 N to 30 S 
using procedure "A." NOAA-9 soundings (dashed line) appear 
worse than those for NOAA-IO (solid line) particularly near the 
tropopause (200 mb.) in both zones. A maximum degradation of 
1.10 rms occurs at the mid-latitude tfopopause (although the 
NOM-9 mean error is smaller for this case). NOAA-9 is about 
.30 rms worse in both zones between 800 mb. and 300 mb. 

Figure 5 shows NOAA-9 and NOAA-10 statistics for 
moisture soundings for the latitude zone 30 N to 30 S. Results are 
compatible. 

Figures 6 and 7 show error statistics for the northern 
mid-latitude and tropical regions using procedure "B." The three 
plots shown correspond to the scenarios described earlier. 

Little impact is observed when only the HIR!jD channel 
16 is removed (compare to Figures 3 and 4). Increased 
degradation occurs near the tropopause when the MSU channels 2 
and 3 are removed with a maximum degradation of So rms for 
the mid-latitude tropopause. Overall, the degradation is less than 
that observed for NOAA-9 (see Figures 3 and 4). 

The removal of all the MSU channels results in 
significant degradation in the north mid-latitude region but no 
degradation in the tropics. This may be due to the wider range of 
atmospheric conditions encountered in the mid-latitudes as well 
as the location of the tropopause relative to the TOVS 
atmospheric sensitivity gaps (see Figure 1). It may also reflect 
he impact of replacing MSU channel 4 with a stratospheric 
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Fig. 4: Mean (left) and RMS (right) Error (OK) Statistics for 
Temperature. Soundings in the Latitude Zone 30 N to 30 S Using 
proced~re "A", 9/28/87 - 10J4J87. 
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Fig. 5: Mean (left) and RMS (right) E m  (GKG) Statistics for 
Moisture Soundings in the Latitude Zone 30 N to 30 S Using 
Proced~re "A", 9/28/87 -1OJ4J87. 

H I R S / 2  channel, whose noise level is higher, for coefficient 
interpolation. 

Figures 8 and 9 summarize error statistics for the latitude 
zone 30 S to 60 S using procedures "A" and "B", respectively. 
Overall, these results support those reported for the northern mid- 
latitude region. 
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Fig. 6 Mean (left) and RMS (right) Error (OK) Statistics for 
Tempenurn Soundings in the Latitude Zone 60 N to 30 N Using 
R m ~ r e  "B", 9/Ls/87 - 10/4/87. 
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Fig. 8: Mean (left) and RMS (right) Error (OK) SWktiCS for 
Temperature Soundings in he Latitude Zone 3O S to 60 S Using 
f i a u r ~  "A", 9/28/87 - 10/4/87. 

4. OTHER APPLICATIONS 

Fig. 7: Mean (left) and RMS (right) E m r  (OK) Statistics for 
Tcrnperature Soundings in Ihc Latitude Zone 30 N to 30 S Using 
Procedure "B", 9/28/81 - 10/4/81. 

Fig. 9: Mean (kft) and RMS (right) W r  (OK) Statistics for 
Tcmperatum Soundings in the Latitude Zone 30 S to 60 S Using 
Procedure "B". 9/28/87 - 10/4/87. 

replaced by the 2khanncl Advanced Microwave Sounding Unit 
nnd the HIRSn by the HIRSR. Instrument design for the HIRS/3 
includes a stand-alone operational capability. This combined with 
the loss of timely sounding products in the northeast Pacific for 
NMC forecast models prompted the development of the "HIRSD- 
only" sounding system for NOAA'9. Previously. such an 
operation was not sanctioned by NESDIS. 

The generation of "OW sounding products without 
vopospheric MSU data has recently become an issue at NESDIS. 
During 1987. it was decided that an infrarad-only sounding 
capability would be developed far the NOM-K, L, M polar 
orbiter series. In this new series the SSU and MSU sounders are 
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In the 1990 timeframe, NESDIS plans to launch the f i t  
in a series of improved geostationary satellites (GOES I-M). 
Onboard will be an improved 18 channel infrared sounder, nearly 
identical to the HIRS/3  instrument. Since the GOES I-M series 
will not have a microwave sensing capability. the atmospheric 
soundings will be retrieved using infrared-only algorithms. 
NESDIS plans to investigate the applicability of the infrared only 
techniques developed for the polar orbiting NOAA-K, L, M series 
to the geostationary sounding system. This could move NESDIS 
closer to the goal of employing similar scientific methods for the 
retrieval of atmospheric soundings from all operational satellites 
(polar, geostationary, military, e&.) 

5. SUMMARY 

Modification of the TOVS processing system to generate 
tropospheric sounding products without using the tropospheric 
MSU sounding channels is described. This was necessitated by 
the failure of MSU channels 2 and 3 onboard NOAA-9. 

Results are presented which show that there is a 
degradation in sounding quality particularly near the tropopause 
when the MSU tropospheric channels are removed. Furthermore, 
without MSU supporr, accurate TOVS tropospheric soundings can 
only be produced in clear atmospheres. This reduces global 
tropospheric coverage to about 30% of normal. 

Despite these deficiencies, the soundings from NOAA-9 
provide timely and valuable information for global and regional 
numerical weather prediction models. This system became 
operational at NESDIS on September 1,1987. NMC is scheduled 
to begin using NOAA-9 products in their models in early 
November. 1987. The success of the processing system for 
NOAA-9 is an important step for future developments in the 
NOAA-K, L, M and GOES sounding systems. 
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IMPROVED VAS REGRESSION SOUNDINGS OF MESOSCALE TEMPERATURE FEATURES 

OBSERVED DURING THE ATMOSPHERIC VARIABILITY EXPERIMENT ON 6 MARCH 1982 
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1. INTRODUCTION 

The VISSR Atmospheric Sounder (VAS) on the 
Geosynchronous Operational Environmental Satellites 
(GOES) has twelve infrared channels designed to provide 
frequent, high-resolution temperature and moisture sound- 
ings over the United States. In 1982, an Atmospheric V h -  
ability Experiment (AVE) was performed to verify VAS'S 
mesoscale sounding capabilities (Dodge et d., 1985). 
Radiosondes were launched at 3 hour intervals from an AVE 
mesoscale network consisting of 13 special mobile sites in 
north-central Texas while VAS simultaneously gathered 
radiometric data. To monitor the surrounding region, the 
National Weather Service (NWS) stations in the central 
United States also launched balloons at 3 hour intervals, 
forming a supplementary AVE regional network. Figure 1 
illustrates the entire AVE network late in the afternoon of 6 
March 1982, after a winter storm had passed over Texas. 
The strong temperature gradients in the cloud-free post- 
frontal environment over north-central Texas provide optimal 
conditions for verifying VAS temperature soundings using 
the AVE mesoscale observations. 

Jedlovec. (1985) and Fuelberg and Meyer (1986) 
have compared VAS soundings to the AVE radiosonde 
observations for 6 March 1982. They found that the previ- 
ous VAS retrievals for this case do a poor job of detecting 
femperature profile deviations from the average lapse rate, 
including features such as the tropopause, a mid-level cold 
pool and a low-level inversion over north-central Texas (Fig. 
2). Although VAS ve&d resolution is limited by the nature 
of passive radiation transfer, a cold pool should significantly 
decrease the brightness of several infrared channels. Poor 
mid-tropospheric resolution in the geosynchronous satellite 
soundings under ideal conditions is a cause for concern 
because thermal features indicate important mesoscale dy- 
namic processes, such as jets and vertical motions, which 
are difficult to detect in clear air using passive remote 
sensing techniques. 

The purpose of this paper is to determine whether the 
cold p001 can be retrieved from the 6 March 1982 VAS radi- 
ances, using an enhanced version of a ridge-regression 
algorithm originally applied to VAS data by Lee et a!. 
(1983). Two simple enhancements are introduced in this 
paper: (1) the regression matrix is calculated using the AVE 
WnoDtiQ radiosondes launched from NWS sites in the 
fegion (see Fig. 3); and (2) the statistical conditioning factor 
1s changed from a conservative 10/1 signdnoise ratio to an 
optimistic 100/1 ratio for those VAS channels which are 
most sensitive to tropospheric temperature (see Fig. 5).  The 
Intent is to sensitize the VAS regression retrieval algorithm 
wlthout introducing horizontal structure into the first-guess 

Gcneral Scicnces Corporation, Landovcr, MD 20785. 
Present affiliation: NOAA/NMC, Camp Springs, MD 20748. 
Rash and Data Syslcms, Lnnham, MD 20706. 

field (as does Smith et d ' s  (1983) physical algorithm) and 
without drawing upon the special mesoscale AVE "ground 
truth" radiosondes used for independent verification over 
north-central Texas. 

The AVE "ground truth" soundings are compared to 
the original "VAS1" and the enhanced "VASZ" satellite 
soundings for resolution and accuracy. Successful resolu- 
tion of the cold bubble would indicate that the poor VAS 1 
results were due to limitations in the sounding algorithm, not 
to the VAS radiometer. 

sites 

FIG. 1. Thc ccnlrnl Unitcd States at 2 3 0 0 - ~  GMT on 6- 
7 March 1982: (n) n synoptic upper-air nnnlysis of 500 mb gcopolcn- 
tial height (solid, dam), 500 mb tcmpcnture (dnshcd, *C), and 300 
mb wind spccds (lightly stippled for 45 lo 55 in sec-l and dmkly 
stipplcd nbovc 55 m sec-l); and (b) a map showing the location of 
FAA surfacc reports (+), radiosondc profiles from the synoptic N W S  
opcrational nctwork (0), from lhc asynoplic AVE rcgionnl nctwork 
(A), nnd from the spccinl AVE mcsoscnlc (n) nctwork. Cloud-fmc 
radiosondc sites m mmkcd with filled symbols, and cloudy silcs m 
inarkcd with unfilled symbols. A trough wilh n jcl to the soulh is 
passing through the AVE mesoscale nctwork in nonhccnunl Tcxm. 
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2. OBSERVATIONS 

This case is characterized by a latc winter storm 
which passed over the south-central United States, 
producing snow i n  Colorado, Oklahoma and northern 
Texas and cold rain from central Texas to the Gulf 
Coast. Behind the storm system, cold dry air pushed 
rapidly southeastward into the region, so that a cloud- 
free post-frontal environment prevailed over north-cen- 
tral Texas after 1700 GMT. Figure 4 presents a time- 
series of the operational surface analyses and corre- 
sponding GOES visible imagery for the afternoon of' 6 
March. The GOES images i n  Fig. 4-b depict the rapid 
clearing across Oklahoma and north-central Texas behind 
the storm system, with melting snow cover across 
southern Colorado and the Texas-Oklahoma pmhandle. 
The surface temperature fic!c!s i n  Fig. 4-a indicate that a 
strong temperature gradient is present beneath the cloud 
cover behind the front along the Gulf Coast, that cooler 
temperatures are maintained by snow cover in Colorado 
and the Texas-Oklahoma panhandle, maintaining R low- 
level inversion, while mid-afternoon solar heating wanns 
the dry air in the boundary layer over west-central Texas. 

The upper air environment illustrated i n  Fig. I-a 
contains strong low- and mid-level temperature gradients 
associated with a subtropical jet streak at the base of a mid- 
and upper-level trough which extends from the upper- 
Misissippi valley southeastward into Texas. The clear zone 
depicted in Fig. 4-b over north-central Texas and Oklahoma 
extends across the AVE regional and mesoscale network 
providing ideal conditions for calculating VAS temperature 
soundings which can be compared to the special AVE radio- 
sondes operating that day. More complete analyses for this 
case are described by Jedlovec (1085) and Fuelberg and 
Meyer (1986). 

AVE special mesoscale validation data 

12 z 15 Z 18 Z 21 z 00 z 
dawn morning noon afternoon dusk 

FIG. 3. Statistical design for VAS1 and VAS2 regression 
soundings on 6 March 1982: (a) thc locations of NWS radiosonde 
profiles uscd to calculate the VASl regression matrix, including 
some time-intcrpolaled "synthetic" profiles at 18 Z ;  (b) the locations 
of AVE regional radiosonde profiles launched from NWS silcs at 3 
hour intervals and uscd to calculate the VAS2 regression matrix; and 
(c) the locations of the AVE special mcsoscalc radiosonde sitcs used 
for indcpcndent verification of the VASl  and VAS2 satellite sound- 
ings. Cloud-frec radiosonde sitcs arc marked with large unfilled sym- 
bols, and cloudy sites are marked with dots. Bewuse the numbcr of 
radiosonde sitcs and spatial coverage for the VASl and VAS2 regres- 
sion training are similar, the improvcment in VAS2 retrieval accu- 
racy is providcd by the timclincss of the asynoptic profile network. 

Figure 3 summarizes the datasets gathered during the 

poraneous data were obtained within + I  hour at 3 hour 
intervals. The local time periods are dawn, morning, noon, 
mid-afternoon and sunset. Only the last three periods 
(collectively called "afternoon") are analyzed in this study 
because clouds covered most of the Texas-Oklahoma region 
prior to 1 7 0  GMT. The database includes four conven- 
tional radiosonde and surface datasets and two geosyn- 
chronous satellite datasets, and is more completely described 
by Ches:ers et a/. (1987). 

VAS/AVE operations on 6 March. Five periods of contem- W. W-AFTFRNOON SUNSET 

a ) SFC analysis 

i n n  , 

INVERSION 

SFC 
210 220 230 2 4 0  2 5 0  2 6 0  270 2 8 0  290  

TEMPERATURE (Kelvin) 

FlG. 2. Thc AVE radiosonde tcmpcraturc (solid, 'C) profile 
from Ilcnrictta, Texas (HEN) at 1700 GMT located on the northern 
cdgc of the spccial mcsoscalc nctwork and comparcd to the corrcs- 
ponding VASl satellitc retrieval at 1730 GMT (dashed). Significant 
tcmpcraturc deviations from the avcragc lapsc rate occur in an invcr- 
sion just above the surface, through a cold pool near 500 mh, and at 
:hc sopopausc. The prcvious VAS 1 rctricvals scarcely rcsolved Lhcsc 
fcntures. 

b) GOES visible 

FIG. 4. Operational data during die last thrcc AVE observ- 
ing periods over the central United Statcs on the afternoon of 6 March 
1982, following a latc wintcr storm over the Texas-Oklahoma region: 
(a) analyses of surfaw pressure (solid, mh). tcmpcraturc (dashed. 'C) 
and surfacc from; and (b) GOES visible images. The bright areas in 
the visible images of the Texas-Oklahoma panhandle arc melting 
snow cover, not clouds. At sunset, the faintly lit clouds are difficult 
to distinguish in southeastern Texas. 
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4. TEMPERATURE SOUNDINGS 

Fig. 6 presents a comparison between a time-series 
of 500 nib temperature analyses for the AVE, VASl and 
VAS2 soundings during the three afternoon periods on 6 
March. The AVE "ground truth" iinalyses (Fig. 6-a) clearly 
captures the cold pool moving southeastward across north- 
centr;il Texas and the frontal gradient moving across the Gulf 
Coast. The original VAS 1 tempcrawre soundings (Fig. 6-b) 
c;ipture some of the pool and temperature gradient at, noon, 
but fail t o  properly resolve the horizontal structure dunng the 
late-afternoon soundings. The new VAS:! temperature 
soundings (Fig. 6-c) are much more temporally consistent 
than the VAS 1 analyses. capturing the cold pool as a distinct 
structure at it11 three times. The VAS:! soundings still 
underestimate the intensity of the cold pool, but are consist- 
ent in  centering this feature over die AVE data-sparse region 
of eastern Oklahoma. Across the southern portion of the 
mesoscale, the VAS2 tciiiperature gradient network is 
strongcr than the corresponding VASl gradient and is also 
niore properly aligned with the northwest-southeast direction 
indicated in the AVE analyses. 

3. THE VAS REGRESSION ALGORITHM 

VAS soundings are calculated by a "ridge regres- 
sion" algorithm that utilizes a combination of VAS radiances 
and ancillary FAA surface data to predict atmospheric temp- 
erature, moisture and stability values over the United States 
(Lee et al., 1983). Statistical conditioning, in the form of an 
a priori signaynoise ratio (S/N), is used to suppress noisy 
channels and stabilize a regression matrix calculated from a 
modest number of observations (Marquardt and Snee, 
1975). The "signal" is the atmospheric variance (532, air 
temperature) and the "noise" is observational error (fK, 
brightness temperature). For the original VAS 1 soundings, 
S/N=lO/l was used for all predictors, based upon relatively 
conservative signal and noise estimates, f5"C and f0.5 K, 
respectively. For the VAS2 soundings, S/N=lOO/I is used 
for the VAS and surface predictors of atmospheric tempera- 
ture, based upon more optimistic signal and noise estimates 
for the lower troposphere, flO'C and fO.l K, respectively. 
For all retrievals, S/N=l/lO is used for suppressing the 
effects of reflected sunlight in channel 12, and S/N=IO/l is 
applied to the upper air water vapor channels 9 and 10. 

Figure 5 presents the weighting functions for the 
VAS channels. Because the mid-level cold pool on 6 
March 1982 is approximately 4'C colder through a layer 
that is approximately one-quarter the thickness of a VAS 
weighting function, the cold pool should decrease the 
brightness temperature by approximately 1 K for those 
VAS channels which are sensitive to mid-level tempera- 
ture. This "signal" must compete with radiometric noise 
(at least f0.25 K) and with the effects of other temper- 
ature variations above and below the cold pool. 
Attempts were made to detect the cold pool using difect 
multispectral imaging techniques with linear combina- 
tions of VAS channels 3 , 4 , 5  and 6,  but the cold pool's 
net effect is too faint to detect so easily. 

The original VAS 1 regression matrix was calcu- 
lated from a total of 50 cloud-free synoptic scale obser- 
vations for three observing periods illustrated in Fig. 3- 
a. including 15 time-interpolated profiles at local noon 
(18 2). The VAS2 regression matrix was calculated 
from a total of 49 cloud-free regional scale observations 
from the three afternoon observing periods illustrated in 
Fig. 3-b. The VASl and VAS2 satellite profiles are each 
statistically verified against the same independent set of 
32 mesosc & radiosonde observations obtained during 
the last three observing periods by the AVE special net- 
work over north-central Texas as illustrated in Fig. 3-c. 

NQQA 
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p^ 300 

4 0 0  

5 0 0  
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3 
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7 0 0  ma. 6. A time-series of tcmpemtwc ('C) anaIw:s 81 500 
mb O V ~  no&-ccnml Tcxns and Oklahoma during the thrw Cloud-hW 
obscping periods on 6 March 1982 for: (a),AVE mgional and 
m a o x &  I ~ i o w n d c s  combin&, @) origintll VASl soundings; and 
(c) enhanced VAS2 soundings. Verlicd CmSS SCCtIOnS of Potmtinl 

0 .2 .4 .6 .8 1 1.2 Icmpcmturc we prcscntcd in Fig. 8 along thc paths indicated bY thC 
thick solid lines driiwn diagonally across lhc mid-aftcmoon f d d s .  

cnllmccd VAS2 soundings resolve mOrC IhCmUd fMlUlY& C s p -  
cinlly Ihc cold pool ovcr north-contra1 ?'exas during lhc JbfMmOn. 
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FIO. 5. VAS wcighdng functions using thc US Standard 
Atmosphere profile. Dashed lines indicate those channels which do 
UQl rcccivc more Optimistic signnl/noise conditioning in thc VAS2 
soundings. A cold pool from 400 to 600 mb should affcci sevcrul 
VAS tempomme sounding channcls. 
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The root mean square (RMS) differences between the 
VASl and VAS2 profiles and the independent AVE 
mesoscale verification radiosondes are presented in Fig. 7. 
The error maxima for the VAS 1 soundings correspond to the 
problem levels indicated in Fig. 4: the tropopause, the cold 
pool and the boundary layer. The VASZAVE errors in the 
temperature soundings are approximately f l  .O'C smaller in 
these three layers, demonstrating the effectiveness of the 
VAS2 algorithm enhancement. The greatest residual errors 
still occur at 500 mb, and are reflected in the differences 
between the VAS and AVE analyses in Fig. 6. Neverthe- 
less, approximately one-half of the "signal" from the cold 
pool is recovered using only the enhanced VAS2 regression 
algorithm and no horizontal structure in the first guess. 

Because satellite soundings can mis-assign a 500 mb 
temperature variation to adjacent levels, the vertical blurring 
in VAS soundings 'should result in thickness observations 
that are still approximately correct for layer averages. To test 
this hypothesis, vertical cross sections of potential tempera- 
ture 8(p) were calculated and are presented in Fig. 8 for the 
AVE, VASl and VAS2 soundings during the mid-afternoon 
episode, when the cold pool was entering the mesoscale 
network from the northwest. The cross sections extend 
from the Texas panhandle into the special mesoscale network 
along the diagonal lines drawn on the corresponding mid- 
afternoon panels in Fig. 6. Each cross section is based upon 
an objective analysis of potential temperature dra,wn from 
four individual soundings indicated with vertical lines in Fig 
8. The VAS cross sections in Figs. 8-b and 8-c do not 
extend quite as far to the southeast as the AVE cross section 
due to lingering cloud cover above the southeastern edge of 
the special radiosonde network at this time. The AVE 8(p) 
cross section in Fig. 8-a clearly delineates the tropopause, 
cold pool, and low-level inversion,. The VASl 8(p) cross 
section scarcely resolves any of these structures. By con- 
trast, the VAS2 8(p) cross section determines these struc- 
tures clearly, and the 500 mb cold pool is especially well 
defined. Therefore, the new VAS2 algorithm is successful 
in delineating the bulk thermodynamic effect of the cold pool 
over a deep layer. 

TROPOPAUSE 

.COLD POOL 

INVERSION 

Geosynchronous satellite soundings provide very 
detailed horizontal resolution over large regions. The AVE 
mesoscale network depicted in Fig. 3-c provides 100 km 
resolution, but only in a limited area over north-central 
Texas, while the VAS soundings provide 60 km resolution 
over the entire cloud-free region. Fig. 9 indicates the effects 
of different resolution and coverage on 500 mb temperature 
analyses at local sunset (2300 to OOOO GMT). The N W S  
synoptic observations in Fig. 9-a contain a single report of - 
29'C at Stephenville, Texas (SEP) in the center of the AVE 
special network, but the 500 mb cold pool is resolved only 
by the mutually supporting radiosonde data from the AVE 
mesoscale network. However, even the AVE combined 
analysis in Fig. 9-b provides little resolution across the 
northern Texas panhandle and Oklahoma, where the VAS2 
soundings in Fig. 9-c apparently resolve several additional 
features: 1) another cold pool over the Texas-New Mexico 
border, 2) a warm pool over the Texas-Oklahoma panhan- 
dle, and 3) an extension to the original cold pool over cen- 
tral Oklahoma. Although these thermal features are too far 
north and west to be verified by using the AVE mesoscale 
radiosondes, the additional structures appear to be just as 
creditable as the thermal gradient and cold pool verified by 
the VAS2 soundings over the AVE mesoscale network in 
north-central Texas. The VAS2 results indicate that ground- 
based asynoptic regional temperature profiles and high res- 
olution satellite radiances can be successfully combined to 
provide mesosca le resolution of upper-air thermal features 
which are scarcely resolved by a ground-based regional 
network alone. 
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RG. 7. RMS errors in the retrieved temperature ('C) pro- 
files, comparing the original VASl and enhanced VAS2 retrievals to 
co-lqcated profiles from the independent AVE mesoscale network 
during the last three observing periods on 6 March 1982. The 
enhanced VAS2 soundings are significantly improved by using e profile observations to calculate h e  retrieval matrix. 

AFTERNOON 

b) VAS1 O(P) 

c) VAS2 O(P) 
FIG. 8. Vertical cross-sections of potential temperature 

(B(p), Kelvin) acrms north-central Texas at mid-afternoon on 6 March 
1982 based upon temperature profiles from: (a) the AVE regional and 
mesoscale networks, (b) the original VASl soundings and (c) the 
enhanced VAS2 soundings. The cross sectional palh is indicated on 
the corresponding mid-afternoon analyses in Fig. 6. The ongind 
VASl soundings suffer poor vertical resolution while the enhanced 
VAS2 soundings capture a cold pool. 
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SUNSET 

a) AVE regional 
-26 ' i  j - 2 / A  

______ . . . , ______ ._  ............. ....... 

b) AVE comblned 

c) VAS2 

FIG. 9. Temperature ("C) analyses at 500 mb during thc 
sunset period on March 6. indicating the eflect of inreased horizontal 
resolution over the Texas-Oklahoma region for: (a) the regional nct- 
work of radiosondes launched at N W S  sites; (b) a combination of 
AVE regional and mesoscale radiosondes; and (c) the VAS2 satellite 
soundings. The mesoscale radiosonde and satellite soundings both 
capture thermal structures which are completely unresolved by the re- 
gional radiosonde network. Although VAS2 gradients arc less dis- 
h c t  for the cold pool vcrified by the mesoscale radiosonde network 
over north-central Texas, the satellite analysis suggests that this cold 
pool actually extends into central Oklahoma and is accompanicd by a 
warm pool over the Oklahoma panhandle and by other smnllcr pools. 

5. SUMMARY AND CONCLUSIONS 

In order to verify geosynchronous satellite soundings 
from the VISSR Atmospheric Sounder (VAS), an Atmo- 
spheric Variability Experiment (AVE) launched radiosondes 
at 3 hour intervals from a special mesoscale network over the 
north-central Texas during 6 March 1982. Previous VAS 
soundings for this case scarcely detected significant temp- 
erature structures, including a mid-tropospheric cold pool 
and a low-level inversion. In order to determine whether 
these mesoscale thermal features could be retrieved from 
VAS radiances without introducing any horizontal structure 
into the Fit-guess, the 6 March 1982 case was re-processed 
using an enhanced version of a regression retrieval algo- 

radiosondes observed at the same time as the midday satellite 
data in order to construct a more appropriate regression 
matrix. In the dataset used to calculate the regression matrix, 
neither the number of radiosondes nor their spatial dismbu- 
tion was enhanced, only the time of observation. 

The enhanced algorithm better detects the significant 
temperature variations from a mean lapse rate and delineates 
three dimensional mesoscale temperature fields with 
improved accuracy. Therefore, the enhanced VAS2 sound- 
ings better resolve the faint atmospheric temperature struc- 
tures which were poorly retrieved by the original VAS1 
soundings. However, the improvement in the VAS 
retrievals in this case required the use of some asynoptic 
temperature profiles collected at N W S  radiosonde sites 
during midday satellite observations. 

This type of profile data is not normally available. 
Other case studies using VAS midday soundings have had 
mixed success in providing an impact upon analyses of 
storm environments (Kitzmiller, 1986; Shoeni and Mosher, 
1986; Mostek el al., 1986; Petersen and Keyser, 1987) 
and upon numerical forecast models (Mostek and Olsen, 
1986; Aune et al., 1987). Perhaps these other cases also 
failed to utilize all of the information available in the VAS 
radiances because of the lack of ground-based asynoptic 
profiles. Indeed, Mostek et af.,  (1986) note that the lack of 
midday radiosondes over the United States is a major 
inhibiting factor in deriving accurate VAS retrievals. 

rithm. The principal enhancement is the use of avnout '  1Q 

Because most of the improvement to the accuracy of 
VAS midday soundings in the March 6 case stems from the 
use of gsvnoutic; radiosonde observations at N W S  sites, the 
results from this paper imply that a regional temperature 
profiling network might be required to bridge the gap 
between the operational synoptic network and mesoscale 
satellite soundings. A combined satellite- and ground-based 
sounding system has the potential for exploiting the 
strengths of each observing system to provide accurate, high 
resolution datasets for analysis and prediction. The ground- 
based system could be selected radiosonde releases, upwnrd- 
looking microwave Profilers, or a combination of the two. 
In such a scheme, the ground-based profiles provide accur- 
ate temperature and moisture information at a few points in a 
region, while the satellite sounder provides radiancc inform- 
ation with good horizontal resolution and coverage to fill in 
the mesoscale structure during each asynoptic observing 
period. Westwater et al., (1984) have already demonstrated 
that the vertical resolution of remotely-sensed temperature 
and moisture profiles can be improved by calculating them 
from a combination of ground-based upward-looking 
microwave Profiler data and downward-looking satellite- 
based infrared and microwave data from a polar orbiter. 
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An asynoptic regional network of radiosondes andor 
ground-based microwave Profilers, combined with the 
GOES Sounder, might provide the accuracy and resolution 
required for useful mesoscale sounding and analysis of 
convective environments. Of course, the eventual develop- 
ment of such a system will require mesoscale "ground truth" 
cases for algorithm development and verification, a situation 
currently being considered as part of NOAA's STORM 
project. 

Other VAS retrieval algorithms could benefit from 
ground-based asynoptic profile data. For example, the 
physical algorithm developed by Smith et al. (1983) requires 
a good first-guess temperature and moisture field from a 
numerical forecast model, but the retrievals are quite sensi- 
tive to model forecast errors. An asynoptic ground-based 
profiling network could provide the first-guess field instead. 

For this 6 March 1982 case study, the satellite-based 
mesoscale temperature retrievals are more accurate using the 
enhanced VAS regression retrieval algorithm than the corre- 
sponding retrievals (see Jedlovec (1985) and Fuelberg and 
Meyer (1986)) from a physical retrieval algorithm developed 
by Smith et al. (1983). Furthermore, Chesters et al. (1986) 
have shown that the regression approach is fast enough to 
meet realtime imaging and analysis requirements for pro- 
cessing VAS soundings at mesoscale resolution, and it also 
is simple enough to implement using a modest computer 
system, It is therefore possible that a regression-based 
retrieval system could provide the speed, coverage and 
accuracy required for operational mesoscale soundings by 
marrying a few ground-based profiles from the region of 
interest with large volumes of simultaneously observed 
geosynchronous satellite radiances. 
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AND THEIR FIRST GlJESS INPUT 
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1. INTRODUCTION 

The VISSR Atmospheric Sounder (VAS) on 
GOES satellites measures radiation in the visible band 
plus 12 channels of the Infrared spectrum. VAS-derived 
products are utilized at the National Severe Storms Fore- 
cast Center and the National Hurricane Center. Two al- 
gorithms have been used operationally to retrieve vertical 
profiles of temperature and dewpoint from VAS radiances. 
Both are physical procedures in which the radiative trans- 
fer equation is inverted (Smith, 1983; Smith and Woolf, 
1984). Since the solution is not unique, a "first guess" 
sounding must be provided as input. An iterative tech- 
nique is employed to compute the profiles of temperature 
and humidity, and after obtaining initial values, an analyt- 
ical least squares procedure enhances their vertical struc- 
ture. 

The AVE WAS Ground Truth Field Experiment 
was held in 1982 to assess VAS'S capabilities. A number 
of investigators have utilized the 6-7 March dataset. in- 
rluding Jedlovec ( 1985) and Fuelberg and Meyer (1986). 
This study will investigate results from the Smith (1983) 
algorithm on that day to determine the relative influences 
of thr hrst guess and radiance data on VAS retrievals. 

2. METHODOLOGY 

- a. Tlieorz 

The use of structure and correlation functions 
on a time series of data at  a single sit.e was described 
by Gandin (1963). The modification used in this study 
that permits the analysis of a field of data at. individual 
times was developed by Hillger aiid Vorider Haar (1979) 
and Maddox and Vonder Haar (1979). At the single time. 
the anisotropic structure value of a quantity f a t  observa- 
tion sites and ;z is given by 

1 
STR(TI,;2) = jplf'G) - f'(dl2, ( 1 )  

where f '(q) = f ( T )  - f, f is the spatial mean, and K is 
the number of station pairs within intervals of station sep- 
aration, e.g., 125 k m  and 1 rj'since anisotropic separation 
depends on both distance and direction. If the data are 
assumed to be homogeneous and isotropic, t,he separation 
becomes a function of distance ( p )  only: 

and (1) reduces to: 

(3)  
1 

STR(p)  = , C [ f ( h  - f ( T 2 ) l ' .  

The covariance function (COV) can be defined: 

( 4 )  

The correlat.ion f u n d  ion (CORR) arises by normalizing 
the covariance funct.ion by the variance (VAR) which we 
obt,aiiied as: 

Thus, CORR becomes: 

Note that the variance difl'ers for each separation infer- 
V a l .  If homogeneous and isotropic conditiolis are assumed. 
the correlation depends only on scalar separation p. The 
main advantage of the correlation functioii is its lack of 
units, thereby allowing differing data types t o  be dirt-ctly 
compared. 

b. Data 

Four types of data were used i n  the study. The 
first was VAS sounding retrievals of temperat lire arid dew- 
point over the southcentral United States at 7 times on 
6-7 March 1982. These profiles were created at the Na- 
tional Environment a1 Satellite, Data and Information Ser- 
vice (NESDIS) at the {Tniversity of Wisconsin, and were at 
spacings of 75-100 k m  over cloud free areas. The second 
data type was "first guess" (FG) profiles used to create 
the retrievals. They were based on time interpolation of 
12 h output from the Limited Fine hlesh (LFM) model. 
The FG profile sites were identical to those of the VAS 
retrievals. The tllird data type was I ?  channels of VAS 
bright ness telnperatures. Although all 12 channels are be- 

- - 
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ing examined, this report is limited to the 14 pm mid- 
level temperature channel (Channel 4) ,  the 11.2 pm sur- 
face window channel (Channel 8), and the 6.7 pm middle 
tropospheric water vapor channel (Channel 10). Finally, 
rawinsonde (RAOB) profiles from the AVE/VAS Exper- 
iment served as ground truth. More information on the 
various data can be found in Jedlovec (1985) and Fuelberg 
and Meyer (1986). 

- C. Data Processingr 

The data underwent a variety of processing be- 
fore use. A four step procedure was employed for the 
brightness temperatures. First, garbled or missing scan 
lines were removed. Second, the originally oversampled 
scan lines were averaged into larger fields of view (i.e., 
4 FOVS of 4 x 14 km were averaged into 1 FOV of 
16 x 14 km). Third, all detectable cloud contaminated 
points were removed based on: (1) The split window tech- 
nique of Smith (1983), ( 2 )  Examination of visible satellite 
imagery, and (3) Examination of surface weather charts. 
Finally, a correction for varying satellite zenith angle was 
applied. Hillger and Vonder Haar (1979) noted that radi- 
ances could be linearly corrected in terms of secaf?, where 
B is the satellite zenith angle. In this study, however, re- 
sults from a radiative transfer routine at NASA’s Marshall 
Space Flight Center were used to develop a cha1111e1 depen- 
dent polynomial relation between the bright ness tenipera- 
tures and seck@. Corrections were applied to all channels 
except Channel 8. 

Processing of the VAS retrievals and FG data in- 
volved the removal of soundings not located in the clear sky 
region of the radiance data. This was necessary because 
our cloud detection criteria were more stringent than those 
used during the original preparation of retrievals. The only 
processing of the RAOB data was a time adjustment for 
non-siniultaneous release described in Jedlovec (1985). 

d. - Procedures 

Two approaches were employed to investigate 
the retrieval algorithm. The first was a simple level-by- 
level comparison between the RAOB data and nearby 
VAS/FG profiles. Specifically, each RAOB site was paired 
with the nearest VAS retrieval within 100 km, with consid- 
eration of sonde drift being included. This procedure per- 
mitted the statistical evaluation of the retrievals against 
their FC, input and the L‘ground-trut”’ sonde data. 

The second and primary approach was an analy- 
sis by structure and correlation functions. Previous inves- 
tigators who have employed similar techniques on satellite 
retrievals include Hillger and Vonder Haar (1979), Fuel- 
berg and Meyer (1986), and Hillger et  al. (1986). Our first 
step was to calculate structure functions on the bright- 
ness temperatures, VAS, and FG data at  the 7 single 
times and for the composite period. Both isotropic and 
anisotropic assumptions were investigated. Once com- 
pleted, structure-derived random error estimates ( 0 )  were 
obtained from the isotropic functions using: 

‘STR(O)  
2 ’  u =  q--- (7) 

where STR(0) is the structure value at zero separation. 
STR(0) was determined by fitting an n-degree polyno- 
mial to the structure dat,a with the restrictions that: (1) 
STR(0) 2 0.0, (2)  The curve must be concave up, and (3) 
The slope of the polynomial curve must be approximately 
zero near zero separation. Various degrees of polynorni- 
als were investigated, with the final selection being deter- 
mined by the best fit with the original structure values. 

Correlation functions then were calculated for 
single times and the composite period, again for both 
isotropic and anisotropic cases. ITsing the structure- 
derived error 6, the corrected correlation function CORR 
was obtained from 

c‘oRR(G,G) = C O R R * ( & , ; ~ ) [ I  + ( 6 2 / v ~ ~ ( o ) ) ] ,  
(8) 

where C‘ORR‘ is the original uncorrected function. 
To better compare the brightness temperatures 

with the retrievals and FG data, we prepared an equiv- 
alent sounding value for each VAS and FG profile that 
would approximate what the satellite would “see” in each 
particular channel. Specifically, RAOBs from various sites 
within the data domain of 6-7 March were input t o  a ra- 
cliative transfer model to determine weighting functions for 
each channel. Results from the various locations then were 
averaged and normalized to get a single weighting function 
for each channel. Then, for the temperature and window 
channels, these functions were multiplied by the temper- 
ature profile to get a ‘Lweighted sounding” value. For the 
mid-tropospheric water vapor channel, however, precip- 
itable water was calculated over the 300-500 mb layer, 
with this value being used in subsequent calculations of 
structure and correlation. 

For the isotropic calculations, a separation in- 
terval of 28 km was used for the brightness temperatures, 
while 125 km was used for the VASIFG data. Anisotropic 
calculations used a radial separation of 125 km and an 
angular separation of 15’ for all data types. 

3. RESULTS 

a. Pairings 

Results from pairing the radiosonde sites with 
nearby VAS retrievals are given in Fig. 1. One should 
recall that sonde data were available from the special net- 
work at 3 h intervals during the experiment period. Thus, 
values at most levels of the figure are based on at least 
90 pairings and are for the composite of the 7 observation 
times. The lack of sonde-derived humidity above 400 mb 
prevented calculations in the upper troposphere, and there 
was an insufficient number of pairings at the individual 
times to warrant separate calculations, due mostly to ex- 
tensive cloud cover early in the period. 

Concerning mean arithmetic differences bet ween 
VAS- and sonde-derived temperatures (Fig. I ). the VAS- 
KAOB profile shows smaller differences than the FG- 
RAOB profile below 700 mb. This means tlml the VAS 
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Fig. 1. Means (right) and standard deviations (left) of 
dif€erences between paired sets of first guess and 
radiosonde data (FG-RAOB), VAS ret rirvals and 
radiosonde data (VAS-RAOB), and first guess 
and VAS retrievals (FG-VAS). Teniperature val- 
ues ("C) are at the top wliile dew point results 
("C) are at the bottom. 

retrievals are closer to the ground truth than are the guess 
profiles from the LFM. Conversely, however, tlie FG data 
are closer to observed values between 700-300 mb. Fi- 
nally, above 300 nib, the VAS-RAOB profile once again 
exhibits the smaller mean difference. Absolute values of 
tlie inean differences are less than approximately 3"C, with 
the greatest (negative) differences being located near the 
surface and 200 inb where both tlie retrievals and guess 
profiles are colder than the verifying sonde data. The 
FG-VAS profile shows that VAS-derived temperatures are 
warmer than the guess values from wliich they were ob- 
tained, and that mean differences between the input and 
output data are less than 2°C. 

Standard deviations of the FG-HAOB and VAS- 
RAOB pairings (Fig. 1 ) are very similar at most levels, ap- 
proximately 2"C, except near 700 nib wliere the guess de- 
viations are smaller (1.1"C). Above 500 nib, the retrievals 
agree better with the sonde data than do the guess val- 
ues, but the iinproveii~ent is less than 1°C. Nearer the sur- 
face, the guess profiles are slightly superior. Finally. the 
FG-VAS profile reiterates the sinal1 difference bet wren the 
guess and retrieval data. Although tlie small contrasts be- 
tween tlie guess and observed sonde data indicate that the 
LFM prognosis was quite good, it is somewhat surprising 
that the algoritlini was only able to improve i t  by such a 
sniall amount. 

Pairing results for the dew point data (Fig. 1 )  
are very interesting. It is encouraging that mean differ- 
encrs for the VAS-derived values are snialler than those of 
tlie FG data at most levels; however, standard deviations 
of differences are very large. The snialler standard devi- 
ations of the FG-RAOB pairings is partly attributable to 
the smoothness of the LFM dew point patt.erns, alt hougli 
even those deviations are approxiinately 35°C.  

1). Isotropic Functions - 
Results of the pairing procedure siiggrstrd that 

we st atistically compare liorizont a1 patterns of t h e  \'AS 
soundings against those of the ret rieval algorit hili's i i i p i i t b  

of radiance and first guess profiles. Structure and torrela- 
tion function analyses fol that purpose were perfornicvl at 
the 7 individual tinies, but due to space liniitatioiis. only 
correlation functions for a single time arc presrntrd her(.. 
Figure 2 cont aim correlation functions ror Clianiiel5 4 and 
8 at 0830 GMT 7 Mnrcli and Channel 10 at 0230 GMT. 
In each case, tlie profile for brightness temperatures is ac- 
roiiipanied Iiy tliose for the first guess and VAS sounding 
c~qiiivalents, based on t lie weigliting procedurcs described 
earlier. Functions of bright ness temperatures are based on 
a niaxiinum of approxiiiiately 550,000 pairs i n  the most 
populated separation bins (28 km intervals), wliile the FG 
and VAS data have maxima of GOO-1000. A ~nininiuni 
niimber of pairings, 4000 for the brightness temperatures 
and 25 for the soundings, was specified to insure the valid- 
i ty  of results. Concerning the interpret ation of correlation 
functions, their rate of decrease versus distance is directly 
proportional to the horizontal gradient of tlie feature be- 
ing considered. and is inversely proportional to its scale. 
Thus, a function that decreases to 0 at 400 kin describes 
stronger gradients than one reading 0 at  800 kin. Finally. 
one should recall that the effects of randoiii data error 
have been removed from the correlation functions via the 
procedure described earlier using structure functicns. 

Correlation functions iiivolving window Cliaiinel 
8 (11 p i n )  reveal several iiiiportant points (Fig. 2) .  F i r b t ,  
ear11 data type exhibits t lie saine basic shape and becomes 
0 at approximately 800 k m .  Second. the retrieval curve 
lies between those of the first guess and brightness tem- 
perat ures, thereby indicating that tlir algoritlini has coni- 
promised bet ween the stronger gradients of the briglitness 
teniperat ures and the slightly weaker gradient s of the LFM 
guess dRta. Tlie brightness temperatures liave strongest 
gradients at small separations whereas retrieval gradient 5 
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Fig. 2. Isotropic correlation functions pertaining to VAS Channels 4 and 8 at 0830 G M T  
7 March 1982 and Channel 10 at 0230 GMT. Functions are for brightness temperature 
(TB) ,  first guess data (FG), and VAS retrievals (RET). Separations are i n  km. 

are strongest. at great,er distances. A time sequence of 
the functions (not shown) indicates a slow weakening of 
gradient > during the experimental period that probably 
is relalcvl t o  evolving synoptic conditions and the diurnal 
heating cyclv. 

Some of  the ahove mentioned characteristics 
also are evident i n  midtropospheric temperature Chan- 
nel 4 ( 1 4  p m ) ,  but there are important differences as well 
(Fig. 2) .  Specifically, although the three curves have simi- 
lar shapes, the one for FC; portrays stronger gradients than 
does the function for brightness temperatures. Further- 
more, indead of the blending process noted with Chan- 
nel 8, VAS retrieval gradients appear more similar to those 
of the guess pattern than the brightness temperatures. 

Correlation functions relating to mid tropo- 
spheric water vapor content (Fig. 2 Channel lo ) ,  reach 
0 at smaller distances than their counterparts for the tem- 
perature channels. Thus, horizontal gradients of vapor are 
greater than those of t.emperature. Correlation function 
evaluations of radiosonde data have shown that the vari- 
ance of humidity is great.er than that of any other basic 
parameter (Barnes and Lilly, 1975; Fuelberg and Meyer, 
1984). Thus, the relative steepness of the Channel 10 FG 
equivalent and brightness curves is not surprising. On the 
other hand, the very rapid drop of the retrieval curve ap- 
pears to be due, in large part at least, to data uncertainty. 
This conclusion is based on a contour analysis of the dew 
point fields a t  these levels. Specifically, although there are 
many small scale features with strong gradients, few have 
good spatial or temporal continuity. 

C. Anisotropic Functions - 
Anisotropic correlation functions for Channels 4, 

8 arld 10 along with their associated sounding equivalent 
parameters are given in Fig. 3 for 0830 GMT 7 March. 
Maximum pairings in  the 125 km x 15"sectors were ap- 
proximately 260,000 (90) for the brightness temperatures 
(sounding parameters), while the cutoff imposed for plot- 
ting purposes was 4000 (25). To interpret the diagrams, a 
close spacing of the isopleths along a given direction cor- 
responds to strong horizontal gradients. 

In the case of the window channel (8), the non- 
circular orientation of the contours (Fig. 3) indicates that 
the three data types are highly anisotropic. In fact, 
strongest gradients of brightness temperatures are oriented 
along a northwest-southeast direction, whereas they have 
a northeast-southwest arrangement in the first guess field. 
The axis of strongest retrieval gradients is intermediate to 
those of the input data. Along these axes of maximum gra- 
dient, isopleth spacing is slightly smaller for the retrievals 
than for either the guess or radiance data, thereby indi- 
cating strongest gradients. This was not apparent in the 
isotropic version (Fig. 2) in which all site configurations 
were grouped together. 

Each of the paraixieters related to mid- 
tropospheric temperature (Channel 4, Fig. 3 )  also is highly 
anisotropic, but there is less difference bet.ween the ori- 
entations of strongest gradient. The axis for the guess 
data is aligned northeast-southwest, but maximum gradi- 
ents for the retrievals appear more along a north-south 
direction, in closer agreement with the brightness temper- 
atures. As noted in the isot,ropir representation (Fig. 2) ,  
gradient magnitudes of the VAS retrievals are similar in 
most, d i redons  to those of the first guess fields, but weaker 
than observed for the brightness temperat.ures. 

Anisotropic functions for Channel 10 (Fig. 3) re- 
veal several points that were not evident in the isotropic 
versions (Fig. 2). The brightness temperatures exhibit 
maximum gradient along a north-south direction. The first 
guess field, on the other hand, is more nearly isotropic, at 
least at separations smaller than 400 km. At longer sep- 
arations, however, strongest gradients are oriented east- 
west, or perpendicular to those of the brightness temper- 
atures. VAS-derived humidity data in the upper tropo- 
spheric are portrayed by a very chaotic correlation pat- 
tern. Even though the radiance and first guess patterns 
both had relatively simple features, it appears that the 
retrieval algorithm was unable to transform them into a 
meaningful field of precipitable water. As noted earlier, 
this lack of coherence is readily apparent in a simple hand 
analysis of the data. 
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are in IO2 km. 

4. CON CLU SlONS 

Smith‘s (1983) physical retrieval algoritlirn is de- 
signed to produce ~nesoscale soundings by blending first 
guess LFM-derived profiles with VAS-detected radiance 
data through an inversion of thr  radiative transfer equa- 
tion. By pairing tlie guess and retrieval values with ob- 
served radiosonde data. we found that the retrievals some- 
times were better related to the “groilnd trut,h” data than 
the p e s s  profiles at some levels. Ai other levels, how- 

VAS E O U I V .  CHAN. 1 0  

ever, the first guess profiles were slightly superior to the 
retrievals. In general, tlie various statistics suggest that 
the retrievals often were not greatly different from the first 
guess. This may be partly attributable to the goodness of 
tlic LFM-derived guess field on this ptirticular day, i.e.. 
major iinproveinent is not possible to nil already good so- 
lUti0ll. 
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Correlation functions related t o  the  window 
((:hannel 8)  and mid-tropospheric (Channel 4 )  tempera- 
ture  channels indicated that magnitudes and orientations 
of horizontal retrieval gradients were intermediate to those 
of the  guess da ta  and  brightness temperatures. With the 
middle level humidity Channel 10, however, the retrievals 
bore little resemblance t o  either form of input and did not 
exhibit horizontal patterns with suitable time and space 
continuity. It should be noted, however, that  Jedlovec 
(1985) and Fuelberg and Meyer (1986) found low level 
satellite-derived humidity distributions on 6-7 March to  
be much more meaningful. Space limitations did not per- 
mit our discussion of those channels in this report. 

To our knowledge, studies similar t o  this have 
not been reported in the literature. Thus,  it is impor- 
tant  t o  emphasize tha t  current results are  based on only 
one case, and may not be representative of a majority of 
situations. In any event, they suggest tha t  more study is 
needed before we will understand the degree to  which VAS 
retrievals are  a n  improvement over model-derived sound- 
ings. 
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1. Introduction 

In this study, a new method to combine tempera- 
ture soundings derived from VAS’ radiance observations 
with conventional data is proposed. lJnlike similar previ- 
ous attempts (Mostek et al., 1986; O’Lenic, 1986), only a 
portion of the signal contained in the VAS temperature 
soundings was combined with conventional data. This 
approach is based on the fact that the independent infor- 
mation in satellite radiance observations is small relative 
to the scale of natural variations in the temperature struc- 
ture of the atmosphere. Resulting poor vertical resolution 
in VAS temperature retrievals (Smith, 1983) make it diffi- 
cult to determine the accuracy of satellite soundings when 
they are compared to rawinsonde soundings which pro- 
vide point measurements. Differences between the sound- 
ings strongly depend on the degree of existence of small 
scale features in a particular weather pattern (Koehler et 
a/., 1983; Jedlovec, 1984). It is required that comparisons 
of the two types of data be on the basis of the same verti- 
cal scale mther than on direct level- by-level comparisons. 
Then, a reasonable comparison between the two types 
?f soundings may be achieved. The portion of signal in 
the satellite soundings can be identified by considering 
variations larger than the scales that satellite data can 
represent. Since the retrieval constraints and observa- 
tions cannot be decoupled in the operational retrieval of 
VAS temperature profiles, this study also approaches the 
vertical resolution question from an empirical standpoint. 

2. Spectral Characteristics of VAS ‘Ikmperature 
Profiles 

a. Data and Analysis 
The data from the AVE’ /VAS Ground ‘I’ruth Field 

Experiment (Hill and Turner, 1983) were used in this 
study. The rawinsonde soundings consist of those made 
at the regular National Weather Service (NWS) stations 
Over the central United States, and those taken at the 
special meso-network (approximately 120 km spacing) 
set up in central Texas. The VAS temperature profiles 
retrieved by the physical-mathematical retrieval (Smith, 
1983) were used. The satellite soundings have 75-100 
km spacing which is comparable with that in tlie special 
meso-ne twor k . 

1- yiisible and Infrared Spin-Scan Iladiomrter At rnosphe- 
r ic  sounder 
Atmospheric Yariability axperiment 2 

In order to compare the two types of profiles based 
on the same vertical scale, the mean vertical temperature 
profile represented by the {J.S. Standard Atmosphere was 
subtracted from both profiles, then the perturbation pro- 
files were represented by Fourier cosine series. The har- 
monic coefficients, u,,, of both soundings were compared 
for collocated pairs and at grid points. In this way, more 
reasonable comparisons between the profiles which have 
different vertical resolutions may be achieved. The mean 
perturbation, ao/2, is referred to as the amplitude of the 
zeroth harmonic. 

b. Comparison of CoeficientJ 
A total of 47 pairs of collocated souiidi~lgs (separa- 

tion 5 50 km) was selected at 0000 and 0300 GMT 7 
March 1982. The coefficients of each harmonic. in VAS 
temperature profiles were tested by a simple regression 
model such that 

where a:, and a:, represent the codlicients of the n- 
th harmonic in satellite arid rawinsonde profiles, ~rspec- 
tively. The a, and &, represent the intercept and slope 
of the n-th harmonic, rrspectively, and G,, is the unex- 
plained error in  the model. 13y tlsirlg the lrast sqliaces 
estimation of cyn and P,, and thr cocfficirnt of determi- 
nation ( H ’ )  for rarh hnrrnonir nurnbrr, the wlationsliip 
between a:, and ah, was rstoblislied. ‘l’he results for har- 
monics up to thr tenth are summtlrizrd in TaLle 1. 

Table 1 shows that coefficients of the zeroth and first 
harmonics in VAS temperature profiles q r e e  well with 
those in rawinsonde profiles. As the harmonic number in- 
creases, the slopes and Rz values become smaller, which 
indicates the poor agreements betwren the harmonics. 
The statistics beyond the fifth (sinall vertical scale) in- 
dicate poor agreement between the VAS wid rawinsonde 
soundings I 

To see the spatial variations o f  each htlrinoiiic, the 
coefficients were iriterpolated to a grid with equal spac- 
ing of grid points. Two grid systems were rstablished for 
synoptic scale and mesoscale representations of each har- 
monic coefiicient in the temperature profiles. The syn- 
optic scale grid system had 10 x 11 grid points with a 
spacing of 158 krn over the central United States, and 
the mesoscale grid system had 9 x 10 grid points with 
a spacing of 50 kin iri central Texas where the special 
meso-network was operated. The interpolation method 



Table 1 Comparisons of harmonic coefficients for collocated profiles. Statistics are 
mean coefficient, and regressional fit of intercept, slope, and coeficient of 
determination for each harmonic. Total of 47 pairs at 0000 GMT rind 0300 
GMT 7 March were selected. 

Harmonic Mean Coefficient of 
Slope determination Intercept number coefficient 

-F an C.L.' pn C.L.' Rl - 
n a',, an, 

0" -3.85 -3.71 -0.26 f0.37 0.90 f0.08 0.92 
1 -4.30 -5.11 -1.40 f0.33 0.86 f0.07 0.94 
2 0.96 0.45 -0.23 f0.29 0.71 f0.13 0.74 
3 -1.71 -1.44 -0.30 f0.48 0.67 f0.20 0.51 
4 0.03 -0.66 -0.68 f0.17 0.43 fO.ll 0.89 
5 0.21 0.43 0.30 50.22 0.62 f0.19 0.50 

7 1.02 0.61 0.16 f0.26 0.44 f0.21 0.29 
6 -1.13 -1.46 -1.34 f0.29 0.11 f0.24 0.02 

8 -1.56 -1.30 -1.05 f0.16 0.16 f0.09 0.21 
9 0.90 0.23 -0.10 f0.18 0.36 f0.17 0.28 
10 -1.12 -0.95 -0.81 f0.15 0.12 f0.12 0.09 

* 95% confidence firnits ** 1/2 a0 

proposed by Barnes (1964) was used to grid the coeffi- 
cients. 

For comparison purposes, three statistical parame- 
ters were used: mean difference (3  - a); standard devia- 
tion ratio (as/oR), and; correlation coefficient. S and R 
refer to satellite and rawinsonde, respectively. The results 
at 0300 GMT 7 March 1982 are summarized in Table 2. 
The results indicate that the zeroth and first harmonics 
in the VAS temperature profiles represent synoptic scale 
variations almost the same as those in the rawinsonde 
temperature profiles. It is suggested that VAS mund- 
ings can measure synoptic scale variability of the second 
to the fifth harmonics in temperature profiles to some 
degree, but the variations are generally weakly detected 
(small standard deviation ratio). Beyond the fifth, the 
agreement between the coefficients is very poor, which is 
consistent with the results for the collocated soundings. 

It should be emphasized that the rawinsonde sound- 
ings also contain measurement errors although they were 
considered as ground truth here. Therefore, the differ- 
ences between coefficients are not due totally to errors in 
VAS soundings. However, if errors in rawinsonde tem- 
perature are random, the errors m a y  be attributed to 
higher harmonics, while the lower harmonics will repre- 
sent real variations. The poor agreement between coeffi- 
cients higher than the fifth may have been due, in part, to 
the different vertical resolution of the two soundings and 
to some measurement errors in rawinsonde soundings. 

Results of mesoscale representation of the VAS tem- 
perature soundings were different from those of synoptic- 
scale representation. The correlation between the zeroth 
harmonics was relatively poor (0.73), indicating some dis- 
crepancies in VAS temperature profiles compared to raw- 
insonde temperature profiles in representing mesoscale 
mean atmospheric temperature variations. On the other 
hand, high correlations were found for the first harmonic, 
but the horizontal variation was smoothed. Other har- 

Table 2 Comparisons of horizontal variations of har- 
monic coefficients at grid points. Statistics are mean 
difference (SAT - RAW), standard deviation ratio, 
and correlation coeficient of each harmonic. Synop- 
tic scale and mesoscale representations at 0300 GMT 
7 March 1982. 

Synoptic scale 

harmonic mean standard deviation correlation 
number difference ratio coefficient 

(" C) ( Q ' l 4  n 

0 -0.05 0.99 0.97 
1 , -0.71 0.87 0.95 
2 -0.1 1 0.84 0.62 
3 0.26 0.72 0.93 
4 -0.88 0.68 0.74 
5 0.31 0.89 0.85 
6 -0.35 0.57 0.19 
7 -0.40 0.89 0.68 
8 -0.09 0.25 0.46 
9 -0.53 0.70 0.45 
10 0.23 0.32 0.36 

Mesoscale 

0 0.71 
1 -0.22 
2 -1.08 
3 -0.62 
4 -1.01 
5 -0.10 
6 -0.29 
7 -0.73 
8 0.85 

10 0.48 
9 -0.87 

1.09 
0.75 
0.68 
1.47 
0.43 
1.04 
0.50 
0.65 
0.14 
0.35 
0.19 

0.73 
0.92 
0.72 
0.66 
0.89 

0.33 
0.04 

0.43 

-0.42 

-0.39 

-0.29 
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monics show even greater disagreements between the sound- 
ings. Although the VAS soundings represent some of the 
mesoscale temperature variations at lower harmonics, es- 
pecially the first harmonic, they generally missed impor- 
tant mesoscale features indicated in rawinsonde sound- 
ings in the special meso-network (not shown). Fuelberg 
and Meyer (1986) suggested that VAS retrievals could be 
valuable for meso-a scale analysis but uncertain for meso- 
@ scale analysis. This is consistent with our results. 

The low correlations beyond the fifth harmonic are 
probably related to limitations of the satellite sounding 
system. In order to represent the first five cosine harmon- 
ics, at least six data points in the profile are required. 
Because VAS has six infrared channels to determine ver- 
tical temperature profiles, there are six degrees of free- 
dom in principle. Although the retrieval method is not 
directly mathematical, one would expect that relatively 
reasonable representations up to the fifth harmonic are 
possible. However, the observations in each channel are 
not completely independent. There are large overlaps be- 
tween weighting functions. Therefore, the actual number 
of degrees of freedom is smaller than six. If additional 
uncertainties in the transmittance functions and observa- 
tional errors are considered, accuracy must be restricted 
even more.- This suggests why only the zeroth and first 
harmonics are correctly represented and why the second 
to the fifth harmonics contain uncertainties in describing 
synoptic scale temperature variations. 

Therefore, the difference between the conventional data 
and unified data is the replacement of the zeroth and first 
harmonics from VAS. If the conventional data is a good 
representation of atmospheric temperature structure in 
the zeroth and first harmonics, the conventional and uni- 
fied data will be close. However, if some conventional 
data are not a sufficiently good representation of the ther- 
mal structure, the initial state can be improved by the 
unified data to the extent of the difference accounted for 
by the zeroth and first harmonics. Such situations are 
expected in regions where rawinsonde observations are 
restricted or not available. 
b. Quality of Unified Data 

The quality of the unified data may be examined by 
its capability for describing weather systems with respect 
to other data sets. Since vertical motion is closely re- 
lated to doud patterns indicated by satellite images, the 
vertical motion patterns calculated by use of a diagnos- 
tic model for all data sets were compared with satellite 
images to determine the quality of the unified data. A 
diagnostic linear balance model with convective parame- 
terization (Kuo 1965, 1974) was constructed for this pur- 
pose and used for computing the vertical motion patterns 
over oceanic regions. NMC initialized data and VAS data 
from GOES-EAST were available over the eastern United 
States and the western Atlantic ocean on selected days 
during August 1983. Three consecutive days, 22-24 Au- 
gust 1983 were selected for the case study, based on the 
availability of both NMC and VAS data and the exis- 
tence of well identified weather systems over the ocean. 
The unified (UNI) data were recomposed at each grid 
point by replacing the zeroth and first harmonics in the 
NMC temperature profile with those of VAS. 

RPsults from one of the three case studies are shown 
here. Fig, 1 shows vertical motion fields at the 500 mb 
level derived from the NMC, VAS, and U N I  data at 1200 
GMT 24 August 1983. The GOES-EAST visible and 
infrared images are displayed in Fig. 2 for comparison. 
The visible imagery for 1500 GMT was used because most 
of the western part of the United States is still in shadow 
at 1200 GMT. If we assume no abrupt change in cloud 
patterns in three hours, this imagery may be useful for 
deducing the visible imagery at 1200 GMT. 

3. Unified Data and  Quality Verification 

a. IJnified Data 
As demonstrated in the previous section, VAS sound- 

ings detect synoptic scale temperature variations well at 
vertical scales of the zeroth and first harmonics. To be 
conservative, only these portions in the VAS tempera- 
ture soundings are treated aa signal although the second 
to fifth harmonic also contain some of temperature vari- 
ations (especially the third harmonic). Only the signal 
in the VAS temperature soundings is combined with the 
conventional data for the purpose of developing the uni- 
fied data set. 

The unified data set was obtained by combining raw- 
insonde and VAS soundings as follows. Let the vertical' 
temperature profile from conventional data at each grid 
point be represented by 

The NMC data describe the convective activity well. 
The isolated tropical storm near Florida was pronounced 
and convection related to the front over Cape Hatteras 
and the banded nature of convection east of there were 
indicated. Due to the large data gaps caused by clouds, 
results from VAS data were not as good as the NMC 
data in describing convective systems at this time. The 

1 
T ( p ' )  = T ( p ' )  t ia l ;  i- a; cosp' 1- RESr(p') 

and that of the VAS temperature profile by 

1 T'(p*) = " ( p a )  t 2": + a: cosp' + RES*(p*)  

where the superscripts T and s denote the conventional 
a d  VAS data, respectively, subscripts 0 and 1 indicate 
the harmonic numbers, RES represents the residual (sum 
of all other harmonics), and p' indicates the pressure level 
transformed to 0 to A (1000 and 100 mb). Then the 
unified profile will be represented by 

tropical storm is almost lost and frontal convection i s  

poorly described. However, the strong downward motion 
northeast of Haiti is brttrr drpictrd than that from thv 
NMC data. This is in a region essentially frer of clouds. 

The omega fields from U N 1  data show good agree- 
ment with satellite images. They depict well both the 
tropical storm and convection Over Cupe Iiattrras. 'rhc 
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TBTClL OHECA RUG 24 UNI 500 W 

Fig. 1 The omega fields calculated 
from NMC. VAS. and UNI data 

omrga fields from NMC and UNI data  wrie sitnilar. IIOW- 

ever, the downward motion area east of Barry, which 
is well depicted in VAS data, was also indicated in the 
UNI data. Therefore, the isolated features of thr  tropical 
storm were describrd better in U N I  data  than in NMC 
data. 

Commenting on the other two cases which are not 
shown, the UNI data  also showed bettrr agrrrment with 
satellite images on 22 August, while thr  TJNI data  were 
a3 good as the NMC data  on 23 Aiigtist. Wr could not 
address the significance. of thrsr improvements; however, 
they demonstrate potential of the UNJ data  proposed in 
this study. 

4. Conclusions 

The information contrnt in the VAS temperature 
soundings may be limited to the zeroth and first harmon- 
ics in describing synoptic scalr tkrnprratiirr variations. 
In the thrrr  casr studies considered ovrr the wrstrrn At- 
lantic, the vrrtical motion fields derived from the unified 
da ta  showed snme improvrmrnts ovrr ocrans around the 
drveloping tropical deprrssion in two raws. Results of 
another one casr showrd that analyses from thr  unified 
data  were good as thosr from NMC data. Grnerally, 
the zeroth and first harmonics in the NMC temperature 
data  were comparable to those in thr  VAS data. There- 
forr, overall improvemrnts in the iinifird data  srrm to’be 
small. Improvement in the second (and higher) harmonic 
in the VAS temperature retrirvals is required to improve 
the potrntial of the unified data  ovrr orran arras where 
the convrntional data  arc’ rrst rirtrd. Furthrr devrlop- 
ment of methods for combining profilrs using objective 
analysis schrmes may rnchanrr thr  potential of unifird 
data .  
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1.0 INTRODUCTION 

A velry important aspect of satellite remote- 
sensing measurements is their ability to detect 
changes in atmospheric temperatures and water 
Vapor in both space and time. Temperature and 
water vapor variations are important atmospheric 
features for weather analysis and forecasting, and 
correct sampling resolution is necessary to 
measure this atmospheric variability (Hillger and 
VOnder Haar, 1987). 

In order to measure atmospheric variability 
Statistical structure function analysis is applied 
to VISSR Atmospheric Sounder (VAS) measurements. 
Unlike previous work which dealt only with spatial 
(horizontal) structure, the analysis has been 
extended to include time. The resulting structure 
Plots are shown in 2 dimensions (2 spatial 
dimensions or 1 spatial dimension and time) but 
they give an indication o f  3 - d i m e n s i o n a l  
measurement variability. The analyses which 
include time as a coordinate a l s o  g i v e  a n  
indication of the mean speed and direction of 
motion of the analyzed data. 

V A S  v a r i a b i l i t y  a l o n g  t h e  a n a l y s i s  
coordinates (space and/or time) can be used to 
determine correct sampling resolutions (in apace 
and time). Results for 3-hourly VAS data indicate 
that sampling at high frequency (approximately 1 
hour) is needed in order to correctly monitor 
t e m p o r a l  V a r i a b i l i t y  in VAS measurements 
equivalent to that being measured at high spatial 
resolution. 

2.0 STRUCTURE ANALYSIS OF SATELLITE DATA 

A statistical tool which can be used to 
quantify atmospheric variability is the structure 
function (Gandin, 1963). The structure is the 
mean-squared difference between measurements as a 
function of either space or time, and therefore is 
a measure of the mean gradient in space or the 
mean change in time. The structure is computed by 
identifying all possible combinations of pairs of 
measurements and grouping the pairs according to 

separation in either space or time or both. The 
r e s u l t  w i l l  be a structure function which 
summarizes a t m o s p h e r i c  v a r i a b i l i t y  in a 
statistical-mean sense (Hillger and Vonder Haar, 
1979). 

The satellite data analyzed were infrared 
measurements from the GOES VISSR Atmospheric 
Sounder (VAS) on GOES-5. As is typical of most 
satellite data, the measurements are obtained in 
l i n e s  c o m p o s e d  o f  i n d i v i d u a l  e l e m e n t s .  
Measurements were at a resolution, or spacing, of 
about 14 krn in the line (east-west) orientation 
and about 23 km in the element (north-south) 
orientation. Time resolution was 3 hours. Fields 
of 30 x 30 measurements were analyzed at 4 times 
o v e r  a p e r i o d  o f  9 hours. W a t e r  v a p o r  
measurements for VAS channel 10 at 6.8 pm and 
channel 9 at 7.3 pm were analyzed, as well as 
tsmperature measurements from VAS channel 6 at 4.5 
pm. The VAS measurements were given in terms of 
effective blackbody temperatures. For water vapor 
channels lower values signal more atmospheric 
absorption and therefore more water vapor in the 
atmosphere. For the temperature channels, higher 
values signal warmer temperatures in the layer of 
the atmosphere being measured. 

A function inversely related to the structure 
is the correlation function. The correlation is a 
normalized function and decreases from near 1.0 at 
zero separation in space or time. The advantage 
of the correlation analysis over the structure 
analysis is the ability to compare VAS channels 
which have different absolute values. The 
c o r r e l a t i o n s  a r e  n o r m a l i z e d  c o m p a r e d  to 
unnormalized structure values, 

Figure 1 shows the spatial correlation of 
effective blackbody temperatures for VAS water 
vapor channel 10 at 6.8 pm. The correlation was 
computed in two spatial orientations, aligned with 
the lines and elements of the satellite data. 
Note that the spatial correlation differs with the 
orientation of the data indicating that the 
correlation is anisotropic. 
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Figure 1. Spatial correlation of measurements 
from VAS water vapor channel 10 at 6.8 pm. 
Different correlations in the two orientations 
indicate that the correlation is anisotropic. 

A better way to analyze the dependence upon 
orientation is to compute the correlation in 2 
s p a t i a l  d i m e n s i o n s .  Figure 2 is the 2- 
dimensional spatial correlation for the same data 
from VAS water vapor channel 10. The structure 
was computed anisotropically (as a function of 
s p a t i a l  d i s t a n c e  a n d  orientation). The 
correlation origin is at the center o f  the 
horizontal axis with the distance between tic 
marks equal to the spatial resolution of the 
measurements. Since the correlation is axially 
symmetric, it is only necessary to show the top 
half of the figures the bottom half contains 
redundant information. The maximum correlation, 
or minimum gradient, is oriented in the north- 
south direction which is parallel to the dominant 
contours of the VAS measurements in Figure 3. 
Similarly, the minimum correlation, or maximum 
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Figure 2. Two-dimensional spatial correlation 
analyais of VAS water vapor channel 10 at 6.8 
pm. The maximum c o r r e l a t i o n  ( m i n i m u m  
gradient) is oriented along a north-south line 
as indicated by the arrow. 

- 
E 
Y 
W 
U z 
I- 

0 

v)  

z 
2 

D 
u 
D 

a = 
- 
- 

# 

.,. 
IIne (E-Wl DISTRNCE Ikml 

Figure 3. Contours of 30 x 30 effective blackbody 
temperatures for VAS channel 10 at 6.8 pm at 
1800 UTC on 22 July 1987. These are the 
measurements on which the correlations in 
Figures 1 and 2 were computed. 

gradient, is in the east-west orientation, which 
is perpendicular as the major contour lines in 
Figure 3. The 2-dimensional spatial correlation 
therefore contains not only gradient informat ion 
but also contains information on the orientation 
of the maximum and minimum gradient. 

Figure 4 is a 2-dimensional correlation plot 
of the same area but for measurements from VAS 
water vapor channel 9. I n  t h i s  c a s e  the 
orientation of the maximum correlation (minimum 
water vapor gradient) is again nearly north-south, 
but there is a g r e a t e r  a n i s o t r o p y  in t h e  
measurements for VAS channel 9. These two 
channels measure water vapor at different levels 
in the atmosphere i thus the different dependence 
of the spatial correlation on orientation. 

line [E-HI OISTANCE lkml 

Figure 4. Two-dimensional correlation analysis of 
VAS water vapor channel 9 at 7.3 urn. This 
figure shows a more anisotropic correlation 
compared to VAS channel 10 in Figure 2, but 
the maximum correlation as indicated by the 
arrow is in the same orientation. 
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Compared to the water vapor channels, which 
show only minimal difference in the orientation 
and magnitude of their maximum correlation, the 2- 
dimensional c o r r e l a t i o n  a n a l y s i s  o f  V A S  
temperature channel 6 in Figure 5 is quite 
different. The orientation of the maximum 
correlation is in a northeast-southwest direction, 
at a l a r g e  a n g l e  compared to the maximum 
correlation of water vapor in either Figures 2 and 
4 .  This indicates that the temperature and water 
vapor gradients are not parallel. These VAS 
channels measure in the troposphere, but not at 
the s a m e  levels, so the difference may be 
partially due to the vertical s e p a r a t i o n .  
However, temperature and water vapor gradients at 
different angles imply water vapor advection as 
well as possible differences in instability. 

2.1 Temporal Correlations 

Given a formulation for computing spatial 
correlation, it is straightforward to adopt it for 
computing temporal correlations as well. The 
temporal and spatial correlations can be plotted 
together, as for VAS channel 10 in Figures 6a and 
6b. Each figure depicts the time variability 
along with one of the two perpendicular spatial 
orientations. Figure 6a shows a lower spatial 
correlation than Figure 6b at the same distance, 
which agrees with the maximum gradient from Figure 
2 being in-an east-west orientation. 

An interesting feature of the time and space 
correlation plots is the ability to detect mean 
motion of the field. This would be indicated by a 
spatial shift of the maximum correlation with 
time, which signals a horizontal movement of the 
measured features. In Figures 6a and 6b the mean 
movements are to the west and north, respectively. 
In 6 hours the maximum correlation moved only 
slightly to the west and about 70 km to the north. 
Correlations o f  course drop with time as the water 
vapor features not only move in space but change 
in shape and magnitude. This tracking process fs 
similar to the lag-correlation used by automatic 
cloud-motion (wind) algorithms. 
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Figure 5. Two-dimensional correlation analysis of 
VAS temperature channel 6 at 4 . 5  um. The 
a r r o w  i n d i c a t e s  a northeast-southwest 
orientation of the maximum correlation. This 
Is at a large angle compared to the maximum 
water vapor correlation in Figures 2 or 4. 
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Figure 6a. Time and east-west spatial correlation 
for VAS water vapor channel 10 at 6.8 pm. The 
arrow along the maximum correlation indicates 
a mean shift of the field slightly to the west 
in time. 
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Figure 6b. Same as Figure 6a except for time and 
north-south spatial correlation. The arrow 
along the maximum correlation indicates a mean 
shift in the field of about 70 km to the north 
in 6 hours. 

The equivalence between space and time can be 
seen by comparing the spatial and temporal axes at 
equal correlations. For this p u r p o s e  t h e  
isotropic (non-directional) correlation was 
computed and plotted against t h e  t e m p o r a l  
correlation as in Figure 7 for VAS channel 10. 
According to this figure the correlation falls o f f  
mote rapidly in 3 hours (one time sample) than it 
d o e s  at a d i s t a n c e  o f  about 100 km. The 
correlation in both cases is about 0.7. By 
examining Figures 6a and 6b the number of spatial 
samples represented by a correlation of 0.7 is 
about 6 and 5, respectively. This indicates that 
these water vapor features are less persistent 
between time samples than they are coherent in 
space, at least for short time scales. For longer 
times the correlation does not continue to drop 
off as rapidly, However, this is not true for VAS 
c h a n n e l  6 in F i g u r e  8. In this case the 
correlation falls off to lees than 0.1 in 9 hours. 
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Figure 7. Time and isotropic correlation for VAS 
w a t e r  v a p o r  c h a n n e l  at 7.3 p m .  T h e  
correlation drops off more rapidly in 3 hours 
than it does at 100 km. 
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Figure 8. Time and isotropic correlation for VAS 
t e m p e r a t u r e  c h a n n e l  6 at 4.5 pm. The 
correlation drops off more rapidly at longer 
times than it does for VAS channel 10 in 
Figure 7. 

The same correlation occurs at a distance of about 
250 km. Because this channel is influenced by 
variability in surface characteristics, the more 
rapid decrease in correlation with time is not 
unexpected, due to diurnal variations. 

The same amount of atmospheric variability 
can therefore be quantified in both space and 
time. This has important implications for spatial 
and temporal sampling concerning the question of 
whether or not spatial resolution and sampling 
time are sufficient to measure atmospheric 
variability. A high correlation between adjacent 
measurements in space or time m i g h t  be a n  
indication of excessive sampling. On the other 
hand, a correlation which drops off rapidly would 
signal variations in space or time which are not 
sufficiently sampled by the measurement resolution 
or spacing. In the case of VAS channel 10 in 
Figure 7 even though the correlation appears to 

drop off more slowly in time, the correlation 
drops off more rapidly between time samples of 3 
hours than it does over several adjacent samples. 
The correlation at 1 hour is closer to the 
correlation at minimum spatial resolut.ion. This 
implies that temporal resolution less than 3 hours 
is necessary to measure atmospheric variability 
equivalent to that being sampled in space. 

3.0 CONCLUSIONS 

Structure or correlation analysis provides a 
c o n v e n i e n t  m e t h o d  to look at atmospheric 
variability both spatially and temporally. Two- 
dimensional correlation plots indicate the 
magnitude and orientation of gradient information. 
When time is included, the maximum correlation can 
indicate the m e a n  m o v e m e n t  o f  t h e  data. 
Equivalent sampling distances and times can also 
be quantified for the satellite measurements which 
were analyzed. In this study it was found that 
VAS temporal resolution of 1 hour minimum is 
needed to detect variability equivalent to that 
being measured at minimum spatial resolution. 
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1.13 

OPERATIONAL VAS SOUNDINGS AT PROFS 

* 
John S .  Snook 

Program for Regional Observing and Forecasting Services 
National Oceanic and Atmospheric Administration 

Boulder, Colorado 80303 

1. INTRODUCTION 

A primary focus of the Program for 
Regional Observing and Forecasting Services 
(PROFS) is to develop products from alternative 
data sources and to implement and evaluate their 
analysis and forecast utility, specifically for 
the improvement of short-range local area 
forecasts (Reynolds, 1983). High-quality, 
timely soundings derived from radiance data 
collected by the Visible and Infrared Spin-Scan 
Radiometer (VISSR) Atmospheric Sounder (VAS) 
instrument on board the Geostationary 
Operations1 Environmental Satellite (GOES) can 
provide upper air temperature and moisture data 
at much greater spatial and temporal resolutions 
than the conventional Radiosonde Observation 
(RAOB) network. Prior to 1986, PROFS received 
VAS soundings via a telephone link with the 
University of Wisconsin-Madison. To improve 
reliability and to increase flexibility, PROFS 
iniciated development of a system to produce in- 
house VAS soundings. During May 1987, PROFS 
implemented a totally automated system to 
generate real-time VAS soundings which could be 
accessed through the PROFS meteorological 
workstation (Reynolds, 1983; MacDonald, 1985). 
VAS soundings were monitored on a daily basis in 
conjunction with the PROFS 1987 real-time summer 
forecast experiment. All soundings were 
archived for post-experiment analysis. This 
paper investigates VAS sounding quality, 
problems, and possible improvements to the 
System at PROFS. The forecast utility of VAS 
soundings during the summer experiment is 
discussed, Discussions of the future of VAS 
sounding data at PROFS and better methods which 
take full advantage of the positive features of 
VAS sounding data follow. 

2.  OPERATIONAL VAS SOUNDING GENERATION 

The VAS sounding generation system at 
PROFS uses a direct, physical approach developed 
at the University of Wisconsin-Madison (Smith, 
1983). The approach uses radiance measurements 
from various infrared wavelengths collected on 
board the GOES 7 platform. Temperature and 
mixing ratio are computed for 40 levels ranging 
from the surface to 0.1 mb. Geopotential height 
is computed hypsometrically. Soundings are 

* 
Contract with T. S .  Infosystems, Inc., Lanham, 
MD 20706. 

generated every 90 minutes for a 110 km grid 
covering the continental United States. Real- 
time soundings are produced at rates of better 
than 100 per minute; thus, national coverage is 
achieved approximately ten minutes following raw 
data ingest. Since the number of vertical 
levels generated exceeds the number of VAS 
wavelengths available, a first guess profile of 
temperature and moisture is required. The upper 
air first guess for the national grid is 
generated from RAOB, profiler, and aircraft data 
at 0000 and 1200 UTC by the PROFS Mesoscale 
Analysis and Prediction System (MAPS) group 
(Benjamin, 1985). Climatology is used for 
levels above 150 mb. The surface first guess is 
produced hourly from Surface Aviation 
Observations (SAO). 

VAS radiance data may be contaminated by 
clouds since infrared radiation from the ground 
is absorbed by clouds and re-emitted at colder 
temperatures than it is when it passes through 
the clear atmosphere. These cold cloud- 
contaminated VAS brightness temperatures can 
severely affect the quality of VAS soundings. 
Thus, a scheme to eliminate the adverse effects 
of clouds is necessary. It must also be 
automated and efficient to satisfy PROFS real- 
time requirements. The technique currently in 
use subtracts the 11.2 pm window band brightness 
temperature from the collocated surface 
temperature (Snook, 1987). If the difference is 
greater than 10 K, the pixel is flagged as 
cloudy. 

Soundings are generated for 11 by 11 
infrared pixel (80 km by 80 km) fields of view 
to reduce the effects of signal noise in the 
radiance measurements. The sounding generation 
system uses transmittance functions to relate 
measured radiance values to brightness 
temperature for each infrared wavelength. Since 
GOES 7 transmittance functions were not 
immediately available, GOES 6 functions were 
used during the summer experiment. This 
undoubtedly introduced some systematic bias to 
VAS sounding quality. Following the experiment, 
new GOES 7 functions were installed. 

3 .  VAS SOUNDlNG QUALITY 

VAS sounding quality is evaluated through 
a direct comparison with the nearest RAOB 
sounding in space and time. Discrepancies can 
occur with this type of comparison since the 
RAOB is a point observation while the VAS 
sounding is a volume observation. Even for the 
best cases, the VAS cannot be expected to have 
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coiparison for 1200 UTC Denver RAbB and 1245 UTC 
VAS sounding using 27 clear to partly cloudy 
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sounding is located approximately 30 km south of 
the Denver MOB. The solid line depicts the 
mean temperature difference of VAS subtracted 
from RAOB. The surrounding dashed lines 
indicate the positive and negative standard 
deviations. 

as much vertical resolution as the RAOB, 
especially for the moisture profile. 
Regardless, this comparison remains the best 
available for this study and has been used by 
others (Jedlovec, 1985; Bruce et al., 1977). 

Figure 1 shows the 1200 UTC Denver RAOB 
and 1245 UTC VAS mean temperature sounding 
comparison for 27 days in the months of June, 
July, and August 1987. The VAS sounding is 
located approximately 30 km south o f  the M O B ,  
and only cases with more than 33% clear pixels 
within the VAS sounding field of view are used, 
The solid line depicts the mean temperature 
difference of VAS subtracted from RAOB. Thus, 
positive temperature differences indicate the 
VAS to be colder than the RAOB while negative 
temperature differences show the VAS to be 
warmer than the RAOB. The surrounding dashed 
lines indicate the positive and negative 
standard deviations. Note the consistent cold 
bias below 350 mb and the consistent warm bias 
above. Preliminary results from later VAS 
sounding comparisons attribute much of the bias 
above 700 mb to the use of the GOES 6 
transmittance functions. Since the VAS 
sounding grid point is over higher terrain than 
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Fig. 2. Mean vertical dew point ("C) comparison 
for the cases in Figure 1. The solid line 
depicts the mean dew point difference of VAS 
subtracted from M O B .  The surrounding dashed 
lines indicate the positive and negative 
standard deviations. The mean total column 
precipitable water difference is also shown. 

the Denver M O B ,  the cold temperature bias 
between 700 and 800 mb is mostly due to the 
unfair comparison o f  the VAS surface temperature 
with the warmer RAOB boundary layer inversion 
temperature. More important is the magnitude of 
the standard deviation. Values are less than 2 
"C for all levels below 150 mb, which is 
consistent with other reports (Jedlovec, 1985), 
indicating that reasonable temperature soundings 
can be achieved with the removal of the 
consistent biases. 

Figure 2 shows the corresponding RAOB 
and VAS mean dewpoint sounding comparison. A 
dry (cold) dewpoint bias is evident below 475 
mb, with a moist (warm) bias above. As 
expected, the magnitudes of the standard 
deviation are larger than those of the mean 
temperature difference. Values range from less 
than 3 'C at 700 mb to approximately 7 ' C  at 500 
mb and above. Again, preliminary results from 
later VAS sounding comparisons attribute much of 
the dry and moist bias to the use of the GOES 6 
transmittance functions. Differences in the 
lowest layer are due to the variation in surface 
elevation between the VAS sounding grid point 
and the Denver RAOB location. Standard 
deviation values are expected to increase with 
height since small errors in mixing ratio will 
create much larger errors in dewpoint at high 
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Fig. 3 .  VAS surface based lifted indices ("C) 
for 1845 UTC 7 July 1987 superimposed on a 
satellite image for same time. Lower lifted 
indices indicate areas of greater convective 
potential .- 
levels than at low levels. Low-level water 
vapor is generally more important for diagnosing 
convective potential, thus VAS soundings should 
be able to produce reasonable moisture profiles 
for this purpose. The mean total column 
precipitable water difference of .62 cm (Figure 
2 )  is due to the lower tropospheric cold 
dewpoint bias noted above. The standard 
deviation of .29 cm indicates that the VAS 
precipitable water is a parameter useful for 
evaluating the convective environment, 
especially when compared to neighboring values. 
Similar results were found for other areas of 
the United States as well. 

4. SHORT-RANGE FORECAST UTILITY OF VAS 
SOUNDINGS 

As with previous forecast experiments 
(Birkenheuer and Snook, 1985), forecaster 
acceptance of VAS sounding data during the 1987 
summer experiment was limited. Although locally 
generated VAS soundings improved data 
reliability and timeliness, many of the same 
quality problems still existed. When sounding 
data do not exactly agree with M O B  data, the 
VAS data are dismissed as erroneous. However, 
proper application will produce positive 
results. Since the VAS soundings are volume 
observations, bulk stability parameters (e.g., 
lifted index, precipitable water, positive 
buoyant energy, and negative buoyant energy) 
have proved useful for evaluating the pre- 
convective environment (Birkenheuer and Snook, 
1985; Snook and Birkenheuer, 1986). Figure 3 
shows VAS lifted indices for 1845 UTC 7 July 
1987 superimposed on a visible satellite image. 
The lifted indices indicate the area of greatest 
convective potential to be from central Wyoming 
to just east of the Colorado front range into 

Fig. 4. Visible satellite image for 0015 UTC 8 
July 1987. 

northern New Mexico and the Texas panhandle. 
The visible image from 0015 UTC 8 July 1987 
(Figure 4 )  shows that the strongest activity 
occurcd in these regions. 

To enhance forecaster confidence, the 
sounding quality needs to be improved such that 
it corroborates other data sources. In 
addition, alternative products which exploit 
the ndvnntages of the data need to be devrloped. 

5. FUTURE WORK AND METHODS TO BETTER UTILIZE 
VAS SOUNDING DATA 

There is much potential for the 
improvement of VAS sounding quality at PROFS. 
The mean temperature difference profiles 
indicate that soundings with less than a two- 
degree mean error compared to the M O B  can be 
produced. The use of GOES 7 transmittance 
functions will eliminate some of the biases 
already noted, although it is likely some biases 
will remain. If this is the case, a statistical 
approach is necessary to adjust the channel 
radiances. 

Better use of the sounding data is 
necessary. Since consistent biases do exist, it 
has been suggested that sounding grndtent 
(spatial and temporal) information be utilized 
(Jedlovec, 19R5) .  The variational analysis 
technique to combine M O B  data and VAS sounding 
gradient data (McGinley, 1987; Birkenheuer, 
1987) is currently being evaluated at PROFS. 
ImaEing numerical VAS sounding products is 
another method which exploits the gradient 
information (Smith et al., 19R5). Figure 5 
illustrntcs an imaged Barnes analysis of the 
lifted indices field shown in Figure 3 .  When 
sounding data images are animated, changes in 
space and time are easily identified. Several 
mrthods to integrate sounding data and sounding 
grndient data into thr MAPS mesoscale model are 
twinp, evaluated (Benjamin et al., 1988). Since 
the VAS sounding is a volumc observation, in 
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7. ACKNOWLEDGMENTS 

Fig. 5. Imaged Barnes analysis of VAS surface 
based lifted indices from Figure 3. Darkest 
areas indicate areas of greatest convective 
potential. 

contrast to the RAOB point observation, a high 
quality VAS sounding may provide a more accurate 
representation of the atmosphere for computer 
model input. 

The potential to produce higher spatial 
resolution soundings exists. Hillger et al. 
(1986) suggest that a three by three infrared 
pixel (16 km by 1 6  km) sounding field of view is 
sufficiently large to maintain the accuracy 
necessary for the VAS sounding generation 
process. Quality VAS soundings at this 
resolution could provide analysis and forecast 
utility on the meso-alpha scale and may supply 
valuable input to local area computer models. 

6 .  SUMMARY 

PROFS generates real-time VAS soundings 
every 90 minutes for a mesoscale grid covering 
the continental United States. An evaluation of 
VAS sounding quality during the PROFS 1987 
summer forecast experiment revealed consistent 
biases in the temperature and moisture profiles. 
However, results indicate that the VAS soundings 
can provide valuable short-range analysis and 
forecast information if the consistent biases 
can be removed. 

The VAS soundings generated at PROFS 
during the 1987 summer forecast exercise showed 
short-range forecast utility similar to previous 
experiments. The bulk stability parameters were 
most useful for defining areas of potential 
convective development. The potential to 
produce higher quality soundings with better 
spatial resolution in combination with more 
imaginative methods to use the data should allow 
VAS sounding data to become a valuable short- 
range forecast tool in the operational 
environment. 

Christopher Hayden has provided technical 
assistance towards the improvement of VAS 
sounding quality at PROFS. The author thanks 
Steve Zimmerman for software support and James 
Ramsay for technical assistance in preparing the 
manuscript. 
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2 . 1  

ON THE INTERPRETATION OF INTEGRATED WATER VAPOR 
PATTERNS IN MIDLATITUDE CYCLONES DERIVED FROM THE 

NIMBUS 7 SCANNING MULTICHANNEL MICROWAVE 
RADIOMETER 

Lynn A. McMurdie 
Kristina B. Katsaros 

University of Washington 
Seattle, Washington 

1. INTRODUCTION 

The initiation and development of midlatitude 
cyclones often occurs over oceans. However, the 
sparsity of data in these regions severly inhibits the 
study and forecasting of these storms. In the last 20 
years, satellite-borne instruments have begun to fill 
the information gap. Infrared and visible satellite 
images have been very useful in identifying cloud 
systems associated with midlatitude cyclones, and 
they have improved our ability to locate surface 
fronts and upper level features (Anderson et. al, 
1969). Currently, passive microwave instruments 
on polar orbiting satellites are able to measure a 
wide range of atmospheric and surface quantities. 
Specifically, the Scanning Multichannel Microwave 
Radiometer (SMMR) that is on the Nimbus 7 satellite 
measures sea surface temperature, surface 
windspeed, integrated water vapor, sea ice and 
rainrate over oceanic regions, (Gloersen et. al, 
1984). Integrated water vapor values derived from 
SMMR are accurate for a wide range of conditions 
(Katsaros et. al, 1981), and have a rms error of 2.1 kg 
m-2 (Chang et. al, 1984). The horizontal distribution 
of vapor is well suited for locating surface fronts 
and waves along fronts (McMurdie and Katsaros, 
1985, Katsaros and Lewis, 1986). In addition, the 
patterns are well correlated with surface 
convergence derived from the Seasat-A 
Scatterometer (McMurdie, et. al, 1987). 

In the work described here, we further 
explore ways to interpret the SMMR vapor patterns 
and how they relate to the dynamical structure of 
individual midlatitude storms. We use gridded 
meteorological data from the First CARP Global 
Experiment (FGGE) special observing period to 
calculate diagnostic quantities. 
patterns for a storm at a weak stage determined from 
the diagnostic quantites to SMMR patterns for the 
storm at a stronger stage and document the 
differences. From this information, a more 
complete interpretation of the SMMR patterns is 
possible. 

We compare SMMR 

2. DATA ANALYSIS 

Brightness temperatures measured by SMMR 
at 18 and 21 GHz channels (vertical and horizontal 
polarizations) were input to a water vapor algorithm 
outlined in Chang et. a1 (1984) and corrections were 
applied to account for drift in the 21 GHz channel 
over time. The horizontal resolution of the data is 50 
x 50 km2, and the swath width is 800 km. The 
integrated water vapor values for individual passes 
were mapped, and the National Meteorological 
Center (NMC) surface frontal analysis at the closest 

synoptic time was overlayed. 
Many unique data sources 

standard surface and upper level 
in addition to the 
observations were 

used as input to a four-dimensional data-assimilation 
system at the European Centre for Medium Range 
Weather Forecasts (ECMWF) to produce the FGGE 
level 111-b gridded data set. Details about the model 
and assimilation procedure are given in Bengtsson 
et. a1 (1982). The ECMWF FGGE 111-b data set consists 
of basic analysis parameters and derived parameters 
at 15 vertical levels (1000 to 10 mb) that have a 
spacial resolution of 1.875 degrees latitude and 
longitude and temporal resolution of a six hours. 
The basic analysis parameters are uninitialized and 
they include geopotential height, sea level pressure, 
and horizontal wind components. The derived 
components are computed from the initialized fields 
and include temperature, relative humidity and 
vertical velocity. The vertical velocity was derived 
by ECMWF using the kinematic (mass continuity) 
method from the initialized divergences. 

In this work, the diagnostic fields used are 
the vertical velocity fields at the 700 mb and 500 mb 
levels obtained directly from the FGGE data set, and 
divergence of the "Q-vector" at the 700 mb and 500 
mb levels 
fields. 

obtained from the FGGE geopotential 
The Q-vector is defined as 

where v, is the horizontal geostrophic wind at a 
a(o 
ap 

particular pressure level and - is the thickness of 

the atmosphere between two pressure levels. The 
derivation of the Q-vector equation and it's 
interpretation is given in Hoskins et. a1 (1978) and 
Hoskins and Pedder (1980). The Q-vector can 
provide an approximate picture of the ageostrophic 
horizontal wind in the lower branch of the 
circulation that develops in order to maintain 
thermal wind balance in an evolving synoptic 
disturbance. The divergence of Q vectors is exactly 
equivalent to the forcing for quasi-geostrophic 
vertical motion. The full vertical velocity equation 

V ~ W +  - h = -2V.Q - -V2H 

has two main forcing mechanisms: quasi- 
geostrophic terms that are summarized by the 
divergence of Q, V - Q ,  and diabatic heating, V2H, 
most often due to the release of latent heat by 

(2) 
3 R 

Q aP2 cPp 
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condensation. A comparison of the vertical velocity 
fields and the divergence of Q-vector fields can give 
indications of the relative importance of these two 
mechanisms in the resulting vertical motion fields. 

We concentrate on diagnostic fields that 
indicate vertical motion because variations in 
integrated water vapor in a midlatitude storm as it 
develops could be due to variations of vertical 
motion. In this work, we explore one North Pacific 
storm as it develops and examine the relationship 
between the diagnostic fields and the SMMR vapor 
patterns. 

3. RESULTS 

The storm we chose to examine, 8-14 January 
1979, arrived in the western Pacific as an occluded 
mature system and had an upper level flow that was 
nearly zonal with a weak short wave trough. At 12 
GMT 10 January, the time of the first SMMR 
overpass, the upper level flow was west- 
northwesterly and the surface occluded and cold 
fronts were not associated with a surface low 
pressure center. 
time had only a thin cloud band associated with the 
surface fronts. By 18 GMT 12 January, the time of 
the second SMMR overpass, the upper level flow 
deepened into a major trough, a new surface low 
formed, and the clouds associated with the surface 
fronts were much more extensive. 

The SMMR pass, orbit number 1081 at 1150 
GMT 10 January along with the NMC frontal analysis 
is given in fig. 1. The region of maximum water 
vapor lies just ahead of the cold front, and has a 
magnitude of 19 kg mm2. 
(unpublished) indicates that this is less than the 
average for this region and season (24 kg m-2), 
There is a weak gradient behind the cold front to a 
minimum of 8 kg mm2. 

The GOES-W satellite picture at thi- 

Our previous work 

+ -30 - '  - - - _  
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Iig. 1: Integrated water vapor from SMMR orbic 

number 1081 at 12 GMT 10 January, 1979. The field is 
contoured every 4 kg m-2 and the NMC 12 CMT 
frontal analysis is superimposed. 

The vertical velocity and divergence of Q 
fields at the 700 mb level are shown in figs. 2a and 
2b. The vertical motion is fairly weak in the 
vicinity of the cold fronts, 1.4 x lO-3mb s- l ,  and 
there is downward motion near the northern 
portion of the cold front. 
shows weak forcing (negative numbers indicate 

The divergence of Q field 

700 mb V V 12 GMT 10 Jan I 

Fig 2a: 
GMT 10 January 1979. 
0.8 x 10-3 mb s-1 and maxima and minima are 
indicated. Regions of negative values indicate 
upward motion and significant regions are shaded. 

Vertical velocity at the 700 mb level for 12 
The field is contoured every 

I 700 mb Q 12 GMT 10 Jan I 

Fig 2b: The divergence of Q for 12 GMT 10 January, 
1979 at the 700 mb level. 
every 0.2 x 10m17 m, kg-1 s-* and maxima and minima 
are indicated. 
positive forcing and upward motion and significant 
regions are shaded. 

The field is contoured 

Regions of negative values indicate 
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positive forcing of upward motion) at 400N, 
otherwise the dominant features include forcing of 
downward motion west of the system, and upward 
motion to the northwest. 
updrafts and quasi-geostrophic forcing coincide 
with the local maxima of water vapor ahead of the 
front at 32ON 178OW and 400N 173OW. The vertical 
velocity and divergence of Q fields at the 500 mb 
level, not shown, are very similar to the ones at the 
700 mb level showing weak upward motion and weak 
quasi-geostrophic forcing in the vicinity of the 
surface fronts. 

number 1114, 2042 GMT 12 January, along with the 
21 GMT NMC analysis is given in fig. 3. The 
integrated water vapor pattern at this time shows 
that the maximum in the vicinity of the cold front 
has increased slightly to 21 kg m-2 and to the north, 
490N, it has increased substantially from 11 to 17 kg 
m-2. There is a sharp gradient behind the front to a 
minimum in the range 8 - 10 kg m-2. 
water vapor values south of the system near 300N 
are associated with an independent stationary front. 

The 700 mb vertical velocity and Q- 
divergence fields are given in figs. 4a and 4b. At 
this time the vertical velocity is much larger than 
previously, with values of approximately 5.0 to 7.0 
x ~ O - ~  mb at 400N ahead of the front. The Q- 
divergence field has also increased from the 
previous stage to 0.6 - 0.9 xlO-I7 m k g l  s-1. In 
addition, the largest updraft and strong forcing at 
700 mb coincides with the local maximum in water 
vapor at 400N and 142OW in fig. 3. The correspond- 
ing diagnostic fields at the 500 mb level are given in 

The region of weak 

The next SMMR overpass of this system, orbit 

The high 

Fig 3: 
at 21 GMT 12 January and the NMC 21 GMT frontal 
analysis. 

Integrated water vapor for orbit number 1114 

700 mb V V 18 GMT 12 Jan 1 

Fig 4a: 
GMT 12 January 1979. 
1.0 x 10-3 mb s-1. 

Vertical velocity at the 700 mb level for 18 
The field is contoured every 

I 700 mb Q 18 GMT 12 Jan 

Fig 4b: 
1979 at the 700 mb level. 
every 0.2 x 10-17 m kg-l s-l.  

The divergence of Q for 18 GMT 12 January, 
The field is contoured 

figs. 5a and 5b. 
still strong, at 4 - 5 x ~ O - ~  mb s- l ,  but it is less than 
the vertical velocity at 700 mb. Whereas the 
divergence of Q is substantially larger at the 500 mb 
level, at a maximum of 3.5 x 10-17 m kg-l s-l. 

At this level, the vertical velocity is 

4. DISCUSSION 

When the upward vertical motion was weak 
and the quasi-geostrophic forcing implied by the 
divergence of Q was also weak, the SMMR pattern 
had maximum integrated water amounts that were 
less than normal and a weak gradient towards the 
cold air (figs. 1 and 2). When the upward motion 
was greater and the forcing greater, as in figs. 4 and 
5, the SMMR vapor pattern had more structure, 
higher maximum values and a strong gradient 
towards the cold air (fig. 3). 
development of two other storms and found the same 
relationships to apply. 

We have examined the 

62 



I 500 mb V V 18 GMT 12 Jan I 

Fig 5a: 
GMT 12 January 1979. 
1.0 x lO-3mb s-l. 

Vertical velocity at the 500 mb level for 18 
The field is contoured every 

I 500 mb Q 18 6MT 12 Jsr 

Fig 5b: 
I979 at the 500 mb level. 
every 0.5 x 10-17 m kg-l s-l. 

The divergence of Q for 18 GMT 12 January, 
The field is contoured 

In the second case, 18 GMT 12 January, the 
vertical velocity was greater at the 700 mb level, but 
the divergence of Q was greater at the 500 mb level. 
Rough estimates of the terms in eq. 2 suggest that 
the diabatic heating term (02H) is of the same 
magnitude as the V ~ O  term and could have 
Contributed to the vertical motion field twice as 
much as the quasi-geostrophic forcing term (v -Q).  
In addition, the increase of water vapor in the 
vicinity of the fronts and the increase of cloudiness 
at this time support the possibility that the diabatic 
heating term could be significant. However, at the 
500 mb level, quasi-geostropic forcing appears to be 
important .  

In summary, we have demonstrated that 
variations in the SMMR derived integrated water 
vapor pattern from one stage of storm development 
to another can be related to the large scale vertical 

motion and quasi-geostrophic forcing in the 
midlatitude cyclone. Other case studies have 
verified this general conclusion; however, more 
cases should be examined in order to obtain 
quantitative relationships and a better statistical 
base. Our aim is to provide the background 
necessary to develop forecast and post-analysis 
techniques where satellite derived vapor fields, 
from instruments like SMMR or the current Special 
Sensor Microwave Imager (SSMII), could help in the 
diagnosis of oceanic midlatitude cylones. 

provided by Dr. Per Gloersen of the National Space 
Science Data Center, Greenbelt, Maryland. This 
work was performed under NASA contract NASI- 
36473. 
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1. INRODUCTION 

In order to closely monitor the 
global variations of water vapor, remote 
sensing measurements and techniques 
become essential and dominant. Various 
passive microwave methods and algorithms 
have been propoeed and applied to 
estimate the total precipitable water by 
utilizing different radiation seneors on 
different satellites, such as Staelin et 
al., 1976; Rosenkranz et al., 1978; Grody 
et al., 1980; Wilheit and Chang, 1980; 
Katsaros et al., 1981; Prabhakara et al., 
1982; Wentz, 1983; Taylor, 1984; and 
McMurdie and Katsaros, 1985. The algo- 
rithm proposed by Prabhakara et al. 
(1982), which seems to be appropriate 
and physically complete, is applied in 
the present study to estimate total 
precipitable water from Nimbus-7 Scanning 
Multichannel Microwave Radiometer (SMMR) 
brightness temperature difference between 
21 and 18 GHz channels in the horizontal 
polarization over the tropical oceans 
during part of FGGE SOP-1, more specifi- 
cally, January 10-February 13, 1979. 
During this period, the South Pacific 
Convergence Zone (SPCZ) over the South 
Pacific and the South Atlantic Convergence 
Zone (SACZ) over South America and adja- 
cent Atlantic Ocean were two dominant 
features in the global circulation. The 
SPCZ was quasi-stationary and convectively 
active for the first 15 days. Subsequent 
to January 24, the SPCZ shifted westward 
and weakened, the diagonal (northwest to 
southeast) portion of the SPCZ was essen- 
tially nonexistent. On the other hand, 
the SACZ maintained its location and 
intensity throughout the 35-day period. 
In order to compare total precipitable 
water from SMMR with the best available 
analyses, revised ECMWF (European Centre 
for Medium-range Weather Forecasts) and 
GLA (Goddard Laboratory for Atmospheres 
/NASA) FGGE Level 111-b data sets are also 
processed to compute total precipitable 
water from surface up to 300 mb. The 
results from Nimbus-7 SMMR, ECMWF and GLA 
are very comparable and will be discussed 
in Section 3. 

In summary, the objectives of the 

(1) To utilize Nimbus-7 SMMR 
present study are: 

measurements to estimate total precipi- 
table water in the atmosphere over the 
tropical oceans; and 

total precipitable water derived from 
Nimbus-7 SMMR, ECMWF and GLA. 

( 2 )  To make intercomparison of the 

2. DATA AND METHODOLOGY 

Nimbus-7 SMMR brightness tempera- 
ture measurements at 5 channels (6.63, 
10.69, 18, 21 and 37 GHz) in TCT-tape 
format are obtained from NASAIGoddard 
Space Flight Center. Each channel has 
both horizontal and vertical polarization. 
Only brightness temperatures at 21 and 
18 GHz in the horizontal polarization are 
examined. These two channels are closely 
spaced and located on one side of the weak 
water vapor line centered at 22.235 GHz. 
The difference between the brightness 
temperatures in these two channels 
yields a measure of the absorption 
strength of this weak water vapor line, 
and therefore, related to total precipi- 
table water in the atmosphere. The SMMR 
observations are only taken at local 
noon and midnight every other day; the 
swath width is about 800 km and the 
resolution for 21 and 18 GHz is about 50 
km (Gloereen and Barath, 1977, and Njoku 
et al., 1980). The brightness tempera- 
ture measurements are processed from 
magnetic tapea and converted into images 
on NASAIMarshall Space Flight Center's 
Man-Computer Interactive Data Accees 
System (McIDAS, Suomi et al., 1983) and 
focused on the tropical oceans bounded 
by 30°1 and 3OoS, and the ascending node 
of the swath is ueed. The estimate of 
total precipitable water over lands is 
not usable due to the large emissivity 
of land ("0.9). Because of limitation 
of swath width ("800 km) and temporal 
resolution (available every other day) 
of SMMR data, the mosaic is composed 
over three data days (six calendar days). 
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The transient features of weather pheno- 
mena will be recognized by the discon- 
tinuity of systems, and the persistency 
of weather systems (such as ITCZ, SPCZ, 
and SACZ) is clearly identified from 
composited mosaic. 

The algorithm to estimate total 
Precipitable water based on brightness 
temperature difference between 21 GHz 
and 18 GHz in the horizontal polari- 
zation (Prabhakara et al., 1982) is 

brightness tempera- 
tures at 21 and 18 
GHz, respectively, 
horizontal polari- 
zation, 
effective absorption 
coefficients for 
vapor at 21 and 18 
GHz, respectively, 
total precipitable 
water, 
sec 0 ,  where 0 * 50' 
corresponding to the 
viewing geometry of 
SMMR on Nimbus-7. 

E C W  Level 111-b data set is 
based on Level 11-b data and processed 
by the European Centre for Medium-range 
Weather Forecasts (ECMWF). The recently 
revised ECMWF data have both uninitia- 
lized and initialized data sets avail- 
able. For the diagnostic purpose, the 
Uninitialized data set, which include 
mean sea level pressure, geopotential 
height and east-west and north-south 
Wind components at mandatory levels, and 
Precipitable water content for lowest 
five layers, is applied. The precipi- 
table water contents are summed up at 
each grid point for these five layers to 
get total precipitable water. The grid 
intervals are 1.875 x 1.875' latitude1 
longitude and the time intervals are 
s ix  hours. 

The GLA analyses consist of 
objectively-analyzed values of geopoten- 
tis1 height, temperature, relative 
humidity, horizontal wind components, 
vertical motions and many other derived 
variables at mandatory pressure levels 
at increments of 4O latitude by 5 O  longi- 
tude. "he analyses were derived from the 
assimilation cycle of the GLA General 
Circulation Model (Baker, 1983). The 
model is the global fourth-order version 
described in detail by Kalnay-Rivaa et al. 
(19771, Kalnay-Rivas and Hoitsma (1979), 
and Kalnay et a1 (1983). The model is 
based on an energy-conserving scheme with 
all horizontal differences computed with 
fourth-order accuracy. A two-dimensional 
(latitude and longitude), 16th order 
Shapiro (1970) filter is applied every 2 
hours to the sea level pressure, wind and 

potential temperature fields. There are 
nine vertical layers, equal in sigma, with 
a uniform non-sta gered horizontal grid 
( 4 '  latitude by 5' longitude). With the 
exception of the computation of longwave 
radiation (Wu, 1980) the parameterization 
of the physical processes in the fourth- 
order model is substantially the same as 
in the second-order model of Somerville 
et al. (1974). Only temperature and rela- 
tive humidity are used here to estimate 
the specific humidity and then sum it up 
vertically from 1000 mb to 300 mb to 
obtain total precipitable water at each 
grid point for each observation time ( 0 0 ,  
06, 12, and 18 UTC). 

3. Results and Discussion 

Large areas containing convective 
cloud bands are known to exist in the 
tropics and have been identified from 
satellite imagery (e.g., Kornfield et 
al., 1967; Miller and Freddes, 1971; 
Gruber, 1972; Streten, 1973; Gruber et 
al., 1986). Tropical convections can 
also be recognized by low values of out- 
going longwave radiation (OLR) or cold 
cloud top temperatures in infrared 
imagery. The present study applies the 
total precipitable water derived from 
Nimbus-7 SMMR data, ECMWF and GLA 
analyses, respectively. As another 
useful indicator of tropical convections 
during part of SOP-1, January 10 - 
February 13, 1979. During this period, 
the SPCZ and its accompanying cloud band 
underwent a dramatic change in location 
and intensity. During 10-24 January, 
both the SPCZ and SACZ cloud bands domi- 
nated the convective activity in the 
Southern Hemisphere. They were observed 
to be quasi-stationary, semi-permanent 
features of the circulation (Huang and 
Vincent, 1985). Subsequent to 24 January, 
the SPCZ shifted westward, weakened con- 
siderably, and appeared to become part of 
the Australian monsoon circulation. The 
diagonal (northwest to southeast) portion 
of the SPCZ, which was very active convec- 
tively in mid-January, was essentially 
nonexistent from late January until at 
least mid-February. The SACZ appeared to 
maintain its location and intensity during 
late January, but weakened slightly in 
the first half of February. Figure 1 
shows the monthly mean distributions of 
OLR for January and February 1979 which 
were extracted from the Atlas of OLR by 
Gruber et a1.(1986). It verifies the 
discussion which was just presented, in 
particular that the SPCZ was a dominant 
heat source in most of January, but not 
in February. 

The daily variationa of tropical 
convections can also be monitored in the 
Hovmaller diagrams of total precipitable 
water for a specific latitudinal band, 
e.g., 22'- 26OS for GLA analyses 
(Figure 2a) and 22.5°-26.250S for ECMWIF 
analyses (Figure 2b). It is noted that 

65 



OLR IWm.z) JANUARY 1979 '  

60.4 
OT 60 I20 mm 120 Eo ow 

LOClGlTlJOE 

Fig. 1. Monthly mean distributions of outgoing 
longwave radiation (W m-2) for January and February 
1979. Shaded regions are for OLR Q 225 W m-2 in the 
tropics and represent areas where deep convective 
activity most likely occurred. 

2a. 

2b 

Fig. 2 .  Hovmoller diagrams of total precipitable 
water (g cm-2) derived from (a) CLA anal ses for 
22"-26°S and (b) ECW analyses for 22.5K-26.2509 
during January 10 - February 13, 1979. 

both analyses have similar patterns and 
comparable magnitudes; however, the GLA 
data set appears to be a little larger 
than that of ECMWF. Precipitable water 
maxima are found at or near the strong 
and organized convections, such as the 
SPCZ ("150°W), SACZ ("6OoW), and c n- 
vections over Southern Africa ("108-45'E) 
and Eastern Indiana Ocean ("100°-1300E). 
All these maxima vary with time except 
the SACZ, which more or less maintains 
its location and strength throughout the 
study period. The SPCZ shifted westward 
and dissipated on around January 24 as 
expected; while the convections over the 
African and Indian Oceans started to 
become more active. This relationship 
between the convections over the Pacific 
and Indian Oceans has been suggested and 
related to 40-50 day oscillations (Lau 
and Chen, 1985; and Weickman et al, 1985). 
H u g  and Vincent (1985) used the values 
of OLR lower than 225 W m-2 to locate the 
regions of active tropical convecti ns. 
The HovmGller diagram of OLR for 15 -ZOOS 
in their Figure 1 shows a similar pattern 
as in Figure 2 for the areas bounded by 
total precipitable water values of 
4 g cm-2. 

8 

The comparisons of total precipi- 
table water derived from SMMR, E C W ,  and 
GLA data are depicted in Figure 3. The 
enhanced mosaic of brightness temperature 
differences between 21 and 18 GHz measured 
by Nimbus-7 SMMR during January 10, 12 
and 14 of 1979 is presented in the upper 
panel and identically reproduced in the 
lower panel of Figure 3a. The white 
regions show the continents and islands 
where the algorithm to estimate the 
total precipitable water fails. Dark 
grey areas show that total precipitable 
water values are more than 4.6 g cm-2, 
black areas for total precipitable water 
values between 3.1 and 4.6 g cm-2. The 
persistent feature, such as ITCZ and 
SPCZ are identified in the mosaic where 
the brightness temperature difference 
(total precipitable water) is greater. 

Fig. 3a. Enhanced brightness temperature difference 
between 21 and 18 CHz from limbus-7 SMMR data during 
January 10, 12 And 14, 1979 (upper and lower panels). 
Contours on the upper (lower) panel are the total 
precipitable water (g cm-2) derived from ECMW (GLA) 
analyses averaged over January 10, 12 and 14, 1979. 
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"he mosaic is composed of three SMMR 
data days, namely, January 10, 12 and 
14, but elapses over six calendar days 
(January 10-15), since SMMR data are 
only available every other day. 
of total precipitable water based on 

are presented in the upper panel 
after averaged over January 10, 12 and 
14. 
as those of upper panel but based on GLA 
analyses. It is noted that all three 
data sets show a similar pattern and are 
quantitatively comparable in magnitudes. 
GLA seems to have larger values and are 
tighter in contours zhan those from ECMWF 
and SMMR, however. The general features 
of large-scale systems are well presented. 
The SPCZ, ITCZ, and convections over the 
Southern Africa and maritime continent 
are identified. Figure 3b is the same as 
in Figure 3a, except for January 16, 18 
and 20 of 1979. A moisture burst from 
the SPCZ into the Northeastern Pacific 
Ocean and the development of convection 
Over the Indian Ocean are noted. 
Figures 3c and 3d, which are for January 
22-26 and January 28-February 1, respec- 
tively, clearly show the dissipation of 
the diagonal portion of SPCZ and the 
extension of convections over the Indian 
Ocean and maritime continent. The SACZ 
more or less remains unchanged. 

Contours 

Contours of lower panel are the same 

Fig. 3d. Same a8 in Fig. 3a, except for January 28, 
30, and February 1, 1979. 

In order to assess quantitatively 
the total precipitable water derived 
from SM!4R, ECMWF and GLA, one hundred 
and sixty (160) grid points over the 
oceans are selected randomly from 
Figure 3a as samples for statistical 
and linear regression analyses. 
Algorithm of Prabhakara et al. (1982) 
is applied to the brightness temperature 
differences between 21 and 18 GHz of SMMR 
to estimate total precipitable water at 
these selected points. Total precipi- 
table water values from ECMWF and GLA at 
these points are also determined corres- 
pondingly. Table 1 shows that SMMR 
appears to have larger mean value and 
emaller standard deviation, presumably 
due to the truncation of real numbers 
into integer numbers while using McIDAS; 
however, they are very comparable to 
ECMWF values, and to some extent to GLA 
values. The largest standard deviation 
of GLA may be attributed to the stronger 
vertical motion field generated by GLA 
model (Huang and Vincent, 1986). "he 
ratios of standard deviation to mean in 
the present study, however, are very 
compatible to previous studies which 
were based on different algorithms and 
rawinsonde observations. 

Table 1. Basic statistics of total precipitable water 
(g em-2) derived from SMMR, ECMWF and CLA based on 160 
selected points during January 10, 12 and 14, 1979. 
The comparisons with previous atudiea based on Seasat 
SMMR data are also given (from Katsaros et: al., 1981). 

~ 

Fig. 3b. 
18, and 20, 1979. 

Same as in Fig. 3a, except for January 16. 

Present study (160 Points): 
S.D. STANDARD - 

W ( g  em-2) DkVIATION(g cm-2) Mean(%) 
SMMR 3.86 .82 21 
ECMWF 3.70 .90 24 

33 

25 

CLA 3.73 1.23 

RAOB. 1.50 .37 
COASEX~ ( 7 samples) : -- 

SMMR' 1.44 
SMMR' 1.76 

.45 31 

.45 26 
J A S I N 2  (19 samples) : 

Tropical Stations (7 samples): 

RAO% 2.03 .59 
SMMR 2.14 .58 

RAOB- 5.10 1.05 
SMMR3 6.25 
S d  5.99 

1.19 
1.01 

29 
27 

21 
19 
17 

Fig. 3c. 
24 ,  and 26, 1979. 

Same as in Fig. 3a, except for January 20, 

:GOASEX: 

'Based on Wentz algorithm (GOASEX Report, 1979). 
4Based on Wilheit and Chang algorithm (1979). 

The Gulf of Alaska - Seasat Experiment. 
JASIN: The Joint Air Sea Interaction Experiment. 



Table 2. Correlation coefficients and F-values (in 
parenthesis) of total precipitable water between 
SMMR, ECMWF, and GLA based on 160 selected points 
during January 10, 12 and 14, 1979. 

SMMR ECMWF CLA 
SUMR 1 .E325 (357 )  .E120 (3061 
ECHWF 1 .a672 (479) 
CLA 1 

F(1,lSB; 1%) = 6.80 

6- 

5 -  

$ 4 -  
0 - 
z 3.  

f 2 -  

I '  

The correlation coefficients 
between SMMR, ECMWE' and GLA data sets 
based on the selected points are all 
greater than .80 and significant as 
shown in Table 2. Also in Figure 4, the 
linear relationship is found in total 
precipitable water derived from these 
data sets. It is believed that SMMR, 
ECMW and GLA yield a confident estima- 
tion of total precipitable water. Furth- 
more, SMMR measurements could inde- 
pendently provide a data base of preci- 
pitable water to monitor the long-term 
variation of atmospheric moisture, since 
the global coverage of rawinsonde 
stations and another extensive field 
experiment such as FGGE are not likely 
to occur in the near future. Neverthe- 
less, the absolute accuracy of total 
precipitable water estimated by passive 
microwave method need6 further investi- 
gation and needs to be determined by 
comparing more rawinsonde observations 
to remote sensing measurements. 

Wnua.  1.046 +.7597 Wrcuvr 
CORRELATION COEFFICIENT * ,8325 

4b. 

wcw - 1.832+ .%Y) WDLA 
CORRELATW COEFFKlENT -.8120 - 

0 1 2 3 4 5 6 7  b 1 2 3 4 5 6 f  GLA W l Q C d ' )  
ECMWF Wlpcvnz) 

Wecuw * 1.3306 + ,6358 WaLi 
CORRELATITI(XY COEFFICIENT - ,8672 

6 1 2 3 4 5 6 7  GLA w IgcT(r'1 

Fig. 4. Scatter diagrams of total precipitable water 
(g cm-2) at 160 selected points in Fig. 3 derived from 
(a) SMHR and ECMWF (b) SMMR and ECW and (E) ECW and 
GLA. 

4. CONCLUDING REMARKS 

It is found that passive micro- 
wave measurements with appropriate and 
realistic algorithm can provide a data 
base of global total precipitable water, 
which serves as a good indicator of 
convection. Also, total precipiable 
water from remote sensing, which is 
totally independent of rawinsonde obser- 
vations, can be a consistency check on 
General Circulation Model outputs. The 
long-term variations of outgoing longwave 
radiation tn the tropics demonstrate d 
close relationship between tropical con- 
vections and 40-50 day oscillations (Lau 
and Chan, 1985). It is believed that 
the variability of total precipitable 
water will also be able to show this 
trend, more importantly, the quantita- 
tive measurements of total precipitable 
water can provide an estimate of rainfall 
over the oceans. For the purpose of 
numerical modelling, the vertical profile 
of water vapor may be determined by 
combining both infrared and microwave 
measurements, as suggested by Viezee 
et al. (1979). "he remote sensing 
measurements of total precipitable water 
can help provide a better understanding 
of atmospheric processes and improve the 
numerical modelling on general circula- 
tion. 

However, some problems and limi- 
tations should also be addressed as 
follows : 

(1) Due to large emissivity of 
land ( ' " 0 . 9 ) ,  total precipitable water 
can only be estimated over the oceans; 

( 2 )  Sea surface emissivity varies 
with the surface roughness which caused 
by near-surface winds; nevertheless, the 
algorithm will still be valid if the wind 
speed is less than 10 m 6-1 (Prabhakara 
et a1 ., 1982) ; 

(3) Cloud liquid water and heavy 
precipitation may contaminate the bright- 
ness temperature difference between 21 
and la GUz, but not very seriously on 
the global-scale; 

( 4 )  The spatial and temporal reso- 
lutions of SMMR may not be adequate for 
synoptic-scale research, but Special 
Sensor Microwave/Imager (SSMII) on 
Denfense Meteorological Satellite 
programme will alleviate this problem 
by providing a swath width of 1394 km 
and observations every 12 hours over 
most of the earth's surface; and 

tions are needed to determine the 
absolute accuracy of total precipitable 
water. Some upcoming field experiments 
may provide necessary data to check on 
the total precipitable water measurements 
from SSM/I (Tayler, 1984). 

(5) In situ rawinaonde observa- 
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2 . 3  
AN EXAMPLE OF ESTIMATES OF PRECIPITABLE WATER DERIVED FROM 

NIMBUS-7 SMMR SATELLITE MEASUREMENTS AND FGGE UPPER A I R  DATA 

Douglas K. M i l l e r  
Department o f  Atmospheric Sciences AK-40 

U n i v e r s i t y  o f  Washington 
Sea t t l e ,  WA 98195 

1. INTRODUCTION 

Mo is tu re  i s  an impor tan t  c o n s t i t u e n t  o f  the 
atmosphere and p lays  a v i t a l  r o l e  i n  determin ing 
c loud  cover, p r e c i p i t a t i o n ,  a i r  masses, s t a b i l i t y ,  
e tc . ;  therefore,  i t  i s  impor tan t  t h a t  accurate 
measurements of t h i s  v a r i a b l e  be made. The vas t  
oceans o f  our  E a r t h ' s  sur face p rov ide  a l a r g e  
source o f  mois ture t h a t  can modi fy  the thermo- 
dynamics of the atmosphere through l a t e n t  energy 
t r a n s f e r  and condensational heat ing.  Unfor tunate-  
ly, i t  i s  over these water  surfaces t h a t  observa- 
t i o n s  o f  mo is tu re  v a r i a b l e s  are o f t e n  q u i t e  sparse. 
I n  the l a s t  two decades, t echno log ica l  advances and 
the  r e s u l t a n t  increase i n  remotely-sensed observa- 
t i o n s  associated w i t h  worldwide s a t e l l i t e  deploy- 
ment have prov ided an e x c e l l e n t  data base which can 
he lp  t o  a l l e v i a t e  the present  s p a t i a l  l i m i t a t i o n s  
o f  mo is tu re  v a r i a b l e  measurements. The purpose o f  
t he  p resen t  paper i s  t o  compare a sample o f  r e s u l t s  
o f  p r e c i p i t a b l e  water  est imates d e r i v e d  from the 
Scanning Mul t ichannel  Microwave Radiometer (SMMR) 
inst rument  aboard the NIMBUS-7 p o l a r - o r b i t i n g  
s a t e l l i t e  t o  those obta ined from analyses o f  FGGE 
Level 111-b data. 

The paper u t i l i z e s  s a t e l l i t e  and FGGE data 
c o l l e c t e d  d u r i n g  the 10-18 January 1979 p e r i o d  over 
the South P a c i f i c  Ocean. Dur ing t h i s  p e r i o d  the 
South P a c i f i c  Convergence Zone (SPCZ) and i t s  
accompanying c loud  band were q u a s i - s t a t i o n a r y  
fea tu res  o f  the c i r c u l a t i o n  i n  the South P a c i f i c .  
As seen i n  F ig .  1, the SPCZ c loud  band had a zonal 
o r i e n t a t i o n  along 5"-10"s from about 170"E t o  
160"W, then extended southeastward t o  about 40"S, 
130"W. La ten t  heat  appeared t o  p l a y  an impor tan t  
r o l e  i n  ma in ta in ing  the  zonal p o r t i o n  o f  the band 
w h i l e  bo th  l a t e n t  heat  and b a r o c l i n i c  processes 
seemed t o  be impor tan t  i n  m a i n t a i n i n g  the  diagonal 
p o r t i o n  f o r  t h i s  per iod,  (Vincent, 1982) There- 
fo re ,  an examinat ion o f  the mo is tu re  con ten t  o f  t he  
SPCZ area d u r i n g  t h i s  p e r i o d  seems h i g h l y  
app rop r ia te .  

The SMMR i ns t rumen t  aboard NIMBUS-7 was the 
f i r s t  microwave sensor t o  use mu1 t i p l e  f requencies 
and has f i v e  frequency channels (6.6,  10.7, 18.0, 
21.0 and 37.0 GHz), each having a 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 .  The s p a t i a l  r e s o l u t i o n  o f  
SMMR data was improved over t h a t  from p r i o r  i n s t r u -  
ments, t o  50 km x 50 km f o r  the 18.0 and 21.0 GHz 
channels and 27 km x 27 km f o r  the 37.0 GHz channel 
(Gloersen and Barath, 1977). To ta l  i n t e g r a t e d  
water vapor i n  a column ( p r e c i p i t a b l e  water) ,  i n t e -  
g ra ted  l i q u i d  water  and r a i n r a t e  can each be e s t i -  
mated from SMMR data over oceans on a s p a t i a l  sca le 
n o t  reso lved  by prev ious microwave inst ruments.  
The SMMR i n t e g r a t e d  water  vapor data have been 
shown t o  be as accurate as those obta ined from 
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F i g .  1 .  Average outgoing longwave r a d i a t i o n  
(Wm-2) f o r  p e r i o d  10-18 January 1979. 
shaded i s  OLR < 225 Wme2 and represents  area 
occupied by deep convect ion.  

Area 

radiosondes over the t r o p i c s  and mid-1 a t i  tudes 
(L ipes  e t  a1 . , 1979; Katsaros e t  a1 . , 1981 ; 
A l i s h o u s e , 8 3 ) .  The i n t e g r a t e d  water  vapor over 
the oceans can be de r i y2d  from SMMR w i t h  an 
accuracy o f  - 0.3 g cm (Prabhakara e t  a l . ,  1982, 
1983; Prabhakara and Short, 1984), w h T T F E e  
accyracy o f  l i q u i d  water est imates i s  about 10 mg 
cm ( W i l h e i t ,  1979). Each overpass by the SMMR 
inst rument  covers an east-west swath w i d t h  o f  about 
600 km, and i t s  o r b i t  takes i t  approx imate ly  30" 
l o n g i t u d e  west o f  the prev ious pass, r e l a t i v e  t o  
the  r o t a t i n g  e a r t h  below. 

I n  the spec t ra l  r e g i o n  from 6.6 t o  37 GHz, 
water  vapor abso rp t i on  i n  the atmosphere produces a 
dominant s igna l  assoc iated w i t h  the  abso rp t i on  l i n e  
centered a t  22.235 GHz. As descr ibed i n  s e c t i o n  2, 
the v e r t i c a l l y - i n t e g r a t e d  water  vapor con ten t  i n  
the atmosphere i s  b e s t  sensed through the b r i g h t -  
ness temperature d i f f e r e n c e  between the 21 and 18 
GHz channels. That i s ,  the d i f f e r e n t i a l  abso rp t i on  
due t o  water  vapor between these two channels 
prov ides,  i n  general,  a much s t ronger  s igna l  o f  
p r e c i p i t a b l e  water  than o the r  geophysical 
parameters. 

the Goddard Laboratory  f o r  Atmospheres (GLA) Level 
111-b analyses. These analyses were de r i ved  f rom 
the a s s i m i l a t i o n  c y c l e  o f  t he  GLA General 
C i r c u l a t i o n  Model (GCM) and c o n s i s t  o f  o b j e c t i v e l y -  
analyzed values o f  geopo ten t ia l  he igh t ,  
temperature, re1 a t i v e  humid i ty ,  h o r i z o n t a l  wind 
components and v e r t i c a l  motions a t  mandatory 
pressure l e v e l s  w i t h  the f i r s t - g u e s s  f i e l d  prov ided 
by the model 6-h fo recas t .  The GCM i s  the f o u r t h -  

The FGGE data s e t  u t i l i z e d  i n  t h i s  s tudy i s  
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order  g loba l  atmospheric model descr ibed by Kal nay- 
Rivas e t  a l . ,  (1977) and Kalnay-Rivas and Hoitsma 
( 1 9 7 9 ) m m o r e  r e c e n t l y  by Kalnay e t  a l .  (1983). 
There are n ine  v e r t i c a l  l aye rs ,  e a c h e q u a l  i n  
sigma, w i t h  a un i fo rm non-staggered h o r i z o n t a l  g r i d  
(4"  l a t i t u d e  by 5" l o n g i t u d e ) .  
ve rs ion  o f  the model i s  e s s e n t i a l l y  the same as i n  
the second-order model o f  Somervil 1 e e t  a1 . (1 974). 

The f o u r t h - o r d e r  

2. METHODOLOGY 

Values o f  the temperature, T ( i n  degrees 
Ke lv in ) ,  and r e l a t i v e  humid i ty ,  RH ( i n  percent) ,  
were e x t r a c t e d  f o r  each g r i d p o i n t  w i t h i n  the study 
area (bounded by 10"N, l l O " W ,  46"s and 180") a t  the 
1000, 850, 700, 500, 400 and 300 mb l e v e l s .  These 
were then conver ted t o  s p e c i f i c  humid i ty ,  q. The q 
values a t  each o f  the s i x  l e v e l s  were used t o  
c a l c u l a t e  p r e c i p i t a b l e  water, accord ing t o  the 
def i n i  t i  on: 

1000 
w = l j  300 q dP 

where g i s  the a c c e l e r a t i o n  due t o  g r a v i t y .  
equa_tjon g ives p r e c i p i t a b l e  water  i n  u n i t s  o f  
9 cm . 
P o i n t  w i t h i n  the 180-ll0"W and lO"N-46"S domain (15 
X 15 a r r a y )  and a t  6-h i n t e r v a l  from 0000 GMT 10 
January t o  1800 GMT 18 January 197gL2 Maps were 
then p l o t t e d  and analyzed a t  1 g cm increments. 

The o r b i t  o f  the SMMR s a t e l l i t e  y i e l d s  about 
th ree  passes (swaths) over the s tudy area i n  
approximately a 3.5-h t ime i n t e r v a l .  
t i o n  of each pass depends upon the o r b i t a l  phase o f  
the s a t e l l i t e .  
s a t e l l i t e  i s  moving from n o r t h  t o  south (descending 
node), the swaths have a nor theast -southwest  curved 
o r i e n t a t i o n  r e l a t i v e  t o  the E a r t h ' s  sur face,  where- 
as they have a southeast-northwest curved o r i e n t a -  
t i o n  f o r  a south t o  n o r t h  pass (ascending node). 
W i th in  each swath the  SMMR inst rument  i s  ab le  t o  
reso lve  and r e t r i e v e  a b r igh tness  temperature i n  a 
50 kin x 50 km area f o r  the 18 and 21 GHz microwave 
channels. 
SMMR and used i n  t h i s  study have been c a l i b r a t e d  
and co r rec ted  f o r  inst rument  e r r o r  by the Na t iona l  
Space Science Data Center (NSSDC) a t  GLA i n  
Greenbel t, Mary1 and. 

two types o f  images through a lgo r i t hms  developed a t  
the Marshal l  Space F l i g h t  Center (MSFC), NASA. One 
Image type d i s p l a y s  enhanced SMMR data r e t r i e v e d  by 
the 21 GHz channel ( h o r i z o n t a l l y  p o l a r i z e d ) ,  w h i l e  
the o t h e r  d i s p l a y s  an enhancement o f  t he  b r igh tness  
temperature d i f f e r e n c e  between 21 and 18 GHz. Both 
channels a re  s e n s i t i v e  t o  water  vapor, l i q u i d  water  
and sea sur face temperature (SST) .  
channel, be ing c l o s e r  t o  the 22.235 GHz peak i n  the 
water vapor abso rp t i on  band, i s  more s e n s i t i v e  t o  
P r e c i p i t a b l e  water  (W). 
t i v i  ty of 1 i q u i d  water  increases w i t h  frequency, 
the 21 GHz channel i s  a l s o  more s e n s i t i v e  t o  l i q u i d  
Water coo ten t  i n  the a i r .  Therefore, i f  the l i q u i d  
water con ten t  i s  n o t  too great ,  the d i f f e rence  
between the 21 and 18 GHz channels i s  a good i n d i -  
c a t o r  of W, s i nce  the  e f f e c t  o f  SST i s  removed. On 
the o t h e r  hand, if the l i q u i d  water  con ten t  i s  
high, as i n  the deep convect ive areas of the spcz, 
then the 21 GHz channel must be used, i n  conjunc- 

Th is  

Values o f  W were computed f o r  each g r i d -  

The o r i e n t a -  

Fo r  the passes i n  which the  

The b r igh tness  temperatukes r e t r i e v e d  by 

The b r igh tness  temperatures were conver ted t o  

The 21 GHz 

However, s ince  the  sensi -  

t i o n  w i t h  the d i f f e r e n c e  (21-18 GHz), t o  accu ra te l y  
d e t e c t  W .  W i th in  these convect ive reg ions,  the 
l i q u i d  water s igna l  between 18 and 21 GHz dominates 
over the water  vapor s igna l .  The r e s u l t i n g  b r i g h t -  
ness temperature d i f f e r e n c e s  are considerably  l e s s  
than they would be i n  reg ions  w i t h  no atmospheric 
l i q u i d  water  present .  Thus, the est imates o f  
p r e c i p i t a b l e  water values are too small and must be 
co r rec ted .  For  these cases, the enhanced 21 GHz 
channel images were used t o  i d e n t i f y  the s t rong  
convect ion areas and d i f f e r e n c e  values a t  these 
g r i d  p o i n t s  were ad jus ted  upward t o  be compatible 
w i t h  the p a t t e r n  shown on the 21 GHz image. A 
s i n g l e  image cons is t s  o f  the approximate three-  
swath coverage over the study area. 
have processed the imagery f o r  t h ree  days, 10, 12 
and 14 January. 
w e l l  as descending nodes. The 21 and 18 GHz 
b r igh tness  temperature d i f f e r e n c e  values were 
obta ined from the computer-enhanced image a t  4" 
l a t i  tude increments along each swath. Averages 
were computed f o r  4"  1 a t i  t ude / long i  tude areas, 
s ince t h i s  s p a t i a l  averaging corresponded most 
favorably  t o  the g r i d  increment o f  the GLA 
analyses. 

The swath o u t l i n e s  o f  each o f  the th ree  
ascending node and descending node images were 
t raced  onto maps o f  GLA-analyzed p r e c i p i t a b l e  water  
which corresponded t o  the nearest  ana lys i s  (6-h)  
t ime. On each of the maps, p r e c i p i t a b l e  water 
values were e x t r a c t e d  from the analyses a t  i n c r e -  
ments o f  4" l a t i t u d e  a t  g r i d  p o i n t s  which were CO- 
l o c a t e d  w i t h  the p rev ious l y -ob ta ined  SMMR values. 
The swath covered by some o f  t he  SMMR passes moved 
o u t  o f  t he  study domain and, therefore,  i nc luded  
l e s s  than the  15 l a t i t u d i n a l  g r i d  p o i n t s .  I f  the 
SMMR passes occurred near the  middle o f  the GLA 6-h 
analyses i n t e r v a l ,  6-h t ime averages o f  the GLA 
values o f  W were taken. For  each swath a graph 
comparing the l a t i t u d i n a l  t r a c e  o f  GLA p r e c i p i t a b l e  
water  versus SMMR b r igh tness  temperature d i f f e r e n c e  
was p l o t t e d .  

Thusfar, we 

Each day conta ins ascending, as 

3. RESULTS AND D I S C U S S I O N  

Some examples of the l o c a t i o n  o f  SMMR passes 
r e l a t i v e  t o  the GLA analyses o f  W f o r  10-11 January 
are shown i n  F i g .  2 .  
any comparison between the GLA r e s u l t s  and the SMMR 
observat ions w i l l  d isagree s l i g h t l y  due t o  the 
d i f f e r e n t  a n a l y s i s  t imes o f  the SMMR passes and the 
GLA f i e l d .  For  example, the eastern-most complete 
pass (centered a t  115"W) w i l l  r e l a t e  bes t  w i t h  the 
same pass o f  the GLA f i e l d  i n  the top  panel, where- 
as the westernmost pass (centered a t  170"W) w i l l  
bes t  compare w i t h  the same pass o f  the GLA f i e l d  i n  
the bottom panel. 

The r e s u l t s  p l o t t e d  i n  F i g .  3 rep resen t  an 
example o f  the comparison between SMMR and GLA 
r e s u l t s  f o r  the descending and ascending nodes o f  
the swaths f o r  10 January. The GLA values ( p l o t t e d  
w i t h  the symbol "0") are area-averaged w i t h i n  the 
pass o u t l i n e s  a t  4"  l a t i t u d e  increments, as 
discussed p r e v i o u s l y .  
F i g .  3b have been time-averaged i n  o rde r  t o  bes t  
f i t  the SMMR pass t imes. Th is  i s  an average o f  the 
1800 GMT 10 January - 0000 GMT 11 January GLA 
values. The f i r s t  s e t  o f  values ( F i g .  3a) were n o t  
t ime-averaged s ince  the  pass times were 
s u f f i c i e n t l y  c lose  t o  a GLA a n a l y s i s  t ime. 
Comparing F i g .  3b t o  F i g .  2, i t  i s  seen t h a t  each 

I t  i s  impor tan t  t o  note t h a t  

The s e t  o f  GLA values i n  
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F i g .  2. 
p i t a b l e  water  f i e l d  d e r i v e d  f rom GLA analyses 
f o r  the p e r i o d  1800 GMT 10 January 1979 (upper 
Panel 1 and 0000 GMT 11 January 1979 (1 ower panel ) , 
Equatorward c ross ing  t imes o f  SMMR are 2320 GMT 
( l e f t ) ,  2145 GMT (middle) ,  and 2000 GMT ( r i g h t ) .  

frame i n  F i g .  3b corresponds t o  a pass i n  F ig .  2 
w i t h  the c e n t r a l  l o n g i t u d e  g i ven  i n  t h e  l ower  r i g h t  
corner. 
"t") 

discussed i n  the p rev ious  sec t i on .  The t imes g i ven  
f o r  each o f  the frames rep resen t  the  equator 
c ross ing  t ime o f  the SMMR inst rument .  

F i g u r e  3 shows t h a t  t he  p a t t e r n s  o f  GLA 
p r e c i p i t a b l e  water  values compare w e l l  w i t h  the 
p a t t e r n s  of t he  SMMR b r igh tness  temperature 
d i f ferences.  The most no tab le  d i s c r e  anc occurs 
f o r  GLA W values g r e a t e r  than 4 g cm ' whi re  the 
SMMR ins t rumen t  c o n s i s t e n t l y  underestimates W. 
i s  impor tan t  t o  note t h a t  the scales o f  t he  
v e r t i c a l  axes i n  F i g .  3 were chosen so t h a t  some 
gap would occur  between the GLA and SMMR values. 
Th is  makes i t  e a s i e r  t o  i d e n t i f y  r e l a t i v e  s i m i l a r i -  
t i e s  and d i f f e rences  i n  the p a t t e r n s  o f  t he  two 
schemes. I n  general,  the SMMR p a t t e r n s  have a 
smoother appearance w i t h  lower  peaks and l e s s  
extreme minimum values than the  GLA p r e c i p i t a b l e  
water  p a t t e r n s .  Th is  i s  most probably  a r e s u l t  o f  
the h ighe r  r e s o l u t i o n  (more data p o i n t s )  i n v o l v e d  
i n  the area averaging o f  the SMMR data compared t o  

the more coarse r e s o l u t i o n  o f  data and area averag- 
i n g  o f  t he  GLA p r e c i p i t a b l e  water  data. 

SMMR passes superimposed on the p r e c i -  

The SMMR values ( p l o t t e d  w i t h  the symbol 
i n  F i g .  3 have a l s o  been area-averaged as 

I t  

0 9  

W 
(Qarr.1 4 

F i g .  3a. Comparison between p r e c i p i t a b l e  water  
values ( represented by "0" der i ved  f rom GLA 
analyses and SMMR 21 -18 GHz b r igh tness  tempera- 
t u r e  d i f f e r e n c e  values ( represented by "+") .  
Times g i ven  correspond t o  the  equator c ross ing  
t ime o f  the SMMR i ns t rumen t  f o r  each descending 
node on 10 January. 
o f  each SMMR pass, X, i s  a l s o  g iven.  

The mean l o n g i t u d e  l o c a t i o n  

Although the re  i s  n o t  s u f f i c i e n t  space t o  show 
and d iscuss each o f  the GLA p r e c i p i t a b l e  water  
f i e l d s  analyzed i n  t h i s  study, they were found t o  
be i n  good agreement w i t h  synop t i c -sca le  f e a t u r e s  
and va r ious  c i r c u l a t i o n  p a t t e r n s  discussed i n  ou r  
p rev ious  South P a c i f i c  s tud ies  (Vincent, 1982, 
1985; M i l l e r  and Vincent, 1987). For  example, t he  
o r i e n t a t i o n  o f  the a x i s  o f  maximum p r e c i p i t a b l e  
water  values and h ighe r  modulat ions a long t h i s  
axis, corresponded w e l l  w i t h  the  warm sec to rs  o f  
su r face  cyclones. Also, the o r i e n t a t i o n  o f  the 
p r e c i p i t a b l e  water minimum regions matched the 
p o s i t i o n  o f  t he  South P a c i f i c  s u b t r o p i c a l  h i g h  
pressure r e g i o n  throughout the  study per iod.  Each 
o f  these observat ions supports the conc lus ion  t h a t  
t he  GLA p r e c i p i t a b l e  water  analyses f o r  t h e  area 
and t ime considered i n  t h i s  study were capable o f  
d e p i c t i n g  the h o r i z o n t a l  v a r i a b i l i t y  o f  mo is tu re  
w i t h  reasonable accuracy. 

The research conta ined w i t h i n  t h i s  paper i s  
o n l y  a small  f r a c t i o n  o f  t h e  p o s s i b l e  research 
a p p l i c a t i o n s  o f  t he  a v a i l a b l e  GLA and SMMR da ta  
se ts .  A t  the t ime o f  t h i s  w r i t i n g ,  SMMR images and 
b r igh tness  temperature d i f f e r e n c e  va lues a re  being 
extended t o  i n c l u d e  longer  t ime and space scales.  
The r e s u l t s  o f  t h a t  s tudy a re  i n  progress by Huang 
e t  b l .  and should appear elsewhere i n  these 
conference proceedings. 
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node. 

As i n  F i g .  3a, except  f o r  ascending 
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1. THE S S M / I  

1.1 Channels 

The SSM/ I  i s  a f o u r  frequency, seven 
channel microwave rad iometer .  The SSMI's f r e -  
quencies a r e  19.35, 22.235, 37, and 85.5 GHz. 
A l l  f requencies,  except 22.235, a re  dual p o l a r i -  
za t i on .  The 22.235 GHz channel i s  v e r t i c a l  
p o l a r i z a t i o n  only .  The 22.235 GHz channel i s  a t  
t h e  cen te r  of a weak water vapor abso rp t i on  band. 
T h i s  channel when combined wi th  t h e  19.35 and 37 
GHz channels pe rm i t  t h e  r e t r i e v a l  o f  t h e  t o t a l  
p r e c i p i t a b l e  water and t o t a l  c loud  l i q u i d  water 
con ten t  o f  t h e  atmosphere. 

The inst rument  employs a con ica l  scan 
w i t h  a cone angle o f  45 degrees and an e a r t h  
i nc idence  angle o f  53.1 degrees. The swath w i d t h  
i s  1394 k i l omete rs .  The rad iometers a re  t o t a l  
power, balanced mixer ,  superheterodyne rece ive rs .  
C a l i b r a t i o n  i s  p rov ided  on-board by a h o t  absorber 
r e f e r e n c e  and a sky re fe rence  r e f l e c t o r .  
da ta  i s  d i g i t i z e d  t o  12 b i t s .  

The 

1.2 E 
The s a t e l l i t e  has an o r b i t a l  h e i g h t  o f  

833 km and t h e  SSMI  has an antenna 60 x 66 cm. 
These f a c t o r s  combine w i t h  t h e  view angle t o  g i v e  
t h e  channels IFOVs of 14 x 16-, 30 x 38-, 40 x 
60-, and 45 x 70 km f o r  t h e  85.5, 37, 22.2, and 
19.35 GHz channels r e s p e c t i v e l y .  

1.3 Goals 
T h i s  complement o f  f requenc ies  and 

p o l a r i z a t i o n s  was se lec ted  t o  d e r i v e  a number o f  
geophysical parameters. The SSM/I w i  11 determi ne 
sea i c e  concen t ra t i on  and age ( f i r s t  o r  
m u l t i - y e a r ) ,  su r face  wind speed over t h e  ocean, 
t o t a l  water vapor and c loud  l i q u i d  water content  
over t h e  ocean. A d d i t i o n a l l y  t h e  SSM/I w i l l  de- 
t e rm ine  r a i n  r a t e s ,  su r face  mois ture,  snow cover, 
and i c e  edge l o c a t i o n .  

a t i o n a l  se r ies .  Therefore, i t  i s  very impor tan t  
t o  e s t a b l i s h  t h e  accuracy o f  t h e  b r igh tness  tem- 
pe ra tu res  and geophysical parameters. 

The present  S S M / I  i s  t h e  f i r s t  o f  an oper- 

2. THE ALGORITHMS 

2.1 Type 
The a lgo r i t hms  used t o  d e r i v e  t h e  

geophysical parameters a r e  l i n e a r  a lgor i thms.  A 
p a r t i c u l a r  parameter i s  de r i ved  f rom t h e  sum o f  
products  o f  c o e f f i c i e n t s  and b r igh tness  tem- 
pe ra tu res  and a constant  term. 
c o e f f i c i e n t s  can be represented as a ma t r i x ;  
hence, t h i s  approach i s  sometimes c a l l e d  t h e  D- 
m a t r i x  approach. 
r e g r e s s i o n  by comparing r a d i o m e t r i c  b r i gh tness  
temperatures w i t h  c o i n c i d e n t  su r face  measure- 
ments. 
c a l l e d  reg ress ion  a lgor i thms.  

Th is  a r r a y  o f  

The c o e f f i c i e n t s  a re  de r i ved  by 

Algor i thms so der i ved  a re  sometimes 

2.2 Segments 

The a lgo r i t hms  used t o  r e t r i e v e  geophy- 
s i c a l  parameters f o r  t h e  SSM/ I  a r e  s p e c i f i c  t o  
c e r t a i n  l a t i t u d e  zones and seasons. The l a t i t u -  
d i n a l  bands are: 0-20 ( t r o p i c a l  ), 20-25 
( t r a n s i t i o n ) ,  25-55 ( m i d - l a t i t u d e ) ,  55-60 
( t r a n s i t i o n ) ,  and 60-90 ( p o l a r ) .  There a re  t h r e e  
seasonal a lgo r i t hms  i n  t h e  m i d - l a t i t u d e s  and two 
seasonal a lgo r i t hms  i n  t h e  t r o p i c a l ,  t r a n s i t i o n ,  
and p o l a r  reg ions.  Each seasonal, l a t i t u d i n a l  
zone i s  c a l l e d  a c l i m a t e  code. There a re  eleven 
c l i m a t e  codes i n  a l l .  There i s  no t r a n s i t i o n  
zone a t  t h e  equator and t h e  same seasonal 
a lgo r i t hms  a re  used i n  t h e  same l a t i t u d i n a l  zones 
i n  t h e  Southern Hemisphere as i n  t h e  Nor thern 
Hemisphere. Pre-launch s imu la t i ons  suggested t h e  
need f o r  segmenting t h e  a lgo r i t hms  t o  meet t h e  
accuracy goals. These s imu la t i ons  i n d i c a t e d  t h a t  
f o r  t h e  t o t a l  p r e c i p i t a b l e  water r e t r i e v a l s  j u s t  
t h r e e  a lgo r i t hms  would be requ i red .  One 
a l g o r i t h m  i s  used f o r  t h e  warm e q u a t o r i a l  and 
warm lower l a t i t u d e  t r a n s i t i o n  zone. Another i s  
used f o r  both p o l a r  c l i m a t e  codes, t h e  c o l d  upper 
l a t i t u d e  t r a n s i t i o n  zone, and t h e  w i n t e r  mid- 
l a t i t u d e  zone. The t h i r d  i s  used i n  t h e  
remain ing zones. The ac tua l  c o e f f i c i e n t s  a r e  
g i ven  i n  H o l l i n g e r  e t  a1 (1987). 

2.3 V a l i d a t i o n  S t r a t e g i e s  

The v a l i d a t i o n  s t r a t e g y  f o r  t o t a l  p r e c i -  
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p i t a b l e  water  i s  t o  compare s a t e l l i t e  d e t e r -  
m i n a t i o n s  w i t h  s u r f a c e  measurements. Most o f  t h e  
s u r f a c e  measurements a r e  f rom rad iosonde  obser-  
v a t i o n s  ( raobs ) .  There a r e  some upward l o o k i n g  
rad iomete r  measurements. When comparing 
s a t e l l i t e  measurements w i th  s u r f a c e  measurements, 
sometimes c a l l e d  "ground t ru th i i ,  a number o f  con- 
d i t i o n s  must be s a t i s f i e d .  Water vapor i s  h i g h l y  
v a r i a b l e  on b o t h  s p a t i a l  and tempora l  sca les ,  
t h e r e f o r e ,  i t  i s  i m p o r t a n t  t h a t  t h e  s a t e l l i t e  and 
s u r f a c e  measurements be n e a r l y  c o i n c i d e n t  i n  
space and t ime .  F o r  t h i s  i n v e s t i g a t i o n  i t  i s  
r e q u i r e d  t h a t  t h e  o b s e r v a t i o n s  be c o i n c i d e n t  t o  
2 degrees o f  l a t i t u d e  and l o n g i t u d e  and 2 hours 
i n  t ime .  The e m i s s i v i t y  of l a n d  and water  a r e  
q u i t e  d i f f e r e n t  f o r  t h e  SSM/ I  f requencies.  I t  
shou ld  be no ted  t h a t  t o t a l  p r e c i p i t a b l e  water  i s  
r e t r i e v e d  o n l y  over  t h e  ocean. Therefore,  i t  i s  
i m p o r t a n t  t o  i n s u r e  t h a t  t h e  o b s e r v i n g  p l a t f o r m  
be sma l l  enough n o t  t o  p e r t u r b  t h e  s a t e l l i t e  
measurements. T h i s  r e s t r i c t s  t h e  number o f  s i t e s  
f o r  rad iosonde  launches o r  P laces f o r  bas ing  an 
upward l o o k i n g  microwave rad iomete r .  
d i d a t e s  a r e  i s l a n d s  whose areas a r e  l e s s  t h a n  16% 
o f  t h e  19.35 GHz c h a n n e l ' s  I t O V  and t h e  rema in ing  
weather sh ips .  A comprehensive l i s t  o f  about 50 
s t a t i o n s  was p repared  t o  p r o v i d e  a w ide  sampl ing 
o f  l a t i t u d i n a l  zones. The s a t e l l i t e  o r b i t  and 
o t h e r  f a c t o r s  combine t o  l i m i t  a c t u a l  d a t a  t o  
about  20 s t a t i o n s .  

3. RESULTS 

The can- 

3.1 G loba l  S t a t i s t i c s  

The r e s u l t s  t o  be p resen ted  come f r o m  
J u l y  and August, t h e  bo rea l  summer and a u s t r a l  
w i n t e r  seasons. The number of samples i n  t h e  s e t  
i s  83. The b i a s  i s  t h e  d i f f e r e n c e  between t h e  
S S M / I  and raob  means. 

MEANS 
RAOB SSMI 
2.96 3.06 

STD DEV 
RAOB SSMI 
1.77 2.09 

BIAS RMS 
0.10 0.62 

The s t d  dev i s  t h e  n a t u r a l  v a r i a n c e  and t h e  rms 
i s  t h e  rms d i f f e r e n c e  between t h e  r a o b  and t h e  
co r respond ing  S S M / I  va lue.  The u n i t s  a r e  i n  
gm/cm*. 

3.2 Zonal S t a t i s t i c s  

I t  i s  i n s t r u c t i v e  t o  l o o k  a t  t h e  s t a -  
t i s t i c s  o f  t h e  d i f f e r e n t  a l g o r i t h m s  on a zonal  
and seasonal  ( i .e. ,  a c l i m a t e  code) bas i s .  The 
f o l l o w i n g  t a b l e  shows t h e  s t a t i s t i c s  f o r  t hose  
c l i m a t e  codes hav ing  a s i g n i f i c a n t  number of 
samples. 

ZONAL STATISTICS 

ZONE N MEAN STD DEV BIAS RMS cc 
SSMl RAOE SSMl RAOB 

O O - ~ O N  32 1.11 1.39 0.38 0 . 4 1  -0 .22  0.38 7 

0 - 2 0  23 8.12 1.88 0.80 0.80 0.88 0.94 

0 -20s 11  4.10 4.43 0.81 0.84 - 0 . 3 3  0.66 2 

2 1 - 8 8  10 1.32 1.44 0.32 0 .31  -0.12 0.40 7 

C l i m a t e  Code 1 i s  t h e  t r o p i c a l  warm a l g o r i t h m .  
C l i m a t e  Code 2 i s  t h e  t r o p i c a l  coo l  a l g o r i t h m .  
C l i m a t e  Code 7 i s  t h e  m i d - l a t i t u d e  w i n t e r  
a l g o r i t h m  and i s  a l s o  used i n  t h e  upper l a t i t u d e  
t r a n s i t i o n  zone and t h e  p o l a r  l a t i t u d e  zone. 

None o f  t h e  a l g o r i t h m s  meet t h e  accuracy 
goal o f  0.2 gm/cm2. 
tendency t o  ove res t ima te  t h e  amount of water  
vapor. The o t h e r  two a l g o r i t h m s  show a tendency 
t o  underes t ima te  t h e  amount o f  water  vapor, The 
e r r o r s  produced by CC7 a r e  comparable i n  t h e  
n o r t h e r n  p o l a r  r e g i o n  and t h e  sou the rn  mid- 
l a t i t u d e  r e g i o n .  

C C 1  shows a v e r y  s i g n i f i c a n t  

3.3 Improvements 

When d e a l i n g  w i th  l i n e a r  a lgo r i t hms ,  
t h e r e  a r e  two b a s i c  ad justments t h a t  can be made. 
One i s  t h e  i n t e r c e p t  o r  b i a s  and t h e  o t h e r  i s  t h e  
s lope.  I n  t h e  zonal  s t a t i s t i c s  t h e r e  i s  ev idence 
t o  suggest t h a t  s l o p e  adjustments a r e  r e q u i r e d :  
however, t hese  have n o t  been implemented a t  t h i s  
t ime .  A b i a s  o r  i n t e r c e p t  change i s  more e a s i l y  
a f f e c t e d .  The " b e f o r e  and a f t e r "  o f  a s imp le  
b i a s  removal  a r e  p resen ted  i n  t h e  f o l l o w i n g  
t a b l e .  The percentages a r e  t h e  pe rcen t  t h a t  t h e  
rms d i f f e r e n c e s  a r e  of t h e  r a o b  mean. 

CLIMATE CODE BEFORE AFTER 

RM S RM S 
7 0.38 27% 0.31 22% 
1 0.94 19% 0.33 6.8% 
2 0.55 12% 0.33 7.4% 
7 0.40 28% 0.38 26% 

When adjustments f o r  t h e  s l o p e  a r e  made 
as w e l l ,  rms e r r o r s  o f  about 0.2 gm/cm2 a r e  
p o s s i b l e .  E r r o r s  o f  0.21 gm/cm2 were achieved 
g l o b a l l y  w i t h  t h e  Nimbus 7 SMMR (Chang e t  a l ,  
1984) and 0.24 gm/cm2 w i t h  t h e  Seasat SMMR 
(A l i shouse .  1983). 
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Jacques Hall6 
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1. INTRODUCTION 

Numerical weather prediction models are 
sensitive to the analysis of moisture (Hall6 and 
Benoit, 1985). Current operational moisture 
analysis schemes assimilate mainly conventional 
radiosonde data and TOVS and/or VAS water vapour 
retrievals. 

Both data types have advantages and 
drawbacks. On one hand, radiosonde measurements 
are accurate but sparse over unpopulated and 
ocean areas. On the other hand, satellite 
TOVS/VAS retrievals have extended geographical 
coverage but are limited to clear and partly 
cloudy conditions and are much less accurate. 
There is also a definite lack of satellite 
moisture data in cloudy conditions. 

This paper describes a simple procedure 
which uses cloud information as seen from GOES 
imagery to produce water vapour estimates in 
cloudy conditions, henceforth referred to as 
SATNEB (SATellite NEBulosity). The goal of the 
technique developed here is to produce moisture 
estimates to fill the gap left by other data 
sources, i.e. for cloudy systems over data 
sparse areas. The technique is based on the 
fact that clouds are an excellent indicator of 
the degree of saturation of the atmosphere. A 
similar method by Baba (1987) uses a cloud 
classification technique to estimate moisture in 
all cloud conditions. 

Our proposed method requires an a-priori 
knowledge of the atmospheric state of 
temperature and snow cover, which is used in 
combination with GOES satellite radiances in the 
visible (6 microns) and infrared ( 1 1  microns) 
channels. The resulting product is a SATNEB, 
i.e. a statistically derived moisture profile of 
collocated radiosonde and GOES data over North 
America. 

2. SATNEB PROCEDURE 

The procedure delineates cloud/overcast 
areas (approx. 120 km x 120 km), estimates their 
vertical extent and degree of saturation. Cloud 
visible reflectance is dependent on many factors 
(Kaveney et al., 19771, two of which are cloud 

thickness and liquid water content. In this 
version of the procedure, the cloud thickness is 
assumed to be only a function of the visible 
reflectance. Within this layer, a statistically 
derived pressure-dependent relative humidity is 
assumed. 

Processing is performed on a box of 
15 x 15 pixels of 8 km resolution. No process- 
ing is attempted, 

a) in areas where the satellite image is too 
distorted (satellite zenith angle i: 70°), 

b) in areas lacking sunlight (sun zenith 
angle 2 80°), 

c) over snow covered areas (obtained from an 
analysis of surface observing network 
snow cover data). 

For each pixel a cloud albedo is computed 
using the visible digital count, the sun zenith 
angle and the visible calibration parameters. 
Each pixel is either classified as cloudy 
(albedo 2 35%) or clear (albedo < 35%). This 
very conservative threshold was chosen in order 
to make sure of the cloudiness of the Pixel. 
Over cloudy or  overcast boxes (i.e. 851 or more 
of the pixels in the box are cloudy), a cloud 
thickness is estimated assuming a linear 
function of albedo (Fig. 1 ) .  The mean visible 
albedo (averaged over cloudy pixels only) in the 
box is used. 

IO. I I I I I I I I I  

/ 
/ 

Fig. 1 Cloud thickness from cloud albedo. 
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At this stage in the procedure, a cloudy 
layer has been delineated with an estimated 
thickness. We compare the mean infrared 
temperature of the cloudy pixels in the box with 
the atmospheric temperature profile obtained 
from the Canadian Meteorological Centre's 
objective analysis. This leads to the 
determination of the cloud top and base of the 
cloud layer. 

Within this cloudy layer, a statistically 
derived moisture profile is assumed. Currently, 
fixed relative humidity values are assigned at 
various pressure levels. 

3. DATA 

The procedure was developed and tested 
using GOES visible and IR ( 1 1  microns) data and 
radiosonde data over North America during a 10 
week period from June 12th 1987 to August 
20th 1987. 

The radiosonde data consisted of 0000 GMT 
data and fell between latitudes 30N to 60N and 
longitudes "OW and l30W. 

The first 6' weeks were used to derive 
mean relative humidity profiles in a SATNEB 
defined cloud layer. This is dataset A. During 
the following 4 weeks, the procedure was tested. 
This is dataset 8. GOES satellite data were 
collected at 2100 GMT and SATNEB cloud boxes of 
15 pixels by 15 pixels were processed. Each 
pixel is an 8 km x 8 km average visible and 
infrared value. 

SATNEB and radiosonde data were 
collocated within 100 km and a 3-hour time log .  

4. MEAN RELATIVE HUMIDITY PROFILE 

The development sample (dataset A) was 
used to obtain mean relative humidities (RH) in 
the SATNEB defined cloudy layers. An analysis 
of the development sample of collocated SATNEB 
and radiosonde data (Table 1 and Fig. 2) shows 
very high mean RH values in the lower 
troposphere ( 8 5 %  to 91%) with fairly low 
standard deviations (8% to 17%). This shows 
that the cloudy layers as determined by the 
SATNEB technique are on average at or close to 
saturation at low levels. At 500 mb and higher, 
the mean RH values drop significantly and 
generally show more variations with standard 
deviations ranging from 15% to 26%. 

Table I .  Collooatlon of radiosonde and SATNEB data. 
Development Sample (dataset A ) .  

Preaaura (ob) Number Of A.H. ( X )  Mlxlng Ratlo (g/kp) 
colloostlons Hean Std. Dev. Mean std. D ~ V .  

1000 46 91.2 7.9 11.83 3.21 
850 I1 89.4 13.6 9.36 2.11 
700 94 84.5 11.0 6.13 1.82 
500 160 13.6 26.0 2.90 1.24 

300 53 51.8 15.3 0.49 0.14 
400 113 64.5 25.4 1.49 0.65 
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Fig. 2 Mean Relative Humidity profile. 
Development sample 

5. RESULTS 

SATNEBs were generated on the test sample 
(dataset B) using the mean RH profile from the 
development sample (dataset A) and collocated 
radiosonde and SATNEB data were compared. The 
results are shown in Table 2 and Fig. 3. RH 
biases are small and range from -3.7% to 3.9%. 
The root mean square (rms) difference between 
radiosonde and SATNEB data is very small at 
1000 mb ( 9 . 2 % )  and at 850 mb (13.8%) and 
generally increase at higher levels, the highest 
being 26.3% at 400 mb. 

Table 2.  COllOCatlOn Of radlosonde and SATNEB data. 
Teat sample (dataset e ) .  

R.H. ( I )  Mlxlng Ratlo ( g l k g )  Presaure (mb) Number of 
Collocatlons Blas R.H.S. B I B 3  R.M.S. 

1000 44 3.9 9.2 0.52 1.24 
850 12 -3.6 13.8 -0.25 1.30 
700 I8 1.2 22.1 0.14 1.66 
500 124 -3.1 21.4 -0.19 0.95 
400 89 1.1 26.3 -0.03 0.63 

0.01 0.11 300 37 2.6 11.1 

The agreement between the radiosonde and 
SATNEB data at 1000 and 850 mb is remarkable 
considering the 3-hour time lag between the two 
types of data and the fact that no vertical 
averaging 'was performed on the radiosonde data. 
The high number of collocations at mid levels 
may indicate a difficulty in recognizing 
multilayered cloud systems, e.g. a combination 
of cumulus and cirrus clouds. The high RH rms 
differences between 700 and 400 mb may be a 
reflection of this problem. 

The results were also examined using 
another moisture variable, 1.e. mixing ratio. 
These are shown i n  Table 2 and Fig. 4 .  Note 
that rms mixing ratio differences at 1000 and 
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850 mb are respectively 1.24 and 1.30 g/kg. 
Although no direct comparison between SATNEB and 
TOVS data is possible, these results suggest 
that moisture can be estimated in cloudy/over- 
cast conditions with an accuracy which compares 
favourably with that of TOVS retrievals in clear 
or partly cloudy conditions (Golberg et al., 
1986; Timchalk, 1986) .  

Fig. 3 Root mean square differences of Relative 
Humidity between SATNEB and radiosonde 
data. Test sample. 
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It should be remembered though that a SATNEB 
profile is not a complete sounding but rather an 
estimated moisture profile of limited vertical 
extent in cloudy conditions, which is based on a 
statistically derived fixed relative humidity 
profile. 

6. FUTURE PLANS 

Plans for improving the SATNEB procedure 
include the statistical derivation of the 
relationship between cloud thickness and cloud 
albedo using collocated radiosonde data. Also 
planned is the use of cloud or air mass classi- 
fication techniques to allow for variable mean 
relative humidity profiles. 

7. CONCLUSIONS 

A simple procedure has been described 
which uses cloud information from GOES (visible 
and infrared 11 micron channels) to produce 
three-dimensional moisture estimates in cloudy 
conditions (SATNEB). 

Collocation with radiosonde data shows 
that moisture can be estimated with a reasonable 
degree of accuracy, especially in the low levels 
of the atmosphere. 

SATNEB data has been used operationally 
in CMC's data assimilation scheme and NWP models 
for the past year. 
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2.6 

PROFS QUANTITATIVE PRECIPITABLE WATER PRODUCT 

* 
Daniel Birkenheuer 

NOAA Environmental Research Laboratories 
Environmental Science Group 

Program for Regional Observing and Forecasting Services 
Boulder, Colorado 

1. INTRODUCTION 

The Program for Regional Observing and 
Forecasting Services (PROFS) has incorporated 
Visible and Infrared Spin Scan Radiometer 
(VISSR) Atmospheric Sounder (VAS) data into its 
repertoire of data products since 1984. 
Initially, a low- to mid-level total precip- 
itable water image developed after Chesters et 
al., 1983 (referred to here as the "split 
window" image) was used to qualitatively 
delineate water vapor concentration. 
uct showed utility during the summer forecast 
exercise conducted by PROFS in 1985. An assess- 
ment of VAS products made during and following 
the exercise indicated that water vapor imagery 
would be more useful if it were quantitative 
rather than merely qualitative (Birkenheuer and 
Snook, 1985). More recently Robinson et al., 
(1986) have compared various retrieval methods 
using a variety of VAS channel and surface data 
for computing precipitable water. 
"split window" algorithm demonstrated the 
highest rms error of the techniques studied. 
12-channel VAS-only regression was shown to be 
superior to all other methods independent of 
additional surface data. Smith et al., (1985) 
have also shown a linear combination of VAS 
channel data to be useful in quantitatively 
imaging precipitable water and other meteoro- 
logical fields. 
et al. were a by-product of sounding retrieval 
computation. Regardless of the source, it is 
evident that a multilinear relationship can be 
effective in computing a precipitable water 
field from VAS channel data. 

The prod- 

The VAS 

A 

The coefficients used by Smith 

In 1986, PROFS adapted the physical 
retrieval algorithm developed at the University 
of Wisconsin - Madison (Smith, 1983) for its own 

* on contract with the Cooperative Institute for 
Research in the Atmosphere and the CSU 
Research Foundation, Ft. Collins, Colorado. 

in-house use. PROFS maintains real-time VAS 
data acquisition so, once the retrieval software 
became operational, real-time VAS soundings 
began to be produced routinely. With real-time 
soundings now available, PROFS is using linear 
regression to generate an image of precipitable 
water from VAS channel data which has a quan- 
titative interpretation. This product replaces 
the qualitative "split window" product in the 
PROFS workstation. This paper documents the new 
precipitable water algorithm and illustrates its 
utility by example and observation. 

2. PRODUCT DESCRIPTION 

The coefficients for the multiple re- 
gression equation relating the 12-channel VAS 
brightness temperatures to precipitable water 
are computed from an ensemble of soundings 
within the region of interest, in this case, the 
western Great Plains and central Rocky Mountain 
states (Fig. 1). Both moisture and thermal VAS 
soundings are produced (clear skies allowing) at 
gridpoints spaced at roughly 110-km intervals in 
both N-S and E-W directions (Fig. 1). The dew 
point temperature soundings are integrated for 
total precipitable water, and following this, a 
multilinear regression is performed from which 
coefficients relating the brightness temp- 
eratures to precipitable water are determined 
for the entire region at each unique time, 

The image is computed by applying the 
derived coefficients to each VAS pixel and 
determining a precipitable water value from the 
set of VAS IR brightness temperatures corres- 
ponding to the VAS pixel. A test of the IR 
window (band 8) brightness temperature is used 
to detect clouds. For summertime operation, 273 
kelvins or colder has been successfully used as 
the criterion for flagging cloudy pixels. 

Because of scanning constraints, the VAS 
IR data have either 8 or 16 km pixel resolution 
(nominal at 40 degrees north), and some bands 
skip scan lines at regular intervals ("Venetian 
blinding"). To compensate, all data are rep- 
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The symmetric shift invariant function is 
tabulated below. Indices rn and n each range 
from - 5  to +5 as computed from equation (1). 
Normalization is performed with each application 
since the distribution of clear pixels keeps 
changing. 

licated to 8 km resolution. This may seem 
dangerous, but the next step in the Product's 
generation removes high frequency irregularities 
introduced by the replication procedure. 

A smoothed image (PW") is produced by 
convolving the precipitable water pixel array 
(PW) with a shift invariant function (wt). In 
this case the 11 x 11 centrally weighted 
function is given by: 

where wt is the weight and m and n range from - 5  
to +5 including 0. The spatial extent of the 
weighting function was determined by examining 
Fourier transformations of typical scenes pro- 
duced after the replication procedure and de- 
tecting characteristic periodic wavelengths 
likely to be related to the replication step. 
The discrete weighting function (Table 1) was 
found to be an optimal low pass filter for the 
image. 
culating 

The convolution is performed by cal- 

k.t-5 1+5 

The color table enhancement used with the 
image is designed to contour levels of precip- 
itable water with color intensity diminishing 
linearly between contour levels. For example, 
red will begin at zero intensity at 0 cm and 
increase to full at 1 cm. at which point the 
next color, yellow, begins at lowest intensity. 
The colors used include red (0-lcm), yellow (1- 
2cm), green (2-3cm), light blue (3-4cm), dark 
blue (4-5cm), violet (5-6cm), and neutral grey 
(clouds). The advantage of such a color table 
enhancement is that it both contours the field 
and images the field between contours. Clouds 
receive a neutral grey shade; initially they 
were colored white, but that proved to be dis- 
tracting. It is also important to choose a 
color for clouds that is not confused with 
intermediate shades between contours. 

An important feature of the product is 
that each image is computed from a new set of 
coefficients derived for that particular scene 
and unique time. Whether this is necessary is 
not known and is a subject receiving further 
study. However, if coefficients unique to each 
image are used, diurnal, thermal, and air mass 
variations do not cause fluctuations in the 
quantitative aspect of the image. Thus, the 
continuity and reliability of the final product 
are assured. Images can be confidently animated 
to show migration of moist or dry regions as 
well as overall trends such as moistening due to 
transpiration. 

with the requirements that pixel gW(k,l) is 3. EVALUATION 
clear to begin with (otherwise PW (k,l) imme- 
diately denoted cloudy) and the summed terms 
included in equation 2 are only clear pixels. 
By excluding cloud-flagged pixels, aliasing at 
cloud edges is eliminated. The computation can cific example. 
also extend to the array boundary by treating 
exterior points (for which data are not avail- 
able) as cloud. Normalization is required with 

The product was tested during the 1987 
PROFS forecast exercise. 
described first; these are followed by a spe- 

Early impressions are 

Moist "pockets" or small islands of moist 
air are evident over the clear eastern plains of 
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Fig. 2a. A black and white rendition of the VAS 
quantitative precipitable water product for 31 
July 1987 0515 UTC. The grey shades delineate 
the breaks in the color enhancement. Amounts 
above 2 cm exist over the foothills and in SE 
Wyoming, while dryer conditions exist over SE 
and eastern Colorado. The structure of the 
water vapor distribution is evident in the 
partly cloudy skies in central Wyoming. 

Colorado. 
down wind side showing their function as a mois- 
ture "fetch" feeding into the cloud. This is 
definitely a mesoscale feature and can possibly 
be used in generating local forecasts/nowcasts. 

These often develop clouds on their 

Breaks in cloudy areas reveal structure 
in moisture gradients possessing good continuity 
with similar structure in surrounding clear 
regions. These features demonstrate that cloudy 
pixels are being handled effectively since pre- 
cipitable water values at cloud edges show 
little or no dry or moist bias. The cloud 
detection also seems effective because visible 
and infrared cloud imagery agree with the cloud 
structure in the precipitable water image, 

When the product is overlayed with dis- 
crete values of precipitable water obtained from 
the soundings, a direct comparison can be made 
showing the agreement between the field and 
values that were used to produce the coeffi- 
cients. Deviations occasionally exist at the 
extreme northern and southern parts of the 
region. These may be due to the zenith angle 
differences which varies predominantly in the 
north-south direction. In any case, the devi- 
ations appear to be tolerable for the summer 
season on this scale. 
terrain in the region's central portion have yet 
to be detected. 

Effects of the high 

4. CASE STUDY: 30 - 3 1  JULY 1987 

The days of 30 and 31 July 1987 were 
characterized by thunderstorms in the foothill 
and mountain regions of Colorado. Ample heating 
over the eastern plains of the state resulted in 

Fig. 2b. The same image as  Figure 7 n  except t11e 
color enhancement has been replaced with a 
linear grey scale. Thus, it is possible to 
relate the imaged intensity with the quanti- 
tative amount of precipitable water in a black 
and white media. 

temperatures of low- to upper-30 degrees C (mid- 
90 to 100 degrees F). Thunderstorms did not 
develop over the plains even though dew points 
were high. Convection did occur over the foot- 
hills. There are many reasons for the preferred 
convection in the foothills on such days. 
Greater instability at higher altitudes is one 
factor. However, this does not explain why 
storms were not sustatined over the plains and 
did form to the north over the Cheyenne, Wyoming 
area. One explanation may be available water 
vapor. VAS precipitable water imagery shows the 
moisture concentrated along the foothills and to 
the north (Fig. 2). The surface dewpoints 
decline slightly in the dry region to the east 
of Denver (Fig. 3 ) ,  corresponding to the image 
to a limited degree. But because the total 
precipitable water is much less to the east of 
Denver, the moist layer is shallow over the 
plains, hence a lack of latent energy for 
fueling storms. A cumulus cloud field formed, 
but convection was lacking over the rep,ion. In 
fact, a storm did develop south of Denver over 
the Palmer Lake Divide. After moving northward 
it dissipated in the shallow moist air. 

Precipitable water data from four ground- 
based radiometric profilers, two near the front 
range and two in the eastern plains, support the 
VAS imagery. Plots comparing the ground-based 
radiometer trends are shown in Figure 4 .  It is 
unusual to see drier conditions over the plains 
but this is supported by the profiler data, VAS 
imagery, and ensuing weather. 

When used in conjunction with other data, the 
VAS precipitable water product was useful in 
locating deeper moisture in the region. Surface 
dew point observations of  similar mngnitude to 
those in the foothills did not reflect the 
extent of  the water vapor. As with all meteoro- 
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I I};  3 .  Slll  1.1(.(' < l l ~ ' , ~ ~ l v < l ~  I O I I ~ ,  l o 1  3 1  J l l l Y  l ' ) 8 /  
a t  0500 U'TC. I k w  p o i n t s  n r r  s l i g h t l y  lowr r  i n  
e a s t e r n  Colorado w i t h  wrak c o r e l l n t i o n  t o  the  
VAS moi s tu re  f i r l d  i n  Figure 2 .  

l o g i c a l  d a t a ,  no one  d a t a  s o u r c e  w i l l  r v e r  
r e l a t e  t h e  e n t i r e  p i c t u r e . .  T h r  importance o f  
i n t e g r a t i n g  VAS d n t a  w i t h  o t h r r  d n t a  canno t  be 
overcmphasized.  

5 .  CONCLUSIONS 

The  r c g r r s s i o n  p r e c i p i t a b l e  w n t r r  p roduc t  
works q u i t e  w e l l  on thc r r g i o n n l  s c n l r  f o r  con-  
ve  c t i v r  s r as on n p p 1 i c ci t i  ons 
n n c i e s ,  p o s s i b l y  due t o  thr v a r i a t i o n  of z r n i t h  
nnglr  over  the  s c r n c ,  can  prrhnps be c o r r r c t r d  
by i n c l u d i n g  z r n i t h  .inglr a s  nn nddi  t i o n n l  term 
i n  thr r rgrrss  i on e q u a t i o n  A n n t i  o n n l  s c n l r  
imap,e w i l l  o b v i o u s l y  havc crrntrr  deviations dur 
t o  t h i s  and o t h r r  r f f r c t s  ( c . g . ,  v a r i a t i o n  i n  
s o l a r  r r f l e c t i o n  i n  t h r  n r n r - I R  bnnds dur ing  
dayl ip ,ht  h o u r s ,  t e r r a i n  e f f r c t s ,  and a probnblr 
i n c r e n s r  i n  t h r  amount and complex i ty  o f  c loud  
Contaminat ion w i t h  d r c i  r a s i n g  p i x e l  r r s o l u t i o n )  
and i s  onc r e a s o n  t h c  r r g i o n n l  s c a l c  was i n i -  
t i a l l y  s c l r c t e d  f o r  thr iinngr. 

S omc cl i s c rr p - 

The  r e g r e s s i o n  t echn ique  has  g r e a t  
n p p l i c n h i l i t y  t o  o t h r r  m e t r o r o l o g i c a l  p n r a -  
m e t e r s .  F u t u r r  p l a n s  arc t o  proclucr iinngrs o f  
l i f t e d  index and b u l k  t h r r m n l  pn rnmr te r s  such n s  
p o s i t i v e  buoyant  r n c r g y .  F i n a l l y ,  t h e  c o r f -  
f i c i e n t s  g r n r r n t r d  d u r i n g  t h r  r o u t i n r  o p r r n t  i o n  
o f  t h i s  p r o d u c t  have been n rch ived  f o r  s t u d y .  
I t  may be p o s s i b l e  t o  i d e n t i f y  s p e c i f i c  s r t s  o f  
c o e f f i c i e n t s  t h a t  hnvr  l o n g - t e r m  n p p l i c n b i l i t y ,  
t h e r e b y  e l i i n ina t inp ,  the  n r c e s s i t y  t o  perform 
regrcssions f o r  r a c h  sc r i i r  . This approach would 
make the p r o d u c t  nvn i l ' i b l r  ni~ich sootirL s i n r r  
sounding p r o d u c t i o n  would n o t  be n r r q u i r r i n r n t  
f o r  rnch  image. 

l . ' i I : .  i i .  A I : ' - ~ I ~ ~ ! I I -  I i i i ~ ,  l i i : ; l c ~ i - v  I i I o t  o i  t o 1 ; i I  
prrcipit.:ililc w a t e r  Lroin (1 y,round bnsct l ,  a c t i v e  
inicrowavr profilcrs. 'I'hr two s i t e s  on the l e f t ,  
S t n p l r t o n  and P l n t t r v i l l c ,  ai-F. n r n r  the  f o o t -  
h i l l s .  F l a g l r r  nnd Flcming show lowr r  amounts 
of  wiiter vapor  ovc r  t-lie e a s t e r n  p l a i n s  o f  Col-  
orndo n&recinp, ( i n  t r r n d )  w i t h  VAS i i n a p r y .  

S ince  thr p r o d u c t  d r m o n s t r n t r s  a n  a b i l i t y  
t o  d r t r c t  inrsoscnlc  m o i s t u r e  f e a t u r e s ,  i t  is  a 
l i k r l y  c n n d i d a t r  t o  be usrd  f o r  s m a l l  ( l o c a l )  
s c n l r  a n a l y s e s  w i t h  g r i d  s p a c i n g  on the  o r d e r  o f  
10 t o  30 k i n .  
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1.0 Introduction 

The "split window" technique was originally derived 
for the determination of surface skin temperature, 
specifically sea surface temperature (Anding and 
Kauth, 1969). The technique makes use of two 
differentially absorbing channels in the 11-12 p m  
region to remove the contaminating effect of water 
vapor and thus arrives a t  an improved estimate of the 
skin temperature. See McMillin and Crosby( 1984) for 
a detailed discussion of the split window technique and 
an extensive review of the literature. 

More recently the channels used for the split window 
have been applied to the retrieval of precipitable water 
(Chesters, et  al, 1983, Chesters et al, 1987). Whereas 
these methods seemed to produce internally consistent 
fields of "low level water vapor", they required a priori 
knowledge of the mean air temperature and empirical 
adjustment of the absorption coefficients in order to 
bring the results in agreement with in 'situ 
observations . 

In this paper we present the results of an extension 
to the split window technique such that precipitable 
water can be retrieved with a minimum of a priori 
information. 

2.0 Theoretical Discussion 

Kleespies and McMillin (1984,1986) have presented a 
theoretical discussion of this extension to the split 
window technique. Summarized briefly, this technique 
assumes that the upwelling longwave infrared radiance 

is emitted from a plane parallel, non scattering 
atmosphere in local thermodynamic equilibrium, and 
that the atmospheric contribution to the upwelling 
radiance can be described by an effective atmospheric 
temperature and transmittance. Then if observations 
are made in the two channels of the split window under 
two different conditions where the atmospheric 
contribution to the outgoing radiance is invariant but 
the surface contribution changes markedly, then a set 
of four simultaneous equations can be written and 
solved for the ratio of the transmittance in the split 
window (see Kleespies and McMillin (1986) for details). 
These conditions fall under two general categories; that 
of variation in time, and that of variation in space. 
Consecutive observations of a land surface from 2 

geosynchronous satellite during the heating cycle of the 
day would be one example. Another would be 
observations from either a geosynchronous or polar 
orbiting satellite of immediately adjacent land and 
water surfaces with contrasting skin temperatures. 
The resultant relationship under these conditions is 

where the superscripts refer to the different viewing 
conditions and the subscripts refer to the nominal 11 
and 1 2 ~ m  channels of the split window. It has been 
shown that this ratio can be related to "low level water 
vapor" i.e., precipitable water (Chesters, et all 1983). 
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Kleespies and McMillin (1984) discuss the theoretical 
application of this extension to the Visible Infrared 
Spin Scan Radiometer (VISSR) Atmospheric Sounder 
(VAS), and in their 1986 paper describe, again in 
theoretical terms, its application to Advanced Very 
High Resolution Radiometer (AVHRR) split IR window 
data. In ensuing sections, application of this technique 
to these two instruments is demonstrated with real 
data. 

3.0 Application to Satellite Radiometer Data 

The real test of a retrieval algorithm is to apply it to 
real data and to somehow verify it with ground truth. 
However this is fraught with difficulties, including 
cloud contamination, aerosol problems, collocation 
inaccuracies, and errors in the satellite instrument and 
the in situ measurements. In the following sections we 
apply this technique to measurements made with tlit. 

VAS and the AVI-IRR. In all cases of comparison with 
radiosonde transmittance ratio, the transmittance ratio 
was computed from collocated radiosondes using the 
wide-band radiative transfer model described by 
Weinreb and Hill (1980). 

3.1 Application to the VISSR Atmospheric Sounder 

Observations were made with the VAS channels 7 
and 8 (12.7 and 11.2 p,m respectively) over North 
America on 25 August 1987. Multispectral imagery 
were acquired on the AFGL Interactive Meteorological 
System (AIMS) (Gustafson et al, 1987) a t  hourly 
intervals from 11:30 UT to 17:30 UT. This works out 
approximately from just before local sunrise in the 
mid-United States to just after local noon on the east 
coast. In order to achieve the contrasting surface 
contribution to the outgoing radiance, while 
minimizing the effects of surface obscuration due to 
convective cloudiness in the local late morning and 
early afternoon, a variety of time intervals were tested 
with the optimal interval subjectively %elected to be 
from 1130-1530 UT. Typical brightness temperature 
increases due to diurnal heating of the surface during 
this interval were 5-10 K. Since the VAS oversamples 
along the scan line by a factor of 2:l  for band 8 and 4:l  
for band 7, and the band 7 detector linear dimensions 
are twice that of band 8,  a total of 6 pixels from band 7 
were averaged to make one band 7 "retrieval spot" and 
6 pixels from each of two lines of band 8 (a total of 12 
pixels) were averaged to make one band 8 "retrieval 
spot". If the average brightness temperature in either 

channel were less than 273 K at either of the two times, 
the retrieval spot was assumed to be cloudy and was 
discarded. Furthermore, if the standard deviation of 
the brightness temperatures that went in to Iliaking 

the retrieval spot were greater than about 1.5 K for 
either time, the spot was assumed to be partly cloudy 
and was discarded. 

The transmission ratio was computed for each non- 
discarded retrieval spot using Eq. (1). Examination of 
pseudo-imagery of this transmission ratio revealed that 
while interesting mesoscale features were apparent in 
this imagery, further spatial averaging was required 
before quantitative comparisons could be attempted. 

Collocations were performed on launch sites of the 
1200 UT radiosondes on 25 Aug 1987. Statistics were 
computed on the non-discarded transmittance ratios 
from a 9x9 box of transmittance ratios centered on the 
radiosonde site. Those transmittances outside of one 
standard deviation from the mean of the ratios were 
discarded and the mean was recomputed. This filtered 
mean was compared with the radiosonde only if the the 
resulting number of retrieval spots exceeded ten. The 
comparison between the transmittance ratio derived 
from the VAS and that derived from the radiosonde is 
presented in Figure 1. 
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Precipitable water was computed from the mean 
ratio by adapting the method of Chesters et al (1987) 
to this problem 

where AK = 0.051 and Au = ,136 are differential 
absorption coefficients, H is the local zenith angle and 
the T ' S  are the transmittances. The comparison 
between the precipitable water derived from Eq. (2) 
and the radiosonde precipitable water is given in 

Figure 2. 
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3.2 Application to the AVHRR 

Global Area Coverage (GAG) data from the 
AVHRR were collected from NOAA-7 for 11 June 
1982. GAC data has a nominal resolution of 4 km and 
is distinguished from the nominal AVHRR sensor 1 km 
resolution by the fact that four pixels are averaged 
along scan and four scans are skipped to make a GAC 
scan line. Bands 4 and 5 have the nominal wavelength 
of 10.7 and 11.8 p m  respectively which correspond 
only approximately to those of the VAS (see Fig. 3). 
Nighttime data over North America was used in order 
to be as close as possible to radiosonde launch time and 
in order to avoid convective cloudiness. The orbits 
were from four hours to one hour prior to synoptic 
fime. Cloud free areas were selected at the AIMS 
workstation by examining 24-bit multispectral imagery 

created from AVHRR bands 3, 4 and 5 (d'Entremont 
and Thomason, 1987). In this imagery opaque clouds 
appear white, low clouds and fog appear bright red 
against a brown background, and thin cirrus appears 
cyan, yielding a fairly unambiguous rendition of 
clear/cloudy regions. Contrasting surface 
temperatures were determined by selecting a body of 
water (lake, river, coastline) which at  nighttime was 
relatively warm compared to the surrounding 
countryside. A 3 x 3  array of GAC spots were selected 
for both the warm water surface and the cooler 
countryside surrounding it. Since many of these water 
surfaces did not f i l l  the 3 x 3  array of GAC pixels, a 

method was developed to determine the "best" 
combination of warm and cold brightness 
temperatures. Typical brightness tempera Lui  ( *  

differences were about 5 K. A comparison of two 
ensembles of 3 x 3  arrays yields 81 possible 
combinations. The brightness temperature differences 
between these 81 combinations were sorted for each of 
the two channels. The sum of the rank order of the 
pixel pairs between the two scenes and the two 
channels was used as a quality measure, the idea being 
to maximize the brightness temperature difference 
between the warm and the cold scenes for both 
channels. Since there is a danger that sub-pixel 
cloudiness in one scene but not the other which would 
contribute to an excessively high quality measure, the 
transmission ratios computed from Eq. (1) were 
averaged for the top 10 quality measures. 

The method preeented by Chesters (1983) for 
computing precipitable water from transniission ratio 
applies only to the VAS instrument. Whereav it can be 
adapted to the AVHRR, time limitations for 
publication in these preprints allow only an indirect 
comparison with in situ measurements. Rather than 
compare the radiosonde precipitable water with 
AVHRR precipitable water using an untested 
relationship between precipitable watcr and 
transmission ratio, it was deemed most prudent to 
compare directly between the satellite and the 
radiosonde transmission ratios. 

Radiosondes from 1200 UT on 11 June 1982 over 
North America were collected from the NqGL McIDRS 
upper air archive. Collocations were made to the 
closest radiosonde within 300 km of the satellite 
observation. The comparison between the modeled 
transmittance ratio and that cornpuled from Eq. (1) for 
the AVHRR is given in Fig. 4. 
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FIGURE 3.  
RELATIVE INSTRUMENT RESPONSE 
FOR VAS AND AVHRR 
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4.0 Discussion 

The correlation between the VAS transmittance 
ratio and that computed from collocated radiosondes is 
about 0.72 . The correlation between the AVHRR 
ratio and the radiosonde ratio is an even more 
respectable 0.84 , The precipitable water computed 
from the VAS transmittance ratio had a correlation 
coefficient of about 0.64 when compared with the 
radiosonde precipitable water. Chesters et a1 (1983) 
reported a lesser correlation with their initial study, 
(r=0.43), even though they used ancillary information 
in the form of the atmospheric temperature averaged 
over a number of radiosonde sites. In their 1987 paper 
they substantially improved on this figure by using 
empirical adjustments to the absorption coefficients 
and by modifying the atmospheric temperature used in 
their algorithm. The method presented here requires no 
ancillary information. However, examination of 
Figures 1, 2 and 4 indicate that the line of best fit in 
each figure does not have a eero intercept or a slope of 
unity, It is clear that empirical adjustments are 
warrented to help remove the systematic bias which is 
evident in these figures. 

Perhaps the greatest uncertainty in retrieving 
precipitable water from satellite observations lies in 
determination of the atmospheric absorption 
coefficients for these channels. Since these channels 
are quite broad and water vapor is a significant 
absorber in this region (the water vapor continuum is 
poorly characterized), absorption uncertainties 
dominate errors in the retrieval process. The focus of 
Chesters et a1 (1987) is the empirical adjustment of the 
absorption coefficients to optimiee the precipitnhlr 
water retrievals. Barton (1985) reports siiiiilar 
problems with his sea surface temperature 
determination. 

Another major source of concern in application of 
this technique has to do with instrument noise. Since 
Eq. (1) deals with the ratio of a difference in the 
brightness temperatures, this method is quite sensitive 
to errors in the measurements. The VAS has a 
nominal NEAT of 0.25 for these channels. The 
AVHRR has a NEAT of 0.12 for its split window 
channels. Just on this figure of merit, the AVHRR 
would seem to be better suited for this purpose since a 
smaller brightness temperature difference would be 
required for Eq. (1) in order to minimiee the effect of 
instrumental noise. However, it is much easier to 
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obtain the desired change in scene brightness 
temperature by observing diurnal temperature changes 
from geosynchronous orbit than searching for 
contrasting skin temperatures from polar orbit. 

There is a further problem with the VAS 
instrument. We have noticed "streaking" in the band 
7 imagery. Analysis of these streaks indicate that the 
brightness temperature from scan line to scan line can 
jump by as much as -fr 4 deg K compared to 
surrounding scan lines. Menzel (1987, private 
communication) indicates that one of the two large 
HgCdTe detectors on the VAS instrument is not well 
calibrated, but it is not known which. This type of 
calibration problem will probably preclude operational 
use of the algorithm presented in this paper. However, 
the imager to be flown on GOES NEXT is  very similar 
to the AVHRR, with planned NEAT even better than 
the present AVHRR (Koenig, 1987). It is anticipated 
that with the launch of GOES NEXT, a thorough 
evaluation of this method can be made. 
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1.0 INTRODUCTION 

The retrieval of moisture profiles 
from satellites has steadily improved 
since the first sounder back in the 
1970's. This improvement in retrieval ac- 
curacy has been due to the refinement 
mathematical techniques and better in- 
strumentation. Case study investigations 
and operational usage of these techniques 
have yielded improved understanding of at- 
mospheric moisture variability (e.9.' 
Hillger and Vonder Haar, 1981). Physical 
limitations on the vertical resolution and 
coarse spacing of moisture retrievals, 
even with the VISSR Atmospheric Sounder 
(VAS), have forced the use of imagery it- 
self to infer moisture variations (Smith 
e t  a l l  1 9 8 5 ;  Chesters e t  a l ,  
1983; Robinson e t  a l l  1986). While 
these products help investigate mesoscale 
moisture variability, they do not provide 
the resolution needed for many mesoscale 
studies. 

Some studies have indicated that the 
natural variability and structure of at- 
mosheric moisture and ita associated en- 
vironmental processes may not be well ob- 
served with conventional ground based and 
satellite measurements. Fuelberg e t  
a l .  (1986), Barnes and Lilly (1975), 
and Gandin (1963) have indicated that the 
variation in atmospheric moisture is large 
on the lower end of the mesoscale 
(features with wavelengths of a few tens 
of kilometers). Phenomena at this scale 
are not currently diagnosed operationally 
with satellite remote sensing techniques. 
Jedlovec (1987), Menzel e t  a l .  
(1986), and Jedlovec e t  a l .  (1986a), 
using high resolution aircraft radiometer 
data, have shown that mesoscale moisture 
variability exists at fine scales in both 
the middle and lower troposphere. This 
paper aims to document the capability of 
high resolution infrared radiance data to 
detect mesoscale moisture variability and 
to show the application of a new technique 
to describe mesoscale moisture variability 
from these measurements. Application of 

the technique to current and future satel- 
lite sensors is discussed. 

2.0 BACKGROUND 
2.1 T h e i c  MnE - 

The data used in this research to 
derive high resolution moisture data is 
from the airborne Multispectral Atmos- 
pheric Mapping Sensor (MAMS) (Jedlovec 
et  a l .  , 1986b). The MAMS is a mul- 
tispectral scanner which measures 
reflected radiation from the earth's sur- 
face and clouds in eight visible bands and 
thermal emission from the earth's surface, 
Clouds, and atmospheric water vapor in 
three infrared bands. From a high al- 
titude aircraft flying at 20 km, the 
horizontal ground resolution of each 
field-of-view from MAMS is 100 m (Fig. 1). 
From this altitude, the width of the en- 
tire cross path field-of-view scanned by 

Figure  1 .  MANS s c a n  g e o m e t r y  f r o m  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 .  
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the sensor is roughly 36 km, thereby 
providing detailed resolution over an area 
of considerable size. 

The infrared channels from MAMS are 
similar to those from the AVHRR and VAS 
sensors on the existing weather satel- 
lites. spectral response functions for 
these instruments in the pertainent chan- 
nels are displayed in Fig. 2. The 11 
micrometer channel of MAMS and VAS are 
similar while that of the AVHRR is nar- 
rower and shifted towards shorter 
wavelengths. The 12 micrometer channel of 
AVHRR is positioned near 11.8 micrometers 
with a band width about twice that of MAMS 
and VAS (and are positioned at longer 
wavelengths). These latter channels 
measure upwelling radiation where absorp- 
tion by atmospheric water vapor is more 
significant. Further information about 
MAMS, including calibration techniques, 
can be found in Jedlovec e t  a z .  
(1986b). 

2.2 2 
The 11 and 12 micrometer bands on 

these instruments make up what is referred 
to as the llsplit windowl' channels. while 
the 11 micrometer region of the spectrum 
is relatively transparent, increasing 
moisture absorption occurs at longer 
wavelengths. Thus, the 12 micrometer 
channels on AVHRR, MAMS, and VAS represent 
the increasing effects of low-level atmos- 
pheric water vapor. Table 1 indicates 
this effect by displaying the split window 
channel brightness temperature differences 
( T B B]] - T B 1 f o r  r e p r e -  
sentative profiles. For the moist profile 
(39.6mm of precipitable water) , the MAMS 
and VAS show large differences due to the 
increased absorption at longer 
wavelengths. The small split window dif- 
ference for AVHRR. occurs because of a 
shift of the 12 micrometer channel away 
from the strong absorption. The split 
window differences are reduced for drier 
conditions. Data from these channels have 
been used to derive low-level moisture in- 
formation as discuesed below. 

Table 1 

S p l i t  w i n d o w  c h a n n e l  b r i g h t n e s s  
t e m p e r a t u r e  d i f f e r e n c e s  f o r  MAMS, V A S ,  
a n d  A V H R R .  U n i t s  a r e  d e g r e e s  K e l v i n .  

warm/moist warm/dry 
pw = 39.6m pw = 26.0mm 

MAMS 

VAS 

AVHRR 

9.8 8.3 

10.2 8.1 

2.8 0.9 

WAVELENGTH (micrometers) 
12.3 11.6 10.9 10.4 

t' .*. ' .  ... " -. " ".  ' ' . . . l ' . - -  " .  ' .  " .. . 4  
1081 $1 08 

WAVENUMBER (cm-1) 

WAVELENGTH (micrometers) 
13.1 12.6 12.1 11.7 

I-- ' ' 1 . .  . .T'. ' I '. ' - I - ' 

WAVENUMBER (mi) 

2.3 Past methods for DreciDitable water 

Several techniques have been proposed 
to derive precipitable water estimates 
from split window imagery. xleespies and 
McMillin (1984; 1986) discuss a method and 
apply it to simulated VAS and AVHRR 
radiance data. Their technique involves 
estimating atmospheric transmittance from 
split window measurements under varying 
surface 1fskinll (radiating) temperature 
conditions. The estimates are based on 
the ratio of split window channel bright- 
ness temperature differences. It is as- 
sumed that the atmospheric conditions are 
invariant for adjacent regions or over a 
short time interval (during which the skin 

dletermination 
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temperature changes and brightness tem- 
perature differences are calculated). The 
estimates are related to precipitable 
water by regression. Application of this 
technique to real data was not presented. 

Chesters e t  a l .  (1983) and 
Robinson e t  a l .  (1986) have 
developed a technique to derive 
precipitable water data from VAS split 
window channel radiance measurements. 
Their technique parameterizes the channel 
transmittances using average absorption 
coefficients and observed brightness tem- 
peratures in a single layer radiative 
transfer model. Local soundings are used 
to develop the coefficients for the model. 
An advantage of this technique lies in the 
ability to derive precipitable water vapor 
imagery at a high temporal resolution from 
VAS. Adjacent measurements are averaged 
to reduce noise but the method retains 
sufficient horizontal resolution to 
describe larger mesoscale moisture 
variability. The weakness of the scheme 
lies in the need to formulate a radiating 
temperature of the atmosphere in their 
model which is derived from conventional 
rawinsonde data. 

Another approach taken to produce 
precipitable water vapor imagery uses all 
twelve channels of VAS in a full retrieval 
procedure (Smith et  a l . ,  1985). A 
simulataneous physical inversion is used 
to produce a set of coefficients based on 
a spatial average of VAS radiance data. 
These coefficients are then applied to in- 
dividual fields-of-view in order to 
produce single pixel soundings. 
Precipitable water is calculated from 
these soundings using conventional 
methods. Although single pixel 
precipitable water data is produced, these 
values depend on retrieval coefficients 
derived on the larger mesoscale. Thus, 
only larger scale features (wavelengths 
greater than 1oOkm) seem resolvable. 

3.0 APPROACH 

3.1 SDlit Window Variance Ratio 

The technique used in this study to 
derive precipitable water estimates takes 
advantage of the fine spatial resolution 
of MAMS to derive precipitable water es- 
timates. The "Split Window Variance 
Ratio" (SWVR) technique is an extension of 
the concepts put forth by Kleespies and 
McMillin (1984; 1986). They have shown 
that split window channel transmittances 
( T ~ ~ / T ~ ~ )  c a n  b e  r e l a t e d  t o  
the channel brightness temperature dif- 
ferences ( ATbb) by 

where the imply a difference in ob- 
served brightness temperatures due only to 

changing skin temperature. The subscripts 
denote the 11 and 12 micrometer split win- 
dow channels, respectivily. Re-writing 
(1) as 

T2A Tb1=TlA T,, ( 2 )  

squaring both sides of ( 2 ) ,  and taking the 
sum over adjacent ifov's, (2) becomes 

( 3 )  

where N is the number of adjacent cloud- 
free ifovs used to calculate the variance. 
Assuming that atmospheric transmittance 
does not vary over neighboring points, it 
can be remove from the summation. If 4Tbb 
represents the difference between each in- 
dividual ifov and the spatial mean (Tbb) , 
then 

( 4 )  

where o2 is the sample variance. Sub- 
stituting (4) into (3) yields an expres- 
sion for the square of the split window 
transmittance ratio as a function of the 
observed brightness temperature variance 
ratio 

7; 0; 

7; o f '  
-=- 

To correct this expression for random 
noise, the estimated error variance for 
MAMS (Menzel 8t a [ . ,  1986) is sub- 
tracted from the scene calculated value 
and is given by 

7: o:-a:, 

This equation can be applied to MAMS or 
any other split window channel data to 
produce relative horizontal variation8 in 
precipitable water. For MAMS, the mean 
used to compute the variance in (4) can be 
calculated over a large number of points 
and still provide high spatial resolution. 

3.2 Belation o f  tr ansmittance ratio to 

The ratio of the square of the split 
window transmittances, either simulated or 
estimated, provide a relative measure of 
column precipitable water. Thus, a spa- 
tial distribution of the split window 
channel variance ratio gives an estimate 
of! the relative horizontal variability in 
precipitable water. In order to quantify 
this variability, it is necessary to form 
a relationship between column precipitable 
water and the square of the estimated 
transmittance ratio ( i . e . ,  the variance 
ratio) , KleeSpieS and McMillin (1986) , 
using rawinsonde data, have shown that the 

- 
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simulated AVHRR s p l i t  window transmittance 
r a t i o  is n i c e l y  re la ted t o  t h e  t o t a l  
p r e c i p i t a b l e  wa te r .  L i k e w i s e ,  t o t a l  
p r e c i p i t a b l e  water can be r e l a t e d  t o  the  
MAMS estimated square t ransmit tance r a t i o  
v i a  l i n e a r  regression. Figure 3 presents  
t h e  squqre t ransmit tance r a t i o  p l o t t e d  a s  
a func t ion  of p r e c i p i t a b l e  water f o r  19 
June 1986 rawinsonde data.  Channel t rans-  
mit tances  were s imultated using the  MAMS 
spec t r a l  response funct ions (Fig. 2 )  and 
t h e  a p p r o p r i a t e  t r ansmi t t ance  p r o f i l e s  
(McMillin and Fleming, 1976) .  while ex- 
t remely d ry  va lues  were not  measured i n  
t h e  rawinsonde da ta ,  the  observations a r e  
r e p r e s e n t i t i v e  of t h e  p r e c i p i t a b l e  water 
v a r i a b i l i t y  of a summertime convective en- 
vironment. 

60 -k 

I 
T 
A 
B 
L 
E 

W 
T 
R 

(mm) ', 57.7 
-.007 

.24.28.32.36.40.44.48.52.56.60.64.68.72.76.8 
TRANSMlllANCE RAT102 

F i g u r e  3 .  P r e c i p i t a b l e  w a t e r  v e r s u s  
t h e  s q u a r e  of t h e  t r a n s m i t t a n c e  
r a t i o  f o r  19 J u n e  1986 r a w i n s o n d e  
d a t a .  

3.3 -ion of SWVR techniaue 
The appl ica t ion  of t h i s  technique t o  

observed d a t a  is q u i t e  simple.  A t  each 
image poin t ,  a search a rea  o r  template is 
employed o v e r  which t h e  mean channel  
b r i g h t n e s s  t e m p e r a t u r e  and c h a n n e l  
var iance  is ca lcu la ted .  Er ror  var iances  
a r e  app l i ed  and t h e  r a t i o  of t he  s p l i t  
window channel va lues  is made a s  i n  ( 6 ) .  
D a t a  checking procedures and cloud f i l t e r -  
ing are performed f o r  each template area.  
Cloud f i l t e r i n g  is based on a simple in- 
frared th re sho ld .  Threshold va lues  a r e  
s u b j e c t i v e l y  determined f o r  each image 
based upon MAMS v i s i b l e  and inf ra red  data.  

The cho ice  of a templa te  s i z e  is 
somewhat a r b i t r a r y .  AS shown i n  Fig. 4 ,  
the ca lcu la ted  imaqe variance increases  i n  

N- 

i l  
Y 
L 8 4.01 

5 
5 

a 2 2.a 

7 3.0 

3 

O '  6 13 21 is i 7  i 5  53 Q1 
I 

TEMPLATE SIZE (LINEAR DIMENSION) 

F i g u r e  4 .  S p l i t  w i n d o w  c h a n n e l  image  
v a r i a n c e  a s  a f u n c t i o n  o f  t e m p l a t e  
d i m e n s i o n .  

t h e  MAMS s p l i t  window channels  a s  t h e  
template  size i nc reases .  T h e  i nc rease  
slows beyond about t h e  27  x 2 7  s i z e  a s  
computer CPU t i m e  s t ead ly  increases  (not  
shown). A t radeoff  between template s ize  
( s p a t i a l  r e s o l u t i o n )  and computer t i m e  
( p rac t i ca l  e f f ic iency)  is necessary. 

4 * 0 EVALUATION O F  TECHNIQUE 

To eva lua te  t h e  performance of t h e  
SWVR technique, t h e  method was applied t o  
MAMS d a t a  on 1 9  June 1 9 8 6 .  A v i s i b l e  
image (channel 7 )  from MAMS over nortb- 
eas t e rn  Alabama, j u s t  southwest of Chat- 
tanooga, Tennessee, is presented i n  Fig. 
5. Clouds a r e  represented a s  br ight  wh i t e  
w i t h  land and water fea tures  s ign i f i can t ly  
darker  i n  tone .  S p a t i a l  r e s o l u t i o n  of 
each p i c t u r e  element ( p i x e l )  is about  
100m. Image var iances  where ca l cu la t ed  
from t h e  s p l i t  window channel br ightness  
t e m p e r a t u r e s  u s i n g  a 37 x 37 s q u a r e  
t e m p l a t e .  The v a r i a n c e  v a l u e s  were 
r a t i o e d  on a p i x e l  by p i x e l  b a s i s ,  
ca l ib ra t ed  using data  from Fig. 3, and as- 
s igned  an 8 b i t  v a l u e  based on t h e i r  
p rec ip i t ab le  water amount. The r e su l t i ng  
image is disp layed  i n  Fig.  6 .  Cloudy 
regions remain a s  wh i t e  f ea tu re s  i n  t h i s  
image whi le  va lues  of p r e c i p i t a b l e  water 
increase from dark t o  l i g h t .  Regions with 
l i t t l e  o r  no 11 micrometer  channe l  
variance a r e  a l s o  denoted with white. The 
black graphics display t h e  county out l ine .  

S e v e r a l  i n t e r e s t i n g  f e a t u r e s  a re  
not iceable  i n  Fig. 6. F i r s t ,  p rec ip i tab le  
w a t e r  v a p o r  v a r i a t i o n s  a r e  observed  
throughout t h e  image a t  s ca l e s  l a rge r  than 
the template s i z e .  Values range from 24 
t o  37mm of  p r e c i p i t a b l e  water.  Second, 
there is a tendency f o r  higher  (b r igh te r  
values) t o  appear towards t h e  edges of t h e  
image. T h i s  is expected s i n c e  t h e  in-  
c r e a s e d  s c a n  a n g l e  away from n a d i r  
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F i g u r e  5 .  MAMS v i s i b l e  c h a n n e l  i m a g e  
f o r  a r e g i o n  s o u t h w e s t  o f  
C h a t t a n o o g a ,  T e n n e s s e e .  

.......................................... 
provides an increased water vapor path 
length. This result in itself shows that 
the SWVR technique can discern changes in 
"line of sight" values of precipitable 
water. 

In order to further investigate the 
accuracy and sensitivity of measurements 
and retrieval method to determining 
precipitable water vapor variations, the 
change in values with scan angle were fur- 
ther considered. Table 2 presents angle 
averaged variance ratio values for the 
data in Fig. 6. This shows that the 
variance ratio decreases (moisture 
increases) with increasing scan angle. 
There also seems to be a natural gradient 
superposed on this angle effect. From a 
special rawinsonde observation for Athens, 
Alabama at 1415--GMT, precipitable water 
was determined to be 28.5mm. Using the 
secant of the scan angle to simulate the 
MAMS viewing geometry, an increase in 
precipitable water of about 20% (5.7 mm) 
occur out on the edge of the MAMS scan. 
Thus for a variance ratio change of .039, 
an increse of 5.7mm in precipitable water 
occur should occur. This ratio change 
(.0069/mm) is similar to the Slope of the 
calibration curve presented in Fig. 3 .  
Therefore, these observations confirm the 
results from the simulated transmittances. 
It also indicates the sensitivity of the 
technique to small changes in precipitable 

F i g u r e  6. MAMS d e r i v e d  p r e c i p i t a b l e  
w a t e r  v a p o r  i m a g e  f o r  t h e  s c e n e  
d i s p l a y e d  i n  F i g .  5 .  

.......................................... 
water. Further evidence and applications 
of this technique will be presented at the 
conference. 

5.0 DISCUSSION 
The above example indicates that 

split window channel radiance measurements 
can be used to quantitatively define low- 
level precipitable water variability. The 
SWVR technique is useful for mesoscale in- 
vestigations when high spatial resolution 
measurements are available. The technique 
is perfectly applicable to AVHRR and VAS 
split window channel radiances. Although 
the 12 micrometer channel of AVHRR is not 
as sensitive to atmospheric moisture, its 
relatively high spatial resolution (1 km 
at nadir) and excellant data quality (NEdT 
value of O . l 0 K  with 10 bit data) should 
provide a good data base for the applica- 
tion of the technique. The VAS, on the 
other hand, is much more sensitive to at- 
mospheric moisture at 12 micrometers than 
MAMS or AVHRR (Table 1) but suffers in 
spatial resolution and data quality (see 
Menzel e t  a1 (1986) for comparison 
of data quality from these instruments in 
the split window channels). Although the 
channel error variance is explicity con- 
sidered in the technique (equation (6)) , 
it is handled only in a statistical sense. 
Infrequent but large data errors are not 
fully accounted for in this application. 
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6.0 SUMMARY 

A technique has been described and 
demonstrated to quantitatively define low- 
level precipitable water vapor from 
radiance measurements. High resolution 
measurements from the airborne Multi- 
spectral Atmospheric Mapping Sensor (MAMS) 
have been used with this technique to 
define variability down to the lower end 
of the mesoscale. The technique is ap- 
plicable to existing satellite sensors but 
will not provide the mesoscale resolution 
provided by the aircraft data. Future 
satellite instrumentation should include 
split window channel measurement 
capabilities with very high spatial 
resolution. This will not only allow for 
a better delineation of clouds and surface 
features, but with the addition of mid- 
tropospheric water vapor channels, will 
allow for better atmospheric moisture in- 
vestigations at the mesoscale. 

Table 2 

MAMS 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  
v a r i a n c e  r a t i o  a v e r a g e d  o v e r  d i f f e r e n t  
s c a n  a n g l e s .  
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3 . 1  

REMOTE SENSING OF SURFACE A I R  TEMPERATURE AND H U M I D I T Y  OVER O C E A N I C  

AREAS WITH APPLICATION TO CLIMATOLOGY AND WEATHER PREDICTION 

Louis Garand 

Recherche en pr6vis ion num6rique ( R P N )  
Atmospheric Environment S e r v i c e ,  Dorval, Quhbec, CANADA H9P 153 

1. INTRODUCTION 2. CLIMATOLOGY 

T h i s  paper i n v e s t i g a t e s  the  p o t e n t i a l  of 
cloud c l a s s i f i c a t i o n  as a b a s i s  of remote 
sens ing  or  sur face  a i r  temperature  and h u m i d i t y  
over oceans. The b a s i c  assumption is t h a t  t o  a 
given c l a s s  may be a s s o c i a t e d  a s i g n i f i c a n t  
sys temat ic  devia t ion  of the  v a r i a b l e  from clima- 
tology.  Dew point  depression is used  as humidi- 
t y  v a r i a b l e .  

Garand (1986, 1988) has presented an 
automated procedure t o  c l a s s i f y  cloud f i e l d s  i n  
twenty c l a s s e s .  This  is t h e  main t o o l  t o  be 
used i n  t h i s  s t u d y ,  a long w i t h  co l loca ted  obser- 
va t ions  of a i r  temperature  and humidity obtained 
from s h i p s  and buoys. The names of the  c l a s s e s  
are l i s t e d  i n  Table  1 .  A major a s s e t  of the  
c l a s s i f i e r  is its c a p a b i l i t y  t o  recognize meso- 
s c a l e  c e l l u l a r  p a t t e r n s  ( M C C ,  c l a s s e s  7 t o  10) 
known t o  be o f t e n  assoc ia ted  w i t h  l a r g e  nega t ive  
( c o l d )  temperature  anomalies. We a l s o  hope t o  
g e t  from t h e  c l a s s i f i c a t i o n  c l a s s e s  where t h e  
s u r f a c e  humidity is p a r t i c u l a r l y  d r y ,  o r  moist .  
The reader  is r e f e r r e d  t o  Garand e t  a l .  (1988) 
f o r  a d e t a i l e d  vers ion of t h i s  paper. 

Table  1 .  List of the c loud  classes 

1 .  
2 .  
3 .  
4. 

ti . 
7 .  
8 .  
9 .  
10. 
11. 
1 2 .  
1 :I . 
1.1. 
15.  
16.  
1 7  
1 I1 , 
1 9 ,  
2 0 

. 

Clear 
s t r a  t us 
Scattered ciimul i is 
Drokeil cumulus 
Scattered s t ra tocumulus 
Broken striit.ocrimu1 iis 

Cloud s t r e e t s  
Rolls 
Polygollnl open cells 

St.rongly convcc:ti\rt: open  cel  I S  
B r i g h t  closed ce l  Is 
N i mbo s I r ;I t II s 
A I  tocumulus 
A I  1,ociimulns w i t h  c u m u l u s  
Altocumulus w i t h  stratocumulus 
T h i n  c i r r u s  
Multilayers w i t h  c i r rus  
! h i t  iI:iyc!rs w i t h  c.iimiilonlml~us 
Iknse c i ~ r o s  t rii tils 
Ovt!l.c:;ist ciiniii 1on iml )us  

The region of i n t e r e s t  is between 25-50 N 
and 55-80 W .  We s t u d i e d  t h e  winter  season. 
Marine d a t a  f o r  January-February 1984 and Janu- 
ary t o  March 1986 were used t o  ge t  c l lmatologi-  
c a l  maps. The raw f i e l d s ,  obtained from 91235 
observat ions of temperature and 42250 observa- 
t i o n s  of dew point  depression,  were smoothed by 
applying two passes  of median f i l t e r i n g .  We 
show i n  Fig.  1 t h e  mean temperature ,  T ,  and t h e  
s tandard  devia t ion  of the  observa t ions  about 
t h a t  mean, S(T) .  Fig.  2 shows t h e  slmilar maps 
f o r  dew point  depress ion ,  6ii - T, and f o r  
S(DD). These maps a r e  devided from data a t  a l l  
hours. For a p p l i c a t i o n  a t  18 GMT, t h e  time Of 
sa t e l l i t e  observa t ions ,  we found t h a t  a p o s i t i v e  
b i a s  of 0.8 K should be added t o  t h e  temperature 
map of Fig.  1 a. 

3. SATELLITE IMAGES 

Over t h e  domaln of i n t e r e s t ,  we had 
almost a l l  images a t  18 CMT f o r  January and 
February 1984. The cloud f i e l d s  were c l a s s i f i e d  
a t  t h e  s c a l e  of 128 x 128 km. The center  of the  
cloud f i e l d s  and t h e  s u r f a c e  observa t ions  were 
col loca ted  with accuracy b e t t e r  than 10 km. 
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a )  DD 

Fig. 1 a )  Mean a ir  temperature (K) i n  winter; 

b )  Natural standard deviation (K) of a i r  
temperature about the local  mean. 

Fig .  2 a )  Mean dew point depression (K) i n  
winter; 

b )  Natural standard deviation of dew 
point depression (K) about the looal 
mean. 
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4. RESULTS 

Using the subscript  r t o  ind ica te  a 
r e t r i eva l  and c t o  indicate the loca l  climato- 
logy, the r e t r i eva l s  a r e  s i m p l y  of the form: 

Tr = aTc + b 

DDr - DDc + d 

( 1  1 

( 2 )  

w i t h  a ,  b and d varying w i t h  cloud Class; these 
Parameters a re  l i s t e d  i n  Table 2. The mean a i r -  
sea temperature difference is a l so  l i s t e d ,  a 
quantity of i n t e re s t  since it is d i r ec t ly  pro- 
portional t o  be sensible heat f lux .  The average 
sens ib le  heat f lux  over the domain was about 40 
W/ma,  b u t  four times la rger  i n  classes 8 and 10 
(Garand, 1986). The r e t r i eva l  and ClimatOlO- 
g ica l  s t a t i s t i c s  a re  shown i n  Table 3 fo r  the 
a i r  temperature and i n  Table 4 fo r  dew point 
depression. The mean r e l a t ive  humid i ty ,  R, is 
a l so  l i s t e d .  

Table 2 shows tha t  for  most c lasses ,  the 
r e t r i eva l  simply cons is t s  i n  removing a c lass  
ClimatOlOgiCal bias since the slope is  u n i t y .  
For c l a s s e s  7 ,  8 and 10 however, Tr is best ob- 
tained w i t h  a slope d i f fe ren t  than u n i t y .  Fig. 
3 shows the  observa t ions  T a s  a function of Tc 
for  classes 7 and 8. The plot implies tha t  
s t r o n g e r  anomalies a re  found w i t h  decreasing T 
i . e .  north of the domain. We note tha t  clou8 
S t r ee t s  a r e  observed i n  the subtropics even w i t h  
T equal or  even warmer than Tc. The s t r e e t s  i n  
these cases seem t o  be the r e s u l t  of mechanical 
alignment of the small cumuli with the ambient 
wind speed d i rec t ion .  Rolls, on the contrary 
(and the strongly convective open c e l l s  of c lass  
10 a s  well) occur almost exclusively i n  major 
cold a i r  outbreaks. I t  is the f irst  time tha t  
r e s u l t s  such a s  those of Fig. 3 a r e  reported 
from machine c lass i f ica t ion .  

The va lues  of s ( T ~ )  and S(DDc) i n  Tables 
3-4 represent the rms er ror  tha t  would be 
encountered from using a climatological esti- 
mate. The usefulness of the r e t r i e v a l s  can be 
appreciated from comparing these values with 
t hose  S (Tr )  and S(DD ).  We propose the follow- 
ing c r i t e r i a  of usefuLess:  

a )  For T: S(Tr)<2.5 K .  
b )  For DD:  S(DDc)-S(DDr))0.2 K and S(DDr)<2.4 K. 

S(Tc) - S(Tr) W.5 K or 

Accepting these c r i t e r i a ,  qua l i ty  temper- 
a ture  r e t r i eva l s  a r e  expected from the recogni- 
t ion  of classes 4, 6-10, about 1 1 %  of the t o t a l  
data.  The temperature r e t r i e v a l s  a r e  successful 
mostly for  MCC pat te rns  because these f i e l d s  a re  
associated w i t h  a la rge  negative temperature 
anomaly. I n  the case of c lass  6, the c l a s s i f i -  
cation is useful not because a la rge  anomaly is 
found, b u t  because a low natural  variance is 

found (provided t h i s  would hold t rue  w i t h  a 
l a r g e r  d a t a  s e t ) .  For DD,, success is obtained 
for  classes 2, 7 ,  9, 12, 18-20 or 39% of the 
time. The r e t r i eva l s  a re  successful for  classes 
associated w i t h  H < 68% or H > 80%. Direct 
methods of remote sensing of surface humid i ty ,  
such a s  the split-window technique of Chesters 
e t  a l .  (19841, work only i n  c lear  a i r .  The 
proposed method, although indi rec t ,  s ign i f i -  
cantly increases the a rea l  coverage of qua l i ty  
r e t r i eva l s  . 

Table 2. Parameters of Eqs.  (1)  and (2) and 
mean air-sea temperature difference for  each 
c l a s s .  

Class 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Table 

a(K") b(K) 

1.0 0.0 
1 . o  0.9 
1 . o  0.9 
1 . o  -3.1 
1.0 0.2 
1.0 -0.2 
1.250 -75.0 
1.140 -44.4 
1.0 -2.5 
1.143 -46.3 
1.0 -0.6 
1 . o  -1.4 
1.0 -0.8 
1.0 0.2 
1 .o -0.1 
1 . o  1.2 
1 . o  1.1 
1 .o  0.0 
1.0 1.3 
1 .o  0.8 

-1.7 1.3 
-0.4 -0.9 
-1.2 1.0 
-5.2 0.0 
-1.3 0.7 
-1 . a  1.1 
-4.5 2.0 
-7.3 0.8 
-4.1 1.5 
-8.0 0.6 
-3.0 0.5 
-4.1 -0.7 
-3.1 1.3 
-1.8 -0.2 
-2.3 0.3 
-0.8 0.8 
-1.1 0.3 
-2.5 -3.1 

' -1.0 -1.3 
-1.9 -1.9 

3 .  Air temperature r e t r i eva l  and 
climatological rms er ror  (K) fo r  each cloud 
c l a s s .  N :  number of samples. 

Class N 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

108 
54 
213 
6 

103 
22 
71 
64 
28 
29 
114 
130 
76 
64 
59 
125 
224 
290 
57 
180 

2.9 
3.3 
2.9 
1.8 
3.1 
1.9 
2.8 
2.8 
2.4 
2.4 
3.7 
3.7 
3.7 
3.6 
3.5 
2.7 
3.3 
3.7 
2.9 
4.0 

2.9 
3.5 
2.9 
4.0 
3.1 
1.9 
3.9 
5.2 
3.6 
5.7 
3.8 
3.8 
3.7 
3.6 
3.5 
3.1 
3.6 
3.7 
3.3 
4.1 
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k! 
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v 

280. 

270. 

2 6 0 .  
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2 6 0 .  270. ZEO.  2 9 0 .  300. 310. 

T, (K) 

Fig. 3 Observed air temperature, T, as a 
function of local climatological 
temperature, Tc, for class 7 (a) and 
for class 8 (b). The regression line 
of Eq. ( 1  1 and the line T = Tc are 
drawn. 

Table 4. Dew point depression retrieval and 
climatological statistics (K) for each cloud 
class. H: mean relative humidity ( % ) ,  

- 
Class N H 6 S(DD,) S(DDr) 

1 72 
2 32 
3 148 
4 5 
5 76 
6 20 
7 47 
8 38 
9 24 
10 23 
11 86 
12 88 
13 56 
14 46 
15 42 
16 92 
17 176 
18 189 
19 44 
20 130 

69.0 
85.4 
72.4 
75.7 
72.6 
71.7 
64.5 
71.7 
67.8 
71.0 
73.5 
81.7 
70.9 
77.2 
73.9 
74.1 
76.0 
83.5 
82.8 
86.4 

5.9 2.9 2.5 
2.5 2.5 2.3 
5.3 2.7 2.6 
4.0 2.1 2.1 
5.1 2.3 2.2 
5.4 2.7 2.5 
6.8 3.3 2.3 
5.1 2.7 2.5 
6.1 2.5 2.1 
5.3 2.4 2.2 
4.7 2.4 2.3 
3.1 2.0 1.8 
5.4 2.7 2.4 
4.3 2.5 2.5 
4.8 2.7 2.6 
4.9 2.8 2.7 
4.5 2.6 2.6 
2.9 2.6 2.3 
3.1 2.5 2.1 
2.5 2.5 1.9 

Table 5. Retrieval. and trial fields statistics 
of surface air temperature and dew point 
depression (K) near Sable Island. Retrieval 
statistics shown for all cloud classes and for 
the selected classes for which retrievals are 
known to be most successPu1. 

Retreivals Trial 

Classes all select all 
************ ***** 

(T) 204 17 180 
275.5 273.0 271.9 T 

S(Tr). S(Tf) 4.2 2.8 1.4 
-0.4 -0.9 -0.6 Bias Tr , Tf 

N_ (DD) 176 80 180 
DD 2.6 1.7 2.9 
S(DD) 2.0 1.6 1.7 
S(DDr), S(DDf) 1.8 1.2 2.3 
Bias DDr , DDf -0.1 0.0 -0.7 

- 
S(T) 4.4 5.4 3.9 
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5. IMPACT ON NUMERICAL WEATHER PREDICTION 

The a n a l y s i s  scheme (Rutherford,  1974) of 
t h e  Canadian Meteorological Center (CMC) is 
based on a " t r ia l"  f i e l d  which is a 6-hour fore-  
Cast t o  be modified by new da ta  where a v a i l a b l e .  
I n  order  t o  eva lua te  t h e  p o t e n t i a l  impact On 
Operat ional  ana lyses  f o r  weather p r e d i c t i o n ,  we 
have compared t h e  e r r o r  s t a t i s t i c s  of t h e  t r i a l  
f i e l d s  w i t h  those of the  r e t r i e v a l s  a t  Sable  
I s l a n d .  The t r i a l  f i e l d s  o f l a n d  DD a t  1000 mb 
Were compared w i t h  t h e  observa t ions  (twice d a i l y  
radiosondes)  f o r  t h e  three-month per iod December 
1986 t o  Februa ry  1987. The year is d i f f e r e n t  
than t h a t  of our s a t e l l i t e  d a t a  b u t  t h e  season 
is again winter .  The s a t e l l i t e  r e t r i e v a l  sta- 
t i s t i c s  were c o l l e c t e d  up t o  300 km away from 
Sable  I s l a n d  i n  order  t o  ge t  a s i m i l a r  number of 
cases .  The r e s u l t s  a r e  shown i n  Table  5. The 
s u b s c r i p t  f refers t o  t h e  6-hour f o r e c a s t s  t r i a l  
f i e lds .  Over a l l  c l a s s e s ,  t h e  e r r o r  reduct ion  
of the  r e t r i e v a l s  is, as expected, modest, -0.2 
K rms, but f o r  t h e  s e l e c t e d  c l a s s e s  where 
r e t r i e v a l s  a r e  most s u c c e s s f u l ,  t h e  reduct ion  is 
s i g n i f i c a n t ,  2.6 K rms f o r  [S(T - S ( T r ) ]  and 
0 .4  K rms f o r  [ s ( D D ~ )  - S(DDr)q.  I t  a p p e a r s  
c l e a r  t h a t  t h e  t r i a l  f i e l d s  were e x c e l l e n t  f o r  
t h e  a i r  t e m p e r a t u r e ,  w i t h  S ( T f )  Q 1 . 4  K ,  but 
they were of marginal q u a l i t y  f o r  dew point  
d e p r e s s i o n ,  w i t h  S ( D D ~ )  2 .3  K .  Because of 
t ha t  and because t h e  percentage of u s e f u l  
r e t r i e v a l s  is h i g h e r  f o r  DD, t h a n  f o r  T r ,  we 
conclude t h a t  a p o s i t i v e  impact on NWP is more 
l i k e l y  t o  r e s u l t  from humidity r e t r i e v a l s  than 
from t h e  temperature  r e t r i e v a l s .  This  result 
should hold elsewhere a s  well because i t  is 
related t o  t h e  f a c t  t h a t  the  a u t o c o r r e l a t i o n  of 
humidity decreases  with h o r i z o n t a l  d i s t a n c e  much 
f a s t e r  than t h e  a u t o c o r r e l a t i o n  of temperature. 

6. CONCLUSION 

We have evaluated t h e  p o t e n t i a l  of objec- 
t i v e  cloud c l a s s i f i c a t i o n  as a means t o  i n f e r  
surface a i r  temperature and humidity. The 
temperature  r e t r i e v a l s  a r e  usefu l  mostly f o r  
mesoscale c e l l u l a r  p a t t e r n s  because a l a r g e  
temperature  anomaly is assoc ia ted  w i t h  t h e s e  
Cloud p a t t e r n s .  This  is the  f i r s t  time t h a t  
t h i s  known phenomenon is assessed from machine 
c l a s s i f i c a t i o n .  The h u m i d i t y  r e t r i e v a l s  are 
found usefu l  f o r  cloud c l a s s e s  a s s o c i a t e d  w i t h  a 
mean r e l a t i v e  humidity lower than 68% o r  higher  
than 80%. Because t h e  frequency Of usefu l  
retrievals is higher  f o r  t h e  h u m i d i t y  v a r i a b l e  
than f o r  t h e  a i r  temperature and because t h e  
t r i a l  f i e l d s  of a i r  temperature  obtained from 
convent ional  d a t a  are a l ready  q u i t e  good, a 
s i g n i f i c a n t  impact on numerical weather predic- 
t i o n  is more l i k e l y  t o  result from the  humidity 
r e t r i e v a l s  than from t h e  temperature  r e t r i e v a l s .  
A l o g i c a l  next s t e p  would be t o  ge t  mean 
observed humidity p r o f i l e s  assoc ia ted  w i t h  each 
class,  thus  extending t o  t h e  e n t i r e  column t h e  
a p p l i c a b i l i t y  of t h e  technique. These p r o f i l e s  
Could be  used a s  such,  f o r  t h e  appropr ia te  

c l a s s e s ,  o r  se rve  t o  c o n s t r a i n  t h e  s o l u t i o n  of 
physical  methods of sounding based on the inver-  
s i o n  of t h e  r a d i a t i v e  t r a n s f e r  equation. 
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3 . 2  

DETERMINATION OF SURFACE AND ATMOSPHERIC PARAMETERS U S I N G  THE ADVANCED 
MICROWAVE SOUNDING U N I T  
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1. INTRODUCTION 

I n  r e c e n t  years t h e r e  has been an 
increased emphasis by t h e  Na t iona l  Oceanic and 
Atmospheric A d m i n i s t r a t i o n  (NOAA) i n  t h e  use o f  
microwave sensors f o r  p r o v i d i n g  atmospheric 
soundings o f  temperature and water vapor as w e l l  
as su r face  products  f rom p o l a r  o r b i t i n g  
s a t e l l i t e s .  As p a r t  o f  t h i s  new i n i t i a t i v e  a 
l a r g e  development e f f o r t  i s  underway t o  improve 
t h e  c u r r e n t  o p e r a t i o n a l  sounding system c a l l e d  
t h e  L i r o s  Operat ional  V e r t i c a l  Sounder (TOVS) 
which c o n s i s t s  o f  t h r e e  separate inst ruments:  
(1) t h e  High Reso lu t i on  Sounder (HIRS), a 
20-channel i n f r a r e d  radiometer; (2 )  t h e  Microwave 
Sounding U n i t  (MSU), a 4-channel pass ive r a d i o -  
meter i n  t h e  50 - 58 GHz reg ion ;  and (3 )  t h e  
S t r a t o s p h e r i c  Sounding U n i t  (SSU), a 3-channel 
i n f r a r e d  inst rument  designed t o  sense t h e  h ighes t  
p a r t  o f  t h e  atmosphere. The SSU was developed by 
t h e  B r i t i s h  Me teo ro log i ca l  O f f i c e  as p a r t  of an 
i n t e r n a t i o n a l ,  coopera t i ve  program. 

A major d e f i c i e n c y  o f  t h e  TOVS system i s  
t h e  r e l a t i v e l y  poor q u a l i t y  temperature soundings 
produced i n  c loudy areas. I n  t h e  c l e a r  areas, 
major emphasis i s  p laced on t h e  H I R S  inst rument ,  
which con ta ins  t h e  most channels and has a spa- 
t i a l  r e s o l u t i o n  o f  about 10 km compared t o  t h e  
110 km r e s o l u t i o n  o f  t h e  MSU a t  nad i r .  However, 
temperature soundings i n  c loudy c o n d i t i o n s  a re  
based p r i m a r i l y  on t h e  MSU, which has i n s u f -  
f i c i e n t  channels and poor s p a t i a l  r e s o l u t i o n .  
T h i s  can r e s u l t  i n  l e s s  accurate r e t r i e v a l s  by 
as much as 20 percent  near t h e  su r face  compared 
t o  t h e  c l e a r  soundings. The degradat ions i n  
accuracy and s p a t i a l  r e s o l u t i o n  a re  o f  immediate 
concern by t h e  user community s i n c e  t h e  q u a l i t y  
i s  reduced i n  t h e  most m e t e o r o l o g i c a l l y  s i g n i -  
f i c a n t  (c loudy)  areas. 

The f o u r  channel 110 km r e s o l u t i o n  MSU 
ins t rumen t  i s  based on our  i n i t i a l  understanding 
o f  t h e  l a s t  decade and s h a l l  be upgraded w i t h  
more channels and h ighe r  s p a t i a l  r e s o l u t i o n  t o  
g a i n  t h e  f u l l  advantage of microwaves f o r  
p r o v i d i n g  accurate soundings throughout  cloud- 
s h i e l d e d  areas. I n  a concer ted e f f o r t  over t h e  
l a s t  few yea rs  i n d i v i d u a l s  f rom bo th  t h e  sc ien-  
t i f i c  and user c o m u n i t y  have con fe r red  i n  
a r r i v i n g  a t  a s p e c i f i c a t i o n  f o r  an Advanced 
Microwave Sounding U n i t  (AMSU) t o  r e p l a c e  t h e  MSU 
as w e l l  as t h e  SSU f o r  NOAA-K and beyond. O f  
g r e a t e s t  s i g n i f i c a n c e  w i l l  be t h e  accurate, h i g h  
r e s o l u t i o n  temperature soundings d e r i v e d  i n  
c r i t i c a l  me teo ro log i ca l  areas. To meet t h e  

present  and f u t u r e  needs o f  an expanded community 
t h i s  inst rument  w i l l  a l s o  p r o v i d e  p r e c i p i t a t i o n  
measurements, humid i t y  data and su r face  observa- 
t i o n s .  

The Advanced Microwave Sounding U n i t  
(AMSU) inst rument  i s  a 20-channel t o t a l  power 
power rad iometer  system d i v i d e d  i n t o  two com- 
ponents, a 15-channel u n i t  p rov ided  by t h e  
Un i ted  S ta tes  (AMSU-A) and a 5-channel u n i t  t o  be 
prov ided by t h e  B r i t i s h  Me teo ro log i ca l  O f f i c e  
(AMSU-B). Tables 1 and 2 l i s t  t h e  channel 
s p e c i f i c a t i o n s  f o r  t h e  two modules. Both u n i t s  
con ta in  antennas which scan across t h e  s a t e l l i t e  
t r a c k  by 47.8 degrees. For  each module t h e  
d i f f e r e n t  channels a re  obta ined us ing  p o l a r i z a -  
t i o n  separa t i on  as w e l l  as va r ious  stages o f  
f i l t e r i n g .  Although t h e  p o l a r i z a t i o n  vector  
r o t a t e s  w i t h  scan angle, t h e  most t ransparen t  
channels (1-4, 15-17, 20) which sense t h e  surface, 
a r e  chosen t o  have t h e  same p o l a r i z a t i o n  com- 
ponents. From an o r b i t a l  a l t i t u d e  o f  825 km t h e  
s p a t i a l  r e s o l u t i o n  ( h a l f  power) i s  50 km a t  n a d i r  
f o r  AMSU-A and 15 km f o r  t h e  B module. 

Table I t  AMBO-A Channal Spwolflcatlona 

Channal Cantor Number Bandwidth Canter NED7 
Nu8b.r Crwquency of Pas. (MHz) Qrequwnoy (K) 

(GHz) Band. Stab1 1 I t y  
(nnz) 

I 23. 8 ,  
2 31.40 
3 50.3~1 
4 52.130 
5 53.59 t 0.1 
6 54.40 
7 54.94 

9 57.29 - l o  
0 55.w 

ie t o  t 0.217 
1 1  io t e . 3 ~  
12 fo t e.322 

I5 o9.w 

13 lo f 0.322 
1 4  lo t 0.322 

I 
I 
I 
I 

1 I5 2 
I 
I 
1 
I 
2 

t 0.~48 4 
t 0.e22 4 
t e.010 4 
t e.e.4 4 

1 

2-18 
I ae 
401 
I 7e 
4ee 
400 

33. 

180 

330 

78 
36 
16 
0 
3 
6000 

io e.30 
le 0. 30 
IO e .4e  
5 e.20 
5 e.25 
5 e. 25 

ie 0.25 
0 .5  e.25 
e.5 e .25  
0 .5  e.4e 
0.5 e .4e  

e .5  0.81 

50 e.50 

e.5 0.60 

0 .5  1.10 

Tablo 2: 

Channel Centwr 
Numbwr Praquency 

(cnz) 

16 09.01 
17 157.m 
le 183.31 t 1 . 0  
19 103.31 t 3 . 0  
20 183.31 t 7.0 

AMSU-B Channwl Speclflcatlon~ 

Numbwr Sandwldth Center NCOT 
of Pass (MHz) Qrequancy CK> 
Bands BtabllIt? 

(nnz) 

I 5e z.ee 
I 4011 so 2.w 
2 ieoo 3e 2 . o ~  
2 3e 2.00 
2 w e e  30 z.ee 

6 ~ 0  

20ee 
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Note t h a t  many o f  t h e  channels con ta in  
more than one pass band. 
channels 11 through 14 are symmet r i ca l l y  
d i sp laced  about t h e  11- and 13-oxygen l i n e s  and 
channels 18 through 20 a re  centered about t h e  
183.31 GHz water vapor l i n e .  Th is  i s  done t o  
improve t h e  thermal no i se  (NEDT) as w e l l  as t h e  
frequency s t a b i l i t y  o f  t h e  measurements. The 
l o c a t i o n  o f  these frequencies r e l a t i v e  t o  t h e  
atmospheric abso rp t i on  spectrum i s  shown i n  f i g .  
1. Th is  f i g u r e  was reproduced f rom a NASA Ear th  
Observing System Report (Vol .  I I e )  which descr ibes 
t h e  AMSU inst rument .  
oxygen and water vapor, where t h e  t o t a l  absorp- 
t i o n  i s  g iven by t h e  sum o f  t h e  two c o n s t i t u e n t s  
f o r  c l e a r  atmospheres. The oxygen channels 
(3-14) a r e  used f o r  d e r i v i n g  temperature p r o f i l e s  
(soundings) w h i l e  t h e  water vapor channels (1, 
17-20) p r o v i d e  humid i t y  p r o f i l e s .  Surface i n f o r -  
mat ion and p r e c i p i t a t i o n  data i s  obta ined us ing  
t h e  "window11 channels 2, 15 and 16 which l i e  i n  
t h e  v a l l e y s  between t h e  oxygen and water vapor 
reg ions.  

The pass bands f o r  

Shown i s  t h e  o p a c i t y  due t o  

' " 'WINCI IO*, 

F i g .  1. Oxygen and water vapor abso rp t i  
spec t ra  and l o c a t i o n  o f  AMSU channels. 

on 

Th is  d e s c r i p t i o n  i s  somewhat over- 
s i m p l i f i e d  i n  t h a t  i t  i s  o f t e n  necessary t o  
combine channels f rom d i f f e r e n t  spec t ra l  reg ions  
i n  determin ing t h e  va r ious  geophysical parameters. 
As discussed below, i n  o b t a i n i n g  temperature 
p r o f i l e s  t h e  window channels a re  used t o  c o r r e c t  
t h e  oxygen channel measurements f o r  su r face  
ef fects .  Also, i n  o b t a i n i n g  humid i t y  p r o f i l e s  
us ing  t h e  water vapor channels, t h e  oxygen 
channels a re  used t o  remove t h e  temperature 
c o n t r i b u t i o n  i n  t h e  water vapor channel measure- 
ments (Kakar and Lambrigsten, 1984). The i n t e r -  
r e l a t i o n s h i p  among t h e  va r ious  channels i s  
summarized i n  Table 3. L i s t e d  are t h e  va r ious  
geophysical parameters and t h e  AMSU channels 
which a re  impor tan t  i n  d e r i v i n g  t h e  parameters. 
The most impor tan t  channels are i n d i c a t e d  by t h e  
l e t t e r  "I", w h i l e  t h e  suppor t i ve  channels a re  
denoted by t h e  symbol I1*l1. 

Table 3.  ANSU Channel Character lat ic .  

GEOPHYSICAL PARAMETERS 

Teap*ratur* Prof I I e  

Hualdlty P r o f l l e  (Ocean) 
Humldlty P r o f l l e  (Land) 

Cloud Water (Ocean) 
Uater  Vapor COcean~ 

Raln (Ocean) 
Raln (Land) 

Bnou Cover 

Sea IC. Extent and TIP. 

ANSU-A CHANNELS 

I 0 3-14 I5 

* *  I * 
1 1  I 

I 

1 1  
1 1  

* I  * I 
1 1  * I 

I 1  * * 
I 1  * * 

finsu-8 CHANNELS 

I6 17 18-20 

* * I  
1 1 1  

I n  t h i s  s h o r t  paper i t  i s  n o t  poss ib le  t o  
adequately descr ibe t h e  a lgo r i t hms  used i n  
d e r i v i n g  a l l  t h e  geopohysical q u a n t i t i e s .  
However, as an example o f  how t h e  va r ious  chan- 
n e l s  are used, t h e  procedures f o r  o b t a i n i n g  
temperature p r o f i l e s  and su r face  products  are 
out1 i ned  below. 

2. TEMPERATURE SOUNDING APPLICATION 

The AMSU-A module was p r i m a r i l y  designed 
t o  p rov ide  g loba l  temperature soundings as i n p u t s  
t o  numerical ana lys i s  and f o r e c a s t  models. As 
such i t  con ta ins  twelve channels w i t h i n  t h e  50 - 
60 GHz oxygen band whose b r igh tness  temperature 
measurements, Tb(V), represent  t h e  v e r t i c a l l y  
i n t e g r a t e d  temperature p r o f i l e ,  T (p ) .  Based on 
t h e  r a d i a t i v e  t r a n s f e r  equat ion f o r  a s c a t t e r  
f r e e  atmosphere above a specular surface, t h e  
r e 1  a t i o n s h i  p becomes: 

The d e r i v a t i v e  term, -dSv(p)/dlnp, i n  
eq . ( l a )  i s  c a l l e d  t h e  temperature we igh t i ng  
f u n c t i o n .  For t h e  oxygen channels t h e  we igh t i ng  
f u n c t i o n s  have a unique d i s t r i b u t i o n  w i t h  pressure 
depending on t h e  channel frequency, I' , and l o c a l  
z e n i t h  angle, +. 
we igh t i ng  f u n c t i o n  i s  de f i ned  by t h e  t r a n s m i t t a n c e  
f u n c t i o n ,  
t i a l  absorpt lon (main ly .due t o  oxygen) a long t h e  
v e r t i c a l  path beginning a t  t h e  s a t e l l i t e  l e v e l  
and t e r m i n a t i n g . a t  pressure p. F i g u r e  2 shows 
the  gaussian shaped we igh t i ng  f u n c t i o n s  f o r  
channels 3 through 14. The c a l c u l a t i o n s  were 
performed f o r  t h e  n a d i r  v iewing p o s i t i o n  and a 
su r face  e m i s s i v i t y ,  E S ,  o f  u n i t y  ( rep resen t ing  
d r y  l and ) .  
f u n c t i o n s  a re  e levated.  The pressure l e v e l  
where t h e  we igh t i ng  func t i ons  eak i s  reduced by 
an amount n e a r l y  equal t o &  Since t h e  
z e n i t h  angles a re  known f o r  t h e  d i f f e r e n t  beam 
p o s i t i o n s  t h e  " l imb  e f f e c t "  i s  r e a d i l y  accounted 
f o r  when process ing t h e  data. 

The frequency dependence o f  t h e  

i n  eq . ( l b )  which i s  t h e  exponen- 

Fo r  o f f - n a d i r  v iewing t h e  we igh t i ng  

F i g .  2. Weighting f u n c t i o n s  f o r  AMSU oxygen 
channels. 
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The l a r g e s t  u n c e r t a i n t y  i n  t h e  we igh t i ng  
f u n c t i o n s  occur f o r  t h e  lower  sensing channels 3, 
4, and 5, whose measurements a r e  a f f e c t e d  by t h e  
v a r i a t i o n s  i n  t h e  su r face  e m i s s i v i t y  and su r face  
pressure, Ps, over land. Th is  i s  i n  c o n t r a s t  t o  
t h e  more un i fo rm sea su r face  whose e m i s s i v i t y  
( ~ 0 . 5 )  i s  u s u a l l y  cons idered t o  be a known func  
t i o n  o f  su r face  temperature, Ts, and l o c a l  z e n i t h  
angle. Procedures f o r  o b t a i n i n g  su r face  co r rec -  
t i o n s  over l a n d  have been developed f o r  t h e  
Specia l  Sensor Microwave Temperature (SSM/T)  
sounder on t h e  Block 50 OMSP (Defense Meteorolo- 
g i c a l  S a t e l l i t e  Program) s a t e l l i t e s  and a re  
a p p l i c a b l e  t o  t h e  AMSU channels. 
s h a l l  be descr ibed i n  t h e  next  sect ion.  

( l a ) ,  a pseudoinverse r e l a t i o n s h i p  e x i s t s  
between T(p)  and Tb(v). 
by c o r r e l a t i n g  t h e  temperature a t  d i f f e r e n t  
pressure l e v e l s  w i t h  b r i gh tness  temperatures a t  
d i f f e r e n t  f requencies.  Using a l e a s t  squares 
e r r o r  c r i t e r i a  t h e  s o l u t i o n  can be w r i t t e n  as 

The a l g o r i t h m  

Based on t h e  r a d i a t i v e  t r a n s f e r  equat ion 

The s o l u t i o n  i s  ob ta ined  

i s  approx imate ly  T ~ ( P ~ ) ~ ~ ~ ~ ~ .  A l l  t h r e e  
q u a n t i t i e s  (G, H, K )  a r e  obta ined f rom simula- 
t i o n s  and depend on t h e  channel frequency and 
l o c a l  z e n i t h  angle. I n  app ly ing  (31, t h e  e leva-  
t i o n  i n f o r m a t i o n  i s  obta ined f rom a f i x e d  data 
base w h i l e  t h e  su r face  emission a t  50 GHz i s  
determined us ing  t h e  most t ransparen t  channels 1 
and 2, and p o s s i b l y  channel 3. However, most o f  
t h e  su r face  i n f o r m a t i o n  i s  obta ined f rom t h e  two 
lowest  frequency channels s ince  they  a re  l e a s t  
a f f e c t e d  by t h e  atmosphere, i.e., 

( 4 )  

where t h e  c o e f f i c i e n t s ,  bn, a re  obta ined f rom 
s imu la t i ons .  Equat ion (4 )  i s  based on t h e  f a c t  
t h a t  f o r  many sur faces t h e  e m i s s i v i t y  v a r i e s  
mono ton ica l l y  w i t h  f requency so t h a t  t h e  emiss i -  
v i t y  a t  50 GHz can be de r i ved  f rom t h e  two lower 
frequency measurements. Th is  e m i s s i v i t y  charac- 
t e r i s t i c  i s  i l l u s t a t e d  i n  F i g u r e  3, where t h e  
curves a re  based on measurements f o r  snow and i c e  
sur faces and model c a l c u l a t i o n s  f o r  water and wet 
land. The a p p l i c a t i o n  of the,window c h a n n e l s - t o  
c o r r e c t  t h e  oxygen channels w i l l  be t e s t e d  us ing  
data f rom t h e  SSM/T and SSM/ I  ins t ruments aboard 
t h e  r e c e n t l y  launched OMSP s a t e l l i t e .  

where ?(p)  i s  t h e  est imated ( r e t r i e v e d )  tem- 
perature,  and an a r e  t h e  reg ress ion  c o e f f i c i e n t s  
based on t h e  s t a t i s t i c a l  c o r r e l a t i o n  between 
temperatures and t h e  "No' br igh tness  temperature 
measurements. The c o e f f i c e n t s  can be obta ined 
f rom s i m u l a t i o n s  us ing  an h i s t o r i c a l  data base 
c o n s i s t i n g  o f  rad iosonde p r o f i l e s  and b r igh tness  
temperatures computed us ing  (1). The data sample 
a l s o  p rov ides  t h e  a - p r i o r i  mean temperature T (p )  
and mean b r igh tness  temperatures Tb(Y). 
n a t i v e l y ,  t h e  c o e f f i c i e n t s  and a - p r i o r i  mean 
values can be ob ta ined  us ing  ac tua l  b r i gh tness  

rad iosonde data. 
t e s t e d  u s i n g  SSM/T data and show s i m i l a r  r e s u l t s .  

my LPM). N Y  ICE 

A l t e r -  

temperature measurements and c o i n c i d e n t  5 0.6- 

Both techniques have been 

2.1 Surface Cor rec t i ons  

As mentioned above, i n  us ing  t h e  oxygen 
channels f o r  d e r i v i n g  temperature p r o f i l e s  i t  i s  
necessary t o  c o r r e c t  t h e  more t ransparen t  channels 
( V  <54 GHz) f o r  su r face  e m i s s i v i t y  and e l e v a t i o n  
e f f e c t s .  For  channel 3, t h e  su r face  c o n t r i b u t i o n  
i s  about 70 percent  (i.e., ( P s ) 4 . 7 ) ,  so t h a t  
i t  i s  considered a "window" channel and n o t  used 
as a temperature p r e d i c t o r  i n  (2). The two lower 
sounding channels 4 and 5 r e c e i v e  about 30 percent  
and 10 percent  o f  i t s  s i g n a l  f rom t h e  sur face,  
r e s p e c t i v e l y ,  and can be approx imate ly  c o r r e c t e d  
f o r .  Also, except f o r  areas o f  h igh  e l e v a t i o n  
(>3 km) channel 6 con ta ins  a n e g l i g i b l e  su r face  
c o n t r i b u t i o n .  

The b r igh tness  temperature measurements, 
Tb, can be ad jus ted  t? sea l e v e l  pressure w i t h  an 
e m i s s i v i t y  o f  zero, T , us ing  an a l g o r i t h m  
developed o r i g i n a l l y  !or t h e  SSM/T sounder 
(Rigone and Stogryn, 1977; Grody e t  al. ,  1985); 

2. 2 .  1 Median F i l t e r  Approach 
Tb = Tb + G(h) + CH(h) + K 1  esTs. ( 3 )  

Over land, sharp decreases i n  t h e  h o r i -  
where t h e  e l e v a t i o n  dependence i s  conta ined i n  zon ta l  b r i gh tness  temperature f i e l d  f o r  channels 
t h e  G and H terms which a re  q u a d r a t i c  f u n c t i o n s  4, 5 and 6 are  used t o  l o c a t e  r a i n f a l l .  Th i s  i s  
of e l e v a t i o n  he igh t ,  h. The su r face  e m i s s i v i t y  accomplished us ing  a "median f i l t e r "  technique 
c o r r e c t i o n  i s  g iven by t h e  term K-esTs where K (Nappi e t  a1 . , 1986). The median values a re  com- 

puted a t  each obse rva t i on  p o i n t  us ing  a minimum 

F ig .  3. Sur face e m i s s i v i t y  a t  n a d i r  as a 
f u n c t i o n  o f  f requency f o r  water, wet and d r y  
land, snow (me l t i ng ,  d r y  and r e f r o z e n )  and sea 
i c e  (new, second year  ( S Y ) ,  m u l t i y e a r  ( M Y ) ) .  

2.2 P r e c i p i t a t i o n  E d i t i n g  

It has been demonstrated t h a t  t h e  
sounding channels appear una f fec ted  by non- 
p r e c i p i t a t i n g  clouds (e.g., Grody, 1983). 
However, p r e c i p i t a t i o n  i s  composed o f  l a r g e  water 
d r o p l e t s  and i c e  p a r t i c l e s  which a t tenua te  and 
s c a t t e r  t h e  u p w e l l i n g  microwave r a d i a t i o n .  
lower sounding channels 4, 5 and 6 r e q u i r e  
adjustments f o r  these e f f e c t s .  
methods a re  a v a i l a b l e .  

The 

Two d i f f e r e n t  
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o f  e i g h t  surrounding measurements. D i f f e rence  
values (observed minus median) exceeding 1K 
i d e n t i f y  p r e c i p i t a t i o n .  Observations a f fec ted  by 
p r e c i p i t a t i o n  can then be rep laced by an i n t e r -  
p o l a t e d  value. 
i s  necessary f o r  t h e  b r igh tness  temperatures t o  
be angle co r rec ted .  E m i s s i v i t y  c o r r e c t i o n s  may 
a l s o  be necessary f o r  channel 4 al though t h e  
e f f e c t s  o f  e m i s s i v i t y  on t h e  f i l t e r  technique 
a re  most pronounced over oceans. 

U n l i k e  land, t h e  lower e m i s s i v i t y  f o r  
water can cause t h e  b r igh tness  temperature i n  
P r e c i p i t a t i n g  reg ions  t o  be g rea te r  than i n  r a i n  
f ree  areas. Th is  o n l y  occurs f o r  channel 4 ,  
which i s  t ransparen t  enough t o  r e s u l t  i n  an 
increase i n  t h e  measurements f o r  low l e v e l  S t ra -  
t i f o rm r a i n ,  whereas convec t i ve  p r e c i p i t a t i o n  
r e s u l t s  i n  a decrease i n  b r i gh tness  temperature. 
Channels 5 and 6 a re  n e a r l y  opaque t o  t h e  su r face  
and the re fo re ,  respond t o  p r e c i p i t a t i o n  as i n  t h e  
case of land. As such, t he  median f i l t e r  tech-  
n ique i s  ma in l y  a p p l i c a b l e  t o  channels 5 and 6 
over oceans. 

I n  app ly ing  t h e  median f i l t e r  i t  

2.2.2 Dual frequency Approach 

The above method w i l l  be compared w i t h  
t h e  use of t h e  window channels 2 and 15 f o r  
d e t e c t i n g  p r e c i p i t a t i o n  over l and  and oceans. 
discussed below, t h e  89 GHz measurements are 
g e n e r a l l y  g rea te r  than t h e  37 GHz observat ions 
f o r  r a i n  f r e e  cond i t i ons ,  w i t h  t h e  reve rse  being 
t r u e  fo r  p r e c i p i t a t i n g  clouds. The ' I pos i t i ve "  
d i f f e rence  between t h e  two b r igh tness  temperature 
measurements, i s  used t o  i d e n t i f y  p r e c i p i t a t i o n  
over l and  and oceans. These window channels can 
p r o v i d e  a more d i r e c t  and more s e n s i t i v e  
i n d i c a t i o n  o f  p r e c i p i t a t i o n  than t h e  oxygen 
channels. Based on eva lua t i ons  us ing  ac tua l  
measurements, e i t h e r  o r  both methods s h a l l  be 
used t o  i d e n t i f y  and e d i t  t h e  sounding channels 
f o r  p r e c i p i t a t i o n  e f f e c t s .  

Over oceans t h e  h ighe r  e m i s s i v i t y ,  as 
w e l l  as t h e  increased atmospheric absorpt ion due 
t o  water vapor and clouds, r e s u l t s  i n  a h ighe r  
b r i gh tness  temperature a t  89 than  a t  31 GHz. 
Th i s  i s  i n  c o n t r a s t  t o  p r e c i p i t a t i n g  reg ions  where 
s c a t t e r i n g  by l a r g e  i c e  p a r t i c l e s  r e s u l t s  i n  a 
loMer b r i gh tness  temperature a t  t h e  h ighe r  
frequency. As an a d d i t i o n a l  t e s t  over oceans, 
comparisons w i l l  be made us ing  t h e  23 and 31 GHz 
channel s.  These channel s prov ide  a measurement 
Of  c l oud  l i q u i d  water ( a l s o  water vapor), which 
1 s  an i n d i c a t o r  o f  p r e c i p i t a t i o n  when t h e  l i q u i d  
water exceeds about 1 mm (Grody e t  al., 1980). 

w i t h  frequency or i s  n e a r l y  constant  f o r  open 
water, wet and d r y  land, and new sea i c e  (see 
f l g .  3) .  As such, t h e  b r igh tness  temperature 
dif ference, Tb(31) - Tb(8g), i s  g e n e r a l l y  
"negative". T h i s  d i f f e r e n c e  i s  reversed due t o  
s c a t t e r i n g  e f f e c t s  by p r e c i p i t a t i o n  s i zed  i c e  
p a r t i c l e s .  Un fo r tuna te l y ,  t h i s  r e v e r s a l  i n  t h e  
d i f f e r e n c e  measurements a l s o  occurs f o r  s c a t t e r i n g  
sur faces such as snow and m u l t i y e a r  sea i c e  (See 
F ig .  3). These sur faces s h a l l  be i d e n t i f i e d  
us ing  approp r ia te  t h r e s h o l d  values f o r  t h e  31 and 
89 GHz channels, o r  through t h e  use o f  sequent ia l  
( s p a t i a l  and tempora l )  measurements t o  remove t h e  
l a r g e  sca le  su r face  f e a t u r e s  From t h a t  of p r e c i -  
p i  t a t  i on .  

As 

For  land, t h e  e m i s s i v i t y  e i t h e r  increases 

3. SURFACE PRODUCTS 

The AMSU s h a l l  a l s o  be used t o  d e r i v e  
surface q u a n t i t i e s  such as snow coverage and sea 
i c e  concentrat ion,  As i l l u s t r a t e d  i n  f i g u r e  3, 
t h e  i d e n t i f i c a t i o n  o f  sur faces can be obta ined 
based on t h e i r  d i f f e r e n t  spec t ra l  s ignatures,  
where much o f  t h e  i n f o r m a t i o n  i s  conta ined i n  t h e  
e m i s s i v i t y  va lue and i t s  s lope w i t h  frequency. 
Although t h e  r e s o l u t i o n  a t  n a d i r  i s  o n l y  50 kin f o r  
AMSU-A, t h e  lower frequency channels, 1 and 2 ,  a r e  
best  s u i t e d  f o r  o b t a i n i n g  these e m i s s i v i t y  para- 
meters, l e a d i n g  t o  su r face  i d e n t i f i c a t i o n ,  f i g u r e  
4 shows an example o f  t h e  use o f  t h e  18 and 37 GHz 
( v e r t i c a l  p o l a r i z a t i o n )  measurements f r o m  t h e  
Nimbus 7 Scanning Mul t ichannel  Microwave Radiometer 
(SMMR) f o r  i d e n t i f y i n g  d i f f e r e n t  surfaces, as w e l l  
as p r e c i p i t a t i o n  (Fe r ra ro  e t  al., 1986). The 
s c a t t e r  p l o t  shows t h e  average and d i f f e r e n c e  of 
t h e  two b r igh tness  temperature measurements f o r  a 
SMMR pass over t h e  c e n t r a l  U.S. f o r  January 1979. 
T h i s  data con ta ins  areas of open water, wet and 
d r y  land, l a k e  ice,  r a i n f a l l  and snow cover and i s  
discussed i n  d e t a i l  i n  t h e  above mentioned paper. 
The diagram shows s i x  ' t c l us te rs "  corresponding t o  
t h e  va r ious  su r face  and atmospheric fea tu res .  
Those observat ions which do n o t  f a l l  i n t o  a speci -  
f i c  c l u s t e r  are "mixed p i x e l s "  and correspond t o  
more than one geophysical parameter wi th in  t h e  
f i e l d  o f  view. 

1 1  ocm, 

f i g .  4 .  
temperature versus t h e  d i f f e r e n c e  us ing  t h e  18 and 
37 G H z  v e r t i c a l l y  p o l a r i z e d  SMMR channels. Data 
obta ined over t h e  c e n t r a l  U.S. f o r  l a t i t u d e s  
between 25 and 60 Nor th on January, 20, 1979 (See 
F e r r a r o  e t  al. ,  1986). 

around c o a s t l i n e s  where p a r t  o f  t h e  f i e l d  o f  view 
con ta ins  water and t h e  remainder con ta ins  land. 
A more i n t e r e s t i n g  case occurs f o r  sea i c e  when 
t h e r e  e x i s t s  m u l t i y e a r  ice,  f i r s t  year  i c e  and 
open water w i t h i n  a f o o t p r i n t .  Based on a - p r i o r i  
knowlege of t h e  d i f f e r e n t  sur face e m i s s i v i t i e s  
(see f i g .  31, t h e  f r a c t i o n a l  amount o f  t h e  t h r e e  
sur face types w i t h i n  t h e  v'lewing area can be 
ob ta ined  us ing  dual frequency measurements (e.g., 
S w i f t  and Cavaler i ,  1985). 

Sca t te r  p l o t  o f  t h e  average b r igh tness  

A simple example of a mixed p i x e l  occurs 
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Although a f f e c t e d  more by clouds than  t h e  
23 and 31 GHz measurements, t h e  h ighe r  r e s o l u t i o n  
89 GHz channel on AMSU-B s h a l l  be used t o  p rov ide  
images o f  t h e  su r face  and o b t a i n  a more accurate 
l o c a t i o n  o f  t h e  i c e  edge and snow l i n e  than  t h e  
lower  f requency channels. Th i s  h i g h  r e s o l u t i o n  
channel i s  a l s o  impor tan t  f o r  determin ing p r e c i -  
p i t a t i o n  over l a n d  and ocean, p a r t i c u l a r l y  f o r  
t h e  case o f  l i g h t  p r e c i p i t a t i o n  which i s  d i f -  
f i c u l t  t o  de tec t  over l and  us ing  t h e  lower 
f requency window channels. Many o f  these issues 
concern ing t h e  use o f  t h e  va r ious  window channels 
f o r  o b t a i n i n g  su r face  and p r e c i p i t a t i o n  q u a n t i t i e s  
w i  11 be more f u l l y  es tab l i shed  a f t e r  ana lyz ing  
da ta  f rom t h e  r e c e n t l y  launched SSM/ I  sensor on 
t h e  DMSP s a t e l l i t e .  
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3 . 3  
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1. INTRODUCTION 
GOES VISSR Atmospheric Sounder (VAS) imagery is 

subject to two undesirable characteristics: limb darkening or 
brightening effects due to varying satellite viewing (zenith) 
angles, and instrument noise. Limb effects are associated 
with a vertical shift of a wavelength's characteristic weighting 
function. As an example, the weighting function in Figure 1 
responds to a larger zenith angle by shifting upward, since 
the larger zenith angle creates a longer optical path which in- 
cremes absorption at higher levels. To counteract this effect 
the radiances in an image can be in effect "normalized" to 
a reference zenith angle by limb-correcting the image. The 
result is an image with a minimal limb-related gradient, SO 

the atmospheric gradients of interest become more obvious. 
The second undesirable feature, instrument noise, varies de- 
pending on the channel characteristics, with greater noise for 
channels sensitive to the upper atmosphere. The statistical 
structure function analysis method of Hiuger et al. (1987) 
was used to determine noise levels and optimal spatial av- 
eraging distances. The averaging domain size from the sta- 
tistical structure function analysis w ~ d  then used to produce 
smoothed images using a 4% average technique. 

2. TEFEORETICAL BACKGROUND 

diometer can be expressed mathematically m, 
The upwelling radiance measured by the satellite ra- 

Lm(vj) = B(vj,Z)T(vj,@,P,) 

L, is the spectral radiance measured in a channel whose dec-  
tive wavenumber is vj. The first right-hand term in (1) is the 
spectral surface radiation contribution assuming the surface 
emittance to be unity. B is the Planck function associated 

with wavenumber Y and temperature T. 7 is the tranemit- 
tance of the atmosphere above a pressure p, and the subscript 
s denotes surface values. The zenith angle, 8, is defined as the 
angle between the memured upwelling radiance and the nor- 
mal of the earth's surface. The atmospheric contribution to 
the measured radiance is given by the second right-hand term 
in (1). The measured upweUing radiance given by (1) can be 
written more compactly as, 

(2) Lm = L t c ( 0 )  + 
where the wavenumber dependence is understood. Likewise, 
the desired limb-corrected radiance referenced to zenith angle 
80 can be written as, 

(3) Lc = Lc.tc(80) + Latm(80). 

A ratio of (2) and (3) yields 

which relates the limb-corrected radiance to the measured ra- 
diance. Estimates of the atmospheric temperature and water 
vapor profiles can be used to compute f(q, 8,p,), and La*,. 
The surface temperature, T,, can be determined by solving 
(1) for VAS channel 8, as, 

3. PROCEDURE 

3.1 Limb-correction 
The case studied wan 18 UTC 22 July 1981 over central 

North America and included zenith angles ranging from a p  
proximately 20 to 90 d e w .  Several of the VAS channels 
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The limb-correction process consisted of: 

1) compute L.tm(v~,B), 
2) determine the surface temperature, T., using (5), 

3) calculate the surface and atmospheric contribu- 
tions given in (1) for the local zenith angle and the 
reference zenith angle using the assumed profile, and 
4) compute the ratio term in (4) and multiply by the 
measured radiance to fmd the limb-corrected radi- 
ance. 

The amount of limb-correction, denoted by asterisks for 
VAS chaunel 2 in Figure 2, shows that the radiances in the 
stratospheric channels decrease when corrected to a smaller 
reference zenith angle. This is due to a shift to the zero degree 
zenith weighting function in Figure 1, weighting the colder 
tropopause region more heavily. For tropospheric channels 
such aa channel 9 in Figure 3, the limb-correction is posi- 
tive due to shifting of the weighting functions downward into 
warmer temperatures as the zenith angle decreases. A com- 
bination of effects can occur for channels whose weighting 
functions peak above the tropopause for higher zenith an- 
gles, but below the tropopause for zero zenith angle. In these 
cases, the limb-correction is positive for smaller zenith angles 
and negative for larger zenith angles due to the temperature 
profile gradient’s change in sign at the tropopause. 

Examples of uncorrected and limb-corrected images for 
VAS channel 6 are shown in Figure 4. Figure 4 is displayed 
in image count values which vary inversely to brightness tem- 
perature. For example, white areas, which are high image 
count values, correspond to low brightness temperatures and 
are therefore cold. Likewise dark areas are warm. Limb- 
correction eliminated a large part of the limb darkening effect 
in Figure 4, so the image appears approximately as it would 
if the satellite were in a nadir viewing position for each pixel. 
Note the more uniform appearance of the limb-corrected im- 
age. 

VRS CHRNIIEL 2 

-1.0 

- 

WEIGHTING FUNCTION 
VAS CHANNEL 2 

STANDARD ATMOSPHERE 

1.0 

- 
0 
a Jz 
d 

100.0 

: 
1000-a. oo 0.05 0.10 0.15 

OTAU/DLOG IP1 

FIG. 1: Weighting functions of VAS channel 2 for zenith 
angles of 0 and 70 degrees assuming a standard 
atmospheric profile. 

Zhble 1 

Averaging 
VAS Wave- W.F. Abembmg Domain Sim Number of 

(run) (Wa) (h) (hn) line elem. 
ehanael length Peak* GM line elem. FOVs 

1 14.7 
2 14.5 
3 14.3 
4 14.0 
5 13.3 
6 4.6 
7 12.7 
8 11.2 
e 7.3 

10 6.8 
11 4.4 
12 3.9 

40 
70 

150 
460 
e50 
860 
d C  
d C  
600 
400 
600 
SfC - 

> 400 280 
> 400 420 
> 400> 670 

167 210 
16 27 
20 27 

< 14 < 23 
< 14 < 23 

20 66 
16 26 

> 400> 670 
< 14 20 

> 30 13 
> 30 1V 
> 30> 30 

12 10 
2 2  
2 2  
1 1  
1 1  
2 3  
2 2  

> 30> 30 
1 2  

(* nadir viewing angle) 

were considered. Selected characteristics of all the VAS chan- 
nels are listed in Table 1. To simplify the limb-correction 
process, ~ v e r a l  assumptions were made: 

a) fixed temperature and water vapor profiles (stan- 
dard atmosphere), 
b) fixed surface pressure (1000 We), 
c) clear sky radiances (no clouds), and 
d) radiative transfer computation could account for 
the effects of zenith angle changes, for the angles 
considered here. 

The reference zenith angle h e n  was zero degrees. 

7 y-2.0 t 
E-3.01- 

m 
E -5.0 
J 

\\ 1 u 
4 

- 7 . 0 1  , , , , , , , , , , , , , , , 

-*‘$. IO. 20. 30. 40. SO. 60. 70. 80. 

ZENITH RNGLE (OEC.1 

FIG. 2: Limb-correction as a function of zenith angle 
for VAS channel 2, given in t e r n  of brightness 
temperature difference. (Asterisks denote values 
bawd on assumption of a standard atmospheric 
profile. Lines denote one standard deviation from 
the mean of the 15 verification profilea.) 
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VAS CHRNNEL 9 VRS CHRNNEL 6 

FIG. 3: As in Fig. 2, but for channel 9. 

FIG. 4: Imagery From VAS channel 6; Top: original im- 
age, Bottom: limb-corrected image. 

3-2 Possible Errors in Limb-correction 
w e  randomly selected 15 soundings from across the U.S. 

and Canada as a basis for testing the limb-correction assump- 
tions. These soundings and surface pressures were used to  
calculate verification limb-corrections to  determine the mean 
error and standard deviation due to  assumptions (a) and (b). 
For most channels the assumptions of a standard atmosphere 
and fixed surface pressure lead to  results that were close to  
the mean results of the verification atmospheres, except at 
large zenith angles (>70 degrees). For large zenith angles, a 
noticeable problem with assumption (d) was evident for VAS 
channel 6 in Figure 5. The transmittance software produced 
unrealistic weighting functions a t  large zenith angles leading 
to erroneous results. 

ZENITH ANGLE IDEG.1 

FIG. 5: AS in Fig. 2 ,  but for channel 6. 

The bias error in the limb-correction was caused by two 
characteristics of the standard atmosphere, a cooler t r o p e  
sphere and a lower and w m e r  tropopause than was typi- 
cal of the 15 soundings. The verification profiles generally 
had colder temperatures near the tropopause, and the limb- 
corrected radiances which assumed a standard atmosphere 
were therefore overcorrected; the tropopause discrepancy had 
little effect on low-level channels. The effect of the generally 
cooler temperatures in the troposphere of the standard atmo- 
sphere was to  undercorrect the image. For example, in Figure 
5 the bias errors for channel 6 were approximately 12 percent. 
To do a more exact correction, in-situ measurements or a full 
sounding retrieval would have to  be used. 

The variability of the verification limb-comctions, shown 
by the spread between the solid lines in the figures, generally 
increased with increasing zenith angle, since the weighting 
functions were shifted more with larger zenith angle increas- 
ing the radiance errors introduced by assuming a fued a t m e  
spheric profile. An example was channel 9 in Figure 3, which 
had an equivalent brightness temperature standard deviation 
of 0.5 K a t  a zenith angle of 50 degrees and 1.5 K at  70 de- 
grees. The CO1 channels had less variability since they were 
not influenced by the water vapor profile assumption. 

While we applied the limb-correction scheme presented 
here on an image which included clouds, the formulation of 
the atmospheric contribution assumed no clouds were present. 
For the blackbody cloud case, the surface pressure becomes 
in effect the cloud top pressure. The resulting error was to 
over correct the cloudy areas making the cloud/land contrast 
slightly smaller for the lower atmospheric channels. This ef- 
fect could be accounted for by using one of several cloud top 
height estimates available, which would allow the surfece pres- 
sure to  be fixed a t  the cloud top level. Other concerns would 
be cloud emittance and fractional cloudiness. Emittance of 
cirrus and stratocumulus may remain less then unity and frac- 
tional cloudiness is an ever present problem. A technique for 
determining these cloud parameters would then have to be 
applied (e.g. Yell and Vonder Haar, 1985). 
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3.3 Noise Reduction 

The VAS radiance measurements were smoothed by ap- 
plying a running average. The extent of averaging was influ- 
enced by a desire to  average out the noise without destroying 
mesoscale information. The maximum averaging resolution 
was determined by statistically comparing the gradient infor- 
mation to the random noise in a selected sample area. Since 
the two spatial orientations, along lines and along elements, 
can yield different averaging resolutions, an elliptically shaped 
domain was chosen with the major and minor axes along the 
two orientations. Each pixel inside the averaging domain was 
weighted equally since the instrument noise was assumed to  
be random. Statistical analysis results for VAS are given in 
Table 1 (Hdger et al., 1987). For the upper atmospheric 
channels, the size of the domain was relatively large, while 
little or no averaging was needed for the lower atmospheric 
channels. Results of smoothing applied to VAS channel 2 are 
shown in Figure 6. The noise in the original image obscures 
recognizable patterns, but stratospheric planetary waves be- 
come more evident with smoothing. 

4. CONCLUSION 

Limb-correction and smoothing can produce a final im- 
age product with improved visual information content by min- 
imizing the undesirable features of the uncorrected image. It 
holds promise as a way to  objectively enhance VAS imagery by 
reducing noise and limb effects, while maintaining mesoscale 
information. The method is computationally fast compared 
to a full temperature/moisture profile retrieval using the VAS 
radiances. While assuming a standard atmospheric profile 
produces reasonable results, further improvements to this 
procedure could be made by inputing local soundings and/or 
cloud parameter estimates which would reduce the errors in- 
troduced by the imposed assumptions. 
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1. I N T R O D U C T I O N  

The advent  o f  m u l t i s p e c t r a l  d a t a  
from g e o s t a t i o n a r y  s a t e l l i t e s  has 
P r o v i d e d  a w e a l t h  o f  d e t a i l e d  i n f o r m a t i o n  
on t h e  mesoscale s t a t e  o f  t h e  atmosphere, 
as have i n n o v a t i v e  i n s t r u m e n t  systems 
such as s u r f a c e  mesonetworks and v e r t i c a l  
P r o f i l e r s .  S a t e l l i t e - b a s e d  o b s e r v a t i o n s  
o f  t h e  atmosphere a r e  c h a r a c t e r i z e d  by 
e x c e l l e n t  s p a t i a l  and t e m p o r a l  coverage,  
whereas measurements f rom ground-based 
Sensors t y p i c a l l y  have more l i m i t e d  
s p a t i a l  coverage and g r e a t e r  accuracy 
t h a n  t h e  s a t e l l i t e  o b s e r v a t i o n s .  The 
work summarized h e r e  examined methods of  
comb in ing  s a t e l l i t e  sounding and image 
d a t a  from t h e  G e o s t a t i o n a r y  O p e r a t i o n a l  
E n v i r o n m e n t a l  S a t e l l i t e  (GOES) w i t h  i n  
s i t u  s u r f a c e  and u p p e r - a i r  measuremexs 
t o o b t a i n  an optimum a n a l y s i s  o f  
a tmospher i c  c o n d i t i o n s  t h r o u g h o u t  a 
meSOSCale r e g i o n  t h a t  was n o t  u n i f o r m l y  
cove red  by i n  s i t u  o b s e r v a t i o n s .  T h i s  
e f f o r t  was G n m e n t  w i t h  t h e  c u r r e n t  
i n t e r e s t  i n  mesoscale a tmospher i c  
Processes and measurement techn iques .  

The m e t e o r o l o g i c a l  q u a n t i t i e s  
examined i n c l u d e  c l o u d  cove r  d e s c r i p t o r s  
( c l o u d  cove red  l o c a t i o n s ,  c l o u d  base 
h e i g h t s ,  c l o u d  t o p  h e i g h t s ) ,  Sur face 
tempera tu re ,  s u r f a c e  wind, v i s i b i l i t y  
and p r e c i p i t a t i o n .  Those q u a n t i t i e s  t h a t  
Could n o t  be measured d i r e c t l y  by t h e  
s a t e l l i t e  w e r e  p a r a m e t e r i z e d  by 
o b s e r v a b l e  q u a n t i t i e s .  The i n  s i t u  
o b s e r v a t i o n s  were used t o  a d j u s t  t h e  

magni tude o f  t h e  s a t e l l i t e  a n a l y s i s  where 
a v a i l a b l e ,  m a i n t a i n i n g  t h e  b e s t  
c h a r a c t e r i s t i c s  o f  each p l a t f o r m .  
Development and t e s t i n g  o f  t h e  method was 
accompl ished u s i n g  mesoscale d a t a  from 
s i x t e e n  case s t u d i e s .  A p p l i c a t i o n  o f  t h e  
methods developed a r e  a n t i c i p a t e d  i n  t h e  
c i v i l i a n  s e c t o r  a t  t h e  boundary o f  
d e n s e l y - i n s t r u m e n t e d  s u r f a c e  mesonet and 
p r o f i l e r  ne tworks  on l a n d  and a t  sea 
c o a s t s  and i n  t h e  m i l i t a r y  s e c t o r  w i t h i n  
b a t t l e f i e l d  r e g i o n s .  

2. D A T A  SETS 

Development and v a l i d a t i o n  o f  t h e  
a n a l y s i s  methods f o r  t h i s  s t u d y  r e q u i r e d  
t h e  a v a i l a b i l i t y  o f  mesoscale d a t a  s e t s  
d e s c r i b i n g  m e t e o r o l o g i c a l  c o n d i t i o n s  a t  
t h e  e a r t h  s s u r f a c e  and a l o f t .  The d a t a  
s e t s  t h a t  were used were c o l l e c t e d  d u r i n g  
s e v e r a l  f i e l d  programs s p e c i a l i z i n g  i n  
t h e  s t u d y  o f  mesoscale weather because 
d a t a  c o l l e c t e d  by o p e r a t i o n a l  ne tworks  
d i d  n o t  p r o v i d e  t h e  necessary s p a t i a l  and 
t e m p o r a l  r e s o l u t i o n  t o  meet t h e  
o b j e c t i v e s  o f  t h e  s tudy .  A t o t a l  o f  
s i x t e e n  cases were examined, each w i t h  a 
minimum d u r a t i o n  o f  six hours .  The cases 
were e v e n l y  d i v i d e d  between t h o s e  
r e p r e s e n t i n g  m i d l a t i t u d e  summer and 
w i n t e r  c o n d i t i o n s ,  and two cases f rom 
each season were r e s e r v e d  f o r  v a l i d a t i o n  
of  t h e  analyses.  The p r i m a r y  a rea  
s t u d i e d  had d imensions o f  200 km by 200 
km, a l t h o u g h  d a t a  s u r r o u n d i n g  t h e  p r i m a r y  
a rea  c o n t r i b u t e d  t o  t h e  a n a l y s i s  o f  
boundary c o n d i t i o n s .  
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The d i g i t a l  s a t e l l i t e  d a t a  t h a t  
were e s s e n t i a l  t o  t h e  s t u d y  o f  c o n d i t i o n s  
o u t s i d e  o f  dense i n  s i t u  i n s t r u m e n t  
ne tworks  were c o l l e c t e d f r o m  GOES 
because o f  t h e  h i g h  t e m p o r a l  r e s o l u t i o n  
o f  t h o s e  d a t a  r e l a t i v e  t o  d a t a  f rom 
p o l a r - o r b i t t i n g  s a t e l l i t e s .  The 
m u l t i s p e c t r a l  s a t e l l i t e  d a t a  o r i g i n a t e d  
from t h e  V i s i b l e  and I n f r a r e d  S p i n  Scan 
Radiometer  A tmospher i c  Sounder ( V A S )  
i n s t r u m e n t  aboard GOES. A l l  e l e v e n  o f  
t h e  a v a i l a b l e  s p e c t r a l  channe ls  were used 
f o r  t h e  r e t r i e v a l  o f  v e r t i c a l  soundings,  
which c o n t r i b u t e d  t o  t h e  a n a l y s i s  o f  some 
o f  t h e  a tmospher i c  pa ramete rs  as 
d i s c u s s e d  below. Other  p a r t s  o f  t h e  
a n a l y s i s  were execu ted  u s i n g  d a t a  f rom 
i n d i v i d u a l  channe ls  f o r m a t t e d  as images. 
The f requency o f  s a t e l l i t e  d a t a  
t r a n s m i s s i o n s  ranged f rom 90 m inu tes  t o  
t h r e e  h o u r s  f o r  t h e  f u l l  m u l t i s p e c t r a l  
d a t a  and was as l i t t l e  as 30 m inu tes  f o r  
c e r t a i n  u s e f u l  s i n g l e  channe l  data.  

by t h e  s t a n d a r d  s u r f a c e  o b s e r v i n g  s i t e s  
m a i n t a i n e d  by t h e  N a t i o n a l  Weather 
S e r v i c e  and t h e  F e d e r a l  A v i a t i o n  
A d m i n i s t r a t i o n  and by automated s u r f a c e  
mesonetworks. The a tmospher i c  q u a n t i t i e s  
t y p i c a l l y  measured by t h e  mesonet 
s t a t i o n s  were s u r f a c e  a i r  t empera tu re ,  
h u m i d i t y ,  w ind  speed and d i r e c t i o n ,  
s t a t i o n  p r e s s u r e ,  and p r e c i p i t a t i o n  
accumu la t i on .  The s t a n d a r d  s u r f a c e  
o b s e r v a t i o n s  p r o v i d e d  measurements o f  a l l  
o f  t h o s e  q u a n t i t i e s  p l u s  c l o u d  cove r  and 
base h e i g h t  d e s c r i p t o r s  and s u r f a c e  
v i s i b i l i t y .  U p p e r - a i r  o b s e r v a t i o n s  were 
o b t a i n e d  f rom rawinsonde ne tworks ,  wh ich  
o f t e n  t o o k  measurements d u r i n g  t h e  f i e l d  
exper imen ts  a t  h i g h e r  t e m p o r a l  and 
s p a t i a l  s c a l e s  t h a n  t h e  s y n o p t i c  
rawinsonde ne twork .  

Sur face o b s e r v a t i o n s  were s u p p l i e d  

The s p e c i a l  f i e l d  programs from 
wh ich  d a t a  were drawn and t h e  d a t e s  o f  
t h o s e  cases were as f o l l o w s :  

A. 

B. 

C .  

The C o o p e r a t i v e  C o n v e c t i v e  
P r e c i p i t a t i o n  Exper imen t  (CCOPE) 
conduc ted  o v e r  e a s t e r n  Montana d u r i n g  
t h e  summer o f  1981 ( K n i g h t ,  1982). 
The cases a n a l y z e d  were 13 J u l y ,  23 
J u l y ,  24 J u l y ,  and 27 J u l y ,  1981. 

The P r e l i m i n a r y  R e g i o n a l  Exper imen t  - 
S to rmsca le  O p e r a t i o n a l  and Research 
Me teo ro logy  (PRE-STORM) which 
o c c u r r e d  ove r  Kansas and Oklahoma 
d u r i n g  t h e  summer o f  1985 (Cunning, 
1986). The PRE-STORM cases used were 
28 May, 14 June, and 2 1  June, 1985. 

The Genesis o f  A t l a n t i c  Lows 
Exper imen t  (GALE) conduc ted  o v e r  and 
o f f s h o r e  o f  t h e  M i d a t l a n t i c  p a r t  o f  
t h e  U n i t e d  S t a t e s  d u r i n g  t h e  w i n t e r  
o f  1986. The 25 January,  9 Februa ry ,  
22 Februa ry ,  24 Februa ry ,  27 
Februa ry ,  and 9 March, 1986 GALE 
cases were analyzed.  

A d d i t i o n a l  d a t a  were c o l l e c t e d  f o r  t h i s  
s t u d y  d u r i n g  t h e  w i n t e r  and summer o f  
1986 ove r  Colorado.  The s u r f a c e  d a t a  ove r  
Co lo rado  i n c l u d e d  automated measurements 
made by t h e  Program f o r  R e g i o n a l  
Observ ing  and F o r e c a s t i n g  S e r v i c e s  
(PROFS) mesonetwork (Reynolds,  1983).  

3. ANALYSIS METHOD AND RESULTS 

The a n a l y s i s  method r e q u i r e d  an 
i n i t i a l  e s t i m a t e  o f  each m e t e o r o l o g i c a l  
f i e l d  from t h e  s a t e l l i t e  d a t a  a lone .  
Some o f  t hose  f i e l d s  w e r e  e s t i m a t e d  
d i r e c t l y  f rom s a t e l l i t e  o b s e r v a t i o n s ,  
such as t h e  c a l c u l a t i o n  o f  s u r f a c e  
tempera tu res  f rom t h e  11 pm i n f r a r e d  
window channel .  A f t e r  t h e  i n i t i a l  
s a t e l l i t e  e s t i m a t e  o f  a d i r e c t l y  
e s t i m a t e d  q u a n t i t y  was o b t a i n e d ,  t h e  
a v a i l a b l e  i n  s i t u  o b s e r v a t i o n s  were used 
t o  a d j u s t  t h e m a g n i t u d e  o f  t h e  e n t i r e  
s a t e l l i t e - d e r i v e d  f i e l d  such t h a t  t h e  
f i n a l  a n a l y s i s  i n c o r p o r a t e d  t h e  e x c e l l e n t  
s p a t i a l  coverage o f  t h e  s a t e l l i t e  
a n a l y s i s  and t h e  h i g h  accuracy o f  t h e  
s i t u  o b s e r v a t i o n s .  A p o l y n o m i a l  c u r v e  
f i f f i n g  p rocedure  was used t o  accomp l i sh  
t h a t  ad jus tmen t .  Other  f i e l d s  c o u l d  n o t  
be e s t i m a t e d  d i r e c t l y  f r o m  t h e  s a t e l l i t e  
d a t a  and were p a r a m e t e r i z e d  f rom 
q u a n t i t i e s  t h a t  were more e a s i l y  measured 
by s a t e l l i t e .  P a r a m e t e r i z a t i o n  was 
accompl ished by c a l c u l a t i n g  t h e  
s t a t i s t i c a l  r e g r e s s i o n  r e l a t i o n s h i p  
between t h e  q u a n t i t i e s  o b s e r v a b l e  by 
s a t e l l i t e  and t h e  q u a n t i t i e s  f o r  which 
f i n a l  e s t i m a t e s  were needed. The 
r e g r e s s i o n  a n a l y s i s  t o o k  advantage o f  t h e  - i n  s i t u  d a t a  a v a i l a b l e  ove r  p a r t  o f  t h e  
r e g i o n o f  i n t e r e s t  by o b t a i n i n g  t h e  
dependent v a r i a b l e  i n  t h e  r e g r e s s i o n  f rom 
those  d a t a  w h i l e  t h e  s a t e l l i t e  p r o v i d e d  
e s t i m a t e s  o f  t h e  i ndependen t  v a r i a b l e s .  
S u r f a c e  v i s i b i l i t y  is an example o f  a 
f i e l d  t h a t  was p a r a m e t e r i z e d  by s a t e l l i t e  
e s t i m a t e s  o f  s u r f a c e  w ind  and r e l a t i v e  
h u m i d i t y .  Fo r  t h e  case o f  s u r f a c e  
v i s i b i l i t y ,  t h e  r e g r e s s i o n  e q u a t i o n  was 
c a l c u l a t e d  f r o m  t h e  s a t e l l i t e - d e r i v e d  
e s t i m a t e s  o f  t h e  i ndependen t  w ind  and 
h u m i d i t y  v a r i a b l e s  and t h e  dependent i n  
situ measurements o f  s u r f a c e  v i s i b i l i 5 .  
Once t h e  r e g r e s s i o n  r e l a t i o n  had been 
formed f o r  a g i v e n  l o c a t i o n  and t i m e ,  i t  
was p o s s i b l e  t o  use t h e  s a t e l l i t e  
e s t i m a t e s  o f  t h e  i ndependen t  v a r i a b l e s  
and t h e  r e g r e s s i o n  e q u a t i o n  t o  p r e d i c t  
va lues  o f  t h e  dependent v a r i a b l e  i n  a reas  
where no in s i t u  d a t a  were a v a i l a b l e .  
Comp le t i on  o f f F i e  r e g r e s s i o n  a n a l y s i s  
e f f e c t i v e l y  accomp l i shed  t h e  ad jus tmen t  
o f  s a t e l l i t e  e s t i m a t e s  t o  a b e s t  f i t  w i t h  
the i n  s i t u  o b s e r v a t i o n s  t h a t  was p e r -  
formed b y u r v e  f i t t i n g  f o r  t h e  f i e l d s  
e s t i m a t e d  d i r e c t l y  f rom t h e  s a t e l l i t e  
data.  

The a n a l y s i s  o f  i n d i v i d u a l  
m e t e o r o l o g i c a l  v a r i a b l e s  t o  be d i s c u s s e d  
i n  t h e  f o l l o w i n g  pa rag raphs  a l l  were 
execu ted  on g r i d d e d  da ta ,  which made t h e  
use o f  o b j e c t i v e  a n a l y s i s  t e c h n i q u e s  
p o s s i b l e .  The o b j e c t i v e  a n a l y s i s  was 
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accompl ished by use o f  t h e  Barnes (1964) 
o b j e c t i v e  a n a l y s i s  method. I n  a d d i t i o n  
t o  i t s  f u n c t i o n  o f  i n t e r p o l a t i n g  
i r r e g u l a r l y  spaced o b s e r v a t i o n s  t o  a 
r e g u l a r l y  spaced g r i d ,  t h e  o b j e c t i v e  
a n a l y s i s  p rocedure  h e l p e d  a l l e v i a t e  t h e  
e f f e c t s  o f  c l o u d  cove r  on t h e  t h e  
s a t e l l i t e  e s t i m a t e s  o f  a tmospher i c  
c o n d i t i o n s .  I t  was n o t  p o s s i b l e  t o  make 
s a t e l l i t e  e s t i m a t e s  o f  weather near  t h e  
s u r f a c e  i n  c l o u d y  areas because o f  t h e  
r e l i a n c e  o f  t h e  method on i n f r a r e d  
s p e c t r a l  measurements, which a r e  
a t t e n u a t e d  by c l o u d s .  The o b j e c t i v e  
a n a l y s i s  i n t e r p o l a t e d  t h e  
s a t e l l i t e - d e r i v e d  f i e l d s  from c l e a r  
r e g i o n s  i n t o  c l o u d y  r e g i o n s .  

The r e t r i e v a l  o f  v e r t i c a l  p r o f i l e s  
O f  a tmospher i c  t e m p e r a t u r e  and m o i s t u r e  
was a necessary p r e c u r s o r  t o  t h e  
Comp le t i on  o f  many o f  t h e  a n a l y s i s  t a s k s .  
A l though  most o f  t h e  m e t e o r o l o g i c a l  
q u a n t i t i e s  o f  i n t e r e s t  w e r e  s u r f a c e  
q u a n t i t i e s ,  e x e c u t i o n  o f  t h e  sounding 
r e t r i e v a l  p rocess  s u p p l i e d  f i e l d s  of  
thermodynamic parameters,  such as t h e  
P ressu re  f i e l d ,  t h a t  c o u l d  n o t  be d e r i v e d  
from i n d i v i d u a l  s p e c t r a l  channe l  
measurements. A p h y s i c a l  r e t r i e v a l  
t e c h n i q u e  based on i n v e r s i o n  o f  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  WLS u t i l i z e d  
t o  compute p r o f i l e s  f rom t h e  m u l t i -  
s p e c t r a l  V A S  da ta .  The t e c h n i q u e  was 
s i m i l a r  t o  t h a t  d e s c r i b e d  by Smi th  
( 1 9 8 3 ) .  

ana lyzed  were c l o u d  presence a t  a 
p a r t i c u l a r  p o i n t ,  c l o u d  base h e i g h t  and 
c l o u d  t o p  h e i g h t .  Cloud presence was 
d iagnosed from s a t e l l i t e  d a t a  f rom a 
s i n g l e  s p e c t r a l  channel .  The v i s i b l e  
channe l  d a t a  were used when a v a i l a b l e  
because o f  t h e i r  h i g h  s p a t i a l  r e s o l u t i o n  
( 1  km a t  n a d i r )  and t h e  i n f r a r e d  window 
channe l  d a t a  were employed a t  o t h e r  
t imes .  The automated c l o u d  d e t e c t i o n  
a l g o r i t h m  r e l i e d  on t h e  a n a l y s i s  o f  a 
h i s t o g r a m  o f  t h e  b r i g h t n e s s  v a l u e s  
c o n t a i n e d  i n  t h e  c o r r e s p o n d i n g  image. 
sample h i s t o g r a m  is d e p i c t e d  i n  F i g u r e  1. 
The r e l a t i v e  maxima i n  F i g u r e  1 r e p r e s e n t  
t h e  t w o  most s i g n i f i c a n t  o b j e c t s  i n  t h e  
image,(Rosenfeld and Kak, 1976) - t h e  
e a r t h  s s u r f a c e  and c l o u d .  The r e l a t i v e  
minimum between t h o s e  two peaks 
r e p r e s e n t s  t h e  edge between t h e  
c o r r e s p o n d i n g  o b j e c t s .  The re fo re ,  t h a t  
minimum i n d i c a t e s  t h e  b r i g h t n e s s  
t h r e s h o l d  t h a t  s e p a r a t e s  c l o u d  and ground 
i n  t h e  image. A l l  l o c a t i o n s  w i t h i n  t h e  
s a t e l l i t e  image w i t h  b r i g h t n e s s  va lues  
h i g h e r  t h a n  t h a t  t h r e s h o l d  were d iagnosed 
as c l o u d y .  

from a c o m b i n a t i o n  o f  t h e  11 pm I R  window 
channe l  image f rom GOES, rawinsonde-  
d e r i v e d  a tmospher i c  tempera tu re  p r o f i l e s ,  
and v e r t i c a l  soundings from GOES-VAS 
data.  The r a d i a n c e  from t h e  11 um image 
was c o n v e r t e d  t o  an e q u i v a l e n t  b lackbody  
t e m p e r a t u r e  o f  t h e  e m i t t i n g  s u r f a c e  by 

The t h r e e  c l o u d  f i e l d  d e s c r i p t o r s  

A 

c l o u d  t o p  h e i g h t s  were e s t i m a t e d  

a p p l i c a t i o n  o f  t h e  P lanck  f u n c t i o n .  The 
e q u i v a l e n t  b lackbody  tempera tu re  p r o v i d e d  
an e s t i m a t e  o f  t h e  c l o u d  t o p  tempera tu re  
where c l o u d  was p r e s e n t .  The c l o u d  t o p  
tempera tu re  was used t o  compute a 
c o r r e s p o n d i n g  c l o u d  t o p  h e i g h t  by 
r e f e r r i n g  t o  a v e r t i c a l  p r o f i l e  o f  
a tmospher i c  tempera tu re  d e r i v e d  f rom 
rawinsonde or s a t e l l i t e  sound ing  data.  
The rawinsonde-generated p r o f i l e  was used 
when i t  matched t h e  c l o u d  t o p  tempera tu re  
a n a l y s i s  c l o s e l y  i n  space and t ime ,  
whereas t h e  VAS-generated p r o f i l e  was 
used o t h e r w i s e .  

J- CLOUD 

F i g .  1. B r i g h t n e s s  h i s t o g r a m  f o r  c l o u d  
d e t e c t i o n .  T h i s  i d e a l i z e d  h i s t o g r a m  
shows f r e q u e n c i e s  o f  s a t e l l i t e  b r i g h t n e s s  
va lues  a l o n g  w i t h  t h e  o b j e c t s  t h e y  
r e p r e s e n t .  

I t  was n o t  p o s s i b l e  t o  make d i r e c t  
measurements o f  c l o u d  base h e i g h t  from 
s a t e l l i t e  d a t a  because o f  t h e  p e r s p e c t i v e  
o f  t h e  s a t e l l i t e  from above t h e  c l o u d s .  
The b e s t  e s t i m a t e  a n a l y s i s  o f  c l o u d  base 
h e i g h t  was based on l o c a t i n g  t h e  l e v e l  o f  
t r a n s i t i o n  f rom s a t u r a t e d  t o  u n s a t u r a t e d  
a tmospher i c  c o n d i t i o n s  t h a t  o c c u r s  below 
c l o u d  top .  Once c l o u d  t o p  was l o c a t e d  by 
t h e  p rocess  d e s c r i b e d  above u t i l i z i n g  t h e  
11 pm I R  d a t a  and t h e  sounding data,  
c l o u d  base was ass igned  a t  t h e  n e x t  
u n s a t u r a t e d  l e v e l  below. The c o n d i t i o n  
o f  t h e  atmosphere w i t h  r e g a r d  t o  
s a t u r a t i o n  was de te rm ined  f rom t h e  
rawinsonde d a t a  and r e t r i e v e d  V A S  
soundings. Sur face o b s e r v a t i o n s  o f  c l o u d  
base h e i g h t  from those  s i t e s  where manual 
o b s e r v a t i o n s  were t a k e n  were used t o  
c o n t r o l  t h e  q u a l i t y  o f  t h e  c l o u d  base 
h e i g h t  e s t i m a t e s .  

I n  a s i m i l a r  manner t o  t h a t  used t o  
e s t i m a t e  c l o u d  t o p  tempera tu re .  
Radiances from t h e  11 pm channe l  were 
c o n v e r t e d  t o  e q u i v a l e n t  b lackbody  
tempera tu res  i n  c l e a r  p a r t s  o f  t h e  
a n a l y s i s  r e g i o n .  The r e s u l t i n g  i n i t i a l  
s a t e l l i t e  e s t i m a t e  of  t h e  s u r f a c e  
tempera tu re  f i e l d  was i n t e r p o l a t e d  i n t o  
c l o u d y  areas by t h e  Barnes o b j e c t i v e  
a n a l y s i s  a l g o r i t h m .  Adjustment  o f  t h e  

Sur face tempera tu re  was e s t i m a t e d  
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s a t e l l i t e  e s t i m a t e  t o  a b e s t  f i t  wi th  t h e  
a v a i l a b l e  i n  s i t u  d a t a  decreased t h e  
e f f e c t  o f  errors i n t r o d u c e d  by e m i s s i o n  
f rom l o w e r  t r o p o s p h e r i c  water  vapor ,  t h e  
d i f f e r e n c e  between t h e  s k i n  tempera tu re  
o f  t h e  e a r t h  measured by t h e  s a t e l l i t e  
t h e  d e s i r e d  s u r f a c e  a i r  t empera tu re  and 
c l o u d  e f f e c t s .  A l t h o u g h  more s o p h i s t i -  
c a t e d  methods e x i s t  f o r  remov ing  t h o s e  
e r r o r  sou rces  i n d i v i d u a l l y ,  t h e y  would 
r e q u i r e  t h e  use o f  s a t e l l i t e  sound ing  
da ta ,  which were n o t  a v a i l a b l e  a t  t h e  
same h i g h  t e m p o r a l  r e s o l u t i o n  as t h e  
s i n g l e  channe l  I R  data.  

t e m p e r a t u r e  f i e l d  a r e  c o n t a i n e d  i n  
F i g u r e s  2 ,  3 ,  and 4. These ana lyses  were 
genera ted  from d a t a  c o l l e c t e d  on 27 
August 1986 ove r  Colorado.  F i g u r e  2 
d e p i c t s  t h e  s u r f a c e  t e m p e r a t u r e  f i e l d  
r e s u l t i n g  f rom t h e  Barnes o b j e c t i v e  
a n a l y s i s  o f  o b s e r v a t i o n s  f rom t h e  PROFS 
s u r f a c e  mesonet and t h e  h o u r l y  s u r f a c e  
r e p o r t i n g  s t a t i o n s .  The l a c k  o f  
o b s e r v a t i o n s  ove r  t h e  e a s t e r n  p a r t  o f  t h e  
domain r e s u l t s  i n  a l a r g e  a rea  where t h e  
s u r f a c e  t e m p e r a t u r e  c o n d i t i o n s  a r e  
unknown. F i g u r e  3 shows t h e  raw 
s a t e l l i t e  e s t i m a t e  o f  t h e  s u r f a c e  
t e m p e r a t u r e  f i e l d  t h r o u g h o u t  t h e  domain. 
A l t h o u g h  t h e  d a t a  v o i d  r e g i o n  has been 
f i l l e d  i n  by t h e  s a t e l l i t e  data,  
s i g n i f i c a n t  d i s c r e p a n c i e s  i n  t h e  
magni tude o f  s u r f a c e  tempera tu re  e x i s t  
between , t h e  s a t e l l i t e  e s t i m a t e  and t h e  i n  

o b s e r v a t i o n s .  F i g u r e  4 d e p i c t s  t h e  
s a t e l l i t e  e s t i m a t e  a d j u s t e d  t o  a b e s t  f i t  
w i t h  t h e  i n  o b s e r v a t i o n s .  The 
adjustmenf-procedure has pe r fo rmed  w e l l  
i n  a d j u s t i n g  t h e  magni tudes o f  t h e  
s a t e l l i t e  e s t i m a t e  t o  a c l o s e r  agreement 
w i t h  t h e  a v a i l a b l e  i n  s i t u  d a t a  w h i l e  
m a i n t a i n i n g  t h e  a d d a  m r m a t i o n  
s u p p l i e d  by t h e  s a t e l l i t e  data.  

Sample ana1y:jes o f  t h e  s u r f a c e  

F i g .  3 .  Raw s a t e l l i t e  e s t i m a t e  o f  s u r f a c e  
tempera tu re .  Same da te ,  t i m e  and u n i t s  as 
F i g .  2. 

F i g .  4. A d j u s t e d  s a t e l l i t e  e s t i m a t e  o f  
s u r f a c e  tempera tu re .  Same da te ,  t i m e  and 
u n i t s  as F i g .  2. 

The s a t e l l i t e  wind e s t i m a t i o n  
scheme des igned  f o r  t h i s  s t u d y  u t i l i z e d  
t h e  p r e s s y r e  and tempera tu re  f i e l d s  nea r  
t h e  e a r t h  s s u r f a c e  d e r i v e d  from t h e  
r e t r i e v e d  V A S  p r o f i l e .  The a v a i l a b i l i t y  
o f  t h o s e  f i e l d s  a l l o w e d  t h e  c o m p u t a t i o n  
o f  t h e  u and v components o f  t h e  
g e o s t r o p h i c  wind. The i n i t i a l  e s t i m a t e  
o f  s u r f a c e  wind g i v e n  by t h e  g e o s t r o p h i c  
w ind  t h e n  was a d j u s t e d  t o  a b e s t  f i t  w i t h  
t h e  obse rved  s u r f a c e  w ind  where in s i t u  
d a t a  were a v a i l a b l e  u s i n g  t h e  p o l y n m l  

F i g .  2. Surface t e m p e r a t u r e  a n a l y s i s  
f r o m  i n  s i t u  da ta .  
GMT. Conto,urs a r e  a t  0.5 deg. F i n t e r v a l s .  c u r v e  f i t t i n g  method. That ad jus tmen t  

27 Aug 1986 a t  2000 
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d i m i n i s h e d  e r r o r s  i n  t h e  f i n a l  s a t e l l i t e  
e s t i m a t e  o f  t h e  w ind  f i e l d  due t o  
f r i c t i o n  and i n a c c u r a c i p s  i n  t h e  
s a t e l l i t e - d e r i v e d  p r e s s u r e  and 
tempera tu re  f i e l d s .  

wind e s t i m a t i o n  from s a t e l l i t e  d a t a  has 
n o t  y e t  occu r red ,  P r e l i m i n a r y  r e s u l t s  
f r o m  t h e  20 March 1986 Colorado case 
showing t h e  ad jus tmen t  o f  u-COmpOnent 
g e o s t r o p h i c  w ind  a p p r o x i m a t i o n s  t o  t h e  
observed s u r f a c e  u-component a r e  d e p i c t e d  
i n  F i g u r e  5. The g e o s t r o p h i c  wind f i e l d s  
shown i n  F i g u r e  5 were computed from 
s i t u  measurements o f  t h e  s u r f a c e  p r e s s u r e  
=temperature r a t h e r  t h a n  e s t i m a t e s  o f  
t hose  q u a n t i t i e s  near  t h e  s u r f a c e  
r e t r i e v e d  f rom GOES-VAS data.  F i g u r e  5 
demonstrates c o n s i d e r a b l e  ad jus tmen t  o f  
t h e  g e o s t r o p h i c  a p p r o x i m a t i o n  o f  t h e  
U-component toward  b e t t e r  agreement wi th  
t h e  observed u-component. The 
c o r r e l a t i o n  c o e f f i c i e n t  between t h e  
a d j u s t e d  e s t i m a t e  o f  t h e  u-component 
shown i n  F i g u r e  5b and t h e  observed 
u-component was 0.86. 

The s a t e l l i t e  p r e c i p i t a t i o n  
e s t i m a t i o n  scheme d e v i s e d  for t h i s  s tudy  
was s i m p l e  r e l a t i v e  t o  many o f  t h e  
methods t h a t  have been a t tempted  
P r e v i o u s l y  because i t  had t o  be capab le  
o f  b e i n g  automated and a p p l i e d  ove r  
v a r i o u s  geograph ic  areas.  This  
p r e c i p i t a t i o n  e s t i m a t i o n  scheme used 
s a t e l l i t e  o b s e r v a t i o n s  o f  t h e  c o l d e s t  
Cloud t o p  tempera tu re ,  t h e  t i m e  r a t e  o f  
change o f  t h a t  q u a n t i t y ,  and t h e  r a t e  o f  
change o f  c l o u d  t o p  a rea  f o r  a p a r t i c u l a r  
c l o u d  or  c l o u d  system. Those v a r i a b l e s  
were s e l e c t e d  because t h e y  a r e  r e l a t e d  t o  
p h y s i c a l  p rocesses  a s s o c i a t e d  w i t h  
P r e c i p i t a t i o n  g e n e r a t i o n .  Each o f  t h e  
Parameters gave an i n d i c a t i o n  o f  t h e  
s t r e n g t h  o f  upward m o t i o n  i n  t h e  c l o u d .  
The c l o u d  t o p  tempera tu re  s u p p l i e d  
a d d i t i o n a l  i n f o r m a t i o n  about  t h e  
m i c r o p h y s i c s  o f  t h e  c l o u d  - whether 
or not: t h e  c l o u d  p e n e t r a t e d  t o  suf- 
f i c i e n t l y  c o l d  tempera tu res  t o  a l l o w  
e f f i c i e n t  p r e c i p i t a t i o n  p r o d u c t i o n .  
Measurement o f  t h e  t i m e  r a t e  o f  change 
q u a n t i t i e s  f rom s a t e l l i t e  d a t a  r e q u i r e d  
t h e  t r a c k i n g  o f  c l o u d s  or c l o u d  systems 
Over a sequence o f  images. The s a t e l l i t e  
P r e c i p i t a t i o n  e s t i m a t i o n  t e c h n i q u e  made 
use o f  t h e  r e g r e s s i o n  r e l a t i o n  between 
obse rved  p r e c i p i t a t i o n  and t h e  p re-  
d i c t o r s  d e s c r i b e d  above. T h i s  b u i l t - i n  
c a l i b r a t i o n  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  a n a l y s i s  s e t s  t h i s  method a p a r t  
f rom most o t h e r  s a t e l l i t e - b a s e d  methods, 
and i t  i s  an i m p o r t a n t  f a c t o r  i n  
a l l o w i n g  t h e  method t o  be a p p l i e d  ove r  
v a r y i n g  seasons and geograph ic  l o c a l e s ,  

The t e c h n i q u e  des igned  t o  e s t i m a t e  
v i s i b i l i t y  from s a t e l l i t e  d a t a  as P a r t  o f  
t h i s  s t u d y  r e l i e d  on ana lyses  o f  r e l a t i v e  
h u m i d i t y  and wind speed near t h e  e a r t h  s 
s u r f a c e  d e r i v e d  from s a t e l l i t e  d a t a  as 
j u s t i f i e d  by t h e  s t u d i e s  o f  Renard and 
Thompson (1984) and Han@l  (1971). 

F u l l  i m p l e m e n t a t i o n  o f  t h e  Sur face 

F i g .  5. S u r f a c e  wind e s t i m a t e s  from 
g e o s t r o p h i c  app rox ima t ions .  Data were 
f rom 27 Aug 1986 a t  2000 GMT. Analyses 
a re  o f t  

( A )  

le)  A d j u s t e d  U-Component 

R e l a t i v e  h u m i d i t y  was expec ted  t o  
i n f l u e n c e  v i s i b i l i t y  by i t s  e f f e c t  on 
haze g e n e r a t i o n ,  and w ind  speed was 
t h o u g h t  t o  a f f e c t  a e r o s o l  l o a d i n g  i n  t h e  
atmosphere. A d d i t i o n a l  pa ramete rs  t h a t  
a r e  b e i n g  t e s t e d  f o r  t h e i r  a b i l i t y  t o  
e s t i m a t e  v i s i b i l i t y  a r e  p r e c i p i t a t i o n  and 
l a t e n t  h e a t  f l ux .  S t a t i s t i c a l  
e v a l u a t i o n s  o f  c o v a r f a t e s  t o  a tmospher i c  
v i s i b i l i t y  have been hampered by t h e  
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s p a r s i t y  o f  r e l i a b l e  v i s i b i l i t y  
measurements. None o f  t h e  d a t a  s e t s  
g a t h e r e d  f rom t h e  s u r f a c e  mesonetworks 
used i n  t h i s  s t u d y  i n c l u d e d  v i s i b i l i t y  
o b s e r v a t i o n s  because o f  t h e  d i f f i c u l t y  o f  
m a i n t a i n i n g  w e l l - c a l i b r a t e d  i n s t r u m e n t s  
capab le  o f  making automated measurements 
of  t h a t  q u a n t i t y .  Compos i t i ng  o f  d a t a  
s e t s  is b e i n g  i n v e s t i g a t e d  as an i n t e r i m  
method t o  o b t a i n  s t a t i s t i c a l l y  
s i g n i f i c a n t  r e s u l t s  u n t i l  & s i t u  
o b s e r v a t i o n s  o f  v i s i b i l i t y  c a X  
c o l l e c t e d  a t  a p p r o p r i a t e  s p a t i a l  s c a l e s .  

4. CONCLUSION 

T h i s  s t u d y  sought  methods f o r  
comb in ing  m u l t i s p e c t r a l  s a t e l l i t e  d a t a  
with & s i t u  o b s e r v a t i o n s  a t  t h e  s u r f a c e  
and a l o f m  c r e a t e  an optimum a n a l y s i s  
o f  mesoscale m e t e o r o l o g i c a l  c o n d i t i o n s .  
The raw s a t e l l i t e  e s t i m a t e s  o f  i m p o r t a n t  
m e t e o r o l o g i c a l  f i e l d s  were c h a r a c t e r i z e d  
by e x c e l l e n t  s p a t i a l  coverage,  b u t  t h e y  
l a c k e d  t h e  h i g h  degree o f  accuracy o f  t h e  
measurements f rom in s i t u  sensors.  The 
- i n  s i t u  d a t a  were use- c a l i b r a t e  t h e  
s a t e l l i t e  a n a l y s i s  such t h a t  t h e  accu racy  
o f  t h e  s a t e l l i t e  e s t i m a t e  a l s o  was 
improved  o u t s i d e  t h e  a r e a  cove red  by & 
s i t u  data.  

R e s u l t s  o b t a i n e d  so f a r  a r e  
encourag ing  i n  t h a t  t h e  s a t e l l i t e  d a t a  
y i e l d  e s t i m a t e s  o f  t h e  d e s i r e d  f i e l d s  
where no o t h e r  i n f o r m a t i o n  is a v a i l a b l e .  
The a d j u s t e d  s a t e l l i t e - d e r i v e d  f i e l d s  
a l s o  f i t  t h e  i n  s i t u  o b s e r v a t i o n s  b e t t e r  
t h a n  t h e  raw s a t e l l i t e  e s t i m a t e s .  
A d d i t i o n a l  v a l i d a t i o n  o f  t h e  t e c h n i q u e s  
t h a t  were developed rema ins  t o  be done. 
The v a l i d a t i o n  work w i l l  be accompl ished 
by compar ing t h e  a d j u s t e d  s a t e l l i t e  
e s t i m a t e s  o f  p a r t i c u l a r  f i e l d s  a g a i n s t  
a n a l y s e s  f rom i n  d a t a  t h a t  w i l l  be 
w i t h h e l d  f rom t h e  a n a l y s i s  p rocedure  p r i o r  
t o  t h e  v a l i d a t i o n  phase and t h a t  cove r  
t h e  r e g i o n  i n i t i a l l y  c o n s i d e r e d  v o i d  o f  
i n  s i t u  data.  

- 

-- 
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3.5 
TEMPORAL AND SPATIAL VARIABILITY AND CONTAMINATION OF 6.7 AND 7.3 MICROMETER 

WATER VAPOR RADIANCES 

K e i t h  G. B lackwel l ,  James P. McGuirk and Aylmer H. Thompson 

Department of Meteorology 
Texas A&M U n i v e r s i t y  

Col lege S ta t i on ,  TX 77843-3146 (409-845-4431) 

1. INTRODUCTION 

Accurate e v a l u a t i o n  o f  t h e  s p a t i a l  and 
tem o r a l  d i s t r i b u t i o n  of atmospheric water  vapor 
(WV! remains a problem over  data-sparse areas. 
Rawinsonde measurements a r e  by  f a r  t h e  most 
r e l i a b l e  (Timchal k, 1986); y e t  rawinsonde i n f o r -  
mat ion i s  v i r t u a l l y  nonex is ten t  over  oceanic 
areas. S i m i l a r l y ,  t he  eas te rn  t r o p i c a l  P a c i f i c  
Ocean i s  plagued by a s c a r c i t y  o f  data; however, 
t h i s  data l i m i t a t i o n  became l e s s  of a problem 
d u r i n g  the  FGGE year  o f  1979. FGGE's Specia l  
Observing Per iod  1 (SOP 1) prov ided an increase 
Of me teo ro log i ca l  obse rva t i ona l  data i n c l u d i n g  
a d d i t i o n a l  l and /sh ip  launched rawinsondes 
r e p o r t s  and sate1 1 ite-measured radiances. 

O f  t h e  va r ious  wave bands sensed by t h e  
s a t e l l i t e - b o r n e  radiometers, t he  6.7 pm and 7.3 
wn wavelengths a r e  ve ry  c l o s e  and moderately 
c lose,  r e s p e c t i v e l y ,  t o  t h e  wavelength which 
experiences t h e  maximum absorp t i on  by (water  
vapor) WV i n  the  troposphere. Therefore, 6.7 vm 
radiances (channel 12) a r e  h i g h l y  mo is tu re  
SenSjtiVe, and the  7.3 pm band (channel 11) i s  
moderate ly  s e n s i t i v e  t o  mo is tu re  con ten t  of t h e  
troposphere. As a r e s u l t  of t h i s  s e n s i t i v i t y ,  
these two wavelengths a r e  used w i d e l y  t o  d e t e c t  
v a r i a t i o n s  o f  atmospheric mo is tu re  i n  t ime  and 
space. 

2. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  research i s  t o  
eva lua te  t h e  accuracy and synop t i c  i n f o r m a t i o n  
con ten t  o f  q u a n t i t a t i v e  WV rad iance data i n  a 
trOPiCa1 area bounded by  l a t i t u d e s  I O O S  and 30"N 
and long i tudes  9O"W and 180". The p e r i o d  of 
s tudy i s  21-29 January, 1979. Specia l  a t t e n t i o n  
i s  focused on t h e  r e l a t i o n s h i p  between t h e  
m o i s t u r e - s e n s i t i v e  rad iances (6.7 pm and 7.3 vm 
channels) and t h e  changes i n  t h e  topography of a 
mo is t  l a y e r  as measured by convent ional  "ground 
t r u t h "  rawinsondes. 

3 BACKGROUND 

Several s t u d i e s  (Chesters e t  a l e .  1982, 
S tou t  e t  a l . ,  1984, Weldon and Holmes,' and 
Stewart e t  a l . ,  1985) have focused on t h e  v e r t i -  

'From a manuscr ip t  t i t l e d :  " C h a r a c t e r i s t i c s  o f  
Water Vapor Imagery." Manuscr ip t  a v a i l a b l e  f rom 
NOAA/NESDIS, Washington, D.C. 20233. 

c a l  r e s o l u t i o n  o f  mo is tu re  s e n s i t i v e  s a t e l l i t e  
channels, e s p e c i a l l y  t h e  6.7 pm band. Most o f  
these s tud ies  i n d i c a t e  a p o t e n t i a l  r e l a t i o n s h i p  
between t h e  v a r i a t i o n  i n  t h e  h e i g h t  o f  mid- o r  
upper- t ropospher ic  m o i s t  l a y e r s  and t h e  changes 
observed i n  WV br igh tness  temperatures (BTs). 
I n  a d d i t i o n ,  Ramond e t  a l .  (1981). Stewart e t  
a l .  (1985), Stewar t  and Fuelberg (1986) and 
Peterson e t  a l .  (1984), among others,  assoc ia te  
h i g h  BTs wi th  deep subsidence i n  t h e  m idd le  
and/or upper troposphere. Roul l eau  (1978), 
Rodgers e t  a l .  (1976) and Steranka e t  a l .  (1973) 
concluded t h a t  WV imagery may be used as a 
t r a c e r  t o  d e l i n e a t e  t ropospher i c  dynamics, 
i n c l u d i n g  mid- t ropospher ic  v e r t i c a l  motions. 

4. DATA 

The da ta  from FGGE SOP 1 c o n s i s t  o f  
t r a d i t i o n a l  observations, s a t e l l i t e  In format ion,  
and computer-generated ana l yses  based on these 
data. The data s e t  i nc ludes  a i r c r a f t  drop- 
sondes, sh ip -  and surface-.launched rawinsondes, 
and s a t e l l i t e - d e r i v e d  BTs. The BTs used i n  t h i s  
i n v e s t i g a t i o n  were t h e  m o i s t u r e - s e n s i t i v e  
channel 11 and 12 i n f r a r e d  ( I R )  rad iances from 
the  TIROS-N p o l a r  o r b i t i n g  s a t e l l i t e .  

The computer-derived ECMWF analyses a r e  
l a b e l e d  FGGE I I I b .  They i n c l u d e  pressure 
surface wind f i e l d s  which a r e  a v a i l a b l e  on a 1 
7/8O by 1 7/8" g r i dded  f i e l d ,  mod i f i ed  t o  a 3 
3/4" by 3 3/4' g r i dded  f i e l d  o f  zonal (u)  and 
mer id iona l  ( v )  components f o r  21-29 January 
1979. 

I n  a d d i t i o n  t o  t h e  FGGE data sets, 
i n f r a r e d  s a t e l l i t e  imagery was used. Thfs 
imagery was ob ta ined  f rom t h e  GOES West s a t e l -  
l i t e  l oca ted  above t h e  equator  near 13D"W. 

Dropsondes were n o t  used because o f  
t h e i r  inaccuracy i n  measuring mid- t ropospher ic  
mo is tu re  (Velden e t  al., 1984). Dropsondes 
examined w i t h i n  t h e  area o f  i n t e r e s t  f o r  t h i s  
s tudy possessed e r r o r s  s i m i l a r  t o  those found by 
Velden, e t  a l .  

5. OBSERVED BRIGHTNESS TEMPERATURE SIGNA- 
TURES 

The s a t e l l i t e  BTs a v a i l a b l e  w i t h i n  t h e  
a n a l y s i s  area over  t h e  9-day p e r i o d  o f  s tudy  
were l o c a t e d  over  t h e  ocean and t h e  ad jacen t  
l a n d  over  t h e  southwest U n i t e d  States,  Mexico 
and Cen t ra l  America. Poss ib le  adverse t e r r a i n  
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i n f l u e n c e s  on t h e  WV imagery were checked by 
t e s t i n g  the  mean o f  145 " c o n t i n e n t a l "  BTs f rom 
each channel w i t h  t h e  mean o f  180 adjacent  
"oceanic" BTs f rom each channel. S t a t i s t i c a l  
t e s t s  de tec ted  no s i g n i f i c a n t  d i f f e r e n c e  i n  BT 
means between ocean and land  i n  e i t h e r  channel; 
t he re fo re ,  h i g h  t e r r a i n  was n o t  s i g n i f i c a n t l y  
i n f l u e n c i n g  t h e  BTs over  Mexico and t h e  south- 
west Un i ted  States.  Th is  conc lus ion  was 
a n t i c i p a t e d  because b o t h  I R  s a t e l l i t e  imagery 
and rawinsondes i n d i c a t e d  an ex tens i ve  l a y e r  o f  
mid- and upper- t ropospher ic  mo is tu re  associated 
w i t h  an a c t i v e  synop t i c  c loud  system b l a n k e t i n g  
t h i s  reg ion.  For d r i e r  cond i t i ons ,  topography 
may be a problem i n  t h i s  reg ion.  

A d i s t r i b u t i o n  o f  frequency o f  occur- 
rence o f  channel 12 BTs as a f u n c t i o n  o f  ob- 
served temperatures i s  shown i n  F ig .  1. Con- 
s t r u c t e d  f rom 3330 TIROS-N 6.7 vm BTs recorded 
d u r i n g  t h e  9-day s tudy  p e r i o d  over  t h e  eas te rn  
P a c i f i c ,  t h i s  d i s t r i b u t i o n  shows a skewed 
p a t t e r n  i n  t h e  d i r e c t i o n  of l a r g e r  BTs. Th is  
skewness was n e a r l y  10 t imes l a r g e r  than  t h e  
expected s tandard d e v i a t i o n  o f  t h e  skewness f o r  
a t y p i c a l  sample o f  t h i s  s i z e  taken f rom a t r u e  
normal d i s t r i b u t i o n .  Th is  p a t t e r n  suggests a 
bimodal d i s t r i b u t i o n  i n  frequency o f  occurrence 
o f  BTs. Most BTs approximate a normal d i s t r i b u -  
t i o n  about a mode o f  -17°C; a s m a l l e r  group o f  
h i g h e r  BTs i s  c l u s t e r e d  around -12.5OC. 

I 3  f I I I t  , I , (  , I , , , ! , , , ,  ( , ,  8 m a . i  11 srtlhl.... T . ~ ~ ~ ~ ~ ~ .  VC) 

Fig. 1. Channel 12  brightness temperature IBTI 
frequency dis tr ibut ion.  Frequency i s  given as 
the number o f  occurrences per 0.3OC interval  out 
of 3330 observations. 

The m a j o r i t y  o f  t h e  BTs i n  the  frequency 
d i s t r i b u t i o n  were lower  than  -15°C. Al though 
these lower  BTs a r e  d i s t r i b u t e d  n e a r l y  normal ly ,  
t h e  peak was broad between -2OOC and -32°C. The 
sma l le r  group o f  BTs h i g h e r  than -15°C appeared 
t o  show evidence o f  another  frequency maximum 
between - l l ° C  and -13°C. 

U n l i k e  t h e  channel 12 BTs, t h e  frequency 
d i s t r i b u t i o n  f o r  3330 TIROS-N 7.3 vm channel 11 
BTs d u r i n g  t h e  same p e r i o d  o f  t ime  showed a 
p a t t e r n  approx imat ing a normal d i s t r i b u t i o n  w i t h  
v e r y  l i t t l e  evidence of skewness toward h ighe r  
BTs . 

Evidence o f  a secondary frequency 
maximum i n  channel 12 BTs and t h e  apparent 
absence of a secondary maximum i n  t h e  frequency 
o f  occurrence of channel 11 BTs may be s i g n i f i -  
cant. Since t h e  peak we igh t i ng  o f  channel 12 
t y p i c a l l y  occurs near t h e  500 mb l e v e l  (F ig .  2), 

t h i s  secondary maximum of h igh  BTs 
Fig. 1 may be the  s igna tu re  of  
f e a t u r e  i n  the  upper troposphere. 

observed i n  
a synop t i c  

F i g .  2. TOVS weighting functions 
f o r  channel 11 (7.3 vm) and channel 
Af ter  Smith e t  a t .  (1979). 

inoma lizedl 
12 (6.7 vml. 

F igu re  3 shows t h e  unenhanced window 
channel GOES West I R  s a t e l l i t e  imagery o f  t he  
eas te rn  P a c i f i c  a t  0615 UTC 24 January 1979; the  
hatched r e g i o n  southwest o f  Hawaii d i s p l a y s  t h e  
corresponding geographica l  d i s t r i b u t i o n  o f  
channel 12 BTs observed on 24 January which were 
h ighe r  than -15°C. A l l  o f  t h e  BTs observed i n  
t h i s  p e r s i s t e n t  c l u s t e r  (hatched r e g i o n  i n  F ig .  
3)  f e l l  w i t h i n  t h e  sma l le r  frequency maximum i n  
Fig. 1, and a l s o  f e l l  w i t h i n  a near c loud - f ree  
r e g i o n  southwest o f  Hawaii i n  F ig .  3. Without 
except ion,  t h i s  same p a t t e r n  was observed each 
day throughout  t h e  per iod.  From t h e  21st  
through 25th, these h i g h  BTs were c l u s t e r e d  
south and west o f  Hawaii and corresponded t o  
l a rge ,  mos t l y  c l e a r  reg ions  i n  the  window 
channel imagery. E s p e c i a l l y  i n t e r e s t i n g  was t h e  
l o c a t i o n  o f  these BTs d i r e c t l y  ad jacent  t o  t h e  
western f l ank  o f  a develop ing mo is tu re  b u r s t  
(McGuirk e t  a l . ,  1987). The r e g i o n  o f  h i g h  BTs 
e longated eastward and d imin ished d u r i n g  t h e  
l a s t  few days o f  t h e  p e r i o d  as t h e  mo is tu re  
b u r s t  moved toward t h e  eas t  and weakened 
(Schaefer, 1985). 

F i g .  3.  IJnenhnnced window cknnncZ COES Weat 
s a t e l l i t e  image f o r  061.5 UTC 24 January 1987. 
Hatched region southwest of Hawaii represents 
the geographical dis tr ibut ion of channeZ 12 BTs 
higher than -15OC for 24 January 1979. 

The r e g i o n  southwest o f  Mexico (known as 
t h e  P a c i f i c  d r y  zone) looked ve ry  s i m i l a r  i n  
GOES West window channel imagery t o  t h e  h i g h  BT 
r e g i o n  southwest o f  Hawaii; however, t h e r e  was a 
n o t i c e a b l e  l a c k  o f  h i g h  BTs w i t h i n  t h i s  d r y  
zone. Th is  r e g i o n  south o f  Mexico remained f ree  
o f  any synop t i c  c loud  systems throughout  t h e  
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entire 9-day period and also remained virtually 
free of any BTs higher than -15OC which would be 
contained within the smaller channel 12 BT 
frequency maximum (see Fig. 1). 

These findings suggest that the broad 
peak of the bimodal distribution in Fig. 1 may 
be related to the typical occurrence of low BTs 
associated with a normal to very wet mid and 
upper troposphere in the tropics; the smaller 
frequency peak of high RTs may be associated 
with an extremely dry mid- and upper-tropical 
troposphere. These extremely dry mid- and 
upper-tropospheric regions have been verified 
below 300 mb by rawinsondes. Moisture profiles 
above this level were generally not available 
from conventional rawinsonde soundings. This 
small set of high BTs seems to be related 
exclusively to certain synoptic disturbances 
over the eastern Pacific. 

Similar to the sounding profiles south- 
west of Hawaii, rawinsonde soundings south of 
Mexico in the Pacific dry zone indicated very 
dry mid-tropospheres. However, the upper 
tropospheric profiles near the 300 mb level in 
the dry zone were moister. 

It is hypothesized that the large area 
of extremely high channel 12 BTs observed near 
and south of Hawaii may be associated with deep 
tropospheric subsidence as previously suggested 
by several researchers. Furthermore, it is 
hypothesized that the movement and concentrated 
nature of these large channel 12 BTs relative to 
the active convection associated with a moisture 
burst may denote the subsidence branch of an 
intense, direct synoptic-scale circulation. 
This hypothesis is further substantiated by the 
observed shrinking of this BT area as the mois- 
ture burst weakens. Since channel 11 is more 
sensitive to moisture in the lower troposphere 
(see Fig. 21, the absence of a small secondary 
frequency peak in the higher BT region of the 
channel 11 distribution suggests that phenomena 
producing the secondary channel 12 peak may be 
an anomaly restricted to the upper troposphere. 
This absence of a secondary channel 11 peak also 
suggests that the subsidence of dry air does not 
extend into the tropical boundary layer. This 
lack of subsidence into the boundary layer was 
further evidenced by numerous soundings within 
the high BT region which indicated a moist 
surface layer overlain by dry air, separated by 
a pronounced inversion. 

6. ESTIMATING TROPICAL SYNOPTIC VERTICAL 
MOTIONS 

Initially, a procedure described by 
Stout et al. (1984) was used to estimate verti- 
cal motion; however, results were extremely 
discouraging. A relationship was developed 
between mid-tropospheric precipitable water (PW) 
thicknesses calculated from over 100 soundings, 
and collocated 6.7 pm and 7.3 um water vapor BTs 
sensed by sate1 1 i te. 

The distribution of the upper 5 mn of PW 
for each sounding was calculated as a function 
of pressure by integrating the specific humidity 
downward from 300 mb at each reported sounding 
level. The pressure level associated with each 
0.1 mm PW increment was referred to as a PW 

thickness pressure (PWTP). Although strong 
correlations (0.81 at the 0.6 mn PW thickness 
and 0.84 at the 0.9 m PW thickness for channels 
12 and 11, respectively) were obtained between 
these PWTPs and BTs (essentially a correlation 
between pressure and BT), a large root mean 
square (RMS) error was also observed. 

Comparison of estimated vertical motions 
with adiabatically derived estimates, with 
velocity potential fields, and with outgoing 
longwave radiation fields demonstrated the 
failure o f  the technique in its current configu- 
ration. Therefore, the correspondence between 
mid- to upper-tropospheric moisture measured 
directly by rawinsonde with that sensed indi- 
rectly by satellite is questioned. It is 
hypothesized that the two moisture-sensitive 
satellite channels used in this study may have 
sensed moisture undetectable by conventional 
rawinsondes. 

7. MOISTURE SAMPLING ERRORS 

7.1 Comparisons of PWTP, BT and Sounding 
Prof i 1 es 

If rawinsonde and satellite were actual- 
ly sensing the same moist layers, then the 
rawinsonde/satell i te plots of PWTP versus ET for 
each sounding location should fit closely to the 
composite linear regression curve for all sound- 
ing locations. Fig. 4 shows the 0.6 mn 
PWTP/channel 12 BT scatter plot for Johnston 
Island. Points marked "B" in this figure 
represent very dry soundings with most hqving 
less than 0.6 mn of PW above the 550 mb surface. 
Also shown is the distribution of "Bs" with 
respect to the linear regression curve for all 
the data shown in Fig. 9. The slope of the best 
fit curve for the data represented by the "Blls 
is different from the slope of the composite 
regression 1 ine. The nearly horizontal orienta- 
tion of a best-fit line through this data plot 
suggests that the moisture profiles, as deter- 
mined by rawinsonde for all 12 Johnston Island 
soundings, were very closely related. The 0.6 
mm PWTPs for all the Johnston Island soundings 
varied by only 41 mb in range (12% of the total 
PWTP range shown in Fig. 9); however, the 
collocated channel 12 BTs differed up to 14OC 
(56% of the total BT range in Fig. 9). 

Results for channel 11 are similar, but 
with less variation than in channel 12 BTs. 
This reduced variation suggests that the 
Johnston Island soundings may have closely 
resembled one another in channel 11 imagery. In 
contrast to channel 12 data, this smaller 
variation of channel 11 BTs also implied that 
channel 11 BTs may have recognized mean-profile 
similarities in soundings better than channel 
12. 

Similar Johnston Island soundings are 
shown for 0000 UTC on 23 January 1979 (Fig. 5a) 
and for 1200 UTC on 28 January 1979 (Fig. 5b). 
The 24OC wet-bulb potential temperature curve I s  
shown on both soundings as a reference. On the 
23rd, a strong inversion existed near 700 mb;.on 
the 28th the inversion appeared near 800 mb. 
Both soundings were moist below and very dry 
(dew point depression defaulted to 3OoC) above 
the inversion. Due to instrument llmitations, 

117 



dew p o i n t  depressions, as measured by rawin-  
sonde, which were g r e a t e r  t han  o r  equal t o  3OoC 
were recorded as 30°C. Therefore, a c t u a l  dew 
p o i n t  depressions l i k e l y  were g r e a t e r  than 3OOC. 
More evidence of sounding s i m i l a r i t y  was shown 
by t h e  r a t h e r  i n s i g n i f i c a n t  4 mb d i f f e r e n c e  
between t h e i r  0.6 m PWTPs o f  578 mb and 582 mb. 
Given these n e a r l y  i d e n t i c a l  rawinsonde sound- 
ings,  one would expect  o n l y  a smal l  d i f f e r e n c e  
i n  c o l l o c a t e d  channel 12 BTs. Rather, t h e  
channel 12 BT d i f f e r e n c e  between soundings was 
12OC (46% o f  t h e  BT range observed i n  Fig. 10). 
A l though t h e  sounding on t h e  28th was c o l d e r  i n  
t h e  400-300 mb l a y e r ,  t h e  absence o f  d e t e c t a b l e  
mo is tu re  i n  t h i s  l a y e r  s i g n i f i c a n t l y  lessened 
t h e  l a y e r ' s  i n f l u e n c e  on t h e  c o l l o c a t e d  channel 
12 BT. Smaller, b u t  s i g n i f i c a n t ,  d iscrepancies 
were de tec ted  w i t h  channel 11 BTs as w e l l .  

Johnston 
Island 

300 -3s u -30 -2s -20 -15 - 
Brisntness Tnroeratures ('Cl 

I 

Fig. 4. Scatter p lo t  of  0.6 m PhTPs versus 
channel 12 ET8 f o r  Johnston Island ( E  = 91275). 
Circled l e t t e r s  correspond t o  the two soundings 
discussed. 

7.2 Ca lcu la ted  versus Observed BTs 

The p o t e n t i a l  o f  PW i n  t h e  c o l d  upper 
t roposphere t o  a f f e c t  channel 12 and 11 BTs was 
exp lo red  by comparing observed BTs t o  model- 
d e r i v e d  BTs. BTs were c a l c u l a t e d  f rom a c t u a l  
soundings by means o f  t h e  GLAS Phys i ca l  I n v e r -  
s i o n  r a d i a t i v e  t r a n s f e r  model (RTM) (Susskind e t  
al., T982). The RTM proauced channel 12 weight -  
i n g  f u n c t i o n  curves f rom t h e  Johnston I s l a n d  
soundings shown i n  Fig. 5. These we igh t i ng  
f u n c t i o n  curves a r e  shown i n  Fig. 6. I n  l a y e r s  
where t h e  sounding dew p o i n t  depress ion d e f a u l t -  
ed t o  30°C and mo is tu re  was s y s t e m a t i c a l l y  
overestimated. T h i s  ove res t ima t ion  occurred 
between 750 mb and 300 mb i n  t h e  two Johnston 
I s l a n d  soundings. Mo is tu re  a t  pressures l e s s  
than  300 mb was s e t  t o  ze ro  s ince  rawinsonde 
mo is tu re  readings te rm ina ted  a t  h e i g h t s  j u s t  
above t h i s  l e v e l .  Analogous t o  t h e  soundings, 
t h e  w e i g h t i n g  f u n c t i o n  curves were s i m i l a r ,  w i t h  
b o t h  curves peaking near 500 mb. The c o l l o c a t e d  
RTM and observed BTs a t  0000 UTC on t h e  23rd 
were -10°C and -11"C, r e s p e c t i v e l y ;  thus t h e  
c o r r e l a t i o n  was e x c e l l e n t .  However, t h e  compar- 
i s o n  a t  1200 UTC on t h e  28 th  was ext remely poor. 
As expected due t o  sounding s i m i l a r i t y ,  t h e  RTM 
BT remained h i g h  (-9°C) w h i l e  t h e  observed BT 
was -23"C, suggest ing s i g n i f i c a n t  mo is tu re  i n  
t h e  atmosphere above 300 mb. 

A more conc lus i ve  BT/sounding t e s t  was 
cons t ruc ted  u s i n g  t h e  d e t a i l e d  mo is tu re  in forma- 
t i o n  a v a i l a b l e  f rom a l i m i t e d  number of s p e c i a l  

rawinsondes launched from s c i e n t i f i c  sh ips i n  
t h e  eas te rn  Pac i f i c .  RTM channel 12 and channel 
11 BTs were f i r s t  computed f rom 1000-300 mb 
mo is tu re  p r o f i l e s  ob ta ined  from t h e  sh ip -  
launched rawinsondes and these RTM BTs were 
compared t o  observed BTs. BTs a l s o  were 
c a l c u l a t e d  f rom t h e  1000-100 mb mo is tu re  p r o f i l e  
a v a i l a b l e  from t h e  s p e c i a l  soundings. 

-30 -20 -10 0 IO 20 
TEMPEilbWRE iT) --* 

Fig.  5. Johnston Island Soundings for 0000 UTC 
23 January 1979 ( a )  and 1200 UTC 28 January 1979 
(b ) .  The smooth curve i n  t h i s  skew-T log p plot  
represents the 24OC wet-bulb potential  
temperature. The jagged l ine on the r ight  
represents the temperature. The jagged l ine on 
the l e f t  represents the dew point. Dashed 
regions on the dew point curve represent dew 
point depression8 2 30'C. 
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WElGHTlNG FUNCTION WElGHTlNG FUNCTION 
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F i g .  6 .  RTM channel 12 weighting function 
pro f i l e s  f o r  the Johnston Island soundings a t  
0000 UTC 23 January 1979 ( a )  and 1200 UTC 28 
January 1979 (b ) .  Moisture has been deleted a t  
heights above 300 rnb. The s l igh t  weighting 
above 300 mb i s  not due t o  the influence of 
moisture on the RTM. 

The Matamoros sounding f rom 2100 UTC on 
26 January (F ig ,  7a) i s  g i ven  as an example. 
For channel 12, t h e  observed BT was - 1 O O C ;  t h e  
RTM-calculated BT f o r  mo is tu re  between 1000 and 
300 mb was -8°C; and t h e  RTM es t ima te  i n c l u d i n g  
mo is tu re  between 300 and 100 mb ( e q u i v a l e n t  t o  
0.038 mm o f  PW) was -15OC. 

The s p e c i a l  sounding f rom 2100 UTC on 26 
January (F ig .  7b) f rom t h e  s h i p  P a r i z  p rov ides  a 
second g raph ic  example. Although t h e  t o t a l  PW 
con ta ined  i n  t h e  300-100 mb l a y e r  was o n l y  0.187 
mm, t h e  channel 12 we igh t i ng  f u n c t i o n  curves f o r  
t h e  1000-300 mb (F ig ,  8a) and 1000-100 mb (F ig .  
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8b) moisture profiles were, extremely different. 
The profile with moisture extending to the 100 
mb level indicated nearly half the total area 
encompassed by this weighting curve occurred at 
heights above the 300-mb level. This large 
discrepancy in weighting function profiles 
produced correspondingly large differences in 
the RTM BTs: -15OC for the RTM computation, dry 
above 300 mb; -31OC for the RTM computation with 
moisture to 100 mb; and -35°C observed by the 
satellite over Pariz. 

0 JU 16. 111. 
1100 wc 

*LIuoIoI 

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

Fig. 7. As i n  Figure 5, except f o r  2100 UTC 26 
January 1979 soundings f o r  Matamoros s h i p  a t  
7'N/9loW ( a )  and Par ia  s h i p  a t  loN/1500W (b) .  

wo-  
JU 1 6 .  I O .  1100 Im 

UtrYUO, 

7 ......................... 
....................................... 
....................................... 

,888 
0.8 a.1 8.4 0.. 1.. 1.0 

WelOHTlNQ WNCTION 

12 weight ing f i n c t i o n  
p r o f i l e s  f o r  t h e  Matamoros s h i p  sound2ngat  2100 
UTC 26 January 1979. Moisture d e l e t e d  a t  
h e i g h t s  above t h e  300 mb level ( a )  and moisture 
d e l e t e d  a t  h e i g h t s  above t h e  100 mb level (b) .  
The s l i g h t  weight ing above 300 mb i n  ( a )  i s  not  
due t o  t h e  i n f l u e n c e  o f  moisture on t h e  RTM. 

Finally, RTM BTs were calculated from 
all 111 rawinsondes, with moisture above 300 mb 
not included. These RTM BTs were compared to 
the collocated observed BTs and the discrepan- 
cies were analyzed on the scatter plot shown in 
Fig, 9. The drier soundings, associatgd with 
higher channel 12 BTs, produced better agreement 
with the RTM; the wetter soundings, coupled with 
lower BTs, produced poorer agreement. Special 
significance was given to the BTs in the upper 
right corner of the plot. Without exception, 
RTs higher than -14OC clos!?ly matched the BTs 
produced by the RTM. These were the same BTs 
encompassed within the very high channel 12 ET 
region observed in the subtropical Pacific to 
the northwest of the moisture bursts (see Fig. 

3) and falling within the secondary frequency 
maximum observed in channel 12 BTs (see Fig. 1). 

/L 

30?L -3 ,  -2s -20' - 1 5  .A 
Brightness Tcrrwroturcs ( 'C) 

F i g .  9. S c a t t e r  p l o t  of 0.6 nun PWTPs versus 
channel 12 BTs w i t h  over la id  observed-BT/RTM-E!! 
d i f f e r e n c e  contours. Each rawinsonde s t a t i o n  i s  
represented by a le t ter  ( A  = 91700, B = 91275, 
C = 91066, D = 91165, E = 91285,, F 91487, 
G = CROMW, H = PARIZ, I = DISCO, J MATAM, 
K = 76723, L = 76225, M = 76612, N = 72261, 
0 = 76394, P = 76679, Q = 72255, R = 72250, 
S = 76692, T = 78641, I/ = 76256, V = 76458, 
W = 76654). 

A less defined pattern was displayed in 
the channel 11 analysis (Fig. 10). In addition, 
the magnitudes of the differences between ob- 
served BTs and RTM BTs for channel 11 were 
significantly smaller than those for channel 12. 
Channel 11 seemed to be much less sensitive to 
the contaminating influence of upper tropospher- 
ic moisture than channel 12. 

3004 I I 
-25 -10 -15 -10 - S  0 

Brghlnesr Tcmocrolvcs (C) 

Fig. 10. As i n  F i g .  9 except f o r  0.9 m PWTPs 
versus channel 11 BTs. 

8. SUMMARY AND DISCUSSION 

Initially, the high correlations ob- 
tained between moisture sensitive BTs (derived 
by satellite) and the upper few tenths of a 
millimeter of PW (derived from rawinsonde) 
measured at heights below the 300-mb level 
implied that the moist layers sensed by satel- 
lite were nearly identical to the ones measured 
by rawinsonde. However, the large RMS errors 
obtained when linear and polynomial curves were 
fitted to the sate1 1 ite/rawinsonde comparisons 
suggested a more complex relationship. Minute 
quantities of upper tropospheric moisture, not 
detectable by conventional rawinsondes, signifi- 
cantly modulate the radiation sfgnature emanat- 
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ing from lower levels. This upper moisture acts 
to mask the moisture profile in the middle and 
lower troposphere. Channel 11 was less affected 
by this upper tropospheric moisture than channel 
12; yet, both channels were significantly 
influenced. Thus, evidence in this study 
indicates that satellites significantly sense 
the upper moist layer in the tropical tropo- 
sphere while, in most situations, rawinsondes do 
not. 

This discrepancy in sensing capability 
was observed over the vast majority of the 
eastern Pacific Ocean; therefore, an extensive 
layer of high tropospheric moisture, possibly 
concentrated just beneath the tropical tropo- 
pause, may be the rule rather than the excep- 
tion. Indeed, all measurements reported by Kley 
et al. (1982) indicated saturated conditions in 
the vicinity o f  the tropical tropopause. 

The concentrated area of very high BTs 
in the subtropical Pacific appears to have been 
the only region observed during this study where 
both satellite and rawinsonde consistently and 
correctly evaluated the top layer o f  tropospher- 
ic moisture actually present. Therefore, 
through some process, this upper moist layer 
must have been eliminated. As mentioned in 
several studies, very high channel 12 BTs have 
been associated with deep tropospheric subsi- 
dence; yet, these high BTs occurred in the 
tropical eastern Pacific only in a localized, 
nearly cloudless region south of Hawaii. From 
IR  satellite pictures, a subsidence-dominated 
troposphere is also expected in the cloudless 
eastern Pacific dry zone to the south of Mexico; 
however, very few of the high channel 12 BTs 
were found there, and certainly not the highest. 
This discrepancy appears to be associated with 
the presence of upper tropospheric moisture over 
the eastern Pacific dry zone. 

Finally, the observed closeness of the 
high BT region to the western flank of a mois- 
ture burst, the eastward movement o f  this BT 
region as the moisture burst moved eastward, and 
the areal shrinking of these high BTs concurrent 
with the weakening of the moisture burst indi- 
cate these BTs may be the descending branch of 
an intense, direct, synoptic-scale circulation. 
Furthermore, this deep subsidence may originate 
in the stratosphere and extend into the mid or 
lower troposphere. 

9. REFERENCES 

Chesters, D., L. W. Uccellini, and A. Mostek, 
1982: VISSR Atmospheric Sounder (VAS) 
simulation experiment for a severe storm 
environment. ' k. %. &., 110, 

Kley, D., A. L. Schmeltekoph, K. Kelly, R. H. 
Winkler, T. L. Thompson, and M. Mc- 
Farland, 1982: Transport of water 
throuqh the tropical tropopause. 

198-216. 

. .  
Geo h-s. Res. Lett.,.9, 617-620. 

McGuirk,* A X .  Thompso'ii, and N. R. Smith, 
1987: Moisture bursts over the tropical 
Pacific Ocean. E. w. E., 115, 
787-798. 

Petersen, R. A., L. W. Uccellini, A. Mostek, and 
D. A. Keyser, 1984: Delineating mid- 
and low-level water vapor patterns in 
pre-convective environments using VAS 
moisture channels. %. s. k., 112, 
21 78-2198. 

Ramond, D., H. Corbin, M. Desbois, G. Szejwach, 
and P. Waldteufel, 1981: The dynamics 
of polar jet streams as depicted by the 
Meteosat W V  channel radiance field. 
Mon. Wea. Rev., 109, 2164-2176. 

Rodgers,T B 7 V . T  Saxnson, and H. L. Kyle, 
1976: Upper tropospheric dynamics as 
reflected in Nimbus 4 THIR 6.7 vm data, 
J. Geo h s Res 81, 5749-5758. 

Roul leau, &;8--'ie%te Sensin of the 
Atmos here: I a o n d o d T  and 
d n s  sev er, 1 4 m  

Schaefer?%TJY65:" ObJervi ng the synoptic 
structure of two moisture bursts. 
Masters Thesis, Texas A&M University, 

S t a n ,  TX, 145 pp. (see pp. 
38-66!. 

Smiths L., H. M. Woolf, C. M. Hayden, D. Q. 
Wark, and L. M. McMillin, 1979: The 
TIROS-N Operational Vertical Sounder. 
Bull, Amer. Meteor. z., 60, 1177-1187. 

S t e r a n k a x ,  T J . m o n ,  and T. V. Salmon- 
son, 1973: Applications of Nimbus-4 
THIR 6.7 pm observations to regional and 
global moisture and wind field analysis. 
8.  A 1. Meteor., 12, 386-395. 

Stewart,- &.,y H.-E. Fuelberg, 1986: 
Relationships between 6.7 micrometer 
imaaerv and radiosonde-derived parame- 

.. 

Stewart, T. R., C. M. Hayden, and W. L. Smith, 
1985: A note on water-vapor wind track- 
ing using VAS data on McIDAS. w. 
Amer. Meteor. SOC., 66, 1111-1115. 

Stout, r J . - a n K  a% R. A. Petersen, 
1984: Vertical displacements of the 

Susskin 

Timcha 

Vel den 

mid-tropospheric water vapor boundary in 
the tropics derived from the VISSR 
Atmospheric Sounder (VAS) 6.7 vm chan- 

FL, Jun. 25-29, 1984, 86-89. 
Id, J., J. Rosenfield, D. Reuter, and M. 
T. Chahine, 1982: The GLAS physical 
inversion method for analysis of 
HIRS2/MSU sounding data. Tech. Memo. 
No.. 84936, NASA, Goddard Space m t  
Kter-eenbel t, Mary1 and 29771. 
k, A., 1986: Satellite derived moisture 
profiles. Pre rints, Second Conference 

e t e 0 r . d  
- on Satellite + eteorolojj7RGiote Sensin 

#11*ii. A"M"d;' y3-16, 1986, 
cations 

- -  
64-66. 
C. S., W. L. Smith, and M. Mayfield, 
1984: Application o f  VAS and TOVS to 
tropical cyclones. Bull, Amer. Meteor. 
SOC 65, 1059-1067. 
- 0 )  - 

120 



3.6 IDENTIFICATION AND RECOVERY OF DISCONTINUOUS SYNOPTIC FEATURES 
IN SATELLITE-RETRIEVED BRIGHTNESS TEMPERATURES 

USING A RADIATIVE TRANSFER MODEL 

G. A. Whfte, III, J. P. McGufrk and A. H. Thompson 

Department of Meteorology 
Texas ABM University 

College Station, Texas 77843-3146 

1. INTRODUCTION 

Meteorological analysis over critically data 
sparse areas, such as troplcal oceans, 1s dependent, 
In part, on remotely sensed data from satellltes. 
In the classlc retrleval method, a portlon of the 
satelllte channel brlghtness temperature da ta  and a 
knowledge of the  cllmatologlcal condltlons of the 
reglon and season are used in algorlthms to recon- 
s truct atmospherlc vertlcal temperature proflles. 
Desplte t he  success of conventlonal retrleval 
methods, addltlonal unused lnformatlon may be 
present In the stltelllte channel data. 

McGulrk et al. (1986, 1986) used emplrlcal 
orthogonal function (EOF) analysls of satelllte data 
t o  explore the structural detall of the atmosphere. 
They found t h a t  lndlvldual channel brlghtness 
temperatures may be preferable to reconstructed 
temperature and molsture proflles because the 
reconstructlons are smoothed both horlzontally and 
vertically. 

The objectlve of thls study 1s to  recover 
and  l d e n t l f y  dlscontlnuous synoptic f ea tu res  
dlrectly from satelllte-retrleved brightness temp- 
eratures. Of speclal Interest are the meteorologl- 
ca l ly  impor t an t  e l emen t s  of a n  atmospherlc 
sounding; namely, t h e  near  dlscontlnulties in 
temperature and molsture found typlcally In f ronts  
and inversions. The techniques used t o  create 
conven t lona l  r e c o n s t r u c t e d  t e m p e r a t u r e  and  
molsture proflles from satelllte da ta  unavoldably 
smear these dlscontlnultles and contaminate thelr 
slgnatures. In pursult of the objectlve, thls study 
poses two maln questions: can vectors of satelllte 
channel brlghtness temperatures be classifled by 
synoptic source (e.g., fronts, inversions, etc.), and 
can these sources be quantlfled? 

To answer these  questlons, a synthetic 
cllmatology of a tmospher lc  t empera tu re  and 
molsture soundings was chosen, contalnlng well- 
deflned synoptlc features representatlve of those 
found over the troplcal eastern Paclflc Ocean. 
The temperature and water vapor variables In each 
of a s e t  of "seed soundlngs" were perturbed 
randomly, wlthln narrow llmlts, t o  c rea te  a 
statlstlcally meanlngful tralnlng data se t  of 60 
soundlngs for each seed soundlng. Each soundlng 
was transformed by a non-llnear radlatlve transfer 
model (RTM) to a vector of 22 of the 24 lndlvldual 
s a t e l l i t e  channel brightness temperatures which 
would have been observed had TIROS N satelllte 
s e n s o r s  vlewed t h a t  ver t lca l  sectlon of t h e  
atmosphere* (Two channels were omltted because 

they  contaln no re levant  information for thls 
study. 

The brlghtness temperature vectors arising 
from the  tralnlng d a t a  soundlng groups were 
classlfled and labeled a s  to thelr known synoptlc 
features using two methods: (1) a priori through 
knowledge of the inltlal 'seed sounding and (2) 
objectlvely through cluster analysls (Johnson and 
Wlchern, 1982). Both methods led to  nearly 
ldentlcal results. 

Flnally, to tes t  the ablllty of the system to 
assoclate unknown soundlngs with recognlzable 
synop t l c  f e a t u r e s ,  temperature and dewpolnt 
temperature proflles contalnlng synoptlc features 
not orlglnally part of the sounding cllmatology 
were eva lua ted  by the  RTM. The resultfng 
satell l te channel brightness temperature vectors 
were added to the sounding cllmatology which was 
then evaluated by canonlcal dlscrlmlnant analysls 
(CDA). 

C D A  se rves  th ree  purposes: f i r s t ,  I t  
confirms (or refutes) the lnltlal classlflcatlons of 
the' soundlng cllmatology; second, It quantifies the 
basis for synoptlc classlflcatlon (Johnson and 
Wlchern, 1982); and flnally, i t  places the unknown 
brlghtness temperature vectors In the physically 
most slmllar family In the sounding cllmatology. 
Identlflcatlon of the synoptic features round In 
brlghtness temperature vectors 1s accomplished In a 
re la t lve  sense  by comparlson r a the r  than  by 
lterative solution of the radlatlve transfer equa- 
tion. 

2. METHOD 

2.1 Radiatlve transfer model 

A s  in slmllar studies, the  need for collo- 
cated satelllte observations and upper air data was 
evident. However, since th l s  work focuses on the  
development of statlst lcal  technlques, the  use of 
synthe t ic  atmospherlc temperature and molsture 
soundlngs and a RTM to  produce satelllte channel 
brightness temperature vectors provided a slmbllf- 
led approach. The comblnatlon of soundings and 
RTM posed two d is t inc t  advantages:  f i r s t ,  it 
allowed t h e  flexibil i ty to  s tudy  any synoptic 
f ea tu re  for whlch atmospherlc vertlcal proflles 
could be drawn, and second, the complex slgnals 
found ln real soundings were ellmlnated. 

The RTM was developed at NASA Space 
Flight Center's Laboratory for the Atmospheres 
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and 1s documented by Sussklnd et al. (1982). I t  1s 
a non-llnear 66-layer (surface to 1 mb) rapld 
transmission algorithm whlch dlrectly calculates 
b r i g h t n e s s  t empera tu res  fo r  HIRS and  MSU 
channels on board TIROS N. Because of Its non- 
llnearlty, the  model slightly increases the  varlabll- 
l ty  of the atmospherlc temperature and dewpolnt 
temperature Information. 

2.2 Sounding classlflcatlon 

Ver t lca l  soundlngs of temperature and 
dewpolnt temperature were created to represent 
typical synoptic condltions found over the troplcal 
eastern Paclflc Ocean. The soundings were coded 
accordlng to  the l r  synoptic orlgln. Natural 
varlatlon in t h e  soundings was lntroduced by 
modifying randomly the  seed sounding temperature 
and mlxlng ratio by as much as f 2 percent In 
each of the 66 layers of the  RTM. The variability 
was dlstrlbuted as whlte noise. Fifty perturbatlon 
lteratlons were calculated from each seed to create 
a statlstlcally meanlngful soundlng cllmatology each 
containing a synoptlc slgnature. 

2.3 Retrieval E classlflcatlon 

Direct r econs t ruc t ion  of v e r t l c a l  at- 
mospheric profiles from satelllte sounding data 1s 
not possible (Chahine, 1970). The retrleval of 
blackbody radiation requires inversion of the 
radlatlve transfer equation. No stable solution can 
be obtalned by slmultaneous integral equations for 
each satellite channel because of the  redundancy 
r e s u l t i n g  from overlap of channel welghtlng 
functions. A stable solutlon normally 1s obtalned 
by lntroduclng another  condltion-an average 
observed temperature proflle approprlate to the 
location and season. The brlghtness temperatures 
are used to flnd small deviatlons from the  cllmato- 
logical mean proflle. There 1s some blas toward 
the  mean sounding, and the  method works best for 
small deviatlons from the  maln soundlng. Further, 
thls successlve approximation method produces a 
proflle of temperature only; moisture retrievals rely 
on other approaches. 

The method descrlbed here 1s slmllar to 
conventional temperature retrleval technlques In 
tha t  it requires statist lcal  comparison of satellite 
da ta  products to known soundings. However, there 
are two dlstlnct advantages: (1) molsture, as well 
as temperature,  re t r leva l  1s possible; and (2) 
smoothlng tha t  takes place in the  conventional 
retrleval process 1s mlnlmlzed. 

2.4 Canonlcal dlscrlmlnant analvsls (CDA) 

Canonlcal correlatlon analysls 1s. a general- 
ization of regressing one variable on another; l.e., 
regresslng one vector on another vector. CDA 
extends thls concept by regressing the  random 
variables of satelllte channel brightness tempera- 
tures on dummy variables (class of atmospherlc 
sounding, ln thls case). CDA 1s related to EOF 
analysls; the  maln difference 1s tha t  EOF analysls 
seeks  to  in te rpre t  t o t a l  varlance while CDA 
a t t e m p t s  t o  exp la ln  prlmarlly between-class 
varlance. Thus CDA accounts for wlthln-class 
means and serves to dlscrlminate among groups by 
respondlng to between-class variance. 

Analyzing the  satelllte channel brightness 
temperature vectors with CDA has two purposes. 

The flrst 1s to conflrm the  classlflcatlon of ln- 
dlvldual soundlngs by noting clusterlng of canonlcal 
varlates. The second 1s to flnd se t s  of llnear 
combinations of varlables tha t  best describe the 
physlcal differences of the synoptic features a s  
represented by the varlous clusters (Smlth and 
Woolf, 1976). 

2.6 Phvslcal intermetation of CDA 

The brightness temperature vectors result- 
lng from RTM analysis of the perturbations of the  
orlglnal seed soundlngs and thelr synoptic clas- 
slflcatlons constitute a tralnlng data set. When 
eva lua ted  by CDA,  t h e  tralnlng da ta  become 
separa ted  accordlng to  between-soundlng-class 
varlance. The greatest variance 1s explalned by 
the flrst canonlcal varlable and successively smaller 
amounts of variance are explalned by addltlonal 
canonlcal varlables. In thls fashion. CDA reveals a 
physical basls for the soundlng group separatlon 
and thus suggests synoptic slgnatures whlch are 
present In t h e  channel brightness temperature 
vectors. 

A physlcal representation of the  canonical 
varlables 1s seen In the correlatlon coefflclents of 
satelllte channel brlghtness temperatures. A large 
coefflclent (absolute value) lndlcates tha t  a channel 
1s a slgnlflcant contributor to the variance for a 
given canonical variable. Wlth a knowledge of the 
atmospherlc variables to whlch a channel is 
sensitive (Smith e t  al., 1979) and a summary of 
between-class canonlcal correlatlon coefflclents, 
each brightness temperature channel 1s asslgned 
membershlp In approprlate canonlcal varlables. 
Slnce most of t h e  between class variance 1s 
assoclated with the  flrst canonical variable (CAN 
11, the greatest separation of sounding groups 1s 
revealed by t h e  amplltude of t h l s  canonlcal 
variable. Lesser varlance 1s carried by, and hence 
lesser separation 1s shown by, subsequent canonical 
varlables.  Normally, the flrst three canonlcal 
variables account for most of the variance. For 
example, lf HIRS channels 10 and 11 (the water 
vapor channels) constitute the  malor contrlbutlon 
to the  flrst canonical variable, then CAN 1 derlves 
the  variance It  represents from lower tropospherlc 
water vapor fluctuations. Slmllar lnferences may 
be drawn from lnterpretatlon of the  correlatlon 
matrices and assignment of additlonal TIROS N 
channels to the remaining canonlcal variables. 

3. DATA 

A small data base was constructed using 
seven seed soundlngs representatlve of condltlons 
often found over the  troplcal Paclflc Ocean. The 
soundings were perturbed randomly to create the 
tralning data se t  as described above. Two addl- 
t lonal  t e s t  sound lngs ,  deplctlng slmllar but 
dlstinctly dllferent synoptlc features than con- 
talned in the  tralnlng data se t  were lntroduced in 
the analysls procedure. 

3.1 Training d a t a  set 

While seven soundings are no t  a complete 
representa t ion  of conditions found over t h e  
t rop ica l  Pacific Ocean, they present  an  adequate 
group f o r  t e s t ing  t h e  method described here. The 
seed soundings are shown i n  Fig. 1. The envelope 
of pe r tu rbed  temperature and moisture soundings 
for sounding class 1 is shown i n  Fig. 2. 
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The synoptic condltlons In the lower trOP0- 
sphere are of most Interest, and oftentlmes upper 
tropospherlc molsture shields the lower troposphere 
from sa te l l l t e  view especially In the molsture 
channel wavelengths. Therefore, temperatures and 
dewpolnt temperatures above 600 mb were kept 
constant a t  values conslstent wlth the troplcal 
eas te rn  Paclflc atmosphere in an attempt to 
stablllze RTM performance at upper levels. 
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3.2 Tast soundlnns 

Two real soundlngs, dlstlnctly different 
from, but typlcal of the troplcal eastern Paclflc 
Ocean, were lntroduced to t e s t  t h e  soundlng 
ldentlflcatlon' and classification method. These 
soundlngs were not perturbed. They are shown in 
Flg. 3. 
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I O  
TEflPERflTURE--KCLVIN 

Fig. 1. Seed soundings for training data. Heavy 
line is tropical standard atmosphere, for reference. 
a )  Sounding # I .  Frontal inversion, surface to 860 
mb. Cool surface temperature, dry throughout. b) 
Sounding #2. Radiation inversion, surface to 900 
mb. Moist a t  surface, drying at inversion and 
remaining d r y  aloft. c )  Sounding #3. Turbulence 
inversion resulting from well-mixed layer. Very 
d r y  a t  surface, turning moist a t  860 mb. Inversion 
fiom 860 to 800 mb. Top o f  inversion starts dry 
layer to 600 mb. d )  Sounding #4. Trade wind 
inversion, 800 to 760 mb. Moist surface layer, 
drying slightly a t  900 mb, becoming moist again a t  
800 mb, then drying significantly a t  760 mb. e )  
Sounding #6. Tropical cyclone. Warm and moist 
a t  surface, saturation a t  860 mb, strong drying and 
signiffcant warming aloft. Inversion, 860 to 660 
mb. f) Sounding #6. Carrizai (9.6 O N ,  67 O W ) .  

July. Warm surface, moist layer a t  860 mb, with 
pronounced dryness a t  700 mb, converging to moist 
layer a t  800 mb. g )  Sounding #7. Subsidence 
inversion in warm anticyclone. Warm and moist, 
surface to 860 mb. Inversion 860 to 800 mb with 
pronounced dry layer a t  800 mb. 

1.c 

Fig. 2. As in Fig. l a ,  with perturbation envelope 
shown. Random perturbation is f 296, distributed 
a s  white noise. Seed soundlng makes vertical 
ascent through center of  envelope. 

Ilt .0 160.0 200.0 24C.O 280.0 520.0 
Tt ' lPCRnXI IE - -KCLV I N 

Fig. 3. Test soundings A and B, both 11 July 
1967, 0000 UTC. a )  Test sounding A. Kwdalein 
Island. b) Test sounding 8. Mduro Island. 

3.3 Brlahtness temperature vectors vs soundings 

It  should be remembered tha t  the analysls 
procedure acts on brightness temperature vectors 
created for each soundlng by the  radlatlve transfer 
model. Conventional temperature and molsture 
soundlng plots are shown for the seed and tes t  
soundlngs as a convenlence in Interpretation. 

4. RESULTS 

4.1 Cluster analysls 

After evaluation by the RTM, the tralnlng 
d a t a  s e t  brightness temperature vectors were 
classlfied and labeled according to their synoptic 
orlglns. The classlflcatlons were made two ways: 
(1) a priori through knowledge of the generating 
seed soundlng, and (2) obJectively through cluster 
analysis. In this study, both methods led essen- 
tially to the same results, Le., cluster analysls 
reproduced almost the  same soundlng grouplngs a s  
dld the  generatlng procedure. 
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4.2 Canonlcal dlscrlmlnant analysis (CDA) 

The llnear combinatlons, or canonical varl- 
ables of t he  channel brlghtness temperatures 
derlved by CDA, explain between-soundlng-class 
varlance. The first canonical varlable, CAN 1, 
carrles nearly 90 percent of the varlance. The 
second canonical varlable, CAN 2, accounts for 
nearly 9 percent of the varlance, and CAN 3 
reveals sllghtly less than 1 percent. Cumulatlvely. 
t h e  flrst three canonical variables account for 
nearly 99 percent of the between sounding class 
varlance.  These canonlcal variables may be 
accepted wlth confldence according to the results 
of Wllks' Lambda and associated T* tests. 

4.3 Physlcal lnterwetatlon of CDA 

Table 1 summarlzes the lnterpretatlon of 
lndlvldual satelllte channel membershlp In the flrst 
three canonical variables. CAN 1 1s comprised of 
surface window and channels sensltlve to lower- 
tropospheric temperature varlatlons. The near 
surface water vapor channel,  channel IO, 1s 
included In CAN 1. 

CAN 2 1s dominated by the mid-tropospheric 
molsture channels, 11 and 12, and most tropo- 
spheric temperature channels. One stratospheric 
channel makes a mlnor contrlbutlon. 

Table 1. Satelllte channel asslgnment to canonical 
varlables. 

CAN 1 

HIRS/MSU 
Channel 

Level of peak Purpose of the 
Energy (mb) radiance observation 

7 
8 

10 
13 
14 
18 
19 

MSU 1 

900 
Surface 
900 
1000 
950 
Surface 
Surface 
S u r f  ace 

Temperature sounding 
Window 
Water vapor sounding 
Temperature sounding 
Temperature sounding 
Window 
Window 
Surface emissivity 

HIRS/MSU Level of peak Purpose of the 
Channel Energy (mb) radiance observation 

1 30 
4 400 
5 600 

11 700 
12 500 
15 700 
16 400 

MSU 2 700 
MSU 3 300 

6 aoo 

Temperature sounding 
Temperature rounding 
Temperature sounding 
Temperature sounding 
Water vapor sounding 
Water vapor sounding 
Temperature sounding 
Temperature sounding 
Temperature sounding 
Temperature sounding 

CAN 3 

HIRS/MSU Level of peak Purpose of the 
Channel Energy (mb) radiance observation 

CAN 3 represents only about 1 percent of 
t h e  between sounding group varlance and 1s 
derlved excluslvely from Stratospheric channels a t  
or above 100 mb. No varlatlon In channels 
sensltlve to upper level radiation was expected, 
because temperature and dewpolnt temperature In 
the orlglnal seed and tes t  soundlngs were kept. 
constant above 600 mb. A posslble explanation of 
the variation Is abeorptlon from below and re- 
radlatlon at hlgher levels within the  RTM. 

4.4 Canonlcal variable plots 

The canonical varlables deflne sounding 
group separation as shown In Flg. 4. Plots of 
CAN 2 vs CAN I and CAN 3 vs CAN 1 depict 
soundlng clusters and illustrate the between-group 
varlance exhibited by the  three canonical variables. 

When plotted, the three canonlcal variables 
may be thought of as a three-dimensional repre- 
sentation of the varlance of the  sounding groups. 
Based on t h e  physical lnterpretation of t h e  
canonlcal varlables, the CAN 1 axis represents 
soundlng group Separation due t o  surface and near- 
surface temperature and molsture varlabllity. The 
CAN 2 axls displays tropospheric temperature and 
molsture varlability, and the CAN 3 axis descrlbes 
mlnor varlatlons of Stratospheric temperature. 

I t  1s slgnlflcant to note that  the physlcal 
lnterpretation of varlance groups revealed by thls 
s tudy  1s unlque to th l s  soundlng cllmatology. 
Indeed, close examlnatlon of the seed soundlngs In 
Flg. 1 confirms tha t  the greatest difference occurs 
In su r face  and  near surface temperature lh 
accordance wlth CDA results. Successive and thus 
l e s s e r  soundlng  d i f fe rences  a r e  beyond the  
resolutlon of the seed sounding plots. 

4.6 Identiflcatlon of t es t  brlghtness temperature 
vectors 

The two test soundlngs lntroducad into the  
tralnlng data se t  and evaluated by the RTM appear 
a s  points A and B in Fig. 4. The points seem 
closest to seed sounding 6. The asslgnment 1s 
conflrmed by the Mahalanobls distance calculations 
(a measure of cluster spaclng) in Table 2. 

Table 2. Mahalanobls distances between sounding 
classes. 

Sound A B 1 2  3 4 5 6 7 

A , 25.91 88.06 67.10 29.44 16.27 15.01 19.19 26.26 
I) 25.91 70.19 49.89 18.60 a1.11 20.90 8.98 11.25 

3 29.44 10.60 59.71 19.51 . 9.10 m a 1  18.70 9.62 
o 16.27 a.13 52.11 11.41 9.10 . 27.12 24.81 11.14 
5 15.01 20.90 60.46 48.16 n.21 27.22 . 23.52 20.01 
6 19.19 8.91 75.12 54.52 18.70 14.13 21.51 . 12.14 
7 26.16 12.25 61.71 42.70 9.62 13.14 10.01 11.74 . 

1 88.00 70:19 . 21.16 59.73 52.11 68.46 75.12 63.71 
2 67.30 49.89 21.76 . 39.51 11.41 48.16 54.52 42.70 

2 60 Temperature aounding 
3 100 Temperature sounding 

MSU 4 90 Temperature rounding 

125 



C A N 1  

l e  

15 

12 

9 

6 

3 

0 

-3 

-6 

-9 

-11 

-15 

1 
11 1 

1111111 
111111 
11111 
1 1 1 1 1  

2 
222 
2112 
222222 

221222 
2 
22 

5 

5555 
55555 
5 555 

555s 5 5  
5 5  

5 

55 5 

117 8 
117 

1 1177 
4 1 7111 
a 1 11 

44444 1 

444 4 
44444 

44444 
4 4  

4 33 
3333 
33333 
333333 
333 3 
3 3  

6 6  
6 66 

666 6 6 
666666 
66666 

66666 
6 

6 

6 

B 
6 666 

66 
66 

6 6 6  
666 6 
66666 

6 66 
666 

66 6 
6 

6 

66 6 

2 
22222 
2 1 2  

2 22 2 
1 2 1  

1222 
211 22 
2 

2 

4 
44 

4 4  
4 4  

4 

44444 
4 4 4 4 4 4  

444 
4 4  

4 
4 

44444 

77 
7 

1 55 
3 1 7 5  5 55 

1 1 5 1 5 5  * 
3 3  7 7  (I 5 

333 111 7 5  5 
3333 1 71S15155 

3333 175555 
3 3  3 3  1 5  (IS5 
3333 1 7 5 5  5 

3 3 3 1  5 
3 1 1555 

(I 
33 3 
3 3  

3 

6 

-.. 
3 0  

a 

b 

A 

I 
-54 - a 1  .30 . I 8  -6 6 19 30 

CLNI 

Fig. 4. Canonical discriminant analysis plots. Distribation of a1 1 synthetic 
soundings (1-7) and real soundings ( A  and B). For amplitudes of a) CAN 2 vs 
CAN 1, and b) CAN 3 vs CAN 1. Canonical variables are described in the text 
and in Table 1. 
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The physlcal characterlstlcs of the two tes t  
soundings lndeed are similar to seed soundlng 6 
(Flg. 1 f ) .  Test soundlng A 1s taken from Kwaja- 
leln (July) and tes t  soundlng B 1s taken from 
Majuro (July).  Seed soundlng 6 Is based on 
Carrlzal (July). ~ l l  are warm at the  surface. 
Carrlzal and Majuro show lncreaslng saturatlon 
from the surface to about 860 mb while a constant 
dewpolnt depresslon 1s malntained from the surface 
to 860 mb a t  Kwajaleln. From 860 mb to 700 mb, 
all three soundlngs present a layer of pronounced 
dryness whlch lapses into another molst layer a t  
approxlmately 600 mb. 

The Mahalanobis dlstance table confirms the  
next seed soundlng with similar characterlstlcs 1s 7 
(Flg. 1 g). It  1s a composite sounding created to 
represent a warm antlcyclone subsidence lnverslon. 
While not a s  warm a t  the  surface, there 1s lncreas- 
lng molsture to about 860 mb, a layer of pronounc- 
ed dryness at 800 mb (vlce 700 mb), and a gradual 
increase ln moisture from 800 mb to 600 mb. In 
general, the condltlons are slmllar to seed soundlng 
6. 

6. CONCLUSIONS 

It  has been shown tha t  1s I t  is possible to 
associate TIROS N channel brightness temperature 
vectors wlth synoptlc features. The success of 
thls approach 1s dependent entirely on the Judi- 
cious choice of seed soundlngs, the allowable 
spread of soundlngs about the seed, and the quallty 
of the radlatlve transfer model whlch produces the 
brightness temperatures from atmospheric varlables. 

The method 1s' not wlthout dlfflcultles. 
Most of t he  varlance Is carrled In the flrst 
canonlcal variable. Unfortunately, In this study, 
the channels appearlng in CAN 1 are sensitive 
primarily to surface or near surface condltlons. 
The atmospherlc condltlons of greatest lnterest- 
mld- t o  lower tropospherlc temperature and 
moisture varlations-appear In the  second canonlcal 
variable, CAN 2, whlch carrles a smaller per- 
centage of the varlance. The third canonlcal 
variable carrles variance of l l t t le use In soundlng 
ldentlflcatlon. 

One 1s remlnded tha t  canonical discriminant 
analysis focuses on the  between-class variance. 
Wlthln-class varlances are an Important, but often 
overlooked, byproduct of CDA. Evaluated properly, 
wlthin-class varlances may reveal how soundlngs 
within a given cluster differ and may lead to 
quantiflcatlon of synoptlc slgnatures dlrectly from 
satelllte channel brightness temperatures. 
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4.1 

SPATIAL SCALE OF RADIATION TO SPACE: 
A SPECTRAL AND STRUCTURE FUNCTION ANALYSIS OF SATELLITE IMAGERY 

G.G. Campbell and T.H. Vonder Haar 

C I RA/CSU 
Ft. Collins, CO 80523 

1. Introduction 

A visual qualitative look at 
satellite imagery seems to show 
different characteristic spatial scales. 
We have prepared a spectral analysis of 
several different maps of emitted 
radiance to examine this scaling. Using 
high resolution (10 km) data from GOES 
one sees a red spectrum over regions on 
the order of 1000 km. Cahalan et al. 
(1982) looked at similar statistics from 
lower resolution data to infer effects 
of cloud fluctuations. Our hypothesis 
is that smaller scale fluctuations 
separate from the large scale weather 
phenomina and thus subgrid scale 
parameterization is a reasonable idea. 
Of course the primary source of smaller 
scale changes are cause by the presence 
or absence of clouds. 

2. Data 

We will present results primarily 
from observations from the 11 um window 
channel instruments on geosynchronous 
satellites. As a Sector Processing 
Center for the International Satellite 
Cloud Climatology Project (ISCCP) we 
have access to a large body of 
observations from GOES 6 at 10 km 
resolution. For GOES 6 we have analysed 
the region for 40 north to 40 south 
latitude and 65 west to 145 west 
longitude (a region centered on the 
satellite sub point). In addition we 
have looked at some preliminary results 
from the global analysis of ISCCP which 
is a composite of 4 geosynchronous 
satellites and AVHRR, again from 40 
north to 40 south but for the whole 
latitude belt. The orginal satellite 
counts were converted to spectral 
radiance by the Plank function evaluated 
at 11 um. Subtle details of the 
spectral response functions and varing 
absorption characterists of the 
atmosphere should have no impact on our 
result 6 .  

2. Analysis 

A spectral analysis is an easy way 
to summarize the spatial distribution of 
the radiance field. One can transform a 
spatial function, f, into spectral 
coefficients, C, as a function of wave 
number, k, via a Fourier transform, eq 
1. 

The two dimensional spectra are nearly 
axially symmetric so it is reasonable to 
average for all equal wavelengths giving 
a one dimensional spectra. As we will 
discuss below these spectra are very 
red, fig 1. 

spatial covariance directly from the 
spectra via equation 2. 

In addition one can construct the 

where < > denotes the average value. 
This can also be transformed to the 
spatial structure function, 
S(d)=(l-Cov(d)/Variance). Again this is 
nearly axialTy symmetric, fig 2, so an 
average over equal distance will be a 
good measure of the one dimensional 
structure function or the correlation 
function. 

3. Results 

Several images from April, 1985 
were processed. Each pixel had 
resolution of 10 km and were separated 
by about 32 km. These times were 
selected without regard to the synoptic 
situation and represent a very small 
random sample of the weather. Figure 1 
shows a superposition of the spectra 
from the many images. The fact that 
these all look the same implies that the 
spectra have the same shape irrespective 
of the synoptic situation. Figure 2 
shows the two dimensional structure 
function of one image. This is very 
much like the spatial correlation 
functions shown by Cahalan et al. 
(1982) or Charlock et al. (1988) where 
2.5 degree regional averages were used 
for each grid point. Figure 3 shows the 
superposition of several one dimensional 
structure functions again showing the 
uniformity of the statistics. The 
structure follows closely a log-log 
relation to distance up to about 1500 
km. 

To expand the study we processed 
some 2.5 degree (about 280 km) average 
data from the global analysis of ISCCP. 
This data data was a composite of GOES 
6, GOES 5, METEOSAT, GMS and AVHRR. The 
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use of the geosynchronous data allows an 
instantaneous view of the whole globe 
rather than a composite over 24 hours as 
used by Cahalan or Charlock. Figure 4 
shows the structure function of several 
global images superimposed on those from 
the smaller regions and higher 
resolution data shown in figure 3. The 
break in the structure lines occurs in 
both these data at about 1500 km. 

4. Discussion 

The spectral and structure analysis 
of data from 10 km to global scale shown 
above shows that the radiation field is 
highly correlated up to 1500 km. This 
supports the analysis schemes of several 
large experiments like ISCCP and the 
Earth Radiation Budget Experiment which 
collect averages on a 2.5 degree grids. 
This 280 km resolution is quite adequate 
to detect changes in the mean weather 
and climate. If the subgrid scale 
processes are adequately modeled then 
the grid spacing of most general 
circulation modeling at about 1000 km is 
adequate. For instance the Community 
Climate Model at NCAR has a resolution 
of 800 km by 500 km (Washington, 1982). 

Charlock and Smith (1987) have 
discussed the fact that the variance of 
long wave radiance as calculated by a 
GCM is larger than the variance seen in 
satellite observations. The spatial 
correlation function may give clue to 
explain this difference. Leith (1973) 
discussed the suppresion of variance of 
standard deviation because of too 
frequent time sampling of a long time 
series. Because of the time 
autocorrelation between real geophysical 
fields variance measurements will be 
affected by the frequency of 
measurement. A similar problem arises 
in the estimation of variance of a 
geophysical field with different 
resolution measurement pixels. One 
would expect that the time variance of a 
radiation field measured with 280 km 
resolution would be smaller than one at 
10 km. With the spatial correlations 
derived above one can calculate some 
estimate of the ratio of the variances. 
In analogy with Leith, one comes up with 
eq 3, as the ratio of the variance for 
two different pixel sizes, assuming a 
one dimensional covariance. 

J'rl-(x/a) lCov(x)dx /a 

J,"[ 1-(x/b) lCov(x)dx /b 
Eq 3. r(a,b) ,t---,-,--------,------, 

For the distributions of covariance 
shown above, one comes up with 1.25 for 
the ratio of variance comparing 10 km 
pixels with 280 km pixels. 

To look at this empirically we 
processed a months worth of GOES 6 data 
recording the variance of all individual 
pixels in 2.5 degree regions as well as 
the variance of the individual regional 
averages. Figure 5 shows a plot of the 
ratio of the variances. This is 
substantially larger than the theory 
shown in equation 3 predicted, but in 
the right direction. 

the theory show that the variance for 
small pixels is substantially larger 
than that of regional averages. If the 
model results are more a representation 
of points, than regional averages, then 
one would expect that the model variance 
would be higher than corresponding 
satellite data which are definitely 
regional averages. 

5. Conclusions 

The empirical evidence as well as 

The recording of climatologies of 
radiation fields on 2.5 degree grids is 
sufficient to record most of the 
relevant information. The modeling on a 
500 km analysis grid is adequate for 
radiation analysis with parameterization 
of smaller scales. The spatial 
correlation of the radiance fields show 
that the variance of 280 km fields will 
be smaller than 10 km pixel variance. 
This may explain some of the difference 
seen in variance statistics from GCMs . 
and variances from satellite observed 
radiation fields. 
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Figure 1, Spectra of several GOES 6 
images from several different day of 
April 1985 for the region 4 0  north to 40 
south latitude and 65 west to 165 west 
longitude. 
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Figure 3 ,  Structure function of several 
GOES 6 IR images from several different 
days of April 1985 for the region 40 
north to 4 0  south latitude and 65 west 
to 165 west longitude. 

Figure 2 ,  Two dimensional structure function of a 
single image from GOES 6, day 101, 1985 at 62. 
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Figure 4, Structure functions of GOES 10 km data 
and structure functions of 2.5 degree regional 
averages from global analysis (40 north to 40 
south). Notice that they line up very well. 

VAR P I X / V R R  A V E  

Figure 5, Variance of 10 km pixel data divided by 
the variance of 2.5 degree regional averages for 
the month of April, 1905. Data was recorded every 
3 hours. 
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4 . 2  DECONVOLUTION RESULTS FOR WIDE FIELD-OF-VIEW RADIOMETER 
MEASUREMENTS OF REFLECTED SOLAR RADIATION 

by 

G. Louis Smith 

Atmospheric Sciences Division 
NASA, Langley Research Center, Hampton, Virginia 

and 

David Rutan 

PRC Kentron, Inc., Hampton, Virginia 

1. INTRODUCTION 

Wide field-of-view (WFOV) radiometers 
have been used for the Earth Radiation Budget 
(ERB) instruments which flew on the Nimbus 6 and 
Nimbus 7 spacecraft (W. L. Smith et al, 1977; 
Jacobowitz et al, 1979) and for the Earth 
Radiation Budget Experiment (ERBE) instruments 
which flew on the NOAA 9 and NOAA 10 operational 
meteorological spacecraft and on a dedicated 
ERBE spacecraft (Barkstrom and Smith, 1986). 
Thus, a nearly unbroken high quality set of WFOV 
Earth radiation budget measurements has 
continued since 1975. G. L. Smith and Green 
(1981) developed an analysis procedure for WFOV 
measurements which applies to the case of Earth 
emitted radiation, and this method has been 
applied to a 1-year set of Nimbus 6 ERB data by 
Bess et al. (1981) and more recently to a 10- 
year set of Nimbus 6 and 7 ERB data by Bess and 
Smith (1987a and b). 

The problem of analyzing reflected solar 
radiation was formulated by Smith (1981). This 
case is more difficult than that of the Earth- 
emitted radiation, for which there is a n  
analytic solution. The measurement is an 
integral over the entire field of view of the 
radiometer (see Figure 1) weighted by the 
directional response of the radiometer. The 
equations for the reflected solar radiation 
case can be discretized, resulting in a set of 
matrix equations. Smith (1987) recommended the 
solution of these equations by the method of 
singular decomposition because the problem is 
ill-posed. In the present paper, this method is 
demonstrated by applying it to data from the 
Nimbus 7 spacecraft for December 1978. 

2.  THEORY 

The measurement equation for reflected 
solar radiation is (Smith, 1981): 

m(BS’QS’BH’oH)’ { FOvR(BTtQT#B##-#HP<) 
cos*<G(~)A(B~,Q~)dn (1) 

where m is the measurement in W-m-* at the 
sensor, whose colatitude and longitude are O s  

and as. 
sub-solar point are OH and Q Hand the solar 
incidence at the Earth‘s position is H. The 
sensor directional response is G(a), and for a 
flat-plate response G(a) - cos Q. The albedo A 
at a point at the top of the atmosphere is a 
function of colatitude BT and longitude QT , and 
is assumed to be constant with local time. The 
bidirectional model R is a factor which 

l I  

The colatitude and longitude of the 

expresses the anisotropy of the reflected 
radiation. With the constraints imposed by the 
orbit, equation (1) may be rewritten as: 
m(tlp*S) - J F o v ~ ( t l , ~ s , ~ T 3 ~ T )  A(BTtQT) dn ( 2 )  

where the kernel function K includes all the 
terms in the integrand of equation (1) except 
for the reduced albedo A. The orbit angle q is 
the angular distance from the Equator to the 
spacecraft. 

The measurement equation ( 2 )  is an 
integral equation which can be solved for the 
albedo by separation of variables under certain 
conditions: A(BT,QT) - nfJoexp(inQT) fn(BT) ( 3 )  
thereby affording a considerable theoretical and 
computational simplification. The resulting 
equations are discretized with respect to a grid 
svstem. resulting in: 

( 4 )  
where g (7 )  is the complex Fourier transform in 
l o n g i t u d e  o f  t h e  m e a s u r e m e n t  m a p :  

n 

The behavior of the Bi matrices is discussed by 
Smith (1981). 

The resolution with which the albedo A 
can be described by data from a WFOV instrument 
is limited, causing the Bn matrices to be 
singular. Smith (1987) presented the use of 
singular value decomposition for this system. 
This approach delineates the parts of the 
solution which are retrievable and those which 
are not. The solution of equation ( 4 )  may be 
written as (Twomey, 1965; 1977): 

fn - j-1 f3 Anj(t’njgn) -l unj + j-;$;+1 unj Unj (6) 
where M is the number of non-zero singular 
values and the u are the coefficients of  the 
singular vectors which have zero singular 
values. The u cannot be determined from the 
solution of equation ( 3 ) .  This is explained as 
follows. 

The vector fn is an element of a J -  
dimensional space F, and the vector gn is an 
element of a P-dimensional space G. The u 
provide an orthogonal basis set which spans F, 
and the v likewise span G. The Bn matrix maps 
F onto a J-dimensional subspace of G, denoted as 
the image of F in G. This is indicated 
schematically in Figure 2 .  There is a subspace 
of F which is mapped onto zero. These albedo 
distributions will produce no signal in the 
measurement and are thus said to be unobservable 

nj 

nj 

nj 

nj 
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with the WFOV radiometer. They are expressed by 
the second term of equation (6). Points in G 
Outside the image of F are inconsistent; 
i.e., there are "measurement" vectors gn which 
cannot be produced by any albedo vectors fn. In 
application, inconsistency may arise due to 
errors in B 

Because of the error arising when X is nj 
small or zero it is necessary to consider the 
terms associated with these singular values, in 
the first summation of equation (6), as being 
unobservable. These terms include those 
components with high wave numbers, which results 
in a limitation of resolution in the final 
results. In addition, there are unobservable 
vectors due to low solar illumination near the 
terminator. 

or in gn. n 

3 .  APPLICATION 

The preceding theory is now applied to 
data from the Nimbus 7 Earth Radiation Budget 
(ERB) shortwave wide field-of-view radiometer 
for the December case. For the Nimbus 7 
spacecraft, the orbit is circular with an 
altitude of 955 km, an inclination of 99.Z0, and 
an Equator crossing time of 11:55 a.m. local 
time. 
3.1 Siagular Values and Singular Vectors of 

Qbservation Matrix 

The singular values for the ERB WFOV 
radiometers on Nimbus 7 for December are shown 
in Figure 3. The singular values decrease 
exponentially with the latitudinal wavenumber, 
showing that the effect of the corresponding 
singular vector components on the measurements 
decreases. These slopes will increase with 
increasing spacecraft altitude. Likewise, the 
singular values also decrease with increasing 
longitudinal wavenumber. 

A few singular vectors are shown in 
Figure 4 for December. As the order of the 
singular vector increases, these waves tend to 
cancel each other out in the measurement, 
resulting in decreasing singular values as the 
wavenumber increases. The singular vectors 
corresponding to the low order singular values 
all vanish at the high latitudes, as shown in 
Figures 4a and 4b. Only high-order singular 
vectors, corresponding to very small singular 
values, have significant values at high 
latitudes, as shown in Figure 4c for waveniunbers 
3 3  and 34. This is because albedo variations 
near the terminator, but still in the sunlit 
portion of the Earth, are practically 
unobservable. This problem of unobservability 
is inherent in the measurement itself. Another 
important aspect of the wavenumber 3 3  and 34 
singular vectors i s  that they are each highly 
localized, s o  that singular vector 3 3  has 
significant magnitude only south of 55's and 
singular vector 34 has significant magnitude 
only north of SOON. The components of these 
singular vectors in the solution will have large 
errors due to division by the singular values in 
equation (6). However, Figure 4c shows that the 
effects of these errors will be restricted to 
the neighborhood of the terminator. 
3.2 Constructio n of the . Albedo Fie1 d 

The measurements Erom the Nimbus 7 ERB 
shortwave WFOV radiometer were compiled using a 
5' x 5' grid to produce a monthly average 

measurement. The next step of the inversion 
process is to compute the complex Fourier 
components gn(q> by use of equation (5), after 
which the terms in the first summation of 
equation ( 6 )  are computed. 

terms, which are magnified by X -I, the series 
must be terminated in order to obtain a 
meaningful result. This is a characteristic of 
inversion problems of integral equations 
resulting from remote sensing. Most of the 
errors are due to the fact that the grid box 
value is not a true average, but is the average 
of a sample whose selection is governed by the 
orbital overflights of the grid system. 
Longitudinally adjacent grid boxes will be 
sampled on different days, thereby aliasing time 
variations of the field into variations of the 
spatial average. 

One effect of truncating the series is to 
limit the resolution. The other effect is to 
limit the latitudinal coverage of the solution. 
The solutions with various numbers of terms 
included are shown in Figure 5 for December. It 
is seen that as the number of terms increases, 
the summation converges in the low and mid 
latitudes. However, near the terminator and at 
high latitudes, the summation has large changes 
with the inclusion of additional terms. For 
terms of high order, the information content of 
the measurements, as described by the v g 

components, is very small. Figure 5 shows the 
go as computed using a number of terms from 16 
through 24. It is seen that 18 terms reproduce 
the measurement profile go quite closely. The 

remainder are unobservable, The vanishing of 
the retrieved albedo at both ends of the domain 
requires treating. 

The terms which describe the albedo in 
the polar regions have small or zero singular 
values and are unobservable; thus, they are in 
the second summation of equation ( 6 ) .  In order 
to produce a realistic albedo solution, a priori 
data are needed to provide an estimate for the 
coefficients u in the unobservable summation. 
The zonal profiles of Ellis and Vonder Haar 
(1976) are used for the a priori values. 

The truncation point of the series M is 
important in the retrieval. The M values for 
the various Fourier components are listed in 
Table 1. The rapid decrease of M with n is 
attributed to the decrease of amplitude of the 
gn with n. For M - 18, the unobservable part of 
the solution is localized, providing the albedo 
value very near the terminator and pole and 
damping out away from these regions. 

The information content depends on the 
orbit altitude and inclination. For increasing 
orbit altitude, the first singular value will 
decrease and the slope of the line for singular 
values as a function of order will increase, 
Corresponding to loss of retrievable resolution. 
Also, if the orbital inclination is changed so 
as to cover a smaller latitude range, the 
singular values will decrease more rapidly and 
the corresponding singular vectors will describe 
the unobserved latitude range. 

The observed albedo and the a priori 
estimate for the unobservable part of the 
solution are combined as shown in Figure 6 to 
produce the mean albedo profiles. The resulting 
total profiles are more realistic than the 
observable part alone because of the behavior of 

0.l g o j  Because of the errors in the v 
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the profiles at the high latitudes. 
3.3 Variation of Information Content With 

Latitude 

Figure 6 shows that the albedo is defined 
by the measurements in the low and midlatitudes, 
but that information in the polar regions is 
inadequate for reasonable albedo results. This 
situation is depicted in Figure 7, where the 
case of December for the Nimbus 7 orbit is 
shown. From 40°N to 7OoS (region IV), the 
albedo can be retrieved with no significant 
contribution from the unobservable part of the 
albedo distribution. In this region, the albedo 
is defined by the WFOV measurements. In 
latitudes 67'N to 50°N (region 11) and 80's to 
90°S (region VI), the WFOV measurements provide 
very little information. In latitudes 50°N to 
40°N (region 111) and 70'5 to 80's (region V), 
the WFOV measurements provide significant 
information, but the part of the distribution 
which is unobservable in the WFOV measurements 
is also significant. These are transition 
regions between region IV and regions I1 and VI, 
respectively. The albedo is physically 
undefined for latitudes poleward of 67'N (region 
I). The boundaries for these regions move with 
the solar declination. Also, these boundaries 
are a function of the orbit characteristics of 
the spacecraft. 
3.4 Albedo Results 

Albedo is computed using equation (3), 
and the results are shown in Figures 8 and 9 for 
December 1978 and September 1981, respectively. 
In the low latitudes, there is much longitudinal 
variation of albedo. Regions are seen where the 
patterns roughly correspond to continent shapes. 
From 60° to the poles in both hemispheres, the 
albedo is very strongly zonal, but the Antarctic 
does produce a noticeable high in the 
longitudinal direction. The oceans show low 
albedo regions, which are assumed to be regions 
of low cloudiness, with albedos on the order of 
9 to 12%. The Indonesia-New Guinea region has 
a n  albedo in the range 25 to 30%, which 
indicates high cloudiness. The Tibet-Western 
China region shows a high albedo of 37%, again 
this is associated with the high cloudiness of 
the region. The high albedo of Greenland causes 
the 40% albedo line to move in a wide arc around 
the island. This is a measure of the resolution 
available from the WFOV measurements at this 
latitude. 

For December, the results are quite 
similar. Note the illumination of Greenland is 
so low that it is not resolvable for this month. 
In the Tropics, the deep convective centers over 
the Amazon, Southern Africa, and the Indonesia- 
New Guinea regions are apparent. This matches 
well with the WFOV results for Earth-emitted 
radiation, in which these centers are notable 
due to the low Earth-emitted radiation from the 
cold high cloud tops (Smith and Bess, 1983). 
Thus, the reflected and absorbed solar radiation 
exhibits a strong three wave pattern as does the 
Earth-emitted radiation near the Equator. 

3 . 5  Absorbed Solar Ra diation 

The primary purpose of determining albedo 
is to determine the amount of solar radiation 
absorbed by the Earth-atmosphere system. For 
computing the absorbed solar radiation, the 
albedo was assumed to be constant for the 

diurnal cycle. The zonal mean absorbed solar 
radiation is shown in Figure 10 for December 
1978. The incident solar radiation is shown for 
comparison. Because the unobservable part of 
the albedo is a source o f  error, the absorbed 
radiation which is based on this term is shown 
also. Except for the South Pole, this part is 
very small. The reason for this is simply that 
this part is unobservable because, for the 
Nimbus 7 orbit, the radiant incidence is small 
in these regions. At the South Pole, the error 
in absorbed radiation is large because the 
albedo error and incident radiation are large. 
The albedo error is large because the region 
corresponding to this 5' latitude band is very 
small and the satellite only goes to a latitude 
of 81's. 

4. CONCLUDING REMARKS 

A technique has been demonstrated by 
which the deconvolution of WFOV measurements of 
solar radiation reflected from Earth is reduced 
from the solution of a two-dimensional integral 
equation to the solution of a set of one- 
dimensional integral equations. The theoretical 
operational difficulties associated with the 
solution of ill-posed problems are thus greatly 
simplified by working with one-dimensional 
integral equations rather than with two- 
dimensional integral equations. The solution is 
given by the method of singular value 
decomposition, which permits the partitioning of 
the albedo field into an observable part and an 
unobservable part. This unobservability is due 
to limitations in the nature of the wide field- 
of-view measurement and is present in any 
analysis technique. The present study 
delineates the unobservability. The 
unobservable part includes high spatial 
frequency components, regions o f  low solar 
illumination and near the poles. T h e  
unobservability of the high spatial frequencies 
limits the resolution which is obtainable from 
the wide field-of-view radiometer. The albedo 
field is observable in the low and mid 
latitudes. The error near the terminator due to 
the unobservable part causes only small errors 
in absorbed solar radiation. 
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Table 1. Number of terms retrieved for each 
wavenumber 

wavenumbe r 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

M, order of last term retained 

Seotember 1 Decemb er 
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1 
1 
1 
1 
1 
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Fig. 3 .  Singular values of measurement matrices 
for Nimbus 7 WFOV for December 1978. 
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Fig. 6. Zonal profiles with and without a 
priori data used for unobservable part of albedo 
for December 1978. 
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Fig. 4. Singular vectors of measurement 
matrices for Nimbus 7 WFOV for December 1978. 
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Fig. 8. Albedo map with a priori information for December 1978. 
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Fig. 9. Albedo map with a priori information for September 1981. 
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4.3 

Intercomparison of Outgoing Longwave Radiation Obtained from ERBE 
and NOAA Operational Satellite: A Preliminary Result 
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INTRODUCTION 
The NASA Earth Radiation Budget Experiment 
(ERBE) (Barkstrom, 1984) is designed to measure 
the planetary radiation budget with broadband 
instruments onboard three satellites. The 
accuracy of the instruments and the spatial- 
temporal resolution of the observing system 
surpasses those of previous attempts. Two 
instruments are on-board the sun-synchroneous 
NOAA 9 and N O M  10 satellites, the third is in a 
highly retrograde orbit (Earth Radiation Budget 
Satellite) to provide diurnal coverage. 

On the other hand, NOAA has been providing earth 
outgoing longwave radiation (OLR) derived from 
the narrow band AVHRR measurement onboard the 
operational satellite series (Gruber and 
Krueger, 1984) for more than thirteen years, the 
longest OLR data set available. 

The purpose of this paper is to present results 
from a preliminary study comparing OLR measured 
by the broadband and estimated by narrow band 
instruments. Although we tend to find a slight 
non-linearity in the comparison over the ocean 
region, overall the standard deviation of the 
data is within 2%. The study also suggests that 
to fine tune the AVHRR OLR, we might need 
different regression algorithms for different 
surface geographies. 

PBTB 
The AVHRR outgoing OLR used in this study are 
those from the NOAA 9 satellite and analyzed by 
Climate Analysis Center, NMC (Janowiak, 1985). 
The analyses are monthly means derived from the 
daily mean which, in turn, is the average of the 
daytime and nighttime observations. The 
clatellite equator crossing time are 0230 and 
1430 local time. 

ERBE OLR data are observed by the scanning 
radiometer onboard the ERBE satellite (ERBS). 
The satellite is inclined at 57 degrees and 
precesses about 5 degrees a day. The monthly 
mean used in this study is derived from the 
daily mean which takes into account the diurnal 
cycle, either through the compositing over the 
various local hours observed during the month or 
through use of an explicit diurnal model. Due 
to satellite coverage, only those data between 
60' degree North and South are considered in 
this study. 

Although both the data of ERBE and AVHRR are 
specified on 2.5 x 2.5 deg. lat./long. boxes, 
the centers of ERBE grid boxes are offset from 
the A m  grid points by 1.25 degrees in both 
latitude and longitude. For compatability, the 
AVHRR data were converted to the ERBE grid by 
averaging over the surrounding four grid points. 

While we have examined several time periods of 
both ERBE and AVHRR data, we will focus in this 
paper on the one month of April 1985 as these 
data have now been finalized for the ERBE and 
are scheduled to go into the public archive. 

Results 

Figure 1, which depicts the April 1985 monthly 
average maps of OLR as well as the difference 
(ERBE minus AVHRR), we see that for the contour 
of 250 W/M**2, AVHRR is very close to ERBE. 
However, for the contour of 275 W/M**2, ERBE has 
much larger area than that of AVHRR, especially 
over the ocean regions. One of the possible 
reasons for such difference is that the inferred 
OLR from AVHRR measurements is derived from a 
regression process (Ohring et. al., 1984), 
thus, it is expected that when compared to ERBE 
broad-band measurement, AVHRR OLR would be more 
conservative. 

Yet, there are regions where ERBE underestimates 
AVHRR. Particularly over desert area, such as 
western Sahara, central Australia, and, some 
regions over land, such as Central Asia, 
northern China, Mexico and Rocky Mountains area. 
Although there are also some small regions over 
the ocean where ERBE underestimates AVHRR, the 
area is much smaller than that of land-desert 
and not well organized. 

The zonally averaged OLR as a function of 
latitude are presented in Figure 2. We see 
that the two data sets agree very well in the 
latitudinal distribution with ERBE over- 
estimating AVHRR for all of the latitudes. This 
is also shown in Table 1. ERBE has a higher 
global mean (60' North and South with area 
weighting) than that of AVHRR by 2.84 W/M**2. 
The largest differeces are in the subtropical 
subsidence regions with 2.7% difference for the 
Southern Hemisphere and 1.6% difference for the 
Northern Hemisphere. 

Figure 3 is a scatter plot of the actual grid 
point data and shows that the relationship 
between AVHRR and ERBE can fit fairly well with 
a least square regression of slope 1.11. The 
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slope, which is larger than unity, agrees with 
the argument that AVHRR is in general 
conservative when compared to ERBE. Caution has 
to be taken as this argument does not apply to 
specific regions as we shall see later. More 
careful examination shows the center cohesive 
portion of the scatter plot has some non-linear 
curvature. Stratification of the scatter plot 
by surface geographical types segregates this 
region as ocean, Fig. 4. Also, indicated in 
Table 1. is that the vast ocean area dominates 
the slope of the least square fit. 
Nevertheless, the ocean has larger standard 
error of estimate than when all surface types 
are considered, 7.29 W/M**2 vs. 6.22 W/M**2, 
regardless of the high correlation coefficient. 

Examination of the relationship between AVHRR 
and ERBE over land and desert are depicted in 
Figures 5 and 6 ,  respectively, and we see that 
their overall slope is rather close to 1.0 
(Table 1). The desert has a higher standard 
error than that of land, 4.59 W/M**2 vs. 3.91 
W/M**2. This could be due to the effect of the 
strong diurnal cycle on the different satellite 
sampling times. Also, very notablely, desert is 
the only surface type that AVHRR has higher 
global mean than that of the ERBE by 2.1W/M**2. 

Snow regions are mostly located in the Northern 
Hemisphere at this time of the year and the 
scatter plot of this region, Fig. 7, shows the 
relationship has the lowest slope compared to 
other types of geography. However, the OLR over 
snow has a very small range, 185 to 215 W/M**2, 
so that the confidence interval for the slope is 
less. 

Remarks 

Due to the varying satellite sampling times , 
ERBS OLR probably is closer to the true monthly 

mean than AVHRR Om, whlch I s  based on sun- 
synchroneous observations. The larger standard 
error of desert and land could be due to this 
sampling differece in that the diurnal cycle is 
large. This, however, does not explain the 
essentially non-linear relationship between the 
two over the ocean areas. 

A more selective comparison is underway by 
choosing space-time colocated regions for 
comparison. Also, the data from the two differ- 
ent instrument, broadband from ERBE and narrow 
band from AVHRR, but onboard the same satellite, 
NOAA9, will be available soon for further 
analysis. This data set will eliminate the 
questions arising from the different sampling 
times. 
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t o t a l  Ocean Land Snow 
No. Grid box 7056 4935 1184 172 
Slope 1.11 1.11 1.00  .88 
Corr .  Coef. .98 .99 .98 .88 
S t d  e r r o r  6.22 7.29 4.59 1 .72  
RMS D i f f .  5 .44 5.48 5.22 4.43 
AVHRR Mean 238.7 239.6 230.3 196.2 
ERBE Mean 241.5 243.4 231.2 199.8 
Mean D i f f .  - 2 . 8  - 3 . 8  - . 9  - 3 . 6  

Deser t  
434 
.97 
.97 

3 .91  
6 . 3  

261.5 
259.4 
+2.1 

Table 1. S t a t i s t i c s  from least  square f i t .  S t d  
e r r o r  i s  t h e  s t a n d a r d  e r r o r  of  the  e s t i m a t e .  RMS 
Diff  is t h e  r o o t  mean square  d i f f e r e n c e  between 
AVHRR and ERBE. The Means are g l o b a l  means 
between 60' North and South.  

MONTHLY O L R  RPR. 85 ERBE 

C O U l n l J l l  I N I C R V R L -  5.00 

Fig .  1 Monthly Average O M  f o r  A p r i l  1985 from 
( a )  ERBE, (b)  AVHRR and ( c )  Di f fe rence  between 
ERBE and AVHRR. For ( a )  and ( b ) ,  s i n g l e  shaded 
a r e a s  a r e  l a r g e r  t h a n  250 W/M**2; double shanded 
areas are l a r g e r  than  275 W/M**2. For ( c )  ' I '  
is l a r g e r  than  5 W/M**2 and I - '  is  s m a l l e r  than  
- 5 w/n**2. 
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Fig. 2 Zonal averages of  0L.R for ERBE, dashed Scatter p lot  for ERBE vs .  AVHRR between 
l i n e ,  and AVHRR, s o l i d  l i n e .  60 North and South. The s o l i d  l ine  is the 
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Fig. 5 Same as Fig. 3 ,  except for land. 

A W O U  ulnr*2 

Fig. 6 Same as Fig. 3 ,  except for desert. 
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Fig. 7 Same as Fig. 3 ,  except for snow. 
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TEMPORAL VAIUABILITY OF THE OUTGOING INFRARED FLUX FROM NFOV DAILY DATA: 4 . 4  

COMPARISON BETWEEN NOAA AND NIMBUS-7 POLAR ORBITING SATELLITES. 

/ 

Laura D. Smith and Thomas H. Vonder Haar 

Department of Atmospheric Sciences 
Colorado State University 

Fort Collins, Colorado 

1. INTRODUCTION 

Daily observations of the shortwave and longwave com- 
ponents of the Earth Radiation Budget ( E m )  from polar 
orbiting satellites are currently being used for validation of 
the radiation balance obtained from long term climate sim- 
ulations with three dimensional atmospheric general circuli+ 
tion modela (GCM’r). Climate modelers are focusing their 
reaearch on the ability of GCM’s to reproduce the first and 
higher order statistics of the key climate variables driving the 
atmospheric general drculation of the Earth Atmosphere sys- 
tem. Measurements of the ERB at the top of the atmosphere 
from satellites, which are uniquely defined and highly cali- 
brated quantities, available on variou~ time scales and space 
resolutions over the whole globe constitute one of the best 
tool to help validate the parameterization of shortwave and 
longwave radiative transfer processes and improve doud gen- 
eration schemes. 

Measurements of the longwave radiation emitted by the 
various atmospheric constituents and by the earth’s surface 
are available from two Merent aeries of polar orbiting satel- 
lites over the time period between June 1979 and February 
1980. Although primary designed for imaging and estimates 
of surface temperatures, scanner radiometers on board the 
successive NOAA spacecrafts have been providing a continu- 
OUB record of spectral narrowband longwave radiances since 
June 1974. On the other hand, the primary goal of the 
NIMBUS7 ERB experiment was to accurately measure nar- 
row angle of view (NFOV) spectral broadband emitted long- 
wave flux. However, due to a mechanical failure in the scan- 
ning mechanism, only twenty months of data are available 
between November 1978 and June 1980. Different orbital 
characteristics ,temporal and spatial samplinge between both 
satellites, and more important Werent spectral wavelength 
intervals of the infrared channels lead to measurable Mer-  
ences between both data sets. 

In this study, daily mean observations from both satellite 
experiments are used to compute eeaeonal average and stan- 
dard deviation of the outgoing longwave radiation over the 
time periods DECEMBER 79-JANUARY EO-FEBRUARY 80 and 
JUNE 79-JULY 79-AUGUST 79 (respectively referred aa win- 
ter and summer in the following sections). Its primary goal 
is to infer if, on a global scale and for a specific spatial res- 
olution, estimates of the temporal variability of climate are 
affected when either spectral narrowband converted to broad- 
band, or spectral broadband measurements of the longwave 
component of the radiation balance are used. In the last 
section, we used daily observations from the NOAA satellite 

over the period JUNE 79-JULY 79- AUGUST 79 to compute 
time lagged autocorrelation coefficients of the outgoing in- 
frared flux. zonal averages and global maps are presented to 
point out the effect of the diurnal cycle of the cloud top and 
earth ’s surface temperatures. 

2. SATELLITE DATA SETS 

2.1 NIMBUS7 

The NIMBUS7 satellite was launched in October 1978 
into a sun synchronous near polar orbit with equatorial cross- 
ing times dose to the local noon in its ascending node and the 
local midnight in its descending node. However, because of 
a mechanical failure in the scanning mechanism, only twenty 
months of NFOV shortwave and longwave observations are 
available between November 1978 and June 1980. Character- 
istics of the NFOV infrared channels are summarized in Table 
1 (from Gruber and Jacobowitz, 1985). Additional informa- 
tion on the scanning mechanism and on the performances 
of the scanner radiometers can be found in Jacobowitz et 
al (1984). NFOV spectral broadband infrared radiance data 
were recorded on a 3 days “ON”, 1 day “OFF” cycle, and 
converted into irradiances using angular dependence modela 
developed by Taylor and Stowe (1984). They were further 
averaged into daily mean values stored on the so called “MA- 
TRIX” tapes into 2070 target grids of approximately equal 
surface area of 600 km by 600 km. The daily averaged data 
were then streched into a rectangular grid of 4.6O latitude- 
longitude resolution, and missing grid points were Wed in 
with a weighting interpolation scheme. Because of the 3 days 
“ON”, 1 day “OFF” cycle, only 67 and 69 days are respectively 
available over the time periods DECEMBER 79-JANUARY 80- 
FEBRUARY 80 and JUNE 7SJULY 79-AUGUST 79. 

2.2 NOAA 

Daily observations of the planetary outgoing longwave 
radiation were obtained from two different series of NOAA 
operational polar spacecrafts between June 79 and February 
80, ae indicated in !Cable 1. Gruber and Jacobowitz (1986) 
discuss how monthly averaged observations from the TIROS 
N satellite compare to the NOOA-6 data, to assess the com- 
patibility of both IR time series. Empirical regression re- 
lationships developed from NIMBUS7 ERB observations are 
used to convert radiances measured in the window region 
(10.6 - 11.6pm) into spectral broadband values (Ohring et al, 
1984). Measurements of the outgoing IR for the ascending 
and descending nodes are available on a rectangular gfid of 
2 .V  latitude-longitude resolution. The missing grid points 
were also filled in and flagged as negative d u e s  for each 
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map. In order to match as closely as possible the NIMBUS-7 
IR time series, each &ily averaged field was further streched 
into a 4.6O latitude-longitude rectangular grid. Daily obser- 
vations which were missing in the NIMBUS-7 IR t h e  series 
were also omitted in the NOAA IR data in order to come up 
with two “look &e” data sets for both northern hemisphere 
winter and summer seasons. 

Table 1: Characteristics of the NIMBUS-7 and NOAA satellites 
(from Gruber and Jacobowitc, 1986). 

SATELLlTE TIROS-N NOAA-8 NIMBUS-7 

INFRARED WINDOW (w) 10.611.5 10.611.5 4.560.0 

EQUATOR CROSSING (LT) 0300-1600 0730-1930 1200-2400 
PERIOD OF RECORD 01-79;Ol-80 Ow)O;O7-81 11-78;06(10’ 

RESOLUTION 4 h  4 h D  90 kn 

* Normd duty cyde warn 3 -1 ”ON” followed by 1 day ”OFF”. 

Portion of orbit dom to a auhatellik pcrition d 2 P S .  
December 10, 1978 - May 22, 1978: No mwuhq duriog &.t of 

JUUary 4, 1979 - February 6, 1979: NO scandng in dueending 

(he 3 ”ON“ Qsl. 

3. TIME AVERAGE. STANDARD DEVIATION 

In this section, the seasonal average (ZR) and the stan- 
dard deviation computed from and normalized by the se& 
sonal average (c(ZR)) obtained from the NOAA time series 
are compared to these from NIMBUS-7 spectral broadband 
measurements. Prior to this comparison (but not shown in 
this paper), the NOAA IR data were used with and without 
missing days to show that missing daily observations had a 
small effect on the actual statistics. Figure 1 presents global 
map8 of I R  from NIMBUS7 (A) and NOAA (B) data for the 
period DEC 70-JAN 80-FEB 80. The geographical distribu- 
tion of I R  is very well known from earlier satellite observa- 
tions. Extended areas of high infrered emiesion are located 
above the relatively “cloud-free” subtropid oceans and de- 
sertic zones above the continents, and areas of low infrared 
emission are found along the Intertropical Convergence Zone 
above the oceans, and regions characterized by heavy rainfall 
and cumulus activity above the continents. 

NIMBUS-7 IR systematically shows higher (lower) values 
above regions of high (low) outgoing longwave radiation than 
NOAA IR, aa seen above the monsoon region for which the 
difference reaches 11 W.m-’. This also indicates that there 
is a sharper gradient of IR between areas of low and high in- 
frared emission for NIMBUS-7 than for NOAA. This difference 
is observed on Figure 2 where the zonal averages of NIMBUS- 
7 and NOAA IR are plotted for northern hemisphere winter 
(A) and summer (B) conditions. As for the horizontal p m  
jection, the agreement is fairly good in the middle and high 
latitudes, but for the summer hemisphere south of 40° , as 
seen on Figure 2.A. At low latitudes, the absolute difference 
is less than 8 W.m-2 for both seasons. Although daily mean 
observations were used to minimize the effect of the diurnal 
cycle, we expect Werent time samplings to have the great- 
est influence at low latitudes, especially above the continents. 

However, this diff’ce ia within the range of incertitude ex- 
pected on the measurements of the d a i l y  outgohg IR, w hi& 
may result from: 

(i) Werent calibration of the NFOV inframd channels on 
the NIMBUS7 and N O M  scauner radiometers. 

(d) narrowband to spectral broadband conversion of the 
NOAA radiances. 

(i) radiance to irradiance canversion using anguler de- 
pendence models. 

Figure 3 presents global maps o f  c(ZR) 6Kun NIMBUS-7 
[A) and NOkA (B) data over the period DEC 79-JAN80-FEB 
80. The global distribution of o(IR) is discussed in Smith 
and Vonder Haer (1987) for both northern hemisphere win- 
ter and summer conditions using NIMBUS-7 NFOV outgohg 
infrared daily data. At low latitudes, an shown on Figure l.A 
and 3.A (or on Figures 1.B and 3.B), there is a direct rela- 
tionship between areas dlow (respectively high) seasonal av- 
erage and high (respectively low) standard deviation. u(IR) 
shows a aharp gradient at the boundaries between clear and 
cloudy regions, which indicates that the variability of out- 
going infrared emission at the top of the atmaphere is pri- 
marily driven by dqy to dry. fluctuations of high convecthe 
clouds. h addition, Figure 4 shows s o d  averages of o(IR) 
for northern hemisphere winter (A) and summer (B) seasons. 
Between 40°N and 4OoS, the NIMBUS-7 IR time series present 
a slightly higher day to day variability than the NOAA t h e  
series. However, the difference between the two does not &- 
teed 4 W.m-a on Figure 4.A and the agreement is remarkably 
good for summer conditione, as seen on Figure 4.B. A larger 
difference is seen in the zonal averages at higher latitudes 
where NOAA u(ZR) systematically shows greater values than 
NIMBUS7 u(ZR). Although the N O M  observations were 
streched into a 4.6O wid siee as NIMBUS7 data, a d e r  
spatial resolution of the NFOV scanners on board the NOAA 
satellite may partially explain this greater variabity seen in 
the middle latitudes. At these latitudes, day to day fluctua- 
tiom in the outgoing IR meinly arise from horismtal advec- 
tion of the large scale humidity and h t a l  systems. Because 
the h i k e d  signal, measured at the top of the atmosphere, is 
not aa strong as at low latitudes, a smaller spatial averaging 
is needed to distinguieh between cloudy and cloud free ar- 
em. Aa an example, along the north east coast of the United 
States, charactdeed as a cyclogenetic area, u(1R) reaches 
14.1 W.m-’ on Figure 3.B and is less than 8 W.m-’ for the 
NIMBUS4 IR data. 

This study shows that both date seta are in very good 
agreement and that the use of spectral b d b a n d ,  or spectral 
narrowband converted to broadband irradiances doea not af- 
fect the time average and standard deviation at that specific 
time scale and spatial resolution. 
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4. AUTOCORRELATION COEFFICIENT 

The previous section showed that NIMBUS7 and NOAA 
data cwld be indifferently used to study the first order vari- 
ability of the outgoing longwave radiation at the top of the 
atmosphere. However, the NIMBUS7 IR time series present 
important limitations to comphe time lagged autocorrelation 
d a e n t s .  The 3 days "ON", 1 day "OFF" cycle reduces the 
length of the time series by one third on a seasonal basis and 
the spatial avera@ng of the irradiance field into 4.6" side grid- 
box limits studies on a regional s d e  of cloudy versus clear 
sky conditions. In this section, NOAA IR data d i n i n g  as- 
cending and descending nodes for the 2.8" latitudelongitude 
grid resolution are used to compute autocorrelation coeffi- 
dents for successive 12 hour time lags over the time period 
JUN 79-JUL 79-AUG 79. 

Figure 5 6  shows zonal averages of the autocorrelation 
coeficients computed every 24 hour lag for the first five days 
of the time series. After 24 hours, the correlation of the out- 
going infrsred flux has dropped by 50% over the whole globe 
with the largest decrease occuring in the middle latitudes in 
the southern hemisphere. Minima above the equatorial and 
middle latitudes mainly result from day to day fluctuations 
in the water vapor field and in the cloud cover distribution. 
Two maxima coincide with the subtropical latitudes, where 
relatively clear sky conditions prevail over the whole season. 
The correlation keeps decreasing between 24 and 48 hours, 
but stays about conetant at higher time lags. This indicates 
that the outgoing infrared radiation is very sensitive to fluc- 
tuations in the atmosphere fkom one day to the next, but 
that on a longer time scale, the generation, advection and 
dissipation of clouds, as well as the advection of the tqnper- 
ature and water vapor fields tend to keep the S a r e d  signal 
relatively constant on a BeBBoI1B1 basis. Figure 5.B showa the 
global distribution of the autocorrelation coefiient for a 24 
hour lag. As already pointed out for Figure 6.A, a strong 
correlation is found above the major desertic regions, as the 
Sahara desert, and areas of low (or even negative) correlation 
are located along the Intertropical Convergence Zone above 
the oceans. 

Figure 6.A and 6.B are presented to highlight the impact 
of the diurnal cyde of the cloud top and earth 's surface tem- 
peratures on the computation of the time lagged autocorrela- 
tion coefficients. On Figure 6.A, the d averages of the 12 
hour lag (1) and 24 hour lag (2) autocorrelation coefficients 
show that the day-night "blinking" of the equivalent black- 
body temperature of the Earth Atmosphere system is mostly 
felt in the subtropics. The radiative cooling of the earth 's 
surface during the night above desertic regions leads to a de- 
crease in the terrestrial emission and therefore to a negative 
correlation with day time conditions. On the other hand, 
the correlation strongly increases far a 24 hour lag for which 
only daytime (nightime) conditions are respectively coupled. 
On a zonal average, thie effect is not seen along the equator 
or at higher latitudes. However, analyses of individual 2.5" 
gridbox allow to pick up the diurnal signal of the convective 
clouds along the Intertropical Gmvergence Zone. Figure 6.B 

represents the global distribution of the 12 hour lag corre- 
lation coefficient and can be compare with Figure 5.B. The 
diurnal signal of the surface temperature is clearly observed 
above the major desertic regions. As an example, above the 
Sahara desert, the correlation coefficient is equal to -92.3 % 
and $94.3 % for a time lag of respectively 12 and 24 hours. 
On the other hand, above a convective region the correlation 
coefficient decreases but stays positive for a 12 and 24 hour 
lag. The use of daily averaged values , as in section 3 allows 
to smooth out the diurnal cycle and the zonal average of the 
autocorrelation coefficient every 24 hour lags resembles this 
shown on Figure 5.A. In addition, although the seesonal cycle 
of the outgoing S a r e d  flux is small  over a 90 day period, it 
was not substracted to the daily field in this study. 

6. CONCLUSION 

The comparison, on a global scale, of the seasonal av- 
erage and standard deviation of the outgoing longwave flux 
obtained from NIMBUS7 and NOAA NFOV daily data has 
shown that both data sets can be indifferently used for stud- 
ies of short term variations in climate. In addition, the com- 
putation of time lagged autocmelation coefficients using the 
NOAA IR time series allowed to highlight the importance of 
the diurnal cycle, especially above desertic regions. Valid& 
tion of long term dimate simulations with a general circula- 
tion model is currently being done using both satellite data 
sets f a  northern hemisphere winter and summer conditions. 
We plan, in the near future to focus our research on the study 
of specific regional areas. 
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FIGURE 2.A Zonal average of outgoing infirsred (W.m-2). 
Comparison between NIMBUS7 (NB7) and NOAA (NOA) data 
for DEC 79-JAN 80-FEB 80. 
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FIGURE 4.A: Zonal average of the n o r d e e d  standard devi- 
ation (%) of outgoing infrared. Comparison between NIMBUS7 
(NB7) and NOAA (NOA) data for DEC 79-JAN 80-FEB 80. 
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4 . 5  

NIMBUS-7 EARTH RADIATION RIJT)GET MEAS‘IJR,EMENTS AND THEIR 
RELATIONSHIP T O  THE ENERGETICS OF THE GENERAL CIRCULA’I’lON 

David L. Randel and Tlionias 13. Vonder IIaar 

Cooperative Institute for Research in tlie Atmosphere (CIRA) 
Colorado State University, Fort Collins, Colorado 80523 

1. INTRODUCTION 

Upon examination of tlie operation of tlie Earth- 
Atmosphere systelli, it becomes apparent that it’s the 
variation of energy both temporally and spatially that 
drives tlie general circulation. Differences in tlie incoin- 
ing sliortwave radiation, and outgoing longwave raclia- 
tion between the equator to poles provide the energy 
source for the atmospheric lieat engine which chives tlie 
mid-latitude winds and eventually tlie mid-latitude cy- 
clones. It is the purpose of this work to use the Nimbus- 
7 Earth Radiation Budget (ERB) observations to exain- 
ine how changes in these equator to pole energy gracli- 
ents effect northern hemisphere mid-latitude energetics. 

Important to this work is the ability to examine ERB 
measureiiieiits over a number of years to define the ERB 
“cliiiiate”. The Nimbus-7 ERB experiment makes this 
ideal due to its long terni data set (over 8 years). A 
coniplete description is presented by Kyle et al. (1985). 
Equally important is the ability to use the ERB data 
on a weekly time scale instead of monthly, as has been 
used in previously reported results. It was sliown (Ran- 
del, 1986) that data from the ERB WFOV instrument 
can be averaged to form a coniposite image with niini- 
mum time frequency near one week. Ellis ( 7  972) made 
the same energetic calculations on a monthly average 
time scale using NMC gridpoint data from 1963 to 1971 
ancl compared these to tlie NET radiation gradient mea- 
surements from a variety of satellites. Found were rela- 
tionships between ERB gradients and energetics during 
times of strong iriteraiinual anomalies, ancl significant 
lag/lead correlations. 

Calculations of kinetic energy, both mean and eddy, 
available potential energy, both mean and eddy, tlier- 
mal wind, and average 700 millibar U wind component 
(zonal index) were made as possible describers of the 
mid-latitude circulation. Presented here will be results 
using just the kinetic energy calculations compared to 
tlie gradients of infrared (IR) flux and NET radiation. 

2. DATASETS 

2.1 NIMBUS-7 ERB 

Tlie NIMBUS-7 ERR instrunients included hotli scan- 
ning and fixed Iiernispheric ratliometers. This study fo- 

able. Data started in November 1978, with d d a  collec- 
tion continuing tlirougli 1987, altliougli only tlie first 7 
years, until October 1985, was used. It was decided that 
only tlie northern hemisphere winters would be exam- 
ined, therefore only tlie months of November thougli 
April are used. Due to tlie design of tlie WFOV in- 
strunirnts tlie data coverage during each day is poor. 
Therefore it was needed to construct a “composite” of G 
data time periods to achieve full global coverage. This 
inserts sotiie error into tlie final weekly “cninposit,e” but 
is within tlie value of tlie total iiistrunieiit error. In tlie 
first 5 years tlie instruments ran on a cycle of three days 
on, one day off. Therefore to get G data time periods we 
must take 8 actual calender days. In the last two years 
the instruinent ran almost everyday, but for continuity 
the same 8 day period was used in tlie composite, only 
more data was available. This teiitled to decrease tlie 
error in tlie composite. For the six calender morilhs i n  
this study this led to a sample of 23 periods for each 
year in tlie time series. 

The gradients of NET radiation and infrared flux 
were calculated by simple differencing of tlie zonal aver- 
ages at  20 degrees and 70 degrees iiortli latitude. Anoina- 
lies for each year were calculated by differencing tlie in- 
dividual annual averages with the 7 year ineaii fnr racli 
of tlie 23 periods. 

2.2 Circulation Data 

Due to its global extent tlie circulation data cho- 
sen was the NMC griclpoiiit arialysis oii tlie 2.5 X 2.5 
latitude/lorigitucle grid. Origiiially tlie U and V wind 
coiiiponeiits were used in tlie kinetic energy (KE) cal- 
culations, but these proved to be too noisy clue to the 
filling of iriissing data areas (Figure 1). Instead tlie 
geostropliic wind coiiipnneiits were calculated fro111 the 
geopoteiitial heights and used in t lie kinetic energy eqiin- 
tions. These equations are described in Oort (19G4), niitl 

are siniplified by using just tlie space domain. Eddy 
arid zonal kinetic energy were ralculatecl for each avail- 
able time iiicludiiig the 00 a d  12 UST for eacli day. 
Tlieii these were averaged to create a concurreill datti 
set with tlie ERB gradient (lata. Yearly aiioiiialies were 
computed as with tlie ERB data. 

The final circulation data set t lius inclucled: eddy 
ancl zonal kiiietic energy for 7 northern hemisphere win- 

ruses on data from tlie fixed Wide-Field-Of-View (WFOV) 
instruments due to the long time series of that is avail- 

t,ers. Each year (Novrml,er-April) coiitaiiied tlie same 
23 time prriotls as the ERB data. Levels used in the 
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kiiietic energy caIraIntions iiicludect t,lie niaridatory re- 
prJrtillg levels wit 11 t Lie exception of 2501iil> ( I  000, 850, 
700, 500, 300, 200111b). Latitudinal exteiit was tlie same 
as the EKB gradieiits: 20 degrees to 70 degrees iiortb. 

3. RESULTS 

3.1 Seasonal Cycle Net Itacliatioii Gratlieiit 

The 7 years of ERB gradient and KE data were av- 
eraged over the entire data set to Ixocluce a iiieaii state. 
?']le winter tiliie series (23 periods) oC the zoiial KE aid 
the N E T  radiatiou gradieiit are sllowii in  Figure 2. A 
sfrollg ati~lllal cycle is evident wit11 the zoiial ICE leading 
1,Y 5 tirile periods (40 days) in the early and mid-winter, 
but O I ~ Y  by 15-20 days iri Marcli aid April. Lag and 
Lead correlation coetiicieiits are presented along with 
tile figure, ant1 iiiaxiiiluiii correlation is showii at -5 pe- 
riods (ERB lagging). Figure 3 shows the identical plot 
except the wi th  eddy KE iiistead of zoiial ICE. Again 
W e  see R strong anriiial cycle, and i n  this case a 6-7 time 
l ie r id  ERB lag (Maxiinuiii correlation at  -G periods). 
"lie r h u g e  i n  tlie N E T  radiatioii gradient is due to 
variation at bot11 20 ant1 70 degrees. Figure 4 shows 
the cycle o f  NET radiatioii at 20 aiid 70 degrees 
the differenre of tile two for year 2. The NET radia- 
tion at 20 degree starts ilicreasiiig miich sooner (time 
Period 8 vs. 14) tllali at 70 degrees. This is due to 20 
degrees "seeiiig" the illcrease in solar radiation sooner 
RS tlie st111 tiloves out of the southern hemisphere. It 
is t liifi colliplicated difference i n  ench plot at 20 a~itl 70 
t l e g r ~ ~  I hat creates the lagged NET radiation. 'I'h 
differellre starts ilicreasiiip; aroiiiitl January 1st ant1 is 

great.est around Marcli 1st. Between 5-7 weeks beforr 
t,lie increase starts tlie z o d  wind speeds and eddy ac- 
tivit,y are already increasing. Finally with winter over, 
tlie decrease in the ERB gradients and winds Iiappeiis 
iiiiiclr closer together. 

! ? ~ r E ! 4 p i ? z r ~ ! ! E ! ! ? ,  
a 

iz 
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3.2 Seasonal Cyrle Infrared Flux Gradieg - 
Figures 5 arid G cotripare the IR flux gradients with 

t l lp  zonal aiirl eddy KE. As with the NET radititioii 
gradient the latitudinal exCeiit is froin 20 to 70 degrees 
tlortll. No large time lag in  the seasonal cycle is appar- 
elit. as was the case the the NET gradient. The zoiid 
KE sliow iiiaxiiiiuiii correlation wi th  110 time lag. (hit 
of the seven years, the 1R flux lead by 2 weeks 1 year, 
lagged 3 years, and was coricurrent 2 years. The eddy 
KiE over tlie 7 year average shows a 1 week lag by the 1R 
flux, but tliis again varied from year to year (-3 weeks 
to +2 weeks). The niaxiiiiiiiii ERB gradient values and 
KE values occur in January. The close relatiorisliip be- 
tween these parameters is to be expected as the IR flux 
inensureiiieiits are an excellent describer of the overall 
teniperc4we clibnge at cadi latitude. As the temper- 
nture grnclierit increases fio does the xoiid wiiid speed 
and with sliglit delay the eddy winds. 
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Figure 3. Saine as Figure 2 except. with the eddy kinteic energy. 
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3.3 Seasonal Cycle Reiiioved 

Ilsing tlie 7 year averages as a liiean state, allows 
for the reriioval of (lie niiiiiial cycle froiii the NET and 
1R flux gradients and froiii tlir eddy and zonal KE. 
Time correlations were then cojnputed oil the residual 
or aiioiiialy for earli year. Ellis (1972) found strong cor- 
relations between tlie zotial K E  and tlie NET radiation 
aiio~iialies with  a 2 111onl11 radiation lag. Ihie to tlie lini- 
ited riri i~~l~cr of sample periods (23)) correlatioris of less 
tliaii 2 iiiotitlis were exaniiiiecl. Over this tiiiie scale no 
collsisteiit year to year lagllead correlations were found 
hlween the aiioiiialies of eclcly KE and zoiial KE wlieti 
co~liparrd with tlie gradients of N E T  and JR flux. Oer- 
1 ai11 years sliow acceptable levels of lag/lead correltt.tioii 
coefficient h i t  these rrlatioiisliigs aren't cotisisteiit over 
!lie whole data set. Examples are sliowii i n  Figures 7 
and 8. Figure 7 compares the 1984-1985 NET gradient 
anomaly to tlie zonal KE anomaly. A liigli correlation 
of .745 was found with a KE lag of 1 week. However in  
Figure 8 (the same parameters but for 1979-1980), only 
smaI1 correlations were foulid. No definitive stateriieiit 
can be made at this t4ilne 011 tlie ahility to use the ERB 
metisareiiients to "predict" changes iii tlie mid-latitude 
eddy of zoiial kinetic energy. 
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5.2 

SATELLITE INTERPRETATION TECHNIQUES INVOLVING THUNDERSTORMS 

Erneat H. Goetach 
National Weather Service Foreeaat Office 

Louiaville, Kentucky 40213 

1. INTRODUCTION 

Severe weather warninga over the 
Continental U.S. have traditionally been 
baaed rainly on radar data and apotter 
inforration. Very little operational in- 
put to field office forecasts haa reault- 
ed fron satellite iragery, because of the 
relatively late receipt of the data and 
lack of looping capability. But with the 
addition of SWIS (Satellite Weather 
Information System) to weather officee 
acroaa the United Statea, real-time 
"nowcaating" of convective activity ia 
now poaaible ueing aatellite imagery. 

The goal of thia paper is to 
make field forecaatere aware of how im- 
portant satellite interpretation can be Figure 1. 1 mile-2 km Visible, 
to operational forecaeting of eevere 22002. 13 April 1981 
weather and heavy rain. Technique6 are 
listed that provide the forecaater with a 
brief deacription of the moat eignificant 
convective signaturea and their meaning. 
Throughout the text, important eignaturee 
are highlighted by underlined type with a 
limited number of examplea. 

I 

2. BACKGROUND 

Thia study examines over 200 indi- 
vidual caee EtUdie6 covering the period 
of 1978 to 1987. Liated techniquea have 
been collected from numerous authore, and 
expanded into thia comprehenaive summary. 
Thin paper ie the nucleua of a much 
larger training preeentation at the 
Louiaville WSFO. 

3. STORM CHARACTERISTICS 

3.1 Texture Sianaturea 

The texture of a atorr can define 
whether aevere weather and/or heavy rain 
ie poaaible. The Lard Cell Siqnature 
(Hedgea, 1980) identifiea atorme in which 
a high speed updraft is present. Theae 
atorms have a very sharp (well defined) 
outer cloud anvil edge in the viaible 
imagery. A tight temperature gradient ia 
present on the outer cloud edge in the 
infrared (IR) data (Cella 1 and 2, Figure 
1 and 2) .  AB the etorm grows, anvil 
cirrua ia carried downwind, often making 
the downatream cloud edge appear fuzzy or 
leaa defined. Even though thia occura, 
eevere potential will continue aa long as 

I. iqure 2. l rr f  rmred, M R  tnhnncr~nc-nt 
Curve, 22082, 13 April 1981 

the upwind edge remaina eharp. Later in 
the cell'a life cycle, the etorm will 
become lees defined, taking on the FUZZY 
Siqnature. Thia aignifiea the atorm'e 
decaying stage and the end of aevere 
potential. 

The Overahootinq Top Siqnature. ia 
illustrated by a atorm'a atrong updraft 
penetrating through it'a cirrus canopy 
(Point B and C, Figure 1). The updraft 
core ia located beneath the overahooting 
top. Lemon and Doewell (1979) atated 
that the aurface neaolow forma directly 
under or slightly eouth or southesat of 
the updraft, frequently the beat area for 
tornadic development. In the infrared 
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data, the overshooting top is often seen 
a8 a amall pimple of colder cloud top 
temperaturea on the cell'a cirrua canopy. 

The Enhanced-V Siqnature (McCann 
1981) in the IR imagery ia formed by a 
atorm'a updraft blocking the environ- 
mental wind and diverting flow around it 
(Point C and D, Figure 2). A "V" ahaped 
cold IR temperature area resulte. An 
induced "wake" of warmer temperatures 
appeara juat downatream of the over- 
shooting top and the creat of the "V". 
For severe weather to occur, the atorm 
muat be growing: IR contoura expanding 
and cloud top temperaturea cooling. Once 
the "V" ia detected, a etorm will remain 
severe as long aa the atorn growa, even 
if the "V" disappears. Severe weather 
will occur 5-25 km aouth or southeast of 
the coldest top and about thirtv minutea 

23 June 1979 6 June 1982 

d 

Striations in the Cirrus Canopy 
appear aa numeroua ripplea or wavea in a 
cell's cirrue top (Point A, Figure 5 ) .  
Thia ie a aignal that the atorn complex 
ia beginning to weaken. The cirrua out- 
flow will continue to expand and the once 
hard cell usually become6 fuzzy and 
diaaipatea. 

3.2 Flankins Linea 

The Flankins Line Siqnature is 
aonetimee called a "cell with a tail" 
(Point A, Figure 6). A flanking line 
(Lemon, 1976) ia a line of CB's building 
into the middle of a aupercell storm. 
This aignature develope in the low level 
convergent area between the rear flank 
downdraft and the inflow region. A ma- 
ture flanking line will *crease in aize 
a6 it approachea the parent atorr, build- 
ing into the storm core where the strong 
updraft and overshooting top are located. 
Thia name area ia where neaolow forration 
and tornado generation are possible. 

Other atorna become strong enough 
to change the surrounding low level envi- 
ronment, without developing a flanking 
line. Linea of cunulua clouds often ap- 
pear to "feed" into a etorn cell. These 
CU Feeder Lines represent a strong low 
level inflow of roiat air. Storrs with 
feeder linea are usually not as mevere ae 
flanking line storna. CU feeder lines' 
can later atrengthen into flanking linea, 
eignifying aupercell development. 

Figure 5. 00012, Figure 6. 00302, 
24 June 1981 27 June 1980 

Another potential aevere weather 
producer is the C_ollapainq Top Siqnature 
(Point A, Figure 3). The collapae of a 
aupercell storm ie often the atage at 
which a tornado forme (Lemon and Doawell, 
1979). Fujita (1978) a160 stated that 
aome downburata are csuaed by the col- 
lapae of the updraft. 

Many atorn complexea go through 
numeroua phaaee of development. Sone 
build, collapee, then rebuild, etc. With 
all of these variation6 in the normal de- 
velopment and diesipation cycle, a thun- 
deratorn complex will sometimes have nu- 
meroue pita and overshooting tops, not 
just one. The Pimpled and Pitted Siqnaz 
t . e  on a cirrua canopy represents the 
preaence of auch a atorn complex (Area B, 
Figure 4 ) .  Theee atorma nay not be of 
the supercell type, but may be very 
aevere, with heavy rain alao posaible. 

Figure 7. 23302, 6 July 1982 

3.3 Storn Orientation 

The way individual colla are ori- 
ented can aid in defining the severe po- 
tential of a particular storr. A broken 
-- line (Point B-C, Figure 7) will uaually 
be more aevere than a aolid line because 
each etorn ia able to draw upon its own 
undiaturbed moist airnass. In a rolid 
line (Point C-E), a guat front will de- 
velop that nay interfere with tho other 
cella in the line. Fewer aupercells will 
therefore develop in a solid line, with 
the nost aevere cell formins on the 
eouthern end of the line (Point C). This 
is where the strongest low level inflow 
of undisturbed noiature is located. 
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A sell that develops south or up- 
wind of another will uaually be more ae- 
vere. The aouthern cell may cut off the 
low level fuel aource to the atorm north 
of it. The northern cell will either 
diaaipate, or may never develop (Cell D 
and Area E, Figure 7). 

When a major aurface boundary ia 
preaent, cumulus will often develop down 
the boundary apparently feeding into the 
aouthern atorm. The reault will be a 
tail on the left rear aide of the aouth- 
ern cell (Point C, Figure 7 ) .  Thia ia 
not a flanking line. Thia tail forma in 
reeponae to frontal convergence, not in 
reaponae to a aupercell'e rear flank 
downdraft. Thin atorm may atill be ae- 
vere, but urually not aa strong aa the 
flanking line. 

Downburet siqnaturea in aatellite 
imagery are depicted aa the occurrence of 
rapid warninq within the anvil top of a 
thunderatorr cluater. Two typea of cloud 
top warming occur. The first is rapid 
warming near the core of a etorm cluster 
with an oval-ehaped anvil (Point A, 
Figure 8 ) .  Wind flow at anvil level fa 
relatively weak with the warming area 
juat upwind from the coldeat infrared 
tope (Point B). The downburat is located 
beneath the coldest tope, ahead of the 
correeponding warming (Fujita, 1978). 
The aecond type occur6 when the anvil6 
are wedge-ahaped. Thie ahape ia produced 
by the preeence of strong anvil level 
winda and atrong vertical ahear. Rapid 
cloud top warring occura downwind from 
the downburat, in an elongated band or 
trench (Ellrod, 1985). 

Numerical guidance can be rodified 
uaing aatellite data to accurately track 
Meaoecale Convective Complexes (UCC'a) 
(Haddox, 1983) throughout their life cy- 
clea. UCC'a (Point A, Figure 9) produce 
large areaa of heavy rain and flash 
flooding, plua tornado and downburat 
occurrences. A minor jet mix uaually 
develope on the north aide of an MCC, 
viaible aa an anticyclonically curved 
cirrus rtreak (Point B-C, Figure 18). 
After the complex ha6 diaeipated, a low 
to middle level vorticity maximum will 
usually remain behind (Point A), acting 
aa a trigger for new convection during 

I 
Fiqure 9. 02302. 24 June 1'385 

Figure 19. 20@0z,  24 J u n e  1985 

the next diurnal heating period 
(Johnaton, 1982). 

3.5 Heavy Ra4.n Characterlatic-6, 

Many of the signaturea important 
for aevere weather are ale0 highly aig- 
nificant in determining heavy rain devel- 
opment. Heavy rain occura in the active, 
portion of a storm eyaten, where the 
atrong updrafta are located. Overahoot- 
ing tope, Enhanced-V signaturea, bright 
anvila, and textured anvil tope (such aa 
pita or pimplea) identify thie portion of 
the atorn. For thunderatorna embedded in 
atrong vertical wind ahear, the heavieat 
rainfall will occur along the upwind edge 
of the anvil. For etorne in weak wind 
ahear, the heavieet rain will fall near 
the anvil center (Scofield, 1984). 

The merqer of two thunderatorma 
dramatically increase6 rainfall amount6 
by combining two updrafta into one atrong 
convective ayaten. The merger of a a t o m  
with a low level boundary produces a aim- 
iliar rainfall increaee. 

Rainfall eatimatee can be calcu- 
lated baaed on cold cloud top tempera- 
turee and growth, plue divergence aloft. 
Strong divergence ia depicted by the up- 
wind anvil edge forming a wedge ahape. An 
anvil wedge angle of 50 to 90 degreea 
pointing upwind ia highly aignificant 
(Scofield. 1984). 

Storm continuity can be monitored 
by animated aatellite imagery. Station- 
ary atorna, plua a aeriea of atorne fol- 
lowing one after another over the aame 
area (XrA-jn Echo E f - f e c f . . )  can produce 
aevere flaah flooding. 
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4. ENVIRONMENTAL CHARACTERISTICS characteristic that a non-severe, airmaes 
situation ie miaaing. That feature ia 

4.1 Moiature Patterna 

Moiat, unetable air ia identified 
in aatellite imagery by fA-e&fia. of cunuluc 
a-nd towerinq cumulua clouds. These 
cloud6 uaually develop in deep m&&u-r.e. 
i29sAe& and along axe6 of deeP?le!-Le-Y&. 
m.e_let-u.re (Point E-D, Figure 11). These 
featurea trigger new convection or 
intenaify previouely developed atorma 
when intereected (Purdon, 1979). 

-,-y' , - * Ea%&- 

F i q u r e  11. % M 3 0 z ,  Figure 12. &j-?tWz, 
29 May 1982 15 April 1982 

Low level moiature can be identi- 
fied in the IR imagery when a a-isnificant 
tneex& u r e con t ~ - a - t - - b - ~ ~ w ~ e ~ ~ o ~ - ~ t - ~ ~ d  
dry air occura. A dryline at night ia 
illuatrated in Figure 12 (Point A ) .  

Cumulue clouda will frequently 
become aligned parallel to the low level 
wind field, in a cloud pattern called 
&mulua Streets (Point E-D, Figure 11). 
From the cumulua defined wind field (from 
E to D and C to B), convergence zone6 can 
be identified that may trigger convection 
(Point A to Cell B). 

1 

1 
1 
Figure 13. 223Clz, 2 April 1982 

Wind flow can 13160 be defined by 
the preeence of duet. Duet will appear 
aa a diffuse, hazy area. A atrong low 
level jet axie ia often preeent parallel 
to the duat etreak ( A  to B, Figure 13). 
Convergent flow of the jet into a moiet- 
ure axia can produce eevere convection. 

4.3 Low Level Boun-d-axLcq 

The aevere thunderetorm environ- 
ment will uaually have an additional 

aome type of low level diecontinuity or 
"boundarx - that trigger6 the initial 
lifting needed for thunderatorn develop- 
ment. Low level boundariee can be major 
aynoptic acale fronte and drylinee, or 
meaoecale eyatena. Satellite data ie 
eeaential for locating boundariea between 
eurface observation eitea. 

Diurnal heating can be a very 
efficient producer of meaoecale bound- 
ariea. In a aeeningly honogenoue air- 
maaa, differential heating caueed by 
morning cloude in one area and clear 
akiea in another will allow a temperature 
diecontinuity to develop. Theme cloud 
induced fronta nay trigger afternoon 
thunderetorn development under unetable 
conditione. Such featurea ray also 
trigger aevere weather when interaection 
occura with another line of atorma. 
7 i 

Figure 14. 1830~. 30 May 1982 

The T_hunderstorm Outflow Boundary 
or Guet Front ia a feature that forma 
when rain-cooled thunderatorn air nakee 
contact with warm, noifit environmental 
air. Strong horizontal ehear and turbu- 
lence, guaty winds, plum very atrong 
vertical motion will usually accompany 
the paeaage of a gust frontal boundary. 
A thin line of cUmUlU6 clouda, called an 
arc cloud, will frequently develop on the 
boundary in reeponee to vertical notion 
at the frontal eurface. Two types of 
guat fronte exiet. The active type 
(Gurka, 1976) (Point A ,  Figure 14) rovea 
rapidly, being reinforced by convective 
downdrafte. Extensive cumulus development 
exiete between the front and the parent 
storm. Maximum wind gueta with frontal 
paaaage will ueually be twice the forward 
frontal epeed. The inactive type (Gurka, 
1976) (Point C) involvea stratiform 
clouda along the front and clear air be- 
hind it. This front move6 6lOWQr with no 
additional convection developing along 
it. Gusty surface wind6 are no longer 
produced with frontal paesage. 

Storm complexea frequently produce 
euch large amount6 of rain-cooled air 
that a meaoecale high preeaure area 
forma, called a "Bubble High" (Miller, 
1975). Strong bubble highs can trigger 
equal1 line development on the forward 
bubble edge where extenae low level 
convergence of noiat, unetable air is 



A 
Figure 15. 20002, 6 J u l y  1982 

located. Theae Bubble Squall LineE 
(Miller, 1975) uaually have an oval ehape 
with a curved, eharp leading edge, bul- 
ging in the direction of movement (Point 
N-F, Figure 15). The forward anvil edge 
will have a tight IR gradient indicating 
strong winde with atorm paeeage (Hedges, 
1980) (Gurka, 1976). The etrongeet winda 
will occur juet ahead of the moet active 
cella, where the eharp leading cloud edge 
in the viaible data coincides with the 
maximum enhanced IR temperature gradient 
(UcCarthy, 1985). A relaxing of the 
tight IR gradient, or cloud top warming 
will eignify weakening of the complex. 

All thunderetorm eyeteme leave be- 
hind a rain-cooled, stable airmaaa, fre- 
quently clear of moet cumulue clouds 
(Figure 15, Central Iowa). A dieconti- 
nuity exists between thia rain-cooled air 
and the moiat, undisturbed air to the 
eouth (D). This old outflow boundsry 
(Point N-G) may later trigger new atorme. 

4.4 Intereectione 

When two or more boundariee meet 
or intersect, vorticity and vertical 
motion are enhanced and concentrated into 
a confined region (Uiller, 1975). This 
makee intereection areae prime for aevere 
convection and heavy rain (Purdon, 1979). 
Intereections can occur between any type 
of boundary: including fronts, equal1 
linee, and/or thunderetorn outflow 
boundariee. The merging of two separate 
cella will alao produce the eame result-- 
rapid convective development in the 
intersection area. Figure 15 depicts the 
intereection of a weak front (Point A-B) 
with an old outflow boundary (Point N-G). 
Convection develope at intersection 
Area G, aleo ehown in Figure 7 et G. 

Figure 14 illustrates a eecond 
example. A bubble high remaine over 
Mieeouri, produced by Storn B. Outflow 
boundary A-C-D ia intereecting an old 
front (E-D) at Point D. Severe atorme 
form later at D. 

4."- - -  .. 
I-" 

. i& : .2 

Figure 16. 22002, 9 May 1981 

5. SYNOPTIC SCALE FEATURES 

5.1 C_s.?rma Cloude 

The Comma Cloud (Weldon, 1979) ie 
the claaeic pattern in which a ehort wave 
will appear in satellite data. The cloud 
itself ie an area of upward notion and 
poeitive vorticity advection (PVA) with 
downward motion in the upwind clear air. 
A vorticity trough can be analyzed along 
the cloud edge (Point A-C-D, Figure 16). 
A eecond vorticity trough ia aeaociated 
with the main upper trough axie and 
uaually extenda eouth behind the tail of 
the cloud (Point B to D). The vorticity 
maximum (Point A) ie located juat outaide 
the comma cloud head (Point B), near the 
cloud edge inflection point and north of 
the jet maximum poeition (Point C). The 
eurface front can be approximated along 
the comma tail (Point E-D). 

Figure 17. 1C3 Enhancement Curve, 
23002, 25 April 1986 

Individual thunderetorm cluetera 
can frequently take on a comma cloud 
shape. Theae Mini-Comma Cloud- eyeteme 
(Point A, Figure 17) will ueually be very 
eevere, due to highly concentrated neeo- 
acsle vorticity. 

5.2 Upper Level Wind Flow 

Intereection areae are frequently The upper level Streamline flow 
Been in radar data ae Line Echo Wave over an area can be eetimated from cirrua 
Patterns (LEWP). Some strong LEWP'a or clouds. Divergent wind flow patterns and 
frontal bende can alao be detected in jet maximum can aleo be tracked (Weldon, 
eatellite imagery (Point C, Figure 13). 1979). 
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Figure 18. 8530z, 3 8  November 1384 

Moieture Channel Imagery (VAS) on 
board preeent GOES aatellitee can define 
upper level wind patterna (Gurka, 1985). 
Operational verification of how numerical 
modele are performing can be acconplieh- 
ad, in addition to defining upper level 
circulation eyateme. In Figure 18, the 
atreamline flow i t 3  from A-B and C-D, 
triggering etorme in the divergence over 
Arkaneae. 

6. CONCLUSION 

Satellite imagery can be an ex- 
tremely valuable tool in thunderstorm 
forecaating. When added to radar and 
conventional data, the techniquea lieted 
result in a "birde-eye" view of the total 
etorm environment and cell structure. 
Though much reeearch remaina, operational 
forecaetere can now effectively add 
eatellite data to the forecaet routine, 
helping to more accurately warn the 
pub1 4.c. 
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5.3 

STORM DIAGNOSTIC/PREDICTIVE IMAGES DERIVED FROM A COMBINATION 
OF LIGHTNING AND SATELLITE IMAGERY 

1. INTRODUCTION 

Steven J. Goodman', Dennis E. Buechler', and Paul J. Meyer 

'Universities Space Research Association 
NASA/Marshall Space Flight Center 

Huntsville, Alabama 35812 

Weather satellites and radars are the most widely used 
tools for short-term forecasting and warning of thun- 
derstorm hazards such as tornadoes, hail, flooding, and 
microbursts. Until recently, the lightning hazard could only 
be inferred from radar reflectivity displays. With the ad- 
vent of lightning detection technology, it is now possible to 
directly measure the existence and frequency of lightning 
activity in storms over large areas in real-time. The recent 
deployment of regional and national networks using mag- 
netic direction finding (Krider et al, 1976) and time-of- 
arrival (Bent and Lyons, 1984) techniques provides a new 
opportunity for merging lightning data with radar and satel- 
lite data for thunderstorm nowcasting. 

Computers are  routinely processing a wealth of 
meteorological data acquired from a number of sensors 
having a broad range of spatial and temporal resolutions. 
There will be an increased need for, and a greater emphasis 
placed on extracting and displaying the relevant informa- 
tion contained in these multiple data sets. We still tend to 
focus our attention on displays of single sensor measure- 
ments (e.& black-body cloud-top temperatures, radar 
reflectivities or rain rates, lightning locations). Yet, with 
McIDAS or PROFS workstations, for example (and the fu- 
ture AWIPS-90 meteorological display system), it is (will 
be) possible to overlay radar and lightning data with satel- 
lite imagery, surface, and upper air data. But sooner or 
later the analyst or forecaster will find the relevant infor- 
mation buried under a mass of contours, dots, shapes, and 
numbers. If we are to improve on the human factors 
aspects of meteorological displays (Le., the man-machine 
interaction), there must be a effort aimed at reducing the 
number of products we have to look at in order to form a 
conceptual picture of what is going on in the atmosphere. 

In this paper we present a technique for generating 
trend or convective tendency images using a combination of 
GOES satellite imagery and cloud-to-ground lightning ob- 
servations made with a ground-based lightning detection 
network operated by NASA/Marshall Space Flight Center. 
The intent of such imagery is two-fold. On the one hand, 
the lightning data provides an X-ray, if you will, on the 
location. growth, and decay of the convection that is 
obscurred in satellite imagery by cirrus clouds. This 
problem is generally a serious one when storms are em- 
bedded in mesoscale convective systems. We show that the 
lightning flash rate trend provides different diagnostic in- 
formation from the time-rate-of-change of cloud top 
black-body temperatures. A second objective is to combine 
the life-cycle characteristics into a single derived product 
that provides information on past, present, and future storm 
development. 

2. A CONCEPTUAL MODEL OF CLOUD 
ELECTRICAL DEVELOPMENT 

In order to understand the additional usefulness of 
the lightning measurement, we need to consider the light- 
ning activity in the context of thunderstorm evolution. 
Figure 1 shows a simplified conceptual model of the 
growth and decay of a typical thunderstorm and its as- 
sociated lightning activity. The temporal evolution of the 
lightning activity is in-phase with the development of the 
storm updraft and is strongly coupled to the life-cycle of 
the thunderstorm as described by Byers and Braham (1949), 
Workman and Reynolds (1949), and others. The electrical 
development of the cloud is intimately connected to its 
dynamical and microphysical development. The total 
amount of lightning and peak flash rates associated with a 
storm will be a non-linear function of its size, height, dura- 
tion, and environment (Grosh, 1978; Williams, 1985; Cherna 
and Stansbury, 1986; Goodman and MacGorman, 1986; and 
Buechler et al, 1988). 

Once a storm electrifies, the initial discharge will 
almost always be intracloud. The discharge occurs 5-10 
minutes after initial electrification, which itself begins 5-10 
minutes after the onset of strong convection and the detec- 
tion of a 35-40 dbZ radar echo aloft. The stage is now set 
for the active lightning-producing phase. As the storm con- 
tinues to develop, the active electrical phase may have a 
duration lasting from a few minutes to hours depending on 
the storm variables described above. On average, the first 
cloud-to-ground discharge will occur 15-20 minutes after 
the initial radar echo is observed in a vertically growing 

Figure 1. Conceptual model of the temporal evolution of 
cloud electrical, kinematic, and microphysical development. 
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cloud. As a general rule, the longer a storm takes to reach 
its maximum intensity, the longer i t  takes to decay. A 
rapidly growing storm is often a rapidly dying storm. The 
evolutionary history will generally follow an exponential 
growth and decay life-cycle (Goodman and MacGorman, 
1986). This relationship appears to to be true for the en- 
semble convection embedded in mesoscale convective sys- 
tems as well. Thus, the time-rate-of-change of flash rates 
is in step with the growth and decay of the thunderstorm. 

3. RESULTS 

The methodology used to generate lightning/satellite 
convective tendency imagery is explained by example. We 
use the evolution of the June I I ,  1986 mesoscale convective 
s y s t e m observed d u ring the Coop era t i v e 13 u n ts v i 1 I e 
Meteorological Experiment (COI-IMEX) as a test case for 
the technique. COHMEX was an interagency field program 
conducted in the Huntsville, Alabama area during the sum- 
mer of 1986 directed towards the study of microburst 
producing storms and small mesoscale weather systems 
(Dodge et al, 1986). Lightning strike locations and inter- 
mittent rapid scan imagery were analyzed from 2245-0000 
GMT to generate the illustrative examples. 

The June 1 1  storm system proved to be an attrac- 
tive test case because of the availability of rapid scan satel- 
lite imagery and some radar data collected by the Lincoln 
Laboratory IO-cni Doppler radar (FL2). The convective 
Storms consolidated into an intense squall line at 2300 GMT 
with a trailing region of stratiform rain. The northernmost 
cell in the line produced an FI tornado at Killen, AL just 
as the radar began its surveillance that evening at 2320 
GMT (Figure 2). Radar reflectivity patterns of the squall 
line show the classical appearance of a bow echo at the time 
of the tornado. New cells formed at the southern end of 
the line during the next hour and moved rapidly to the 
northeast to merge with the pre-existing and decaying con- 
vection. 

3.1 Linhtninn D a w  

The first step in the analysis involved correcting 
the lightning bearing measurements for the systematic er- 
rors which are common with these magnetic direction find- 
ing systems (Mach et  al, 1986). Optimal solutions were 
computed with the corrected bearing data using a tech- 
nique described by Wangsness (1973). The detection ef- 

f I 

Figure 3. Map of the COHMEX region. Range rings are 
relative to the FL2 radar. The four magnetic direction 
finder sites comprising the lightning location network are 
indicated by the dots numbered 1-4. 

ficiency and location accuracy of the lightning network 
have been briefly examined. The flash detection efficiency 
is on the order of 80 percent within 100 km of the radars 
(Figure 3). This estimate is based on a comparison with 
ground t ruth collected by an instrumented mobile 
laboratory operated by the National Severe Storms 
Laboratory (Williams et al, 1987). The average semi-major 
axis of the 50 percent error ellipse is on the order of 1 kni. 

The analyzed lightning locations are stored in a file on 
the NASA/MSFC MclDAS system where they can be fur- 
ther processed in conjunction with the radar and satellite 
imagery. After the locations have been computed, the loca- 
tion data are clustered into groups haling a cell dimension 
measuring O.Io latitude by 0.1' longitude. These groups are 
representative of individual and multi-cellular storms. The 
progression of these storm clusters over 5 minute intervals 
(comparable in time to the temporal resolution of the satel- 
lite and radar imagery) is shown in Finure 4 

Cells A-G can be clearly identified and tracked 
during their eastward progression. Cell B is the tornadic 
storm. The small storm to the east of Cell B during the 
period 2320-2330 GMT can also be seen in the radar dis- 
plays in Figure 2. At 2335 GMT the small storm begins to 
rain out and is no longer separable as an individual light- 
ning cluster (using the 0.1 degree lightning cell dimensions 

Figure 2. Radar reflectivity displays at 0.5-0.6 degree elevation to a range of 90 km taken at (a) 
2320 GMT; ( I ) )  2333 GMT; (c) 2343 GMT; (d) 2352 GMT. The intensity scale is as follows: 10- 
30 dDZ (gray); 30-45 dBZ (black); >45 dDZ (white). The hook echoes are associated with the 
Killen, AI, tornado. 
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Figure 4. 
June 11, 1986 mesoscale convective weather system. Time in GMT. 

Cloud-to-ground lightning contour maps of the storm clusters embedded within the 
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UNAVAILABLE 

Figure 5. Sequence of GOES rapid scan visible and infrared (MI1 en1i:inceincnt curve) iinngciy ol' 
the June 1 I ,  1986 mesoscale convective weather system. Dnrh giny I eprcscnls black-body lcm- 
peratures colder than 220 K and black represents black-body 1einper:Ilurc~ colder than 2 IS  K 
Time in GMT. 
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employed in Figure 4). However, the small storm is still 
separable until 2345 GMT if we use a 0.05 degree cell 
dimension instead (not shown). At this time the flash rate 
of cell B increases in association with its merger with the 
small storm. This scenario is consistent with the conceptual 
life-cycle model proposed in Figure 1. 
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3.2 &&]lite Data Sets 

Figure 5 shows a sequence of GOES visible and in- 
frared (MB enhancement) imagery corresponding to the 
lightning clusters and radar reflectivity displays, where 
available. Missing images are not uncommon on an opera- 
tional basis. The longest gap in infrared satellite imagery 
occurs between 2319 and 2344 GMT. Cell B at the time of 
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the tornado is identified in the 2319 images. A gravity 
wave feature propagating outward from the turret of cell B 
can be seen in the visible image. A large fraction of the 
cold cloud top (black-body temperatures colder than 220 K) 
encompassing the convective cores also contains the trailing 
region of stratiform rain (see Figure 2). 

3.3 Convective Trends 

Convective trends for the six long-lasting storms (B 
through G) are plotted in Figure 6 .  Minimum black-body 
cloud top temperatures, T . , associated with each storm s 
(T,), and 5-minute cloud%o-ground lightning flash rates 
(LJ, show a mixture of growing and decaying cells em- 
bedded within the squall line. The minimum cloud-top 
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Figure 6 .  Trends of 5-minute cloud-to-ground lightning 
flash rates (L) for each storm cell cluster (subscripts B 
through G), its corresponding black-body temperature min- 
imum (T), and radar estimated rain volume (RJ. 
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temperature is determined by interactively identifying and 
tracking each storm cell by its cloud-top features in the 
visible image, and then by locating the minimum tempera- 
ture in close proximity to that feature. 

Griffith et al (1978), Adler et al (1985), Doneaud 
et al (1987), and others discuss the problems associated with 
feature extraction and tracking using visible and infrared 
images. The cirrus debris is probably the most serious 
Problem affecting feature extraction, especially in determin- 
ing the end of convective activity. The relatively poor spa- 
tial resolution of the infrared pixel (on the order of 5 km) 
may cause gross errors in associating the coldest tops with 
the tallest clouds. Relative black-body temperature minima 
are not always indicative of underlying thunderstorms and 
not all thunderstorms produce temperature minima. By 
overlaying and looping the radar, lightning, and satellite 
data together, we can iteratively converge to a classification 
that better allows us to associate a given lightning cluster 
with a minimum cloud-top temperature. 

Cell B, the isolated tornadic storm at the leading 
edge of the squall line, and the first convective impulse 
labelled cell E are the only two storms that exhibit strong 
convective intensification where the decreasing cloud top 
temperature minima correspond to rapidly increasing flash 
rates. The precipitation-filled ( ~ 3 0  dBZ) rain volume 
growth of cell R,  estimated from the radar data, also cor- 
responds to the lightning and temperature minima trends. 
This result agrees with that of Negri and Adler (1981) who 
showed a good correlation between changes in Tmin and 
radar rain volume rain rates. However, the remaining 
storms give us a different picture. 

Both cells F and G show rapid initial cooling of 
the cloud top, yet there is only a gradual increase in flash 
rates. A flash rate increase and decrease is associated with 
the latter part of the life-cycle of storms C,E, and F, yet 
there are no significant changes in cloud-top temperature 
minima due to the presence of cirrus debris from pre- 
existing convection. Thus, the lightning trends provide in- 
formation on storm growth and decay that cannot always be 
inferred from changes in cloud-top temperatures. 

4. CREATION OF CONVECTIVE TENDENCY 
IMAGES 

Figure 7 shows an example of how the satellite and 
lightning data sets can be combined into a derived product 
which depicts convective tendencies. This example is 
drawn from the successive infrared images and trends be- 
tween 2345 and 2350 GMT. 

The lightning data in two successive time intervals 
are gridded and clustered into cells. The 5-minute flash rate 
during the previous time L(t.-l) is subtracted from the most 
recent data at  time ti to produce a derivative image (Figures 
7a-c). The derivative image (AL(t.)) contains the present 
shape of the cell while the current flash rate is replaced by 
the value of the derivative or slope. For example, the flash 
rate of cell B increases by IO flashes in 5 minutes while cell 
G decreases by 3 flashes. The cells with increasing flash 
rates (growing storms B and E) can be easily distinguished 
from the decaying storms (F and G)  having decreasing flash 
rates. This image product is useful in its own right. 

E 6 1  
2 7 2  

F 3 3 3  

2 2  

2 3 5  
1 3 6 2  

Uti) 
’1231 

4 5 6 1  
4 4  1 

8 2 1 3  
7 

E 1 3 1  
0 6 1  

2 
F35 
3662 

3 3  

2340-2345 
G4:’ 1 ? , 2345-2350 

Figure 7. Total lightning flashes (L) at each grid point during two successive time intervals (a) 
t,=2345-2350 GMT, (b) t,-1=2340-2345 GMT matching the contours in Figure 4. The rate-of- 
change (AL) image (c) shows growing cells as stippled clusters and decaying cells as hatched 
clusters. The black-body cloud top temperatures at two successive times (2349 and 2344 GMT) 
in (d) and (e) show each cell and its minimum temperature (OK). The rate-of-change (AT) 
image (e) identifies each cell with its corresponding temperature change. Tetiipernture contours 
are 207 K ,  209 K, 211 K, 214 K (dashed), and 218 K. 
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The same procedure is performed on the infrared 
temperature field. The derivative temperature product 
AT(tj) is generated by subtracting the previous cloud top 
relative minima (T(t.-l)) from the present black-body tem- 
perature minima (?(ti)). The derivative information re- 
places the temperature minima in the most recently avail- 
able infrared satellite image (Figure 7d). The derivative 
product (Figure 7f) shows cell B becomes 2 degrees warmer, 
cells E and G get colder, and no change at all for cell F. 
The derivative image properly reflects the growth of cell E 
with a decreasing T ." associated with an increasing flash 
rate. However, the in derivative provides misleading or 
no trend information f i r  the other cells. The radar derived 
precipitation-filled rain volume of cell B in this time inter- 
val increases (by 800 km') as does the flash rate, yet the 
minimum temperature shows the cloud top warming. 

The final step in the process is to substitute the 
derivative information from Figure 7c for the trends in 
Figure 7f to produce the integrated diagnostic/predictive or 
convective tendency image in Figure 8 (AT(L)). This one 
image shows the location of the cloud-to-ground lightning 
activity and convective cores, the spatial distribution of 
convective rainfall, the extent of the remaining cloudy and 
stratiform rain areas, and the growing and decaying storms. 

5. CLOSING REMARKS 

A technique has been proposed for merging satel- 
lite imagery and lightning data to produce a convective ten- 
dency image for  the short-term forecasting of storm 
development. Successive convective tendency images can 
be looped or animated to show the' previous growth or 
decay of thunderstorms and their associated lightning ac- 
tivity. The rapid convective information updates available 
from the lightning observations are not only a useful ad- 
junct to the conventional rapid scan satellite imagery, but 
perhaps are even more valuable in the context of the normal 
operational availability of 15 or 30 minute images. 

Once the peak lightning rate has been reached (and 
the flash rate derivative changes sign), the flash rates will 
decrease exponentially (Goodman and MacGorman, 1986) to 
the end of the storm. This observation is further supported 
by the time series plots and emphasized in the conceptual 
model. 

Buechler et a1 (1988) show that the decreasing 
flash rates are a precursor signature to the decay or collapse 
of storms that produce wet microbursts in the southeast US. 
These storms are a serious hazard to aviation and have been 
linked to seven major airplane crashes in the United States 
since 1970 resulting in nearly 600 fatalities. The decreasing 
flash rates provide a 3-5 minute lead time to the onset of 
the microburst event, In addition, the mere presence of 
lightning activity in  a microburst environment (dry 
adiabatic sub-cloud layer with a dry, potentially colder 
layer of air aloft) signals the potential for strong downdrafts 
during storm demise. Therefore, we propose that the con- 
vective tendency image can be used to indicate potential 
microburst producing storms as well. 
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Figure 8. DiagnosticlPredictive satellite image representing 
the integration of the trend information from Figure 7c 
with the infrared black-body temperature field (in OK) 
from Figure 7f. The stippled clusters represent growing 
storms and the hatched clusters represent the decaying 
storms. 
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1. INTRODUCTION 

Convective storms play an important role 
across many scales in meteorology. For example, 
convective s torms are import ant con t r ibu tors to 
the total energy budget of the global circulation 
as well as summertime tropical regions through 
their release of latent heat, radiational 
properties and the convective cluster scale up- 
mo 1 s t / down- dry vert ic a1 c irculat ions they induce 
(Gray, 1973). Locally, the convective storm lies 
at the heart of many weather-related events that 
affect everyday life. During the spring and 
summer months, tornadoes, hail, flash floods, 
downbursts and lightning pose serious threats to 
life and property. While wreaking havoc in one 
area, the same convective storm may be providing 
much needed water for another. While 
thunderstorms are providing much needed moisture 
to one area, other areas need summertime 
precipitation augmen ta t ion to improve water 
resources for human consumption, for power 
generation and for agricultural purposes. For 
such local scale convective weather events, more 
precise very-short range forecasting is badly 
needed. Before precise thunderstorm nowcasting 
becomes a reality, an improvement in understanding 
convective storm genesis and development is 
required. This paper will briefly investigate one 
of the dominant mechanisms responsible for 
thunderstorm development: the arc cloud line and 
convective scale interactions associated with it. 

2.  SATELLITE DATA AND MESOSCALE METEOROLOGY 

Prior to the high resolution geostationary 
satellite there existed a lack of routine 
meteorological information concerning the 
mesoscale evolution of deep convective clouds and 
their local environment. The mesoscale was a 
"data sparce" region. For example, over the 
continental United States, approximately 1000 
hourly surface observing sites and 126 upper 6air 
sounding sites cover an area of about 8 x 10 sq 
km, forcing meteorologists to make inferences 
about mesoscale meteorological phenomena from 
macroscale observations. With GOES imagery (and 
to some extent polar orbiting satellite imagery), 
meteorological phenomena that are frequently 
detected at fixed observing sites are routinely 
observed: a "reporting station" exists every 1 km 
using information implicit in the visible data, 
and every 8 km (1 km polar) for the infrared. The 
clouds and cloud patterns observed in satellite 

imagery represent the ongoing effect of dynamic 
and thermodynamic processes in the atmosphere - 
they provide the meteorologist w i t h  a 
visualization of mesoscale meteorological 
processes. Effective use of satellite imagery 
requires that we understand that imagery in terms 
o f  those processes - both subjectively and 
quantitatively. 

Similar to satellite image data, satellite 
sounding data provides information concerning the 
mesoscale structure of the atmosphere on spatial 
(and temporal with GOES) scales never before 
possible. Satellite sounding data are able to 
depict small and significant spatial (and temporal 
with GOES) variations in atmospheric temperature 
and moisture structure. From satellite soundings 
we have: 1) near instantaneous observations 
through a column in the atmosphere; 2 )  high 
spatial resolution (in the absence of clouds); 3 )  
moderate.vertica1 resolution; and 4 )  one 
uniformly calibrated sensor making all of the 
measurements. With the GOES-VAS, Soundings may be 
taken over an area the size of the United States 
as frequently as once every hour. How to best use 
satellite sounding data for nowcasting is 
currently an area of intense investigation. 

3.  CONVECTIVE SCALE INTERACTION 

M o v i e s  made from h i g h  resolution 
geostationary satellite data, Bohan (19811, show 
that convective scale interaction, Purdom (19791, 
is of primary importance in determining the 
development and evolution of deep convection. 
Convective scale interaction is directly 
associated with outflow boundaries produced by 
precipitating convective storms. This interaction 
manifests itself as the merger and intersection of 
those outflow boundaries (arc cloud lines, Purdom 
(1973)) with other convective ares, linea and 
boundaries, Figure 1. Under the proper 
atmospheric conditions, this interaction has been 
observed to precede tornadic storm development, 
Purdom (1984, 1986). The process of convective 
scale interaction is fundamental to the evolut ion 
and maintenance o f  deep convection; it is complex 
because of the continuously evolving nature of the 
convective environment. until recently (Wilson 
and Carbone, 19841, convective scale interaction 
had only been observed using satellite imagery. 
Purdom (1979) has identified several basic 
properties of convective scale interaction: 
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1) Thunderstorm outflow boundaries may 
maintain their identity as arc cloud lines for 
several hours after they have moved away from 
their parent source. 

2 )  The arc cloud line outflow boundary can, 
and often does, cause deep convection to develop 
along it at distances well over 150 km from its 
point of generation. 

3 )  Deep convective development along an 
outflow boundary is a selective process - it is 
most favored where the arc cloud line merges with 
a cumulus region or intersects another boundary. 

4. A s  the cumulus regime evolves on a given 
day, and much of the cumulus field dies away, the 
majority of new thunderstorms are confined to arc 
cloud line intersection points. 

Sinclair and Purdom (1984) have made a series 
of research aircraft flights into arc cloud lines 
order to bring into sharper focus their dynamic 
and thermodynamic features. The aircraft 
observations, when analyzed with the satellite 
data, helped define the arc cloud line's life 
cycle as three evolving stages. In its formative 
stage, Figure 2, the arc cloud line may be thought 
of as an extension of the parent storm's highly 
channeled outflow. Convergence of a strong cool 
outflow jet into the rear of the density ;surge 
line (DSL) coupled with a solenoidal circulation 
in that region contributes to a mixed updraft 
region beneath the arc cloud line. A s  the 
formative stage evolves into the mature stage, the 
DSL begins to move as a density current. 
Convergence in the warm environmental air due to 
the outwardly moving DSL results in a warm and 
Positively buoyant updraft along the arc cloud 
line whose intensity is a function of both the 
strength of the DSL (convergence along the DSL in 
depth) and the stability of the environment into 
which it is moving. The dissipating stage is 
marked by a shallow and slow moving DSL above 
which weak overshooting thermals may cause cumulus 
cloud development. Figure 3 is a schematic of the 

I'ip,urc 1. GOES-Enlit ,  1 ltm v i l i t b l r  imagr nC 4 I'm 
CST, July 28, 1980. Arc cloud from disliipatcd MCS 
triggers new thunderstorms over the Gulf of Mexico 
( A ) ,  at intersection points with sea breeze (B), 
and stationary front (C & D). New arcs move into 
dry air behind front at E. 

Dlstnncr i n  kilometers 

Figure 2.  Several of a number of possible 
trajectories for air entering updraft region of 
arc cloud during formative stage. Shaded region 
is area of intense mixing along DSL interface, 
while hatched region is possible area of 
precipitation roll. Convergence in the warm air 
due to-$he ad_yancing DSL interface is on the order 
of 10 sec . Based on aircraft observations of 
Sinclair and Purdom (1984). 

- .  
Precipitation - 20 t o  150 km I 

frlctionnl R l o w  down a t  sfc. / ~ ~ ~ ~ C ' R ' n ' "  

Figure 3 .  Schematic of mature stage. The arc 
cloud line is formed above the leading edge of the 
density surge line. The parent cold air source 
weakens as does the strength of the cool outflow 
jet. Occasional precipitation of moderate 
intensity falls from some of the convection along 
the DSL, locally strengthening the cold pool. The 
DSL is moving as a density current, forcing up the 
warm and potentially unstable environmental air 
along the DSL interface. 
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mature stage: note that occasional precipitation 
of moderate intensity falls from some of the 
clouds along the arc, thus locally strengthening 
the cold pool. 

Figure 4a shows an arc cloud line over the 
Gulf of Mexico that is approaching Boothville, 
(BVE), Louisiana, while Figure 4b is a time 
comoposite image that shows that arc cloud line's 
evolution over several hours. Notice how the 
amount of convection along the arc decreases the 
further its distance from its source region. why? 

Figure ha. G 
image for 

es-East 1 km resolution vtsible 
July 28, 1986. The arc cloud line 

in the image has been produced by a large 
thunderstorm system that is moving slowly 
westward across the southern Gulf Coastal 
States. The arc cloud line is moving from 
south to north toward the Louisiana Coast. 

Figure 4b. GOES-East 1 km resolution visible 
image time composite from noon to 4 pm CST. When 
the arc cloud line passed Boothville (BVE), winds 
shifted from light northerly to south by south- 
westerly at 5 to 7 m/s. 

Fujita (1959) showed that the excess mass in 
the cold dome of a mesoscale high was a function 
of the evaporation of rain inside the boundary. 
Fujita further showed that the total excess 
pressure within a cold dome whose source had 
dissipated, integrated over the area covered by 
the dome, remained virtually unchanged by 
subsidene a s  the dome spread out seeking 
hyrostatic equilibrium with its environment. 
Thus, as the arc cloud line's cold dome sinks and 
spreads out, the excess pressure driving the 
density current decreases proportionally as does 
the convergence along the arc as well as the depth 
over which that convergence occurs. F o r  example, 
assume an initial cold source with an excess 
pressure of 4.1 mb exists over a circular area of 
50 km in radius and 1.5 km i n  depth. In the case 
of no new air being provided by an active cold air 
source (i.e., the parent storm has dissipated), 
initially the boundary will move outward at 16 
m/s. when the dome area has doubled, the excess 
pressure and dome depth will have decreased by a 
factor of 2 ( i . e . ,  p (mb) = 2.05 and DSL depth 
0.75 km), and the velocity of the boundary will be 
11.3 m/s. This gives an average velocity of 13.65 
m/s which means for the dome's radius to spread 
from 50 km to 70.7 km requires an elapsed time of 
25.3 minutes. Furthermore, the velocity of the 
boundary will have a value of approximately 35% 
its initial value after almost three hours. Thus, 
after the active cold air source has dissipated, 
the arc cloud line will maintain a substantial 
velocity for a considerable period of time. 
However, the depth of the DSL will decrease i n  
time as the arc cloud line spreads out. 

When considering the velocity of an arc cloud 
line during its mature stage, it should be 
remembered that this stage is one i n  which the arc 
cloud line's cold air source is still active. 
Furthermore, precipitating clouds are often found 
along the outflow arc. Both of those factors will 
contribute to a larger pressure pertubation within 
the cold air than for a similar situation i n  which 
the cold air source has totally dissipated. For 
example, rather than have the source totally 
dissipate at the initial time, let the excess 
pressure i n  the cold dome uniformly decrease by 
20% by the time the dome area has doubled i n  s i z e .  
This corresponds to a decrease in cold air 
production by the parent source of 40%. By the 
time the cold dome has doubled in area both its 
excess pressure and depth have a value that is 80% 
of their initial value (i.e., p(mb) = 3.28 and 
DSL depth = 1.2 km), and the velocity of the 
boundary will be 15.2 m/s. 

For comparison purposes, both examples given 
above attain a radius of 100 km i n  approximately 
one hour, however, the active source's DSL has a 
velocity 1.6 times as great as that for the 
dissipated source, and its dome is  slightly over 
2.5 times as deep. Such a marked differences, due 
to a cold source staying active, have a profound 
influence on the vertical motions capable of being 
generated in depth at the leading edge of the DSL 
due to forced convergence. Thus there is hope 
that by knowing the intensity of the arc cloud 
line's parent source and how that intensity is 
changing in time, coupled with direct measurements 
of the arc cloud line's velocity, one could define 
the strength of the vertical motion field being 
generated in the convergence zone along the 
leading edge of the arc cloud line. 
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B o t h  s a t e l l i t e  i m a g e  a n d  s o u n d i n g  
observations show that marked variations in the 
atmosphere's ability to support deep convection 
exist within a mesoscale environment. In a 
Satellite image, organized convective and clear 
regions in the air in advance of the arc cloud 
line reflect certain dynamic and themodynamic 
features o f  that airmass. P r e - e x i s t i n g  
convergence and vertical motion coupled with deep 
layer moistening in the cumulus regions, VerSUS 
gradual subsidence in the clear regions, makes the 
cumulus regions more favorable for deep convective 
development if vertical forcing takes place. 
Baaed on consideration of parcel buoyant energy, 
one may calculate a variety of parameters related 
to thunderstorm development and intensity. For 
examp 1 e I 

1) Positive buoyant energy (PBE) - positive 
area between a local sounding's level of free 
convection (LFC) and equilibrium tempereturei 

2 )  Negative buoyant energy, surface to 
lifting condensation level, LCL (NBEI.) - amount of 
energy input required to lift a mixed parcel from 
the surface layer to condensation; and 

3 )  Negative buoyant energy, LCI. to LFC 
(NBE2) - amount of energy input required to lift a 
Parcel from its LCL to its LFC. 

One may assume that air in a convect,= 
region reflects the local scale dynamics of that 
region, and consequently that convective air has 
already had sufficient energy input to reach its 
LCL. Furthermore, depending on the amount of 
cumulus development (cumulus to towering cumulus) 
some portion of the input energy required to 
attain free convection beyond the LCL has also 
been realized. In the clear regions, on the other 
hand, energy input is still required for the first 
stages o f  cumulus development. Upon local 
vertical forcing, different convective responses 
should be expected for cumulus regions versus 
adjacent clear regions. "How may such image data 
be quantified over mesoscale areas?" Present 
technology does not allow the direct measurement 
of convergence and vertical motion on local scales 
Over large areas. However, certain information 
concerning the atmosphere's ability to utilize 
local scale forcing for the development of deep 
cOnveCti.On may be inferred ueing satellite 
sounding data. 

Sounding information from GOESIVAS can detect 
Small and significant spatial and temporal 
v a r i a t i o n s  in atmospheric temperature and 
moisture. Purdom, (1985) has used satellite 
sounding data to show that the difference of input 
e n e r g y  required to overcome the amount of 
negatively buoyant air and attain free convection 
between adjacent clear and cumulus filled regions 
may be substantial. Furthermore, bassed on 
analysis of VAS satellite soundings, Zehr (1986) 
has been able to show striking differences between 
airmasses on the mesoscale. To determine the 
Potential for new storm development, one should 
evaluate the convective potential (PBE) and 
forcing requirements (NBE 1 & 2 )  on the mesoscale 
using VAS soundings. Next, using coincident hWEe 
data, the amount o f  energy input f r o m  t h e  
environment already provided (by whatever means) 
to overcome NBE 1 and NBE 2 as depicted by the 
State of cumulus development is determined. Thus, 
through the combined use of satellite image and 

sounding data it is possible to assess the 
convective potential of different portions of a 
mesoscale airmass, and estimate the amount of 
vertical forcing that must be applied locally to 
attain free convection. 

4 .  CONCLUSIONS 

From the above considerations certain pieces 
of the convective scale interaction phenomena may 
be understood better from both a qualitative and 
quantitative point of view. Merger occurs when an 
arc cloud moves into a region of pre-existing 
cumulus and cumulus congestus cloudinese and 
triggers new deep convective storms, Figure 5. 
The ability of an arc cloud line to trigger new 
vigorous convection i s  a function of both the 
strength of the vertical motion along the leading 
edge of the DSL, as well as the atability of the 
environment into which the DSL is advancing. The 
DSL/outflow boundary moves into the environment 
with a relatively narrow and concentrated band of 
vertical motion occurring along its leading edge. 
The strength of this organized band of vertical 
motion generally decreases in time. Furthermore, 
the air mass into which an arc cloud line moves is 
in no way uniform in its ability to support new 
deep convection. As the arc cloud line moves into 
a cumulus filled region, it provides a band of 

----- ------_- 
N E ~  atrong 
convection develops 
due to  arc marger 
with cumulur region 

De t h  of remiinin 
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f cumu: 
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F i g u r e  5. Schematic of etrong convective 
development along an arc cloud line due to merger 
with a pre-existing cumulus region, Due to 
convergence in the environment ahead of the arc 
cloud l i n e ,  a region of organized cumulus 
convection develops. Those cumulus represent a 
region where some of the vertical motion required 
to overcome the n e g a t i v e  b u o y a n c y  in t h e  
environment between the lifting condensation level 
(LCL) and level o f  free convection (LFC) has 
already been realized. Therefore, the vertical 
motion generated along the narrow convergence zone 
in advance of the arc cloud line's DSL is able to 
force the lees stable air in the cumulus region to 
deep convection. 
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organized vertical motion to a relatively moist 
and locally unstable airmass. Thus convective 
scale interaction due to merger with pre-existing 
convection often leads to the development of a new 
cumulonimbus which in turn reinforces the cold 
pool which is driving the arc cloud line's DSL. 
On the other hand, as the arc cloud line's DSL 
moves into a clear region, it encounters air that 
is stable with respect to that in a cumulus 
region. When the arc cloud line's DSL interacts 
with that air, it produces cumulus cloudiness 
along its leading edge. Taking into account the 
normal diurnal heating cycle and its influence on 
convective development helps explain the strong 
influence merger imposes on new deep convective 
development and its associated rainfall in the 
noon to 4 pm. time frame (see Figures 6 and 7). 
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Figure 6. Distribution of number of etorms for 
each hour by generation mechanism. L - Local 
Forcing, M - Merger, I = Intersection, U = 
Indeterminable. 

Central  Standard Time 

Figure 7. Total hourly rainfall measured over the 
same study area as was used for Figure 6 and for 
the days included in the study period for Figure 
6. 
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1 . INTRODUCTION 2. ELEMENTS OF THE CLA ANALYSIS/FORECAST SYSTEM 

The description and modeling of the  forma- 
t i on ,  movement, and modification of water and a i r  
masses as well as the development and in t ens l f i -  
cation of storms near coasts and over the  open 
ocean a l l  requi re  adequate descriptions of the 
surface f luxes  of heat,  moisture, and momentum. 
However, obtaining these fluxes 1s severely 
hampered by the  lack of adequate observations of 
pertinent meteorological quant i t ies  over oceans; 
f o r  example, sur face  wind observations from sh ips  ' 

a r e  notoriously var iab le  i n  qua l i ty  and a r e a l  as 
well as temporal coverage. Thus,  i n  a reas  of 
poor data coverage, analyses become dominated by 
e r ro r s  i n  the  f i r s t  guess ( forecas t )  f i e l d s ,  
which r e s u l t  i n  poorly computed surface fluxes.  
The research reported i n  t h i s  paper is a contin- 
uation of work a t  the  Goddard Laboratory fo r  
Atmospheres (GLA)  which seeks t o  augment analyses 
of conventional surface oceanic observations w i t h  
remotely-sensed data ( c f .  Atlas e t  a l . ,  1987). 

Surface wind speed measurements a r e  ava i l -  
ab le  from a number of s a t e l l i t e s  (e.&. Seasat,  
Nimbus-7 and Geosat). Such data have the  great 
v i r tue  of day-to-day widespread global coverage, 
I n  s t a r k  cont ras t  t o  t he  nature of the s h i p  wind 
data. Nevertheless, both operational and research 
models and data assimilation schemes a r e  i n  gen- 
e r a l  not designed t o  use speed observations 
alone, and these data have not been used except 
i n  very l imited studies.  Atmospheric models do 
not predict  wind speeds d i r ec t ly :  they requi re  
i n i t i a l  s t a t e s  whlch contain the  f u l l  vector 
wind. I n  addition, most ana lys i s  systems (espe- 
c i a l l y  ones based on Optimal Interpolation 
methods) analyze wind components, not speed and 
direction. It  is t h u s  evident t ha t  the use of 
these wind speed data requires the  development of 
a procedure t o  assign a d i rec t ion  t o  these 
speeds, i . e .  t o  t u r n  them i n t o  wind vectors. 

I n  t h i s  paper, we describe four possible 
techniques t o  assign d i rec t ions  t o  surface wind  
speed data,  and the  methodology we plan t o  use i n  
evaluating these  methods w i t h  respect t o  both 
simulated and r e a l  data. Sane preliminary 
r e s u l t s  comparing the  first two methods using 
simulated data a r e  presented i n  t h i s  preprint  
a r t i c l e  . 

The preliminary r e s u l t s  presented In t h l s  
a r t l c l e  were generated w i t h  an analysis/forecast  
system very s imi la r  t o  the  one used by Atlas et - a l .  (1987). Only  a very brief summary of the  CLA 
Fourth-Order General Circulation Model is given 
here: a de ta i led  description of the model can be 
found i n  Kalnay e t  a l .  (1983). The GLA CCM has 6 
prognostic variables (surface pressure, ground 
temperature, u and v wind components, tempera- 
t u re ,  and spec i f i c  h u m i d i t y )  which a r e  integrated 
on a 4 deg l a t l t u d e  by 5 deg longltude horizontal  
mesh and on a 9 sigma layer gr id  In the  ve r t l ca l .  
The model employs a 7.5 min  time s t e p  using 
Euler-backward (Matsuno) time differencing. The 
governing equations f o r  the prognostic variables 
a r e  writ ten i n  f lux form using fourth-order 
f i n i t e  differencing. The model contains a f u l l  
range of subgrid sca l e  physical parameteriza- 
t ions:  longwave and shortwave r ad ia t ion ,  surface 
physics, large-scale and convective prec ip i ta -  
tion. 

A successive corrections method (SCM; see 
Baker, 1983) was used f o r  t he  objective ana lys i s  
of d a t a ' t o  model g r i d  polnts f o r  t he  prellminary 
results presented here. We plan t o  have r e s u l t s  
using a mul t lvar la te  Optlmum Interpolation scheme 
(Baker e t  a l . ,  1987) by  the time of the confer- 
ence. I n  e i t he r  case, the  objective ana lys i s  is 
used as part of a 6h assimilation process, where 
the  data have been 'binned' + / -  3h of the analy- 
sis time. 

3. METHODS TO ASSIGN DIRECTIONS TO W I N D  SPEEDS 

Prevlous work a t  GLA has  been involved w i t h  
removlng the dlrecttorial  amblgalty i n  Seasat 
Scatterometer (SASS) winds  (Baker e t  a l . ,  1984; 
A t l a s  e t  a l .  1987). The research repor ted 'here  
is an extenslan of the previous work i n  the use 
of CCM f i e l d s  i n  algorithms t o  asslgn r a the r  than 
se l ec t  wind d l rec t lons .  We a r e  t e s t i n g  the  fo l -  
lowing methods f o r  t h l s  purpose: 

Method 1 : Use Model " F i r s t  Guesstt Wind Dtrections 

I n  t h i s  approach, the  6h CCM forecas t  w i n d s  
a r e  interpolated b i l i nea r ly  t o  the  wind speed 
datum locatlon; the d i rec t ion  of the r e su l t an t  
wind is then assigned t o  the  wind speed observa- 
t ion .  The new wind vector is then assimilated i n  
a regular analysis.  For these preliminary 
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r e s u l t s ,  we approximate ffsurface winds"  by using 
1000 mb winds ;  i n  t h i s  way the assimilation pro- 
cess then employs a standard 1000 mb ana lys i s  
Step. We plan t o  have a more r e a l i s t i c  treatment 
of the surface winds ( b y  means of an extrapola- 
t ion  in to  the planetary boundary layer )  by the  
time of the conference. 

T h i s  method c lear ly  places a heavy re l lance  
on the qua l i ty  of the C C M  forecast .  I n  areas 
where the  model is i n  se r lous  e r ro r ,  the asslgn- 
ment of bad d i rec t ions  t o  the wind speeds would 
not lead t o  the generatlon of a useful product. 

Method 2:  Use Analyzed Wind Directions 

T h i s  i s  a multi-pass approach. The f i r s t  
s t e p  involves performing a surface analysis 
incorporating a l l  conventional (buoys, s h i p s ,  
e tc . )  surface data. Then one proceeds a s  i n  
Method 1, except the analyzed surface winds  a r e  
used instead of t he  model f i rs t  guess winds.  

There i s  l e s s  re l iance  placed on the  quali ty 
of the GCM forecas t  i n  t h i s  case, although t h i s  
method devolves t o  Method 1 i n  regions w i t h  very 
sparse surface data. 

Method 3: Use Surface Pressures w i t h  a Balance 
Relation 

T h i s  method is largely the one developed by 
T. Yu (1987). Br ie f ly ,  t he  method works a s  fo l -  
lows. F i r s t  perform a conventional surface ana- 
l y s i s ,  as done i n  Method 2. Next, eatimate a 
value of the surface drag, Cd,  by combining the  
observed wind  speeds and the gradients of the 
analyzed surface pressure w i t h  an  Ekman Balance 
r e l a t ion :  

2 4  1 2 2  CD s - I Vpf - s f 
P 

where S wind speed, p density,  and f - 
Coriolis parameter. Finally,  put Cd, S and sur- 
face  Pressure in to  the Ekman Balance r e l a t ions  t o  
obtain d i r ec t ly  the  wind  components u and v .  Once 
the  wind components have been obtained, these 
data a r e  assimilated along w i t h  the  r e s t  of the 
conventional data i n  the  same manner as the pre- 
vious two methods. 

Unlike the previous two methods, Method 3 
concentrates on the  mass f i e l d  (surface pressure) 
and a balance r e l a t ion  t o  obtain the desired 
directions,  Any flaws i n  the underlying assump- 
t ions  Of the balance r e l a t l o n  w i l l  be transferred 
d i r ec t ly  t o  the assigned directions.  For example, 
Ekman balance 1s probably not rea l ly  applicable 
In the  Tropics; other terms i n  the momentum equa- 
t ions (advection, even time-tendency) could play 
lmportant r o l e s  i n  the  overa l l  t rop ica l  wind bal- 
ance. I n  middle l a t i t udes  where there  a r e  regions 
of strong curvature i n  the  flow, a gradient-wind 
type of modiflcatlon would appear t o  be needed t o  
model adequately the  wind balance. 

Method 4 :  Use a Varlational Analysis Method 
( VAM) 

T h i s  method d i f f e r s  subs tan t ia l ly  from the 
previous three ,  i n  t ha t  I t  combines the d i rec t ion  

assignment and subsequent analysis steps.  It 
employs a formalism which incorporates a n -  
s t r a i n t s  on smoothness, closeness of f i t  t o  a 
f i rs t  guess, and dynamlcal balance. V A M ' s  Can 
take in to  account both the  accuracy of the data 
(through the use of metric weights describing the 
f i t  of the analysis t o  the  da ta )  and the  l eve l  Of 
confidence t o  be ascribed t o  the applied a n -  
s t r a i n t s  (through the  use of ttweaklt cons t ra in ts ;  
Sasaki , 1970). 

We plan t o  use an algorithm based on the  VAM 
developed by Hoffman (1982, 1984) fo r  use i n  ob- 
j ec t ive ly  dealias ing Se'asat data. 

4. PRELIMINARY RESULTS 

A t  the time of t h i s  writ ing,  we have run a 
prototypical example, canparing Methods 1 and 2 
i n  a simulation experiment of the wind speed 
d i rec t ion  assignment methods. I n  t h i s  experi- 
ment, a reference atmosphere o r  "Naturett is taken 
from a 20 day integration of the 1.875 deg X 
1.875 deg x 15 l eve l  ECMWF model fran'0000 CMT 1 0  
November t o  0000 CMT 30 November 1979. We make 
use of two k i n d s  of t tobservationstf ' in t h l s  s t u d y :  
simulated FGGE conventional and s a t e l l i t e  obser- 
vations, and simulated s a t e l l i t e  surface wind 
speeds. The FCGE data were generated a t  the 
National Meteorological Center (NK) by interpo- 
l a t i n g  the  Natwe f i e l d s  t o  representa t ive  obser- 
vatlon locations,  and then adding primarily ran- 
dom noise i n  accordance w i t h  the  observation 
e r ro r  cha rac t e r i s t i c s  (de t a l l s  a r e  given by Dey - e t  a l . ,  1985, and Atlas et. 1985). The sa t e l -  
l i t e  surTace wind speeds w i t h  no e r ro r s  added 
were simulated by in te rpola t ing  the  Nature values 
t o  typ ica l  Seasat tracks.  As mentioned e a r l i e r  
the  oceanic surface wind da ta  i n  t h i s  preliminary 
r u n  were assumed t o  be a t  1000 mb. 

The second canpbnent of the experiment is an 
assimilation run w i t h  the  CLA G C M ,  which has been 
l%pun-uptt by assimilating CLA r e a l  conventional 
data every 6 h f o r  5 days pr ior  t o  the  s t a r t  of 
the simulation experiment. The simulated data 
were analyzed using a SCM every 6h and then 
assimilated in to  the  CLA CCM; the assimilation 
period las ted  4.5 days, f r m  0000 GMT 10 Nov 1979 
through 1200 CMT 1 4  Nov 1979. Three s e t s  Of 
assimilations were 'performed: using ( 1 )  Method 1 
or ( 2 )  Method 2 t o  assign wind d i rec t lons ,  or ( 3 )  
using the  surface d i rec t ion  and speed spec i f led  
by the Natwe run (1.e. l tPerfectt l) .  A four th  
assimilation run without any s a t e l l i t e  surface 
wind data is planned bu t  has not y e t  been com- 
pleted. Table 1 shows the  average global direc- 
t ion differences ( i n  degrees) fo r  a l l  speeds 
among these th ree  cases over the  4.5 day assimi- 
l a t i o n  period. Each of these averages contain 
104400 w i n d  vector d i rec t ion  differences,  which 
Bere canputed and averaged a t  the data locations.  
Table 1 demonstrates tha t  Method 2 i s  closer t o  
the perfect simulated data than Method 1. The 
global mean difference of 22.1 degrees f o r  'Method 
2 is c lose  t o  the design m a l  of 20 degrees for  
the  Seasat Sca t t e rme te r  (which w a s  designed t o  
measure the vector surface wind) .  
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Table 1 

Average Global Wind Direction Difference 

Method 1 - Perfect 26.1 

Method 2 - Perfect 22.1 

Method 1 - Method 2 11.0 

Table 2 shows how the  d i rec t iona l  difference 
averages vary a s  a functlon of speed. Again, 
Method 2 is superior t o  Method 1 f o r  a l l  wind 
speeds. Note tha t  t he  l a rges t  differences occur 
a t  small wind speeds, and tha t  t he  s i z e  of the  
d i rec t iona l  differences decrease f o r  la rger  w i n d  
speeds. 

Table 2 

Global Direction Difference Averages 
as a Function of Speed 

0-5 5-10 10-15 15' 

Meth 1 - Perf 43.3 20.7 18.7 13.4 

Meth 2 - Perf 37.7 17.1 15.4 1 1 . 4  

Meth 1 - Meth 2 18.6 9.2 7.1 4.2 

Number 28641 49619 20631 5509 

I n  order t o  assess  the  regional v a r i a b l l i t y  
of the  differences averaged i n  the above t ab le s ,  
we now show se lec ted  p lo ts  of the differences of 
the  gridded f i e lds .  There a r e  four s e t s  of grid- 
ded f i e l d s  t o  intercompare: 1 )  Nature run , 2) 
Perfect , 3) Method 1 , and 4)  Method 2. Figures 
?a-b show plo ts  of the vector magnitude of the 
sur face  wind differences between the  Nature and 
the Perfect wind assimilation a t  the  beginning 
and the  end of the  assimilation period. The l a rge  
differences i n  Fig la r e f l e c t  the  la rge  d i f f e r -  
ences between the  ECMWF model's s t a t e  and the CLA 
model's estimate of tha t  s t a t e .  A s  the simulated 
FGGE and s a t e l l i t e  sur face  wind data from the 
Nature run a r e  assimilated,  the  GLA analyses a r e  
drawn ever c loser  t o  t h e  Nature r u n ;  a f t e r  4.5 
days, the  two runs a r e  very similar, as shown i n  
Fig l b .  The s ign i f i can t  departures over land a r e  
due t o  d i f fe ren t  extrapolations below ground t o  
1000 mb. 

Figure 2 shows the difference between 
Methods 1 and 2 a f t e r  one day of assimilation. 
Note tha t  overa l l ,  the  two surface f i e l d s  a r e  
similar, except f o r  s ign i f i can t  differences i n  
widely separated areas.  An examination of the 
differences between the  two methods a t  other 
times revealed a consistent trend; the d i f f e r -  
ences were very small i n i t i a l l y ,  they grew t o  
magnitudes comparable t o  those shown i n  Figure 2,  
and then they diminished gradually i n  s i z e  (but 
not t o  zero) a s  the assimilation proceeded t o  4.5 
days. Small differences between Method 1 and 

Method 2 l m p l y  one of two causes. F i r s t ,  there  
is no conventional da ta  i n  the a rea ,  o r  the ana- 
l y s i s  d i d  not draw t o  tha t  data;  then Method 2 
becunes Method 1 .  Second, the assimilating ana- 
l y s i s / fo recas t  system is doing su f f l c l en t ly  
"wellt1 tha t  the  conventional data Prom the  Nature 
r u n  adds no useful information t o  the  d i rec t ion  
algorithm. It appears t ha t  t he  i n t t i a l  small 
differences a r e  due t o  the f i r s t  reason, while 
the  second explanation appears t o  be operating 
(note the small differences In Fig. l b )  l a t e r  i n  
the  assimilation run. 

Finally,  we show i n  Figures 3a-b how the  two 
methods cmpare w i t h  the asslmilatlon which used 
the correct wind  direcclons. The very la rge  d l f -  
ference between the two methods off the  w e s t  
coast  of South America appears t o  be la rge ly  due 
t o  the presence of a s h i p  repor t  near 38 deg 
South and 80 degrees West. I t  Is l i k e l y  tha t  the  
presence of isolated conventional da ta  w i l l  have 
s imi la r ly  large impacts In other regions. I f  an 
i so la ted  piece of conventional data is erroneous, 
it could t h u s  have a very de le te r lous  e f fec t  on 
Method 2 i n  those a reas ,  unless I t  is corrected 
by the  objective analysis.  

5. SUMMARY 

A s  shown i n  Tables 1 and 2, as well as Fig- 
ure 3, our preliminary test f inds  Method 2 wi th  
its use of conventional data t o  give be t t e r  e s t l -  
mates of the d i rec t ion  f o r  the  surface wind 
speeds. The most dramatic differences occw i n  
regions w i t h  sparse conventional data,  where the 
model f i rs t  guess is poor. A s  l a rger  amounts of 
data a re  assimilated, and the  model f i r s t  guess 
improves, the  differences between Methods 1 and 2 
d imin i sh .  

Several extensions of t h i s  work a r e  under- 
way, and we plan t o  present the  r e s u l t s  of a nurn- 
ber of them a t  the  conference. One important 
modification of the  work reported here is the  
replacement of the SCM analysis scheme w i t h  a 
mul t ivar ia te  01 ana lys i s ,  s o  tha t  we can make the 
best  use of the conventional data (whether r e a l  
o r  simulated). Another important procedwal 
change is the implementlng of a more r e a l i s t i c  
spec i f ica t ion  of the  sur face  winds.  Wlth those 
changes we w i l l  then perform an f ntercomparl son 
of a l l  four methods using the  simulation methodo- 
logy. We a l s o  plan t o  do some r e a l  data (Ceosat 
and Nimbus-7) forecas t  impact teats using the 
more promising methods found I n  the  simulation 
stud1 8s. 
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5 . 6  

INTEGRATION OF SATELLITE SCATTEROMETER AND RADIOMETER MEASUREMENTS 

Marie C. Colton 
Allan B. Caughey 

Naval Environmental Prediction Research Facillty 
Monterey, CA 

1. INTRODUCTION 

1.1 &&gmm!l 

Recent research in satellite 
meteorology and oceanography has 
d m m t r a t e d  the benefits of a multisensor 
approach to the development of new applications 
of r m t e l y  sensed data. For example, Hchrdie 
et.al. (1987) used the Seasat scatterorstor 
(SASS) and radiometer (slsaz) data in 
conjunction vith conventional data to aid in 

shoved that fronts in the radiometer integrated 
mter vapor fields are closely aligned with 
pressure fronts located by conventional 
analyses. In addition, patterns in the 
divergence of the wind field, as computed from 
the scatteroreter rind vectors, are physically 
consistent with the patterns of atmospheric 
water (vapor and rain) (Figure 1). 

the diagnosis O f  ridlatitude storms. They 

rig. 1. Scatte oneter divergence contoured 
wery 8.E-06 s-f (solid lines, convergence; 
dashed lines, divergence); ZtltIR integrated 
water vapor and surface pressure fronts (from 
IlcHurdle et.al., 1987) 

In preparation for the above type of 
analysis. there is a substantial investnent of 
the researcher’s time devoted to the subjective 
analysis of the combined (volurinous) satellite 

data sets. If these new applications are to be 
used in near real-time then the data 
preparation sequence needs to be automated to 
the MXirrtlP extent p088ible. Using objective 
techniques (Levy and Brown, 1986). Further, 
the satellite data need to be assimilated into 
current analysis product8 (Sasaki and Goerss, 
1984). 

At the Naval Environmental Prediction 
Research Facility (NEPRF), the Satellite 
Processing and Display Systen (SPADS) provides 
a convenient tool to develop, evaluate, and 
implement new applications of satellite data 
(Schram, et.al, 1980). The SPADS conrrists of 
a catalogue of programs which provide the user 

satellite data in image or swath format. 

directly the meteorological fields produced at 
the Fleet Numerical Oceanography Center and to 
overlay them on the satellite fields. 

with a standard toolset for the analysis O f  

Especially Useful is the capability to aCCO88 

1.2 SCODe of the StugY 

program of the SPADS w s  modified to address 
the following questions: 

( 1 &I tisensor AnaI,F”s 

Can the satellite derived field8 of integrated 
water vapor and divergence, and conventional 
pressure analysis be objectively analyzed on a 
common grid in such a way as to preserve the 
alignment of the fronts and convergence 
patterns a3 denonstrated by Ilcllurdle et. al. ? 

( 2 )  Autoration of Procsdures 

Can this procedure be automated to yield a 
nowcasting tool for storrs analysis? Could 
this be a data product of the recently launched 
DHSP SSH/I? 

(3 ) AnSrZ.l.~iS &datl?s 

Can the scatterometer and radioneter wind 
spesdsbe incorporated into a forecast 
(analysis) field to provide an improved first 
guess (updated analysis)? 

2. DATA 

2.1 W i t s  Data 

data as recently reprOCOS8ed and described by 
Wentz et.al (1986) 
were used in this study. 
performed using a revised normalized radar 

For the present study, a component 

The Seasat scatterometer and radiometer 

The reprocessing was 
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cross-section (NRCS) algorithm which was 
derived to correct systematic polarization and 
incidence angle errors in winds retrieved fron 
the scatterometer. Also, to uncouple the NRCS 
algorithm coef f icients f ron any in s i tu data, 
Wentz et.al. assumed a Rayleigh distribution of 
wind speeds to conpute new coef f icients. With 
regard to the SlmR, a new brightness 
tenperature, TB, algorithm was used to 
eliminate the artificial dependence of % on 
m a  surface temperature and atmospheric liquid 
water as produced in the original algorithm. 
Biases, temporal drifts and position dependence 
errors in Tg were also corrected with the new 
algorithn. 

For comparison of the objectively 
analyzed results With those of Hcnurdie et.al. 
the test case chosen for study is the familiar 
REI1 storm which occurred in the North Atlantic 
near the Gulf Stream during 9 to 11 September 
1978. The correspondinp scatteroaeter wind 
vectors and radioneter integrated water vapor 
data are from an orbit which passed over the 
storm at about 1200 GUT on 9 September. 

2.2 Datg 

The global, polar stereographic surface 
Pressure analysis field for the area of the 
QUI storn was retrieved fron the FNOC 
archives. These analyses are produced at 
six-hour synoptic tiae intermls from a 
combination of all the current surface 
observations available to the analyst and the 
previously analyzed f ield. 

2.3 Uodel OutDut 

To address question (3) above, the 
forecast wind at 19.6 m in the QEII area 
produced by the Navy Operational Global 
Atrospheric Prediction Systen (MAPS) was 
retrieved from the FNOC archives. 

3. MnTISENSOR SURFACE WIND 

3.1 

The original purpose of MTSSWAS was to 
provide a wind direction for radioaster derived 
wind speed using NOGAPS forecast winds at 926 
nb, GOES cloud track winds and sea surface 
temperature (Clark, 1984). The cloud track 
winds were veered to the surface using the 
other two Zields and then interpolated to the 
SlwR data points. In this formulation of the 
program the radiometer rain-rates Were also 
gridded using a Barnes-type objective analysis 
and contoured. 

ACQUISITION SYSTEH (NUSSWAS) 

3.2 

The HUSSWAS program is highly modular so 
that adaptation of it for this new application 
amounted mostly to rearranging the modules, 
reformatting certain data sets and substituting 
new input files for sone of the originals; 
I. e. , scatteroneter nultiple solution wind 
vectors vice cloud track vinds, wind speed at 

19.6 m fror MAPS vice 926 rb and surface 
pressure vice suface temperature analyses. 
programing was required to choose the correct 
scatterometer vlnd direction. to compute the 
divergence of the scattermeter vird field 
using an improved numerical scheme (Boggs, 
1986), to overlay the surface pressure analysis 
on the satellite fields and to update the 
scat t er one t or f il 0s. 

New 

3.3 -Description 

In the initialization phse  of the 
program, the geographic subarea and all Input 
data files are defined by the user. 
prograi then proceeds into the amlysis update 
mode as described in Fig. 2. 

The 

Process n 
Interpolate 
Sfc Wlnd 

Compts t o  
SASS point  

Interpolate select  
s f c  Wlnd correct  

Dlrection to 
S ~ R  point d l rect lon 

Asslmllate 
S A S S / W R  
wind speeds 

n output 

Display 

forecast 

Fig. 2. Functional Description of the MUS!WAS 
Analysis Update node. 

m e  SMiR WindSpeeb, SASS BUltiple 
solution wind vectors and NOGAPS forecast wind 
field are read first. 
sequence a bilinear interpolation of the u and 
v wind components is usad to compute a first 
guess wind direction at the SASS and SHKR data 
points. This astirated direction I s  usad to 
determine the correct scatteroreter direction 
in the mner 02 Levy and Brown (1986). "hat 
is, the correct solution, hcs, corresponds to 
the minimum over m of 

In the processing 

where Dn is the direction of the first guess 
and Dms are the m scatterometer directions. 
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The final step is to assiailate the SASS wind 
vector and SMIR windspeed into the original 
first guess field. 
Barnes objective analysis of the u and v 
coaponents fron the combined scatteroneter, 
radiometer ard forecast fields. The updated 
field is displayed and stored, the 
scatterometer file is updated with the correct 
wind direction and the radiometer file is 
updated with the first guess directions. 

vapor and surface pressure composite figure is 
illustrated in Fig. 3. The input files 
consist of the SASS correct wind vectors (from 
the analysis update mole or an Mependent 
source), the SlPIR integrated water vapor field 
and the surface pressure field. The SASS/SIMR 
data are first transforned to a Hercator grid 
via the Barnes objective analysis subroutine. 
The divergence of the wind is computed using a 
nuaerial scheme devised by Boggs (1986). 
In this achene the partial derivatives ux and 
vy at a grid point are computed one grid row or 
column at a tire using a central difference 
formula with a fourth-degree interpolating 
polynomial. "he divergence is then coaputed 
in pseudo-spherical coordinates as the sum of 
+, vy aad a term which corrects for the 
convergence of the meridians at the poles. The 
divergence and water vapor fields are contoured 
ard tho pressure field werlayed. The output is 
the final coaposite figure. 

This is achieved by a 

The construction of the wind, water 

Input 0 [-][-][-I directton water vapor 

n 
Process -4A- 

Fig. 3. Functional Description of the nUSs1AS 
SASSISMIRIPressure Composite Figure mode. 

3.4 W e c t i v p  

the analysis update and conposite figure modes 
of the MJSSWAS program using the QEII storm as 
a test case. The reaulta of the test runs will 
be reported at the AHS proceedings. 

The objective now is to exercise both 

4. SUMURY 

Recent applications of satellite data 
to geophysical problems have been derived using 
a multisensor approach in which complementary 
data types are combined to produce improved 
diagnostic aids. 
scatterometer wind vector and radiometer 
windspeed data were combined with a forecast 
wind field to compute an improved wind analysis 
and to determine the correct wind direction 
from the scatterometer multiple solutions and 
an estimated wind direction for the radiometer 
wind speed.Further, an objective method, 
patterned after a subjective analysis by 
McHurdie (1987). was developed to construct a 
wind divergence, water vapor, surface pressure 
composite analysis fron the scatterometer wind 
vectors, radiometer integrated water vapor, and 
FNOC surface pressure analysis. 
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5.7 

ERROR ANALYSIS OF AUTOMATED WINDS DERIVED FROM GOES MULTISPECTRAL IMAGERY 

Steven D. Swadley 

Naval Environmental Prediction Research Facility 
Monterey, California 93943-5006 

1. INTRODUCTION 

Cloud motion vectors (CMV's) have been 
derived from sequences of geostationary satellite 
images since the late 1960's. -rational use of 
CMV'S in global and regional analyses quickly 
became routine in the 1970's despite the many 
inherent problems of both the manual and auto- 
mated CMV derivation techniques. Hubert (1979) 
gives a thorough review of many aspects of CMV 
derivation methods as they evolved during the 
1970's. 

With the implementation of Optimum 
Interpolation (01) schanes at many operational 
meteorological data processing centers, there 
exists a need for a priori knowledge of the 
inherent random errors and spatial covariance 
functions of the various observation types 
utilized in the analysis. Statistical structure 
and correlation functions can provide an 
accurate determination of the covariance 
structure of the various meteorological fields 
(Gardin, 1963). By-products of these functions 
have been quantitative estimates of the inherent 
random error of a given observation type. The 
purpose of this paper is to compare the accuracy 
of two automated CMV generating systems via 
structure and correlation function analysis. 

2 .  THE AUTOMATED CLOUD MOTION VECTOR SYSTEMS 

2.1 S A W S  

SAWEGS, the System for Automatic Wind 
Extraction from Geostationary Satellite-Data, is 
based upon the computation of a cross-covariance 
(XCW) between two precisely aligned satellite 
image subareas. Displacement information about 
the original images is related to a Fast 
Fourier Transform (FFT) produced cross-covariance 
function directly. The maximun value of the XCW 
matrix defines the clod displacement relative to 
the two image subareas. In the XCW method the 
displacement is the direct result of a single 
XCOV calculation, and a single vector is 
determined for each subarea. If two or more 
different c l o d  layers are moving in different 
directions within the subarea, the XCOV operation 
tends to cancel these motions against each other 
and to produce a displacement that does not 
accurately represent any motion. 

Automatic Quality Control (Qc) is performed 
as a final processing step of SAWEGS. The SAWEGS 
Qc procedure consists of four psses through a 
basic two-step configuration. The analysis step 
averages the observations to produce a smooth 
wind field. The discard step compares the 
observations with the smoothed wind field and 
flags inconsistent vectors. No subjective manual 
editing was performed. SAWEGS currently runs on 

a Data General Eclipse S/250 16-bit mini-canputer 
equipped with an integral array processor, and 
produces a maximum 961 CMV's from a 512 by 512 
image. Lee and Nacjle (1980) , give 3 complete 
description of SAWEGS and the XCOV methd. 

2.2  NASA/MSFC's Automated Wind Systen 

Wilson (1984) introduced a new multispectral 
technique for deriving mesoscale CMV's from 
geostationary satellites. The system was 
designed to produce mesoscale OW'S (approx. 10 
km spacing) from 1 km resolution GOES rapid scan 
imagery. The Naval Environmental Prediction 
Research Facility (NEPRF) has utilized this 
systan with standard GOES imagery at 4 and 8 km 
resolutions. This provides a much yreater areal 
coverage with naninal CMV spacings of about 40 
and 80 km respctively. 

The NASA/MSFC system utilizes "template 
matching'' numbers to determine the relative 
similarity between an image template and the 
corresponding image search area (Rarnea and 
Silverman, 1972). This technique, known as* the 
Sequential Similarity Detection Algorithn (SSDA), 
involves the simple calculation of an absolute 
value difference between the pixel values in the 
template and the corresponding pixels in the 
search area for a given displacement. The 
NASA/MSFC system and SAWZS both enploy a simple 
IR black-body temperature approach for height 
assigment of the Was. 

Automatic QC for the NASA/MSFC system 
utilizes three objective image processing QC 
parameters. The first involve the elimination of 
all CMV's with SSDA minima that fall on the 
search area boundaries. 'kmplate match quality 
parmeter one is defined as: 

SSDA MEAN 

SSDA MIN 
TMQ1 = - > 1.6, (1) 

where the SSDA mean is computed over the entire 
search area. Template match quality parameter 
two is defined as: 

SSDA SECONDARY MIN 

SSDA MIN 
> 1.1.4, ( 2 )  - TMQ2 = 

where the secondary min is outside the 3 by 3 
area surrounding the primary SSDA min. Utiliza- 
tion o€ these values has allowed a confidence 
stratification of the resulting N ' s .  
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The NASA/SSDA Cloud Tracking System is 
currently running on NEPRF's 32-bit Concurrent 
3260-MPS mini-canputer. Generation of a CMV set 
requires Over two hours of processing the. A 
maximun of 1800 W'S are produced from a 512 by 
512 image. 

3. THE STRUCTURE AND CORRELATION FUNCTION METHOD 

Many researchers have used statistical 
structure and correlation functions to determine 
the inherent random error associated with a 
specific observation type and to reveal details 
of the observed scales of atmospheric variability 
(Barnes and Lily, 1975; Hillger and Vonder Haar, 
1979; Maddox and Vonder Haar, 1979; Fuelberg and 
Meyer, 1984; Morone, 1986). 

The structure function suitable for meteoro- 
logical variables (Gandin, 1963) is defined as: 

(3) 2 1 

N 
STR(R) = - 1 [fl(ri)-f'(rj)l 

where ri and I .  are the position vectors of the 
observation si2es. m e  separation interval R was 
defined to be a specific distance interval, e.g. 
25 )an < R 5 50 lan. N is the nmber of data pairs 
f' (ri), f' (r.) whose separation radius, 
lri-r.l, fall2 within the interva_l, R. We 
also gefine f' (ri) = f(r.) - 3, with f being the 
mean value defined ov& a specific distance 
interval R. The correlation function is defined 
as 

L 1 
K f irj) 
- 

with notation the sarw as in ( 3 ) .  The denani- 
nator in (4) is the variance computed with 
observations within a separation interval used 
only once for a total of K times. 

The approach used in this study for 
canputing structure and correlation functions is 
that of Maddox and Vonder Haar (1979). The 
implicit assunptions of homogeneity and isotropy 
were validated by examining plots of the struc- 
ture and correlation functions as a function of 
bearing and distance to determine the distance at 
which the functions become strongly dependent 
upon bearing (Morone,1986). 

The inherent randan error can be estimated by 
extrapolating the structure function to zero 
distance separation, and is defined as: 

The extrapolation procedure was a least-squares 
fit of an exponential function to the structure 
values of the form: 

STR(X) = B * Em(=), (6) 

where X is the separation distance, A is the 
curvature coefficient and B the intercept 
(Fuelberg and Meyer, 1984). Structure values 
with separation distances less than 500 Ian an3 at 
least 50 data points within the interval were 
used for the curve fitting. 

The correlation functions as computed by 
(4) contain the effect of randan observational 
errors, which leads to values of less than 1.0 at 
zero separation. Hillger and Vonder Haar (1979) 
describe a method for adjusting the correlation 
functions for this effect. Correlation functions 
in the present study were adjusted using the 
above method. In this way the correlation 
function describes the meteorological variabil- 
ity, without the additional effect of random 
noise. The correlation values were then fit to 
an exponential function of the form: 

COR(X) = B * EXP(-AX2), (7) 

where X is the separation distance, A the 
coefficient of curvature a d  B the intercept. 

4. DATA AND RESULTS 

Cloud motion vector fields were generated by 
both S A W S  and the NASA/SSDA autanated systens 
for three separate cases. The CMV's for each 
case were divided into four layers in the 
vertical: 1000-900 mb, 899-700 mb, 699-400 mb and 
less than 399 mb. 

4.1 Case I: May 21, 1986 Results 

The SAWEGS derived CMV's, all pressure 
levels included, for 2300 GMT is shown in Figure 
1. Only the W'S which have passed SAWEGS QC 
criterion are plotted. m e  SAWEGS W's depict 
the low level anticyclonic flow off the west 
coast. The upper level ridge axis is margin- 
ally depicted. The upper level low centered 
over eastern Oregon is not well defined by SAWFGS 
CMV's. The subtropical jet, south of Baja 
California, is indicated by SAWEGS as a small 
group of southwest winds of up to 33 m/sec. 

1 I I I I J  

Fig. 1. SAWEGS derived W's for 21 May 1986 at 
2300 @IT. All levels plotted. 
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Figure 2 shows the s t ruc tu re  functions for  the u 
and v components and t h e  b e s t  f i t  exponen t i a l  
curve for  SAWEGS derived winds in the 699-400 mb 
layer.  The adjusted cor re la t ion  functions for  
the  SAWEGS u and v components of the same layer 
are shown in  Figure 3. 
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Fig. 2. Struc ture  functions for  SAWEGS derived u 
and v canponents of the  699-400 mb layer for  21 
May 1986. 
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Fig. 3 .  Correc ted  c o o r e l a t i o n  f u n c t i o n  f o r  
S A W S  derived u and v cmponents of t he  699- 
400 mb layer for  21 May 1986. 

The NASA/SSDA d e r i v e d  C M V ' s ,  w i t h  a l l  
Pressure l e v e l s  p lo t ted ,  for  2300 CMT a r e  shown 
i n  Figure 4. Only ouN's which have m e t  a t  least 
o n e  o f  t h e  TMQl o r  TMQ2 QC p a r a m e t e r s  a re  
p l o t t e d .  The NASA/SSDA CMV's d e f i n e  t h e  low 
leve l  anticyclonic flow a s  well a s  the  center of 
the high. The upper leve l  r idge pa t te rn  is q u i t e  
well defined and the  W's disp lay  a high degree 
of uniformity. The subtropical jet  is observed 
by about  30 CMV'S wi th  maximum speeds  of 40 
WSw. Figure 5 shows the  s t ruc tu re  functions 

- 

Fig. 4. NASA/SSDA derived CMV's for  21 May 1986 
a t  2300 @IT. A l l  l eve l s  plotted.  
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Fig .  5. S t r u c t u r e  f u n c t i o n  f o r  t h e  NASA/SSDA 
derived u and v canponents of t he  699-400 mb 
layer for  21 May 1986. 

fo r  the  NASA/SSDA u and v canponents and best f i t  
exponen t i a l  cu rve  f o r  t h e  699-400 mb l a y e r .  
F i g u r e  6 shows t h e  a s s o c i a t e d  c o r r e l a t i o n  
functions for  t he  same layer.  

Table 1 canpares the  means of the  u and v 
canponents and w i n 3  speeds derived by SAWEGS and 
NASA/SSDA f o r  Case I .  Table  2 compares t h e  
randan CMV measurenent e r ro r  of the two systens 
a s  d e r i v e d  by t h e  method of e x t r a p o l a t i n g  t h e  
s t ruc tu re  function t o  zero separation. 

4.2 Case 11: March 24, 1987 

The case  I1 synoptic p a t t e r n - f o r  the north- 
eas te rn  Pac i f ic  is daninated by a l a rge  low leve l  
a n t i c y c l o n e  and an approaching f r o n t a l  system 
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Fig .  6. Cor rec t ed  c o o r e l a t i o n  f u n c t i o n  f o r  
NASA/SSDA d e r i v e d  u and v components of t h e  
699-400 mb layer for  21 May 1986. 

Table 1. NASAJSSDA vs. SAWEGS mean values fo r  
t h e  u and v components and wind speed for 21 
May, 1986. 

NO. MEANS SYST 
OBSV. (WSW 

~' EL O0 (MB) N ::82 U v speed %i% SA! 

899-700 1.0 -2.3 
3.1 0.5 8.2 s m s  

105 5.4 5.4 13.8 SAWFGS 
699-400 431 3.5 -1.1 9.4 NASA 

< 399 117 13.7 4.1 17.4 NAS 
9.8 6.2 15.3 SAWFGS 

Table 2. NASA/SSDA vs. 5AWFX;S randm e r r o r  
canparison values for  t he  u and v components 
and vector wind f o r  21 May, 1986. 

No. ERRORS SYSTFl 
mw. (WSK) 

iEvFc (MB) N U V V 

000-900 141 0.49 0.41 0.64 NASA 
137 7.94 11.36 13.86 SAWEGS 

899-700 299 0.75 0.59 0.95 NASA 
163 3.38 1.91 3.88 SAWFGS 

699-400 431 1.54 0.83 1.75 NASA 
105 2.47 2.98 3.87 SAWEGS 

< 399 117 1.60 1.18 1.79 NASA 
95 5.22 4.00 6.57 SAWEGS 

with an extensive c i r r u s  l e a f ,  zhe subtropical 
j e t  is v e r y  pronounced and appea r s  to  have a 
double jet s t reak  configuration. 

The SAWEGS derived CMI set for  1930 CWT on 24 
March, 1987, is shown in  Figure 7. me depic t ion  
of the subtropical jet d isp lays  a typ ica l  problem 
with the  cross-covariance method, i n  t h a t ,  when 
m u l t i p l e  c loud  l a y e r s  ( jet  stream cirrus and 
s t r a t o c u m u l u s )  a r e  m o v i n g  i n  d i f f e r e n t  
d i r e c t i o n s ,  t h e  r e s u l t i n g  C W  d e p i c t s  motion 
unrepresentative of e i t h e r  level. SAWEGS also 
d e p i c t s  t h e  p rogres s ion  o f  t h e  f r o n t a l  band 
ra ther  than the  movement of the high clouds along 
the  f ron t ,  which is another c m o n  problen with 
the  XCOV method. 

Fig. 7. SAWES derived O W ' S  for 24 March 1987 
a t  1930 CWT. A l l  l eve l s  p lo t ted .  

The NASA/SSDA derived CMV set for 1930 C;MT 
on 24 March, 1987, is shown in  Figure 8. To keep 
the  Figure 8 from appearing c lu t t e r ed ,  only hal f  
o f  t h e  o r i g i n a l  1184 CMV's are p l o t t e d .  The 
subtropical jet  fea ture  is depicted a s  a broad 
region o f  high winds with maximun speeds of 42 
dsec.  The mid leve l  winds within the  cold a i r  
region behind the f ron ta l  bard a r e  more uniform 
than the  S A W S  O W ' S  f o r  t h a t  region. me Oyv's 
w i t h i n  t h e  f r o n t a l  band  d i d  n o t  meet t h e  
NASA/SSDA Qc criterion an3 and were automatically 
flagged a s  low qua l i ty  winds. Table 3 canpares 
t h e  random CMI measuranent e r r o r s  for  case  11. 

4.3 Case 111: October 1, 1986 

Case 111 presents a ra ther  ccmplex synoptic 
p a t t e r n  f o r  c loud  t r a c k i n g .  Hurr icane  Pa ine ,  
which a t ta ined  maximm surface w i n d s  of 80 k t s  
near 0000 CWT on 2 October, lies j u s t  south of 
Baja California.  
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Fig .  8.  NASA/SSDA de r ived  CMV's  f o r  24 March 
1987 a t  1930 CEIT. A l l  l eve ls  with every other 
CMV plotted.  

SYSTEM 

NASA 
SAWEGS 

NASA 
SAWEGS 

NASA 
SAWEGS 

NASA 
SAWEGS 

Table 3. NASA/SSDA vs. SAWEGS random e r ro r  
comparison values for the u an3 v canponents 
and vector wind fo r  24 Mar, 1987. 

NO. ERRORS SYSTEM 
OBSV. (WSE) 

U V V LEVEL (MB) N 

1000-900 - - 0 - NASA 
338 3.16 5.13 6.02 SAWEGS 

899-700 1 4 1  0.84 0.67 1.08 NASA 
137 2.38 4.80 5.36 SAwM;S 

NASA 
69 3.08 2.70 4.10 S A m S  

< 399 180 0.85 0.81 1.17 NASA 

699-400 290 1.24 1.49 1.94 

- - - 53 SAWEGS 
c 

NO. 
OBSV . 

LEVEL (MB) N U 

1000-900 34 - 
144 4.48 

899-700 792 0.55 
139 1.44 

699-400 209 2.02 
318 5.04 

< 399 149 1.19 
64 

V V 

- - 
3.66 5.78 

0.53 0.76 
1.66 2.20 

1.26 2.38 
3.25 6.00 

1.01 1.57 - - 

The SAWEGS derived CMV set for  1630,QulT on 1 
O c t o b e r ,  1986 ,  i s  shown i n  F i g u r e  9.  The 
NASA/SSDA derived CMV set is shown in  Figure 10. 
Both sets of CMV's depict  the northerly flow over 
Mexico and in  the  maritime s t r a t u s  west of Paine. 
The c y c l o n i c  low l e v e l  c i r c u l a t i o n  is c l e a r l y  
marked by the  NASA/SSDA CMV's and the  upper level 
outflow is a l so  depicted. SAWEGS ayV's depic t  
t h e  out f low b u t  show l i t t l e  i n d i c a t i o n  of low 
l e v e l  c y c l o n i c  c i r c u l a t i o n .  The NASA/SSDA QC 
scheme flagged nunerous O W ' S  near the  cent ra l  
dense overcast  (CDO) region of the  storm, while 
SAWS Qc scheme fa i led  t o  remove many ambiguous 
CMV's near t h e  CDO. The random o b s e r v a t i o n a l  
errors for the  two systems a r e  shown in  Table 4. 

5. SUMMARY AND CONCLUSIONS 

The accuracy of two automated cloud motion 
vector generating systems has been investigated 
v i a  t h e  s t r u c t u r e  and c o r r e l a t i o n  func t ion  

Fig. 9. SAWEGS derived W ' s  for  1 October 1986, 
1630 CEIT. A l l  l eve ls  plotted.  
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analysis approach of Maddox and Vonder Haar 
(1979). QYN data sets for three separate cases, 
depicting various synoptic situations, were 
analyzed for each autanated system. Eitrapola- 
tion of the structure functions to zero distance 
produces a randan observational error estimate 
for each wind component. The NASA/SSDA vector 
errors for the lower layers ranged from 0.6 to 
1.1 m/sec, while the mid and upper layer vector 
errors ranged from 1.2 to 2.4 m/sec. The SAWEGS 
vector errors for the lower layers ranged from 
2.2 to 13.9 m/sec, while the mid and upper layer 
vector errors ranged from 3.9 to 6.6 m/sec. 
However, these estimates assme that spatially 
correlated errors (which would decrease the 
magnitude of these errors) were not present and 
the actual random errors would be slightly 
larger. 

Height assigrment errors contributed to the 
randan errors of both system, but SAWEGS low 
level winds often contained winds depicting flow 
at upper levels which partially explains the 
large randan errors for S A W S  low level winds. 

The primary goal of this study was to 
canpare the accuracy of the two automated cloud 
motion vector systems currently in use at NEPRF. 
The W's generated by SAWES require significant 
amounts of manual subjective editing to lower the 
random observational errors, which results in 
degraded spatial coverage. The NASA/SSDA 
generated CMV's require little or no manual 
editing and the spatial coverage is clearly 
superior to the S A W S  W's. 

Experiments are now being designed and 
conducted to determine the most effective way to 
assimilate the NASA/SSDA generated OW'S into the 
global and regional multi-variate optimum 
interpolation schemes now in use at FNOC. 
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5.9 AUTOMATIC ANALYSIS OF STEREOSCOPIC IMAGE PAIRS FROM GOES SATELLITES 
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1. INTRODUCIION 

It has been demonstrated that making cloud height 
measurements from stereoscopic weather satellite images is a 
very useful analysis technique with a broad spectrum of appli- 
cations. Measurements have been made which have added to 
our understanding of the structure and dynamics of hunicanes 
and severe local thunderstorms. The heights of satellite cloud 
winds have been also determined. In Hasler (1981), (1987) 
stereoscopic observations from meteorological satellites are 
presented using simultaneous GOES-EAST and GOES-WEST 
images. It was also demonstrated that the cloud top structure 
could be determined by stereoscopic measurements with ver- 
tical accuracy of approximately 0.5 km. Detailed contours of 
hurricanes were presented by Rodgers et af. (1983) and Hasler 
and Morris (1986) and of severe thunderstorms (Mack et al. 
1983). Work by Hasler et al. (1983) shows that stereoscopic 
measurements can be made not only by identical geosyn- 
chronous satellites (GEOs), but also by combination of GEOs 
with Low Earth Orbiters (LEOS). Using their techniques it is 
possible to observe cloud tops stereoscopically for research 
studies in most areas of the world. Operational stereo imaging 
is likely in the near future. 

Perhaps the primary obstacle to operational use of 
stereo measurements has been the lack of an automatic tech- 
nique to determine cloud heights. Automatic analysis of stereo 
pairs is now being intensively investigated at many institutions 
for making of topographical maps from aerial and satellite 
photographs. The automatic analysis requires a very powerful 
computer because of the many cross-correlations which must 
be performed. The advent of parallel architectures such as that 
of the Massively Parallel Processor (MPP), described by 
Batcher (1980). has made it possible to apply computationally 
intensive cross correlation techniques to obtain high resolution 
results in the detection of local differences between pairs of 
large images. At Goddard Space Flight Center the MPP was 
initially used to study automatic analysis of stereo pairs from 
the Shuttle Imaging Radar B (SIRB). The algorithm developed 
for this work has been applied to stereo pairs of severe local 
storms and hurricanes observed by two GOES satellites. The 
automatically derived height fields have been compared with 
manual analyses. The automatic analysis produces much more 
detailed structure in much less time than the manual analysis 
and is qualitatively the same. However in areas where the fea- 
tures are very small the manual analysis appears to be supe- 
rior. Quantitative comparisons are given in the following sec- 
tions. 

2. TECHNIQUES 

In the stereo technique, two satellites simultaneously 
scan the same geographical area Erom different view angles, 
and the parallax between the two images of an observed fea- 
ture is proportional to its height. Cloud height becomes a direct 
measurement based on geometrical relationships and is nearly 
independent of cloud characteristics. For both the manual and 
automatic techniques it is critical that one image is remapped 
into the coordinate system of the other so that feature matching 

can be done with a minimum of distortion. 

2.1 

Conventional manual stereo analysis generally in- 
volves looking at a stereo image pair through a binocular 
viewer and measuring the parallax by floating a dot until it ap- 
pears to touch the terrain surface. At NASNGSFC analysis 
tools have been developed to improve the quality of the stereo 
analysis and the display of combined data sets from various 
observing systems. The stereo analyses presented in this paper 
were made using enhancements of techniques developed by 
Hasler (1981) and reported by Mack et al. (1983). All image 
preprocessing and stereo analysis is performed on the Atmo- 
spheric and Oceanographic Information Processing s s t e d  

addition to normal destriping, and noise removal a "local m a  
enhance" algorithm is used to enhance the contrast for im- 
proved feature matching between the two images. The stereo 
analysis is then done on the enhanced image using image 
alternation, interpolated zoomed images, and an on-screen 
graphics display technique described by Mack et af. (1983). 

2.2 

2.2.1 Background 

The advent of parallel architectures such as that of the 
Massively Parallel Processor (MPP) has made it possible to 
apply computationally intensive cross correlation techniques to 
obtain high resolution results from large images in the auto- 
matic detection of local differences between pairs of images. 
For this reason it was necessary to develop an algorithm for 
the automated analysis of stereo image pairs to determine de- 
vation information, (Smng and Ramapriyan, 1987). 

Stereo analysis requires the determination of local dis- 
placements in image location between images caused by cloud- 
top elevation. Local correlation techniques arc used to do this 
job. With local correlation it is necessary to match a reference 
or template neighborhood in one image with various candidate 
matching neighborhoods within a search area in the other. 
Once the relative locations of matching neighborhoods in the 
two images ("disparity" in stereo analysis) are known, eleva- 
tion maps can easily be computed. The number of calculations 
for local correlation operations is proportional to the product of 
the area of the neighborhoods, the number of candidate neigh- 
borhoods, and the number of points in the image where the 
matching is to be performed (or the required resolution). As 
will be discussed in later sections, it is required that all pixels 
in the two images be matched. With images of 512 x 512 pix- 
els, one has on the order of 100 billion calculations. The re- 
sulting computation load can be handled in a reasonable 
amount of time only with very high-speed computers. The 
massively parallel architecture of the MPP is ideally suited to 
solving the above problem. 

(AOIPSR) at GSFC as described by Hasler et af. (1 B 86). In 
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2.2.2 Difficulties in Stereo Matching: 

in the two images are: 
The major difficulties in matching corresponding pixels 

a) Different brightness levels in the two images. 
b) Local distortions of the image. 
c) Low contrast areas and noise. 

The fmt difficulty is often obviated by the use of nor- 
malized correlation functions for matching gray level or edge 
images. The second is inherent in stereo analysis because of 
the different viewing angles. It occurs most severely in regions 
of rapidly changing elevation and creates a horizontally 
stretched or compressed area surrounding corresponding pix- 
els in one image relative to the other. Because of the large off- 
nadir viewing angles and difference in viewing angles required 
to achieve reasonable elevation accuracy, this problem is par- 
ticularly acute in GOES satellite images. Thus, the basic clue 
used to determine the elevation also makes its determination 
more difficult. 

Any techniques for correcting local distortions must 
take into account the fact that the distortion function can have a 
broad band of wave lengths. For example, the distortion func- 
tion for a large thunderstorm cloud would have low frequen- 
cies, but added to these would be high frequencies caused by 
small scale cloud features making up the surface. When a hu- 
man observer fuses two images seen through a viewer, the 
low fkquency information is used to obtain an initial fusion in 
which the eyes are brought into alignment (a technique used 
for automatic focusing of some cameras) and then high fre- 
quency information brings out a detailed perception of depth. 
The progression from low to high frequency suggests that a 
hierarchical approach for detecting matching pixels would be 
appropriate. With this approach, an initial match is performed 
on low frequency information in an image and then increas- 
ingly higher frequencies are incorporated to obtain the final 
matching of corresponding pixels. 

Even with no local distortion, errors can occur due to 
noise, spatial peridcities and low contrast in the image. One 
way of reducing errors in general is to provide redundancy by 
computing matches at nearly every pixel in the image. Then, 
surface continuity constraints on cloud tops can be used to 
c o m t  for local elevation discontinuities due to noise. Match- 
ing at nearly every pixel is a formidable task on standard serial 
computers. However, the architecture of the MPP is well 
suited to the local neighborhood operations required for 
matching pixels. The following sections discuss the matching 
technique developed for the MPP and results obtained using 
the MPP algorithm. To aid in the discussion, one image is la- 
beled the "reference" image and the other the "test" image. All 
operations are performed on the test image. 

The matching algorithm implemented on the MPP is an 
example of what has been termed the Hierarchical Warp Stereo 
technique explored initially by Marr and Poggio (1979) and 
pursued later by Quam (1984). Both techniques are iterative, 
starting with low resolution and increasing resolution with 
each iteration. The MPP algorithm consists of the following 
steps. 

a) Preprocessing of the test image, 
b) Determination of matches, 
c) Removal of "bad match" areas in the disparity func- 

d) Smoothing the resulting disparity function, 
e) Warping the test image. 

tion, 

The steps b) through e)are repeated for each iteration. 
The following subsections discuss each of these steps in de- 
tail. 

2.2.3 Preprocessing of the Test Image: 

Because of the viewing geometry. the resolutions of the two 
GOES images are different in the stereopsis direction. Thus, 
the test image is remapped into the coordinate system of the 
reference image as described by Hasler (1 98 1) so that their 
resolutions are the same. 
2.2.4 Determination of Matches: 

For each reference image pixel, a match is performed 
between a neighborhood surrounding that pixel (the 
"template") and neighborhoods within a search area in the test 
image. At each iteration of the algorithm the size of all neigh- 
borhoods are reduced allowing higher resolution matches at 
each step. The location of the center pixel within each neigh- 
borhood in the test image relative to the location of the refer- 
ence pixel is the disparity value associated with that neighbor- 
hood. 

The measure used for matching neighborhoods is the 
normalized mean and variance correlation given by: 

Where X i  and Yi-k are grey levels of the ith pixels 
within the template neighborhood and the k-th in the search 
area respectively. The values and Yk are the mean values 
computed over the template and k-th search area neighbor- 
hoods. 

For each pixel in the reference image, the match score 
for all neighborhoods within the search area is computed. The 
pixel at the center of the neighborhood with the highest corre- 
lation value or match score is selected as the matching pixel. 
The resulting disparity function is, therefore, made up of inte- 
ger values. 

2.2.5 Removal of "Bad Match" areas in the Disparity Func- 
tion 

If it is assumed that cloud top surfaces are continuous 
when viewed from the positions of the two GOES satellites, 
the disparity function must also be continuous. Therefore sud- 
den jumps in disparity are assumed to be produced by bad 
matches. Typically in the algorithm implemented on the MPP, 
jumps of disparity greater than + or -1 pixel between neigh- 
boring pixels are considered to define bad matches. Precipi- 
tous cloud edges ar lack of texture would cause this problem. 

The human visual system appears to have the capability 
of interpolating surfaces over areas where bad matches occur. 
This process is emulated in the MPP algorithm by interpolating 
the disparity function across all areas where a bad match has 
been detected. Interpolation is performed using an iterative 
solution to partial differential equations similar to those used in 
heat flow problems (with disparities in the place of tempera- 
tures). To perform the interpolation, two dimensional partial 
differential equations are applied to solve for the disparity in 
the bad match regions. The bordering pixels surrounding the 
bad match area constitute the boundary values which are held 
constant. 

2.2.6 Smoothing the Resulting Disparity Function 

After interpolation, the disparity function is smoothed 
to obtain a more continuous warping function with fractional 
pixel values rather than integer values. Smoothing is per- 
formed on the MPP by averaging over a neighborhood pro- 
portional in size to the neighborhood used to obtain the 
disparity function. 
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2.2.7 Warping the Test Image: 

The smoothed disparity function is used as a one di- 
mensional distortion function to "geomemcally correct" the test 
image in the stereopsis direction. The warped image values are 
obtained by resampling the test image using linear interpola- 
tion. 

2.3 Persnective Disnlav techniques 

The perspective techniques used to display the stereo 
analyses in this paper are described by Hasler er al. (1985) and 
the hardware used to display these images is the AOIPS/2 us- 
ing the International Imaging Systems (11s) Corporation #75 
terminal (see Hasler et al. 1986). The program requires two 
data arrays: 1) a height field which defines the three dimen- 
sional surface to be portrayed and 2) a shading or coloration 
image which supplies the information to produce the proper 
texture for the image. The manual stereo contours or MPP 
disparity image are used as the height field and the corre- 
sponding visible image gives the information necessary to 
produce the shadows and bright areas of the final image. The 
program combines the two images into a single perspective 
image. The process of producing the perspective images is 
also computationally intensive, requiring about 20 min to do a 
typical 512 X 512 image on a MicroVAX. The perspective 
program also requires 1) the location from which the m a y  is 
to be viewed (eye-point) and 2) the location of the point being 
viewed (view-point). The algorithm then constructs the image 
of the hurricane as it would be seen from that eye-point look- 
ing towards the given view-point. 
3. RESULTS 

3.1 Co mDarison of Manual and Automatic Analysa 

The automatic stereo analysis has been tested on two 
types of weather phenomena. For severe thunderstorms, the 
tornadic thunderstorm cloud tops at 0048 GMT on 3 May 
1979 were chosen as a test case. At this time the low sun nn- 
gle gives excellent contrast to the cloud top features and the 
automatic analysis was very successful as described below. 
For humcanes a low sun angle example of Humcane Frederic 
on 12 September 1979 was chosen for analysis. In this hum-  
cane case (not shown here) the automatic analvsis Droduced 

central dense overcast. In the cirms outflow, fairly large areas 
had so little structure that the automatic cross-correlations 
failed. However, it was also impossible to make accurate 
height measurements by manual techniques in these regions. 

Fig. la. shows a perspective display of manual stereo 
analysis of tornadic thunderstorm cloud tops at 0048 GMT on 
3 May 1979 from GOES East and GOES West images as re- 
ported by Hasler (1981) and with a more precise height analy- 
sis on AOIPS by Mack et al. (1973). A new analysis was 
made of the tallest towers for this comparison on  the new 
AOIPS/2 system (Hasler ef al. 1986). The contour interval is 
0.5 km with heights ranging from 13.0-17.0 km. A tornado 
occurred on the ground directly beneath the tallest tower on the 
right at the time of this image. An analysis of this complexity 
takes two or three days of careful work by an expert andyst. 

In Fig. lb. the automatic stereo analysis produced in 
about 20 seconds using the MPP from the same GOES image 
pair used in Fig. l a  is presented. The MPP height field is arti- 
ficially illuminated using a standard Laplacian algorithm. 

As you can observe the major features are represented 
by both the manual and automatic analysis. However note the 
difference in detail between Fig. l a  and lb. The automatic 
analysis from the MPP is able to detect much more stNcture in 
most locations than the human operator can in a reasonable 
amount of time. However the expert operator is able to recog- 
nize certain single pixel features on top of the tallest towers 
which are missed by the smoother automatic analysis. 

Fig. IC. presents a perspective display of height field 
from Fig. l b  combined with the visible GOES image instead 
of the Lnplacian illumination image. Note the additional stmc- 
ture which is appwent from the bright westward- or sun-facing 
slopes contrasted with the dark shadows on the easterly 
slopes. Contours at 0.5 km height intervals have also been 
added. 

The problem with making quantitative comparisons 
between Figs. la  and l b  is that the MPP analysis shows SO 
much more structure on the sloping surfaces while the manual 
analysis shows only plateaus. For this reason both the MPP 
analysis and the manual analysis arc presented with the same 
1.0 km interval contours as shown in Fig. 2. Again here we 
see general agreement on the major features. However it is still 
difficult to compare the details because a slight difference in 
where the Contour falls can make a big difference in the ap- good results near the Over shooting tops in themidile of the 

w - -vws%F--J*arrt'lc- --- -_ -*-a- %̂. * _"-- 

Fig. la. Perspcctivc display of manual stcrco nnnlysis of tornadic thundcrstorm cloud lops fmm 3 May 1979 fmm 
GOES Enst and GOES West images ns reportcd by Mack et al. 1973. The contour inlervnl is 0.5 km with heights 
ranging fmm 13.0-17.0 km. 
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Fig. lb. Automatic Massive Parallel Processor (MPP) stereo analysis cormspoonding to Fig. la. 

Fig. IC.  Perspective display of height field from Fig. Ih combined with the visible GOES imagc with 0.5 kin intcr- 
val height contours. 

pearance of the plateaus at the 1.0 contour interval. It must 
also be kept in mind that there is a degree of subjectivity in the 
manual analysis. 

3.2 Go mDarison of Automatic Analvsis with Oririnal 
Stereo Pairs 

There are two methods of testing the accuracy of the 
automatic analysis by comparison with the original data. The 
first is to warp the test image using the disparity function (as 
describe in section 2.2.7) and compare it with the reference 

image. In other words you would warp the GOES West image 
to match the GOES East image using the MPP derived parallax 
or height field. Any horizontal displacements observed while 
alternating these images indicate errors in the stereo analysis. 
The second is to compare the original stereo pair viewed in 
binocular stereo with the computed stereo pair (test image and 
warped test image). These pairs appear to the operator as three 
dimensional surfaces and errors in the automatic analysis ap- 
pear as differences in height. 

By these methods of testing it is easy to detect areas 
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Fig. 2 Comparison of innnu;il Rr. autoniatic stcrco analyscs. 3 May 
1979 tornadic thundcrstorm ciisc from Fix. 1. displayed with 1.0 km 
contour intcrval. Thc top imngc (2a) is thc manual analysis whilc the 
bottom image (2b) is dcrivcd from Ihc MPP automatic stereo analysis. 

where the automatic analysis has failed. This method of quality 
control indicates that the automatic stereo is very accurate in 
the parts of the image where well defined structure exists. 
Furthermore, the stereo pairs derived from the automatic anal- 
ysis give a much more dramatic three dimensional impression 
than the original pairs. This is due to the wide angular separa- 
tion of the two satellites which makes fusion of the stereo pair 
more difficult. 

4. CONCLUSIONS AND FUTURE WORK 

It has been demonstrated that stereo measurement of 
cloud height can be accomplished automatically. Severe thun- 
derstorm and hurricane cloud top topography have been auto- 
matically analyzed. using a prototype super computer with the 
novel Massively Parallel Processing (MPP) architecture. The 
automatic analysis is of equivalent quality to, and much more 
detailed than manual analyses while taking several orders of 
magnitude less time. A typical 512 X 512 pixel image is pro- 
cessed in 20 sec by the MPP. In the future powerful, but small 
and economical, workstations such as the PIXAR developed 
by Lucas Films will be used to do this kind of analysis. Stereo 
height measurements are possible in regions with sufficientlv 
high contrast features in the large overlap regions between the 
operational geosynchronous satellites (Hasler et al. 1983) Un- 
der large solar elevations (low contrast) or featureless cirrus 
regions the automatic techniques will probably fail and manual 
techniques become less accurate. However, the most important 
over shooting towers which indicate intense convection below 
are easily detected and measured using the stereo technique. 

With the capability of routine stereo imaging which 
should be available in the GOES NEXT time frame and the 
automatic processing demonstrated in this paper, the major 
impediments to operational stereo cloud height measurement 
will have been removed. It is proposed to demonstrate real- 
time stereo using the GOES data ingest system being devel- 
oped for AOIPS/2 at Goddard and a PIXAR type workstation. 
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1. INTRODUCTION 

This paper presents a signature in 
GOES water vapor imagery which is used 
operationally by meteorologists and 
oceanographers to modify numerical model 
forecasts in areas of surf ace 
cyclogenesis. Errors in objective 
predictions of surface cyclogenesis have 
major impacts to surface wind and wave 
conditions. GOES water vapor images are 
available on a half-hourly basis to 
National Weather Service meteorologists 
via communication lines to hardcopy 
machines or to a video display on the 
new SWIS (Satellite Weather Information 
System) computer. By subjectively 
interpreting areas of relative darkening 
or warming and the movement of these 
areas on successive images, the synoptic 
scale atmospheric dynamic patterns can 
be inferred and related to surface 
cyclogenesis. 

appears as a warm temperature and a dark 
shade on the water vapor image. 
Therefore by observing consecutive water 
vapor images with respect to an 
atmospheric circulation system, 
darkening with time can directly be 
related to subsidence aloft. The rate 
of warming with time is an indicator of 
the intensity and the change of 
intensity of the subsidence. 

Weldon (1979) states that the 
developing dry slot region during 
cyclogenesis is an area of vertically 
deep subsidence. Figure 1 shows 
Weldon's schematics of cyclogenesis as 
seen in infrared satellite images. Note 
the surge region becomes the dry slot as 
cyclogenesis occurs and the comma cloud 
develops. According to Weldon the 
strongest surface pressure falls occur 
as the dry slot surges east then north 
of the developing surface low or as the 
dry slot curves just north of the tip of 
the comma head on the water vapor 
images. 

2. GOES 6.7 um WATER VAPOR IMAGERY 

3. OCEANIC CYCLOGENESIS 
The GOES 6.7 um channel is 

sensitive to absorption by atmospheric 
airborne water vapor. Smith (1983) 
states that the vertical profile of the 
sensitivity of the 6.7 um channel peaks 
approximately at 400mb according to 
theoretical studies. Weldon (1986) 
compared extensively digital water vapor 
data to atmospheric radiosonde profiles. 
Weldon concluded that both the thermal 
and water vapor vertical profile of the 
atmosphere is critical in determining 
the radiance values the 6.7 um channel 
observes. Areas with large amounts of 
water vapor aloft in the form of 
aerosols or condensed into clouds will 
be sensed and appear as cold 
temperatures and white shades on the 6.7 
um imagery. In areas of rapid 
subsidence aloft the air is warmed and 
dried and the 6.7 um channel senses 
moisture at a lower level and warmer 
temperature in the atmosphere. This 

On 10 May 1987 surface cyclogenesis 
occurred near forty degrees north 
latitude and sixty one degrees west 
longitude southeast of Cape Cod, Mass. 
The synoptic situation consisted of a 
strong polar vortex in northern Canada 
and a strong zonal westerly jet across 
southern Canada. A short wave trof was 
embedded in this jet and progressed 
south of Hudson's Bay and into eastern 
Canada. A lingi.rL .: slow moving trof 
just offshore of the mid-atlantic states 
was forced eastward by the short wave 
and stronger flow in southeastern 
Canada. The twelve hour surf ace 
pressure and 1000-500 m b  thickness 
forecasts of the Nested Grid Model 
(NGM), Limited Fine Mesh (LFM), and 
Medium Range Forecast (MRF) numerical 
models valid for 1200 GMT 10 May 1987 
are shown in figure 2. Note that all 
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Figure 1. Schematic of cloud top 
patterns of cyclogenesis from infrared 
satellite images (Weldon 1979). 

three models forecast a pressure trof 
just east of sixty degrees longitude and 
the MRF forecasts a 1007 mb surface low 
near coordinates 43 N and 61 W. 

GOES water vapor images at 0200 GMT 
and 1000 GMT 10 May 1987 are shown in 
figure 3. The most prominent feature on 
the images is the large dark area 
exteading from the southeastern United 
States eastward into the western 
Atlantic. The letter (A) points to the 
eastern extent of this dark area as it 
darkens with time and forms the 
developing dry slot as cyclogenesis 
occurs. Although the numerical models 
were not indicating cyclogenesis this 
Ceveloping dry slot as seen on the water 
vapor images was interpreted by the 
Dperational meteorologists at the 
National Meteorological Center ( N M C )  of 
the NUS as a clear signature that 
cyclogenesis was occurring. They 
subsequently made modifications to the 
surface sea level pressure analysis and 
forecasts. The official NMC 1200 GMT 
North American surface analysis chart in 
figure 4 shows a I000 mb occluded low 
based on this satellite signature. A 
late reporting ship from just south of 
this low reporteC a 1001 mb pressure and 
a ten knot westerly wind confirming the 
intensity of the analyzed signature. 
The visible image at 1230 GMT clearly 
shows t h e  comma cloud and the pronounced 

Figure 2 .  N G M ,  L F M ,  and M R F  12 hour 
surfaae pressure and 1000-500 mb 
thickness forecast for 1200 GMT 10 May 
1987. 
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Figure 5 .  Visible satellite image at 
1230 GMT 10 May 1987. 

dry slot (Figure 5). Both the LFM and 
MRF were approximately 11 mb too high 
with the NGM nearly 15 mb too high at 
the center of the low on their 12 hour 
forecast. 

4. CYCLOGENESIS IN SOUTHERN CANADA 

"" 

Figure 3. GOES water vapor images at 
0200 and 1000 GUT 10 May 1987. The 
letter A points to the developing dry 
slot region which darkens with time on 
the images. 

On 27 April 1987 cyclogenesis 
occurred in southern Canada between Lake 
Superior and Hudson's Bay. A sharp 
short wave trof dropped southeastwards 
over a strong upper level ridge in 
western Canada into the upper level 
longwave trof position along the east 
coast. Both the NGM and LFM models 
forecasted cyclogenesis with this trof. 
The twelve hour forecasts of the LFM and 
NGM models verifying at 1200 GMT on 27 
April 1987 is shown in figure 6 .  The 
model twelve hour forecasts are very 
consistent with each other in both the 
magnitude and placement of the surface 
low with the NGM and LFM forecasting 
1007 and 1008 mb pressures respectively. 

A sequence of water vapor images at 
2330, 0530, and 1130 GMT on 26-27 April 
97 is shown on figure 7. The developing 
comma cloud appears as a white shade on 
the water vapor images. The letter (E) 
points to the dark dry siot that darkens 
with time between 2330 and 0530 GMT. 
Note how the dry slot spirals into the 
comma cloud at 1130 GMT indicating a 
mature cyclone according to Weldon 
(1979). The most rapid surface pressure 
falls occurred as the dry slot spiraled 
around the east to the north of the 
surface low pressure center. A visibie 
image at 1230 GMT (Figure 8) shows a 
classic comma cloud with a cloud 
circulation center which was coincident 
with the surface pressure center. The 
NMC surface analysis at 1200 GMT 27 
April 87 indicates the surface low was 

Figure 4. NMC surface analysis at 1200 
GUT 10 May 1987. 

analysed as a 1COZ mb center (Figure 9). 
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. .  
Figure 6. NGM and LFM 1 2  hour surface 
pressure and 1000-500 m b  thickness 
forecast for 1200  GMT 27 April 0 7 .  

Figure 9 .  NML surface analysis at 1200  
GMT 27 April 1987 .  

~ ; l g u r e  7. G U b S  water vapor images a= 
2330, 0530, and 1130 GMT 26-27 April 8 7 .  
The letter B points to the developing 
dry slot region. 

c 

i 

satellite image at 
1270 GMT 27 April 19R7. 
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The nearest report in2 observatior. wac a 
1 3 0 4 . 7  mb report to the west of fhe l i ,w 

pressure tendency. Using ;3C2 mZ. 
center %he EjGK and LFM dit TL=.% forecasei 
%he pressures low enough by 5 and E mS 
respectively on their twelve !?o*ir 
forecasts. 

with a fifteen knot wiz.’ ar,l a fal”- L-.IG 

5 .  CONCLUSIOEZ 

This paper 5hc;ried b.ow darkei.inG 
with time in the water vapor ima3ery 5f 
the cry 515% cf a de,?eloplr,; ::clOr.E can 
be rela%ed tc cyclogenesis. In thesf. 
two cases the cumerical models 
s;grLificantly did not forecasf fk.C 
pressures low enough on their %welve 
hour forecasts. Twenty f o ~ r  hc;r 
forecasts of the models verifying at t h e  
same time verified worse than the tweive 
hour forecasts. In t:,e two cases shown 
there were larger errors as expected 
over the “data poor” oceanic areas as 
compared to the “data rich” continent. 
This darkening with time of the dry slot 
in the water vapor images is no+, 
observed with ali deepening surface 
pressure systems. However when it is 
observed the numerical models Jsually do 
not forecast the surface pressure as low 
as observed. Nhen meteorologists note 
this darkening with tiae and extension 
of the dark zone into the dry slot 
region they should assume She sarface 
pressure center will deepen and w i i i  
deepez faster than model forecasts 
suggest. One possible explainaSion may 
be that a small scale tropopause folG 
cccws in this intense sinking zone ar.d 
the intrusion of s5ratospheriz air into 
the cyclogenesis process is not 
accounted for in the nurr,erical models. 
Further investigation is needed however 
to substantiate this hypcthesis. 
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1. INTRODUCTION 

With the advent of the Nimbus-7-flown 
Total Ozone Mapping Spectrometer (TOMS), it is 
now possible to map the distribution of the 
vertically integrated total ozone within and 
surrounding tropical cyclones. The TOMS data 
may help to improve the understanding of: 
(1) how the lower stratosphere and upper 
troposphere cause or respond to tropical cyclone 
structure changes and ( 2 )  why mature tropical 
cyclones intensify. 

The purpose of this work is to: (1) use 
a tropical cyclone numerical model to interpret 
these total ozone patterns and ( 2 )  develop 
climatological total ozone maps to diagnose 
storm intensity and to differentiate 
intensifying from weakening tropical cyclones. 

2 .  NIMBUS-7 TOMS 

TOMS, which was flown on Nimbus-7 and 
launched in October 1978 into a sun-synchronous 
polar orbit, uses six wavelengths from 312.5 to 
380.0 nm to separate the effects of ozone 
absorptions, molecular scattering, and surface 
(including cloud) reflection. From these 
wavelengths, total ozone in a column is 
determined from TOMS data to within 2% relative 
to ground-based observations (Shapiro et al., 
1982). Total ozone is corrected in cloudy 
regions assuming a climatological profile of 
ozone mixing ratio below the cloud top and a 
climatological estimation of cloud-top height. 

The TOMS instantaneous-field-of-view at 
the Earth's surface is at nadir a circle with a 
diameter of 50 km and at 50 degrees of nadir an 
ellipse whose minor and major axes are 
approximately 75 and 150 km, respectively. 
Since the sensor uses the backscatter 
ultraviolet radiation and because TOMS is 
onboard a polar-orbiting satellite, total ozone 
observations are obtained only at local noon. 
Additional information about Nimbus-7 TOMS and 
the TOMS total ozone algorithm can be found in 
the Nimbus-7 User Guide (Nimbus Project, 1975) 
and in the TOMS User Guide (Fleig et al., 1982), 
respectively. 

TAE INTERPRETATION OF THE TOTAL OZONE 
DISTRIBUTION 

Based on the premises that stratospheric 

3. 

air is rich in both potential vorticity and 
ozone (Danielsen, 1968) and that the tropospause 
can be defined both statistically and in the 
local synoptic sense by a fixed poteptial 
vorticity value (-1.0 x 10- km' Kg- s ) from 
the pole to 5 degrees latitude (Reed and 
Danielsen, 1959), upper-tropospheric/lower- 
stratospheric potential vorticity patterns 
simulated for a tropical cyclone will be used to 
interpret the TOMS-observed total ozone patterns 
associated with a tropical cyclone. 
cyclone (central pressure - 984 ab) was 
simulated by initiating the limited-area, three- 
dimensional hydrostatic primitive equation Naval 
Research Laboratory (NRL) tropical cyclpne model 
(Chang and Hadala, 1980) with a 20 m s- 
cyclonic vortex and sea-surface temperatures 
(SST's) of 302.5 K and.integrating the model for 
96 h. Figure 1 shows the potgntial vofticity in 
isobaric coordinates ( 2  x 10- s- mb- 
interval) and total wind (vector length 
proportion to strengtp) at the 150-mb level 
(i.e., VmaX - 34 m s- ). 
depicts negative values of potential vorticity 
and'the region with the longest vectors depicts 
the outflow jet. Points of interest are: 
(1) the elliptical donut-shaped area of negative 
potential vorticity that appears on the 
anticyclonic side of the outflow jet; (2) a 
narrow region of high potential vorticity on the 
cyclonic side of the jet; and (3)  the high 
potential vorticity associated with the cyclonic 
circulation that is found within the center of 
the system. A cross-sectional analysis (r-z 
plane perpendicular to the outflow jet axis) 
showed that the secondary circulation associated 
with the outflow jet contributed t o  the strong 
gradients in potential vorticity found along the 
jet axis (figure not shown). 
the entrance region of the jet (north and east 
of the center), it was found that the greatest 
potential vorticity was associated with the 
descending branch of the thermally direct 
circulation on the cyclonic side of the outflow 
jet while the least amount of potential 
vorticity was found with the ascending branch of 
the direct circulation of the outflow jet. This 
analysis suggests that ozone-rich stratospheric 
(ozone-poor tropospheric) air is intruding into 
the upper troposphere (lower stratosphere) on 

A tropical 

The shaded area 

For example, in 
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the cyclonic (anticyclonic) side of the entrance 
region of the jet. However, in the jet maximum 
region where the secondary circulation is 
minimum and in the exit region of the jet where 
the thermally indirect secondary circulation was 
opposite to what was found in the entrance 
region, but considerably weaker, potential 
vorticity was mainly distributed by horizontal 
transport from the entrance region of the jet. 

To compare the simulated 150-mb level 
potential vorticity patterns with observed total 
ozone, Fig. 2 is shown. The figure shows the 
TOMS-measured total ozone for tropical cyclone 
Irene at -1500 GMT 25 September 1981 together 
with fhe cirrus-level satellite-derived winds 
(m s- ). At the time of the observation, 
Irene's central pressure of -979 mb was 5 mb 
less than the simulated tropical cyclone. By 
comparing the two figures, it is observed that 
the TOMS-measured total ozone pattern and the 
simulated potential vorticity patterns are quite 
similar. For example, the region of ozone-rich 
air near the center of Irene and within the 
cyclonic side of the outflow jet (particularly 
in the entrance region found northwest of the 
center along 20 degrees latitude) corresponds, 
respectively, to the region of high potential 
vorticity found at the center of the simulated 
tropical cyclone and on the cyclonic side of the 
simulated tropical cyclone outflow jet. Also, 
the elliptical donut-shaped region of low total 
ozone corresponds to the elliptical donut-shaped 
region of low potential vorticity found on the 
anticyclonic side of the simulated tropical 
cyclone outflow jet. Thus, the total ozone/ 
potential vorticity relationship observed with 
the entrance region of the tropical cyclone 
outflow jet is similar t o  what was found by 
Sechrist et al. (1986) in the entrance region of 
a polar jet. Also, the total ozone/potential 
vorticity relationship observed near the 
tropical cyclone center suggests that 
stratospheric air is intruding into the storm's 
inner circulation. 

Fig. 2. Nhbub-7 TO,US-mmuhed t o - i ! d  ozone (VU) 
and t h e  A&eLPde-dehived ulindb [m A - ' ]  d 
t h e  citrtu~s l e v e l  don. hu/rhicane Thene 
( p n i n  ~\r 979 mbl ~\r 1500 GMT 2 5  Sept3.tembQA 
1 9 b l .  H d c a n e  bymboe LocdeS Ihene'A 
C C n t e h .  

The strong total ozone/potential 
vorticity relationship found within the tropical 
cyclone system cannot be verified outside 
Irene's circulation due to the limitations of 
the ML tropical cyclone model. However, the 
maximum total ozone found in the trough west of 
Irene (delineated by the cyclonic shear) can 
best be explained using the concepts developed 
by Reed (1955). In that paper, he suggested 
that the distribution of ozone comes from the 
influence of advection and vertical motion at 
the tropopause level, since ozone may be 
considered a passive tracer at that level. 
Thus, in the case of the trough west of Irene, 
the accumulation of ozone-rich air in the base 
of the trough was most likely caused by the 
combination of advection of air from higher 
latitudes where the ozone is more abundant and 
subsidence of ozone-rich stratospheric air in 
the descending branch of the direct circulation 
located in the entrance region of the outflow 
jet. From these results, i t  appears that the 
concepts developed by Reed (1955) relating the 
distribution of total ozone to the upper- 
tropospheric/tropopause heights of the higher 
latitudes can also be applied to the tropical 
cyclone and its subtropical environment. 

This relationship is encouraging, since 
TOMS data will greatly improve the analysis of 
the storms' upper-tropospheric/tropopause 
topography as compared to other satellite 
infrared/microwave profiling methods. This is 
based on the following reasons. First, the TOMS 
measurements are less affected by cloud cover 
than infrared methods and, second, TOMS will be 
able to resolve better the small horizontal 
gradients of heights usually found with tropical 
upper-tropospheric troughs (TUTT's), since TOMS 
total ozone values are related closely to 
tropopause height rather than a thickness layer. 
TOMS also will be able to better delineate 
subtropical and the tropical cyclone outflow 
jets, since the transverse circulation 
associated with these jets produces strong 
gradients in the total ozone distribution. 
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4. TROPICAL CYCLONE TOTAL OZONE CLIMATOLOGY 

Because of the advantages of using TOMS 
data, climatological total ozone naps were 
developed in order to diagnose storm intensity 
and to aid in differentiating intensifying 
tropical cyclones from weakening tropical 
cyclones. 
total ozone anomalies (TOA's) were used (e.g., 
difference between the observed and the daily 
time mean total ozone) rather than total ozone 
in order to avoid the longitudinal, and 
especially the latitudinal, seasonal gradients. 
The TOA were than sampled and composlted by 
placing the center of the tropical cyclone at 
the center of the stereographic horizon map 
projection (Shenk et al., 1971) and rotating the 
tropical cyclones so that the direction of 
motion of each storm was at a common azimuth. 
The stereographic horizon map projection 
extended out to 2222 km from the tropical 
cyclone center. 

To produce these maps, TOMS-measured 

The name and observation time of the 
western Atlantic tropical cyclones used for this 
climatological study are seen in Table 1. 

DAVID 26-28 AND 30 AUGUST ALLEN 
FREDERIC 31 AUGUST-3 SEPTEMBER BONNIE 

11 AND 12 SEPTEMBER EARL 
GLORIA 6-13 SEPTEMBER FRANCES 

2-8 AUGUST 
14-18 AUGUST 
5-8 SEPTEMBER 
7-17 SEPTEMBER 

HARVEY 
IREkE 

The total sample consisted of 80 total ozone 
observations of 15 named tropical cyclones 
during the period from 1979-1982. 
the effects that cold SST and landfall have on 
tropical cyclone intensity and intensity change, 
only tropical cyclones located over open-ocean 
regions at latitudes no greater than 35"N and 
occurring only in the months of July-September 
were chosen. 

4.1 

To eliminate 

Mean Tropical Cyclone TOA Distribution 

From this sample, a mean cloud 
reflectivity and TOA maps were generated from 
the TOMS and are shown in Figs. 3 and 4, 
respectively. The shaded region of high 
reflectivity (above 50%) observed near the 
center of the grid and extending -333 km radius 
from the center (Fig. 3) are the cloudy regions 
associated with the averaged tropical cyclones' 
central dense overcast (CDO) (Hwang et al., 
1987). 

All storms in this sample were moviw 
toward the top of the figure. 

13-16 SEPTEMBER 
23-28 SEPTEMBER 

1982 
I I 

29 AUGUST-2 SEPTEMBER. 
14-16 SEPTEMBER, 

\ 
I /  Y 
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The mean TOA map (Pig. 4) for the same 
storms depicts a region of minimum TOA at -555 
km to the right of the storms' C W  with maximum 
TOA outside the radius of -1111 km from the 
center of the grid in the forward-left quadrant 
and the rear-right quadrant. By assuming the 
relationship betveen tropopause height and total 
ozone discussed earlier, the mean TOA pattern 
suggests that the region of low total ozone 
delineates the area of high tropopause 
associated with the transverse circulation of 
the outflow jet, while the regions of high total 
ozone delineate the area of low tropopause 
associated with the upper-tropospheric troughs. 
The results from the NRL tropical cyclone model 
also suggest that the transverse circulation of 
the outflow jet should produce strong gradients 
in the total ozone. Examining Fig. 4 ,  it is 
seen that the large TOA gradients within -555 km 
of the center in the forward-left quadrant may 
delineate the mean location of the entrance 
region of the outflow jet. Finally, the region 
of slightly larger values of total ozone over 
the center of tropical cyclone Irene (Fig. 2) 
also appears to be a common feature of these 
tropical cyclones. 

4.2 Tropical Cyclone Intensity vs. TOA 
Distribution 

To examine the effects of intensity on 
the ozone distribution, tropical cyclones were 
stratified into two intensity groups. 
group contained depressions and tropical storms 
(V,,.,, < 32 m s-'), while the second group 
contained hurricanes ( V m . , 2  32 m s- ). 
maps for the two groups are seen in Figs. 5 and 
6, respectively. The main difference between 
the two TOA patterns is that the more intense 
systems have: (1) greater total ozone in a 
region within 1111 km to the left of the center 
of the grid, (2) stronger TOA gradients within 
555 km of the center in the forward-left 
quadrant, and (3) larger TOA over the center. 
The greater TOA left of the center that has been 
suggested to be associated with the upper- 
tropospheric troughs and the stronger TOA 
gradients in the forward-left quadrant that 
appear to be associated with the stronger 
transverse circulation found in the entrance 
region of the outflow jet suggest that stronger 
systems have greater mutual adjustment between 
the storm and its upper-tropospheric 
environment. Storms that come into 
juxtaposition with Upper-tKOpOSpher~C troughs 
and enhance their outflow jet through down- 
gradient acceleration appear to be more intense. 
Also, the larger values of TOA found over the 
CDO of intense storms suggest that stratospheric 
intrusion is more prevalent for stronger 
systems. 

The first 

The TOA 

F i g .  5. Same a6 Fig. 3 except t h e  6LgW~e con.tizLnb 
t h e  mean Nimbud-7 TOMS-mmUed TOA ( 2  DU 
intemaL1 doh the  wes.tehn AtCutuXc XhopLcCLe 
c y d o n w  (de& Tab& 1 1 thaA wehe &ebb t h a n  
hunnicane n&eng.th. Shaded ahead have 
negative TOA. 
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4.3 TOA Distribution vs. Tropical Cyclone 
Intensity Change 

Considering the hypothesis that intensity 
changes in mature tropical cyclones located over 
open oceans with SST > 2 6 T  are linked to upper- 
tropospheric forcing by means of the outflow 
channel (Holland and Merrill, 1984; Chen and 
Gray, 1984) and that the upper-tropospheric 
circulation associated with the tropical cyclone 
and its environment can be delineated from the 
total ozone distribution, TOA's were examined 
for the potential to differentiate intensifying 
tropical cyclones from weakening ones. From the 
original TOA sample, tropical cyclones were 
stratifiedlinto intensifying system (e.g., 
> 2.5 m s- in 12 h during observation time) and 
weakening systems (e.g., < 0.0 m s- 
during observation time). The average intensity 
and intensity change for the non-intensifying 
and'intenfifying comppsites are, respectively, 
32.31m s- - 1.2 m s /12h and 31.9 m s + 4.6 
m s- /12h. The TOA maps for non-intensifying 
and intensifying tropical cyclones are seen in 
Figs. 7 and 8, respectively. Figure 9 shows the 
difference between the two TOA maps (i.e., Fig. 
8 - Pig. 7). It can be seen from these figures 
that intensifying tropical cyclones have the 
following TOA characteristics: (1) the maximum 
TOA in the forward-left quadrant are closer t o  
the storms' center, (2) TOA gradients within 555 
km from the center in the forward-left quadrant 
are stronger, (3) TOA outside 555 km to the 
right o f  the center are lower, and (4) TOA 
within the center of the storms are slightly 
higher. The TOA maps, therefore, for at least 
these cases, showed that intensifying tropical 
cyclones: (1) are closer to upper-tropospheric 
troughs; (2) have stronger outflow jets and, 
therefore, stronger transverse circulation and 
TOA gradients in the forward-left quadrant and 
lower TOA right of the center; and (3) have 
greater stratospheric intrusion near the center. 

in 12 h 

F i g .  7. Same a6 F&. 5 except doh non-Wen6ibying 
R h o p i d  cyceones. 
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5. CONCLUSIONS Reed, R. J., 1955: A study of a characteristic 

The TOMS-measured total ozone m y  present 
i'mportant information concerning the mutual 
adjustment between a tropical cyclone and its 
upper-tropospheric environment. This 
information may lead to a better understanding 
of the upper-tropospheric forcing that causes 
tropical cyclone intensity changes. The 
tropical cyclone numerical model simulations 
demonstrate that the total ozone distribution 
within a tropical cyclone is mainly dictated by 
the strong transverse circulation associated 
with the outflow jet. The wind and total ozone 
data confirmed Reed's (1955) study showing that 
the distribution of total ozone can best be 
explained by the three-dimensional transport 
near the tropopause. Because of these 
relationships and the advantages of using TOMS, 
total ozone data was composited within and 
surrounding tropical cyclones to diagnose storm 
intensity and to differentiate intensifying from 
non-intensifying systems. The composited maps 
showed that more intense systems had greater 
ozone intrusion within the center and stronger 
total ozone gradients within the entrance region 
of the jet, which implies a stronger transverse 
circulation and, therefore, a stronger outflow 
jet: Intensifying systems showed greater total 
ozone nearer to the center in the forward-left 
quadkant. This implies a closer positioning of 
the upper-tropospheric trough with the tropical 
cyclone 
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1. INTRODUCTION 

Water vapor imagery has been available from 
geostationary satellit,es for nearly ten years. The 6.7 pm 
channel reflects the distribution of middle tropospheric wa- 
ter vapor where dark shades customarily represent warm 
brightncss trinperatures, i.e., dry conditions, and light 
shades represent moist areas. Past studies have employed 
water vapor imagery to diagnose winds and circulation 
patterns, enhance water vapor analyses, infer jet stream 
dynamics, and investigate tropopause folds. This paper 
examines the atmospheric processes associated with the 
Inovenlent and further development of a pronounced dry 
feature in a series of 6.7 pm images on 6-7 March 1982. It 
is an extension of work by Stewart and Fuelberg (1986). 

2. METEOROLOGICAL CONDITIONS 

Figure 1 presents surface analyses, 500 mb 
heights and temperatures, and 300 inb isotachs subjec- 
tively analyzed from radiosoiidc data. A t  the surface (left 
column) at 0000 GMT 6 March 1982, a stationary front 
extended from the lower Rio Grande River Valley through 
the Gulf of Mexico and Southeast States into the Atlantic 
Ocean. Several weak low pressure waves were located 
along this front. A nioderate area of high pressure was cen- 
tered over Nebraska, and a serondary cold front stretched 
along the Canadian border. By 0000 GMT 7 March, the 
stationary front remained over the Southeast, extending 
into the Gulf of Mexico as a cold front. The secondary cold 
front advanced southward into Kansas. The high centered 
over Nebraska at the inital time moved south and dimin- 
ished, while another anticyclone followed the secondary 
front. 

Middle tropospheric (500 nib) ai~alysc~s (Fig. 1, 
center rolumn) at 0000 G M T  G March show a longwave 
trough exfending frotn the Desert Southwesf northeast- 
ward info the western Great Lakes. The trough prop- 
agated into the Southcentral States during the period, 
extending from Texas to Manitoba at  the final time 
when a longwave ridge was evident over the West Coast. 
TWO weak shortwaves were embedded i n  the trollgll at 
0000 G M T  6 March. The one located over Oklahonla, just 
cast of the base, intensified slightly while moving slowly 
downstream. The second shortwave initially Was Over h i -  
zona, slightly upstream of the trough axis, but the11 moved 
into the base and amplified considerably. A shortwave 

ridge located over Idaho at 0000 GMT 6 March amplified 
and moved southeastward during the next 12 11; however, 
by 0000 GMT 7 March, it was near the longwave trough 
and smaller in  amplitude. 

Middle tropospheric temperature patterns at 
0000 GMT 6 March (Fig. 1, center colunin) include a baro- 
clinic zone over the Desert Southwest and a cold dome 
over the central Great Plains and Intermountain States. 
By 0000 GMT 7 March, the baroclinic zone had inten- 
sified to 16”C/ 5”Lat., both narrowing in width and in- 
creasing in length, and stretching from southwest Texas 
to Arkansas. As the cold dome moved southeastward, it 
diminished in area and exhibited warning, thereby sug- 
gesting subsidence. 

At 300 mb on 0000 GMT 6 March (Fig. 1,  right 
column), the axis of the polar jet stream extended from 
the Pacific Northwest through the Desert Southwest and 
Southcentral States into the Ohio River Valley. The axis 
sharpened during the study period, and by 0000 GMT 
7 March stretched from the Pacific Northwest southeast- 
ward to the lower Rio Grande River Valley, then northward 
into the Midwest. Two  jet streaks were embedded in the 
polar axis. One remained quasi-stationary over the Ohio 
River Valley, having a peak value of 81 m/s. The other, 
centered over the Desert Southwest at 0000 GMT 6 March, 
propagated to southern Texas by 0000 GMT 7 March. Its 
greatest speed was approximately 67 m/s. A subtropical 
jet stream was evident at  200 mb (not shown). It generally 
was parallel t,o, but somewhat south of its polar counter- 
part. 

Water vapor (6.7 pn)  imagery for the study pe- 
riod is presented i n  schematic form in Fig. 2. Patterns 
indicate I hat a pre-existing “dark band” and a develop- 
ing “dark band” conibined into one large image feature 
by the end of the period. Specificdly, at 0000 GMT 
G March, a dark band of relatively WRrxil briglltness tem- 
peratures strclchcd from the Pacific Northwest into the 
Desert Southwrst. w i t h  darkest shades over the California- 
Nevada border. This apparent center propagated at a 
iiearly constant speed of 18 m/s and will be delloted BS 

the “advective band”. 
Development of a new dark (warm) feature and 

enhancement of the older advective band are both appw- 
ent at 1200 GMT 6 March (Fig. 2). The advective compo- 
nent now over Nevada and Arizona had darkened, partly 
attributable to the decreasing zenith angle, i. e., the SO- 
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Fig. 1. Surface analyses (left colunin) with pressure in mb(20=1020 nib), 500 nib ailalyses (cen- 
ter column) with heights (540-5540 gpm, thick solid) and temperatures in “C (dashed), 
and isotachs at  300 nib in m/s (right column). 

called “limb effect”. In addition, a new area, the “devel- 
opment band”, extended from Kansas through Iowa into 

3. RESULTS 

Before considering the processes responsible for 
6.7 pm image features, we examined moisture patterns 
to confirm their role in creating the observed imagery. 
Radiosonde-derived dew point analyses at 500 mb (not 
shown) support the accepted relation that the images pri- 
marily reflect middle tropospheric water vapor distribu- 
tions. Time sections (not shown) constructed to diagnose 
vertical and temporal humidity structures also support 

Wisconsin, with a less distinct band bisecting Oklahoma. 
These features over the Great Plains were only faintly ev- 
ident 12 h earlier. 

The  advective and development sections com- 
bined into one large, dark feature by 0000 G M T  7 March, 
although both preceeding components were still distin- 
guishable. The development portion darkened (warmed) 
to the shade of the advective section, extending from cen- 
tral Texas, northeastward into Illinois. The advective sec- 
tion over southern New Mexico and western Texas did not 
change its appearance. 

this conclusion. 
To facilitate the calculation of other parameters, 

radiosonde data at the surface and every 50 ~ n b  from 

Fig. 2. Schematics of 6.7 pm warm, dark iniage features. Axes of cross sections in Fig. 6 at 
1200 G M T  6 March are shown in center. 
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Fig. 3. Kinematic vertical iiiotion at 500 nib (2=2.0 pb/s). 

900 mb to 50 inb were objectively aiialyzed using the 
Barnes (1973) procedure. The response function was se- 
lected to retain a conservative 50 percent of the amplitude 
of  800 kni wavclengtlis (twice tlie data spacing). Diver- 
gence (not shown) was computed using cent ered finite dif- 
ferences, and kineinat ic vertical mot ions coniputed tliere- 
from were idjustcd to zero at 100 nib based on the O'Brien 
(1970) niethod. The vertical motion patterns shown at 
500 mb (Fig. 3) are similar to those at other levels. 

Concerning the advertivc coniponent of the ini- 
age, the large area of subsidence (8.8 pb/s, Fig. 3) over 
northern California at 0000 CMT 6 March coincides with 
the darkest region (Fig. 2). This subsidence is associated 
with the entrance region of the polar jet streak (Fig. 1). 
Both the center of subsidence (6.3 pb/s) and the image 
feature propagate to Nevada and Arizona by 1200 GMT 
6 March, and two centers of descending motion are associ- 
ated with the dark band at 0000 GMT 7 March. The one 
over New Mexico (5.6 pb/s) is associated with the polar 
jet, while the other, over west Texas (4.9 pb/s), appears 
to result from confluence north of the polar jet. 

Tlie development section of the image (Fig. 2)  
also is associated with subsidence (Fig. 3). At 0000 GMT 
6 March, there is descent (4.2 pb/s) over Nebraska, where 
the development component is only faintly detectable. 
This subsidence is located between the shortwave ridge 
and trough discussed i n  Section 2 (Fig. 1). The descent 
strengthens to 5.0 pb/s at 1200 G M T  6 March while trans- 
lating to the southwestern edge of the image feature (i.e., 
southeastern Colorado). Both the image band and its asso- 
ciated subsidence are over the Ozark Plateau at  0000 GMT 
7 March. The descent over southwestern Texas may also 
contribute to formation of the development band. 

To summarize, tlie isobaric analyses relate both 
the advective and development components of the dark 

iinage feature to subsidence. Isentropic analyses are tlie 
most advantageous way to confirm and examine in greater 
detail the processes at work in producing the image pat- 
terns. 

An  isentropic data set was created from the iso- 
baric version using a transformation procedure similar 
to that outlined in Reiter (1972). Isentropic levels were 
at 2 K intervals from 270 to 424 K .  Potential absolute 
vorticity (PAV) was used to diagnose tropopause fold- 
ing ( ix . ,  air of recent stratospheric origin in middle and 
upper tropospheric fronts). PAV is the product of abso- 
lute vorticity ( A V )  and static stability (SS) on isentropic 
surfaces. Shapiro (1076) stated that PAV greater than 
10 x K / ( m b  s) represeiits stratospheric conditions. 
Thus, a tropopause fold is denoted by these values be- 
ing extended into the mid-troposphere (i.e., approximately 
500 nib). 

Figure 4 contitins pressures of the National 
Weather Service (NWS) reported tropopause based on the 
standard definition itivolving temperature lapse rate. Also 
shown are pressures of the 304 K surface where PAV in- 
dicates stratospheric values. Other surfaces that were ex- 
amined exhibited patterns similar to those on 304 K. At 
0000 GMT 6 March, the axis of stratospheric PAV is ori- 
ented tiortheast-soutliwest, which, as expected, is coinci- 
dent with the axis of tlie cold dome (Fig. 1). Stratospheric 
PAV corresponds to both the cold dome and baroclinic 
zone through tlie rcrnainder of the period. One should es- 
pecially note tlie correspondence between PAV and the de- 
velopment section of the image band over the Great Plains 
(Fig. 2). 

Tlie pressure distribution of stratospheric PAV 
on 304 K at the first time (Fig. 4)  indicates that strato- 
spheric values reaching approximately 350 nib still are near 

Fig. 4. Tropopnuses rcportcd by the Nationnl Weather Service i n  inb (dashed) and pressure to- 
pography (nib, tliin solid) of the 304 K srlrface within the 10 x lo-' K/(mb s) isoline of 
potcntial absolute vorticity (hcavy solid). 
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static siability I S S ,  center, 2 = 20 x lo-' K/(mb)); and potential absolute vorticity (PAV, 
right column, 1 = 10 x lO-'K/(mb 8)). Pressures of the 304 K surface are given in the 
center panels as dashed lines. Axes of cross sections in Fig. 6 at  1200 GMT 6 March are 
shown in right column. 

the traditionally reported tropopause level (350 mb). The 
only exception is the extreme southern section of the en- 
closed region where the 430 mb PAV altitude is lower 
than that of the standard tropopause. An evolution over 
the southern region is apparent by 1200 GMT 6 March, 
when stratospheric values now extending to 500 mb are 
well below the standard tropopause (250 mb). On the 
other hand, values over the northern portion of the enclo- 
sure still are near the standard tropopause (360 mb). At 
0000 GMT 7 March, stratospheric PAV continues to reach 
beyond 500 mb, extending at least 100 mb below the NWS 
tropopause. It is important to note that this delineation of 
the tropopause fold extending from Texas northeastward 
to Illinois is coincident with the dark, dry band of the 
6.7 p m  image (Fig. 2). The implication of Fig. 4 is that 
air now in the troposphere is of recent stratospheric ori- 
gin, and should have the stratospheric properties of large 
PAV, high ozone concentration and low water vapor con- 
tent (Danielsen, 1968). 

Magnitudes of PAV on 304 K (Fig. 5 ,  right col- 
umn) were observed to steadily diminish through the 24 h 
period. This decrease is due to a reduction in static sta- 
bility (Fig. 5, center column) coupled with near constant 
absolute vorticity (Fig. 5, left column). A decrease in SS 
should be offset by increasing AV (Uccellini e t  al., 1985). 

In our case, however, the response function of the objec- 
tive analysis may be partly responsible for the constant, 
not increasing, AV. Specifically, observed horizontal wind 
gradients strengthened during the period, whereas the an- 
alyzed versions sometimes were not increased to the values 
observed. Unfortunately, the response function could not 
be altered to better resolve thcse gradients without intro- 
ducing noise into the remainder of the analyses. Uccellini 
e t  al. (1985) also noted that analysis deficiencies may pro- 
duce non-conservative PAV, and it has been observed be- 
low the level of maximum wind in frontal zones (Gidel 
and Shapiro, 1979), and resulting from diabatic processes 
(Staley, 1960). 

Figure 6 contains cross sections through the ad- 
vective and development components of the image. The 
cross section through the advective feature at 1200 GMT 
6 March is similar to those at other times. The exten- 
sion of stratospheric PAV penetrates to 520 mb between 
Winslow (INW) and Tuscon (TUS), Arizona, signifying a 
tropopause fold that is coincident with the image (Fig. 2). 
The conventional NWS tropopause is located near 200 mb 
(Fig. 4) over this region. 

Cross sections through the drvelopment feature 
at  0000 CMT 6 March (not shown) indicate a zone of 
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1200 GMT 6 MARCH 1982 

1200 GMT 6 MARCH 1982 
I 150 

Fig. 6. Cross sections througli the advective (top) and 
development (bot tom) image bands of potential 
temperature ( K ,  solid), wind speed (in/s, thin 
dashed) and potential absolute vorticity (1 = 
10 x 10-“ K/(mb s), thick dashed) for 1200 G M T  
G March. 

enhanced horizontal wind shear, but no strong tenipera- 
ture gradient. Stratospheric PAV exhibits only a slight 
depression in the shear zone, reinaining above 400 mb. 
By 1200 GMT G March (Fig. G ) ,  0x1 the other hand, the 
t ropopausc folding process is well underway over Okla- 
homa City (OKC), Oklahoma, near the devrlopment sec- 
tion of the image band. Strong temperature gradients and 
wind shear are both quite apparent between OKC and 
Longview (CGG), Texas, producing an extension of strato- 
spheric PAV down to 470 nib. The fold is fully developed 
at 0000 G M T  7 Marcli (not shown), and is coincident with 
the development image band. 

Ozone measurements have been related to 
tropopause folding in several previous studies (e.g., 
Danielsen, 1968). Uccellini et al. (1985) noted that TOMS 
(Total Ozone Mapping Spectrometer) data can be useful 
“in that maximum ozone concentrations indicate a rela- 
tively thick stratosphere and correspondingly thinner tro- 
posphere.” A t  1700 GMT G March (Fig. 7), the TOMS 
data indicate a deep stratosphere over northeastern Texas 
(410 Dobson Units), with the axis of maximum concentra- 
tion extending from Texas northeastward to Illinois. It is 
significant that this location is coincident with the area of 
stratospheric PAV on the 304 I< surface (Fig. 4) and the de- 
velopment image component (Fig. 2) between 1200 GMT 
G March and 0000 GMT 7 March. This is further evidence 
of a tropopause fold over the central United States. 

To obtain a three-dimensional representation of 
processes responsible for the image feature, isentropic 
backward trajectories were constructed using the implicit 
technique of Danielsen (1961). Figure 8 presents a sam- 
ple of trajectories for both the advective and development 
image bands on the 304 K surface. 

The trajectories terminating in the advective im- 
age feature were constructed between 1200 GMT 6 March 
and 0000 GMT 6 March. Figure 8 indicates that air end- 
ing over central Arizona at 544 mb originated near Ely, 
Nevada at 412 mb. This descent of 132 mb over 12 h corre- 
sponds to an average vertical motion of 3.1 pb/s. Results 
for other trajectories in the advective band are similar. 
These parcels conserve their potential absolute vorticity, 
having values characteristic of tropospheric air. 

Similar to results just described, backward tra- 
jectories between 0000 GMT 7 March and 1200 GMT 
6 March (Fig. 8) reveal considerable descent near the de- 
velopment image band. For example, air at  447 mb near 
Monett, Missouri, at 0000 QMT 7 March originated 12 h 
earlier at 370 nib near Dodge City, Kansas. Correspond- 
ing subsidence also is evident in other nearby trajecto- 
ries. Although PAV is not conserved, decreasing from 16 
to 11 x lo-‘ K/(inb s), stratospheric values are maintained 
(;.e., 2 10 x IO-‘ K/(mb s). It should be noted that non- 
conservation of PAV is not unusual and has been encoun- 
tered by many investigators (e.g., Danielsen, 1968). In 
the current work. it mav result from the obiective analvsis 

\ I OZONE 1700 GMT 6 MARCH 198; 

Fig. 7. Ozone data from the Total Ozone Mapping 
Spectrometer (TOMS) in Dobson units for 
1700 GMT 6 March. Data are courtesy of 
NASA’s Goddard Space Flight Center. 
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L I ’ - I  
Fig. 8. Backward trajectories on 304 K for the ad- 

vective image band from 1200 to 0000 GMT 
6 March (left), and development band from 
0000 GMT 7 March to 1200 GMT 6 March 
(right). Heavy numbers denote beginning and 
ending pressures (mb). 

deficiencies noted earlier. 

4. SUMMARY AND CONCLUSIONS 

The dark, warm image bands in 6.7 p m  water 
vapor imagery on 6-7 March 1982 are due to subsidence. 
Specifically, the advective band is produced by descent as- 
sociated with the entrance region of a polar jet streak. 
On the other hand, the evolution of the development im- 
age component is coincident with a tropopause fold and 
associated intrusion of dry stratospheric air into the mid- 
dle troposphere. Although space limitations do not per- 
mit a complete discussion, we have successfully simulated 
these increasing brightness temperatures by altering up- 
wind soundings based on trajectory-determined vertical 
motion, and then using both the original and altered pro- 
files as input to a radiative transfer model. 

Water vapor imagery is a powerful tool for di- 
agnosing middle tropospheric humidity distributions, and 
constitutes a true mesoscale data source of global propor- 
tions. Case studies such as this help explain the processes 
responsible for image fluctuations. 
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1.0 INTRODUCTION 

The Equatorial Mesoscale Experiment 
(EMEX) was conducted in Northern 
Australia from January 8 to February 18, 
1987. EMEX ran concurrently in 
cooperation with Phase I1 of the 
Australian Monsoon Experiment (AMEX) and 
the Stratospheric-Tropospheric Exchange 
Project (STEP). The objective of EMEX 
was to study heating mechanisms within 
mesoscale tropical cloud clusters and 
the vertical profile of large-scale 
heating through the troposphere. 
Several research aircraft were used to 
Collect Doppler radar data, conventional 
flight level information, microphysical 
data, and radiation measurements. A 
surface network of radars and radiosonde 
stations provided data in addition to 
the conventional synoptic observations 
(Holland et al, 1986). In addition, 
supplemental satellite data were 
obtained from the National Environmental 
Satellite, Data and Information Service 
(NESDIS) . 

This paper describes satellite data 
which are available from NESDIS for 
remote locations (areas outside of GOES 
coverage) and gives a review of the 
processing and application of a data set 
covering the development of a tropical 
storm in light of the research 
objectives of AMEX/EMEX/STEP. 

2.0 AVAILABLE SATELLITE DATA 

The NOAA polar orbiting satellites 
operate in a near polar, sun-synchronus 
orbit at approximately 870 km above the 
earth. Digital visible and infrared 
Advanced very High Resolution Radiometer 
(AVHRR) data from both NOAA-9 and 
NOAA-10 were archived. AVHRR Local Area 
Coverage (LAC) data at 1 km resolution 
is generally available for a region only, 
through special data collection requests 
submitted to NESDIS. The Regional and 
Mesoscale Meteorology (RAMM) Branch of 
NESDIS arranged for collection Of LAC 
data during EMEX. In addition, the 
AVHRR Global Area coverage (GAC) visible 

and infrared imagery at 4 km resolution 
were archived. Satellite sounding data 
from NOAA-9 and NOAA-10 were also 
archived. The soundings were collected 
by two sensors on board the TIROS 
Operational Vertical Sounder (TOVS): 
the Microwave Sounding Unit (MSU) and 
the High Resolution Infrared Radiation 
Sounder/2 (HIRS/2). The MSU is a 
passive scanning microwave spectrometer 
with 4 channels in the 5.5 micrometer 
oxygen region. The 124 km resolution at 
subpoint creates an underlap of 
approximately 115 km between scan lines. 
The HIRS/2 measures incident radiation 
in the infrared region of the spectrum, 
including both longwave and shortwave 
radiation. The . instrument has 20 
channels with a horizontal resolution of 
17.4 km in diameter at nadir (Smith et 
al, 1979). NORA-9 passed over the EMEX 
study region at approximately 0630 and 
1830 UTC daily, while NOM-10 passed 
over at 1030 and 2230 UTC. This 
provided two late afternoon and two 
early morning data sets. Figure 1 shows 
the channel characteristics and 
weighting functions of the various 
instruments. (See NASA Goddard Space 
Flight Center, 1987, for further 
details. ) 

In addition to the polar orbiter 
data, digital visible and infrared 
imagery were available from the 
Geostationary Meteorological Satellite 
(GMS) which is operated by the Japan 
Meteorological Agency. The GMS 
satellite has a subpoint of 0 degrees 
latitude, 140 degrees E longitude. The 
GMS data is archived at NESDIS at a 
resolution of 10 km as full disk mages 
every 3 hours as part of the 
International Satellite Cloud 
Climatology Project (ISCCP) World 
Climate Programme, 1985). 

3.0 IMAGERY AND PRODUCT DEVELOPMENT 

Software to extract, calibrate, and 
grid the different data sets was 
developed at the Cooperative Institute 
for Research in the Atmosphere (CIRA) at 
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Colorado State University. Additional 
software used to correct the HIRS/2 and 
MSU soundings for the limb effect and 
for emissivity was supplied by the 
University of Wisconsin in Madison. In 
lower resolution data such as HIRS/2 and 
MSU, the resolution degrades near the 
scan edges, therefore only data centered 
on the area of study were examined. 

Additional software was developed 
to create various products from the 
different data sets which could then be 
viewed on an image processing system, 
separately and in conjunction with each 
other. A VAX 11/780 and a COMTAL Vision 
One image processing system were used to 
urocess and disulav the data. 

Advanced Very High Resolution Radiometer (AVHRA12) 
1 l k m  resolution. >2600km swalh width 

Channels Wavelengths bm) Primary Uses 
1 0 58 0 6 8  Oaylime cloudlsuriace mapping 
2 0 725.1 10 Surface water delinealion. ice and snow 

3 3 55 .3  93 Sea surface temperalure. nighttime cloud 
mapping 

4 1030.11 30 Sea surface temperature. day and nigh1 
cloud mapping 

5 1150. 1250 Sea surface temperatuw. day and night 
cloud mapping 

melt 

TlROS Operatlonal Vertical Sounder (TOVS,: 
A 3 sensor atmospheric sounding system 

Hlgh Resolution lnlrarsd Radmlion Sounder (HiRSRp 17 4 km resolution 

Channels Wavrlengths bm) Pdmafy Uses 
1 .5  14 95. 1397 Temperature profiles, clouds 
6 - 7  1364.13 35 Carbon dioxide h Haler vapor bands 

8 11 11 Surlaze lnmperalure. clouds 
9 9 71 Total 0, concenltalion 

10.12 8 16 .6  72 Humrdity profiles. delection of lhin cirrus 

13.17 4 57 .4  24 Temperature profiles 
18.20 4 00.0 69 Clouds. surface temperalures under partly 

cloudy skies 

clouds 

~ ~ C ~ u w a v D  Sounding Unit (MSU) 105 km resolution 

Channels Frequencies 
1 5031 GHz 

Primary Uses 

53 73 GHz 
54 96 G H z  Temperature soundinos through clouds 

2 
3 

I C  

The AVHRR raw data consist of 
radiance measurements. The radiances 
were converted to eight bit (0-255) 
brightness temperatures such that each 
digital value in the imagery represented 
a 1.0 degree C interval. The high 
resolution LAC imagery provides 
excellent visual information about cloud 
top structures as well as high 
resolution thermal information, but the 
size of one full image for each channel 
(over 2.5 million bytes) made working 
with the imagery very time consuming and 
cumbersome. Figure 2 shows the detail 
available in a visible full resolution 
LAC image. Note the distinct 
overshooting tops of the deep 

F~LJIUN 2. F u U  ? c O n P u f h n  v h i b 8 c  imagc dhcm 
20 Janumy, 1 9 8 7  a t  2 1 0 0  UTC. ( N O M - 1 0  
AVflRR L A C ) .  
The 3-hour interval GMS data 

provides time continuity not available 
with the polar orbiter data. GMS data 
have been used to describe diurnal 
variation of deep convective clouds 
observed with West Pacific tropical 
cyclones (Zehr, 1987). Animation of the 
GM S imagery a1 lowed accurate 
determination of development and 

addition, the GMS data were used to 
locate features of interest which were 
then studied in the higher resolution 
AVHRR data sets. 

The sounding data were also 
converted from radiance values to 
brightness temperature. The brightness 
temperature data were then corrected for 
limb and emissivity effects, (Smith et 
all 1974) and converted to displayable 
imagery. The lower resolution of both 
instruments produces a blocky image 
which is difficult to interpret, 
therefore the data were smoothed and 
expanded via a trend analysis 
interpolation scheme (Purdom et al, 
1984) which then made it possible to 
overlay the imagery onto the AVHRP 
imagery . 

The HIRS/2 6 . 7 ~  channels 10, 11 and 
12 measure atmospheric water vapor. 

movement of weather systems. In 
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The weighting function for channel 10 
peaks almost at the surface, while 
channels 11 and 12 cover the mid-level 
atmosphere, peaking at approximately 700 
and 500 mb respectively (see Figure IC). 
Channels 11 and 12 were used to examine 
mid-level moist and dry regions in the 
study area. 

The four MSU channels measure 
microwave radiation at 4 levels of the 
atmosphere. Channel 1 (50.30 GHz) 
measures the surface, while channel 2 
(53.74 GHz) senses the lower troposphere 
with little surface influence. The 
upper troposphere is measured by channel 
3 (54.96 GHz) and the tropical 
tropopause by channel 4 (57.95 GHz). 
The cloud penetrating properties of 
microwave radiation allow for 
temperature measurement in areas covered 
by heavy clouds. However, tropical 
storms contain areas with high amounts 
of liquid water, causing increased 
absorption at the lower levels of the 
atmosphere and preventing accurate 
temperature calculation from channels 1 
and 2. Therefore, MSU channel 2 was 
used to determine areas of precipitating 
clouds (Grody et all 1982), while 
channel 1 was used to examine surface 
characteristics. Channels 3 and 4 were 
used to display temperature gradients in 
the upper atmosphere. Channel 3 was 
also reviewed for any evidence of storm 
influence. Due to the small temperature 
variation in the tropics, imagery from 
channels 2, 3 and 4 were also contoured 
at .1 degree c intervals to examine 
small scale temperature gradients not 
visible when the raw temperature data 
was converted to integer values for 
image display. 

4.0 TROPICAL CYCLONE IRMA 

During the period of 16-19 January, 
1987, the monsoon trough was very well 
defined, extending WNW-ESE across 
northern Australia. The monsoon trough 
is characterized by deep westerlies to 
the north and deep easterlies to the 
south with extensive cloudiness and 
heavy rainfall accompanying numerous 
mesoscale convective systems. Tropical 
Cyclone Irma developed during this time 
over the Gulf of Carpentaria. EMEX/AMEX 
conducted research flight missions into 

the region, with mid-point times of the 
flights at approximately 0000 UTC on 
19-20 January. Tropical Cyclone Irma 
attained minimal hurricane intensity 
just before landfall as it tracked 
southwestward and eventually dissipated 
over the Northern Australian interior. 
The best track and minimal sea-level 
pressure observations are shown in 
Figure 3. 

4.1 Analysis of Archived Data for 
Tropical Cyclone Irma 

The GMS data were used to study 
early storm genesis and later deep 
convection. Figure 4a shows the 
variation in cold cloud top temperatures 
( <  - 65 degrees C) at a 0-4 degree 
radius from the tropical cyclone center 
obtained by the best track information. 
These results agree favorably with 
recent findings described by Zehr (1988) 
regarding the time series of objective 
satellite-derived quantities and their 
relation to tropical cyclone evolution. 
The deep convection during 15-16 January 
coincides with the tropical cyclone 
genesis stage and is followed by 1-2 
days of suppressed convection. A large 
increase in the extent of cold 
cloudiness is again seen during 
intensification to a mature tropical 
cyclone (18-19 January). The maximum in 
deep convection precedes maximum 
intensity by 12-24 hours. A large 
majority of tropical cyclones in the 
western North Pacific have exhibited 
very similar features for infrared cloud 
areas less than -65 degrees C out to 4 
degrees latitude radius (Zehr, 1988). 
Figure 4a also shows a large diurnal 
variation. The deep convection within 
the monsoon trough has a ,  pronounced 
tendency for intensification over land 
in the afternoon hours and over large 
bodies of water in the early morning 
hours (Williams and Houze, 1987). This 
tendency for a double diurnal maximum 
can be seen in Figure 4b for the area 
out to 8 degrees latitude. Large 
continental and oceanic regions are 
covered by this area. 

LAT LON CENTRAL POS DATE/TIME 

1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
11 
1 2  
1 3  
1 4  
1 5  
1 6  

1 9 / 0  30 0 
0 6 0 0  
0 9 0 0  
1 2 0 0  
1 5 0 0  
1 8 0 0  
2 1 0 0  

20 /0000 
0 3 0 0  
0 6 0 0  
0 9 0 0  
1 2 0 0  
1500 
1 8 0 0  
2 1 0 0  

21 /0000 

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

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

PRESSURE 
9 9 8  
9 9 6  
994 
994 
9 9 2  
9 9 0  
9 8 8  
9 8 7  
9 8 7  
984 
984 
984 
984 
9 8 4  
984 
9 8 4  
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NO. OF PIXELS c -65. DEG. C 
RADIUS = 0-8 SECTOR = A 

Figwle 4 .  Vahiation i n  coed d o u d  t o p  
temperratwla and m u  (oh a )  0-4' 
md,uh 6hom btohm centen and b )  0-8' 
hadiu~ 6hom btohm centen. 

The coldest cloud top temperatures 
were compiled for AVHRR and GMS imagery 
(Figure 5). The coldest temperature 
measured occurred on both GAC and GMS 
data at approximately 0900 UTC on 19 
January. The GMS instrument measured a 
temperature of -97.3 degrees C, while 
the GAC radiometer measured -98.17 
degrees C. The GMS data also showed a 
minimum temperature of -97.3 degrees C 

on 16 January at 1500 UTC, during the 
storm genesis. LAC IR imagery for 16 
January at 2200 UTC displayed at minimum 
temperature of -96.0 degrees C. Figure 
6 is a plot of a radiosonde observation 
from Gove, Australia at 1000 UTC on 19 
January . Gove is located at 
approximately 12 degrees south latitude 
on the western shore of the Gulf of 
Carpentaria. Note the very cold 
tropopause temperature of -94 degrees C. 
(More typical tK0pOpaUSe temperatures 
are -80 to -85 degrees C.) Surface 
parcel ascent based on the sounding in 
Figure 6 indicates that the overshooting 
cloud top parcels to a pressure level 
near 80 mb at -100 degrees C are indeed 
possible. 

GMS temp ( C )  AVHRR temp ( C )  

- 9 1 . 6 2  1/18 1/18 0 2 0 0  
0 7 0 0  - 8 5 . 7 1  
0 9 0 0  - 9 0 . 1 7  

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

0 5 0 0  - 9 1 . 5 8  
o e o o  - 9 7 . 3 0  0 9 0 0  - 9 8 . 1 7  
1100 - 9 4 . 3 3  
1 5 0 0  - 9 4 . 3 3  
1 7 0 0  - 9 4 . 3 3  
2 0 0 0  - 9 4 . 3 3  
2 3 0 0  

1 /20  0 5 0 0  - 8 9 . 0 2  
oeoo - 9 4 . 3 3  
1 1 0 0  - 9 4 . 3 3  
1 5 0 0  - 9 1 . 5 8  
1 7 0 0  - 9 1 . 5 8  
2 0 0 0  - 9 4 . 3 3  

1/19 0200 - 9 1 . 5 8  1 /19  

- 9 1 . 5 8  2 2 0 0  - 8 8 . 7 5  

2 3 0 0  - 8 9 . 0 2  

~ , i ~ w r t  5. coedant cloud t o p  t e m p a d m a  
m e a w e d  by GMS and AVHRR. 

Figme 6 .  The t k i n  U n e  tempehatwle plot 0 
The b o l d  f ined C V L ~  d h y - b d b  tempehdtuhe. 

( te6 . t )  deuyoint tempendtwre and ( h i g k t )  wet 
b d b  tempendtuhe. 
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The GAC data channels were combined 
for display as truecolor imagery to help 
distinguish cloud levels and cloud top 
features. While searching for any 
satellite observed eye development in 
the storm, it was discovered that a warm 
core which appeared in the channel 4 and 
5 imagery for 0400 UTC on 19 January was 
actually, when viewed in the visible 
imagery, an overshooting top. Cloud 
matter that remains in the stratosphere 
due to a persistent overshooting 
convective tower occasionally emits a 
relatively warm signal in infrared 
satellite data because it acquires the 
temperature of the warmer environment. 
Weak eye development was observed on 20 
January at 2200 UTC (Figure 2). 

The most useful information 
obtained from the MSU data pertained to 
upper temperature gradients, and to the 
visibility of areas of heavy moisture 
and/or rainfall. The liquid water 
attenuation (Grody et all 1982) appeared 
to increase in conjunction with the 
deepening convection of the storm. This 
is supported by the decreasing central 
pressure reported by the best track 
information. Areas of heaviest 
attenuation appeared in channels 1 and 2 
from 0400-0900 UTC on January 19, which 
corresponded with the coldest, highest 
areas of cloud cover in the AVHRR and 
GMS imagery (Figure 7). The attenuation 
could also be observed over land as the 
storm moved inland, and in the aftermath 
of the storm, possibly due to the effect 
of wet ground on the surface channel 
measurements. Previous studies have 
shown that the upper-tropospheric 
microwave channel (54.96 GHz) can detect 
the upper-level warm core of tropical 
cyclones, thus allowing an estimate of 
storm intensity (Kidder et all 1978; 
Grody et all 1979; Grody and Shen, 
1982). The 5 4 . 9 6  GHz channel data, when 
contoured at .1 degree, detected a 
possible slight warm core signature, 
along with a colder area that could 
correspond to heavy precipitation 
influence, or to the reflection of 
precipitation in the 53.74 GHz channel 
(Grody et all 1979). Considering the 
relatively small size and weak intensity 
of Irma and the relatively large field 
of view of the MSU sensor, the weak warm 
core signature was not unexpected. 

The most difficult information to 
interpret was the HIRS/2 water vapor 
measurements. In the tropics, there are 
generally no strong horizontal 
temperature gradients to be observed by 
the temperature sounding channels. The 
extreme cloud cover present in the area 
of the storm prohibited any delineation 
of strong moist and dry boundaries, 
although the imagery did show the dry 
areas of the central continent gradually 
becoming more moist southwest of the 
Gulf of Carpentaria prior to the storm‘s 
turn inland. HIRS/2 water vapor 
soundings from several days after the 
storm passage also indicated a general 
drying out of the mid-level atmosphere. 
Several days of suppressed convective 
activity in northern Australia followed 
Tropical Cyclone Irma. 

5.0 SUMMARY 

The extensive satellite data set 
compiled during EMEX offers a unique 
opportunity to study coincident 
measurements from geostationary and 
polar orbiting satellites in conjunction 
with surface and flight level 
information collected over Northern 
Australia during the experiment. The 
low spatial but high temporal resolution 
of the GMS data offers excellent large 
scale circulation and weather pattern 
information. The higher resolution 
polar orbiter data offers more detailed 
temperature and cloud structure 
information from a variety of 
instruments, but with little time 
continuity. The use of these data sets 
in combination provides much satellite 
information about tropical weather 
systems in the western North Pacific 
area studied by EMEX. 
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5.14 

USING THE VAS DATA UTILIZATION CENTER (VDUC) FOR THE ANALYSIS AND 

COlJVECTIVE SYSTEMS (MCSs 1 
FORECASTING OF HEAVY RAINFALL PRODUCING MESOSCALE 

R o d e r k k  A. S c o f i e l d  

NOAA/NESDIS/Satell i t e  A p p l i c a t i o n s  Laboratory  
Washington, DC 20233 

1. I n t r o d u c t i o n  

The I n s h o r t - f  use" and devas ta t i ng  charac- 
t e r i s t i c s  o f  f l a s h  f l o o d s  make i t  e s s e n t i a l  t h a t  
"State-of - the-ar t11 technology be used t o  produce 
t i m e l y  spec ia l  weather statements and warnings. 
Most o f  t h e  ttshort-fused" heavy r a i n  events come 
from Mesoscale Convective Systems (MCSs). A MCS 
i s  a thunderstorm system t h a t  ranges i n  sca le  
f rom t h e  l a r g e s t  Mesoscale Convective Complex 
(MCC) (Maddox, 1980) down t o  t h e  sma l les t  s i n g l e  
c l u s t e r  (J iang and Sco f ie ld ,  1987). Today, VAS 
Data U t i l i z a t i o n  Centers (VDUCs) are t h e  newest 
systems a v a i l a b l e  f o r  weather ana lys i s  and fore-  
cast ing.  The VDUC system a l l ows  t h e  meteorolo- 
g i s t s  t o  i d e n t i f y  and t i m e l y  analyze MCSs t h a t  
may produce f l a s h  f l o o d i n g .  VDUC systems are 
c u r r e n t l y  l oca ted  a t  NMC, Na t iona l  Hurr icane 
Center, Na t iona l  Severe Storms Forecast Center, 
U. o f  Wisconsin and Colorado S t a t e  U n i v e r s i t y .  
I n fo rma t ion  a v a i l a b l e  on VDUC i nc lude :  conven- 
t i o n a l  surface and upper a i r  data, NMC ana lys i s /  
forecasts /gu idance products, rada r  data, VAS 
imagery and de r i ved  f i e l d s  (divergence, v o r t i c i -  
ty, su r face  mo is tu re  divergence, 850-300 mb 
th ickness,  equ iva len t  p o t e n t i a l  temperature ( e,), 
s t a b i l i t y ,  e tc .  1 f rom convent ional ,  model, and 
VAS data. VAS da ta  i nc ludes :  v i s i b l e  ( V I S ) ,  
i n f r a r e d  ( I R )  and 6.7 um water vapor imagery, 12 
channel dwe l l  sounding data and me teo ro log i ca l  
parameters (mentioned above) de r i ved  f rom t h e  
sounding data. VDUC i s  a d i g i t a l l y  based system 
t h a t  can be used t o :  c o l o r  enhance t h e  data, 
superimpose da ta  f i e l d s ,  add and s u b t r a c t  data 
f i e l d s  and animate t h e  d a t a  ( l e n g t h  o f  loops can 
be a day o r  l onger ) .  

The VDUC c a p a b i l i t i e s  c i t e d  above would 
v a s t l y  improve s a t e l l i t e - d e r i v e d  p r e c i p i t a t i o n  
est lmates and f o r e c a s t s  as compared t o  those 
est imates and f o r e c a s t s  computed on t h e  c u r r e n t  
I n t e r a c t i v e  F lash F lood Analyzer ( I F F A )  (Clark ,  
e t  al., 1985) system. IFFA has a l i m i t e d  capabi- 
l i t y  b u t  can be used to :  animate imagery ( l e n g t h  
of l oop  l i m i t e d  t o  3 hours), enhance the  imagery, 
superimpose some da ta  f i e l d s  on t h e  imagery and 
can a u t o m a t i c a l l y  add up t h e  est imates and pro-  
duce i sohye ta l  analyses. 

This  paper presents  a four  stage ana lys i s  

and f o r e c a s t  methodology f o r  heavy convect1 ve 
r a i n f a l l ;  t he  methodology would be app l i cab le  t o  
those centers  t h a t  possess VDUC systems. The 
methodology i s  a re f inement  o f  t h e  short-range 
f o r e c a s t i n g  technique presented by Spayd and 
Sco f ie ld ,  1984. The emphasis i n  t h i s  paper w i l l  
be d i scuss ing  VDUC-derived products  f o r  
accomplishing Stages 1-4. 

2. The Chicago F lash  Flood, 14 August 1987 

The enhanced I R  imagery i n  F i g u r e  1 show 
deep convect ion over I l l i n o i s ,  Missour i ,  and 
along t h e  Gu l f  Coast f rom t h e  F l o r i d a  Panhandle 
t o  extreme southern M i s s i s s i p p i .  The MCS a long 
t h e  G u l f  Coast was associated w i t h  an a c t i v e  sur-  
f a c e  t rough  and was producing heavy r a i n f a l l .  
Due t o  t h e  s i g n i f i c a n t  s a t e l l i t e  s igna tu re  and 
p l e n t y  o f  a v a i l a b l e  moisture, Synoptic Ana lys i s  
Branch me teo ro log i s t s  ( o f  NESDIS) were concen- 
t r a t i n g  t h e i r  e f f o r t s  on analyz ing and computing 
es t ima tes  f o r  t h e  MCS along t h e  Gu l f  Coast. 
However, d u r i n g  t h i s  same per iod,  severa l  small 
MCSs passed over the  Chicago area. As a r e s u l t ,  
d e v a s t a t i n g  f l a s h  f l o o d s  occurred i n  Chicago, 
I l l i n o i s .  P l o t t e d  s i x  hour r a i n f a l l  amounts are 
shown i n  F igu re  2. Chicago OIHara I n t e r n a t i o n a l  
A i r p o r t  rece ived  9.21 inches o f  r a i n  w i t h i n  an 18 
hour pe r iod .  
because f o u r  MCSs t ransversed t h e  same l o c a t i o n  
w i t h i n  an 18 hour per iod.  A sequence o f  enhanced 
I R  imagery f o r  t h e  heavy r a i n  p e r i o d  (0300 t o  
1800 GMT) i s  shown i n  F igu re  3. Each i n d i v i d u a l  
MCS may n o t  have produced enough r a i n f a l l  t o  
cause f l a s h  f l o o d i n g  i t s e l f ;  however, t h e  cumu- 
l a t i v e  e f f e c t  o f  severa l  MCSs passing over  
Chicago was devastat ing.  The animat ion capab i l -  
i t i e s  o f  VDUC a l l o w  meteo ro log i s t s  t o  keep a 
cumulat ive r e c o r d  o f  t h e  paths o f  p rev ious  
convec t i ve  systems t o  p r o p e r l y  assess t h e  f l a s h  
f l o o d  p o t e n t i a l  o f  c u r r e n t  o r  f u t u r e  convect ive 
systems. 
f e a t u r e s  f o r  0000 and 1200 GMT, 14 August are 
dep ic ted  i n  F igures 4a and 4b, r e s p e c t i v e l y .  
Features noted are:  a p e r s i s t e n t  maximum 850 mb 
f l o w  o f  t h e  most unstable a i r  i n t o  t h e  Chicago 
area and weak 500 mb p o s i t i v e  v o r t i c i t y  advect ior  
cen te rs  o r i e n t e d  NE-SW over t h e  Chicago area. 
Chtcago i s  located:  south o f  an e a s t  t o  west 
t h i ckness  p a t t e r n  w i t h  a moderate g r a d i e n t  and i s  

The Chicago f l a s h  f l o o d  occurred 

Impor tant  su r face  and upper a i r  
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Fig. 1 Enhanced infrared imagery (Mb Curve), 14 August 1987. 

ENDlNG AT 72002 ENDING AT 78002 

Fig. 2 S i x  hour rainfall observations, 1 4  August 1987. 
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Pig. 4a m a c e  and upper air features for August 14, 1987, 0000 GMP; T850 
indicates 850 mb temperaturea i n  that area and V500 locates either 
a 500 mb ~ ~ l ~ l x  vorticity center (X) or a xnin vorticity center (N). 
vorticity v a l w ~  are iniiicated i n  10-5 sec-1. 
cated near the Chicago area. 

surface wim are indi- 

south of the jet stream. Additional features 
over Chicago include weak middle to upper level 
SW winds and a weak frontal boundary at the sur- 
face; also moisture is readily available as 
measured by the sfc-500 mb precipitable water of 
around 2 inches and a relative humidity of 85%. 
These features fit the characteristics of regen- 
erating MCSs discussed in Scofield and Jiang, 
1987 and Jiang and Scofield, 1987. The VDUC 
allows a meteorologists to superimpose, keep 
track of various features and evaluate the local 
change of stability with respect to time using 
the hourly VAS-derived stability fields. 

3. The Analysis and Forecasting of MCS 

Stage 1: 0-6 and 6-12 Hour Forecast o f  
Tavorable Synoptic and Mesoscale Condi- 

In this step the meteorologist uses the 
VDUC system to identify and locate features in 
the conventional and satellite data that may ini- 
tiate or focus heavy convective rainfall. 

tlons f o r  the Development o f  MCS S 

Now- 

casting (0-3 hours) weighs heavily in the 0-6 
hour forecast. NMC numerical model forecasts and 
guidance products are useful in the 12 hour fore- 
cast. 
imagery is examined as frequently as it is 
avai 1 able to locate: thunderstorm outflow boun- 
daries, mesoscale boundaries produced by dif- 
ferential heating, mergers of convective cells or 
convective cloud lines, areas o f  organized con- 
vection versus areas o f  unorganized convection, 
boundary intersections, etc. Water vapor imagery 
(6.7 um) is used to locate and track jet streaks, 
vorticity centers and lobes, middle-level dry air 
surges and deformation zones. Hourly VAS sound- 
ing data is used to monitor areas of increasing 
low level moisture and instability. The ability 
to locate synoptic and mesoscale lifting mecha- 
nisms and to compute the convective available 
potential energy and the local change of stabil- 
ity with respect to time will help pin point 
areas of potential MCS development. Meteorolog- 
ical assessment of VAS sounding derived products 
in monitoring the pre-convective environment and 
for nowcasting convection is presented in the VAS 

Animated high resolution GOES VIS and IR 
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I 
SURFACE FRONTS / 
SURFACE TROUGH cLz 

SQUALL LINE \../ 
500rnb WINDS u/ 

300rnb JET /7 
850rnb MAX WINDS 1/7 

SFC1500rnb THICKNESS - + 

I IFTED INDEX - 00" 
\ 

\ 12002 14 AUG 87 

Fig. 4b Surface and upper air features for m t  14, 1987, 1200 W; T850 
indicates 850 mb temperatures in that area and V500 locates either a 
500 mb max vorticity center (X) or a min vorticity center (N). 
Vorticity va~.ues are indicated in 10-5 sec-1. 

demonstrat ion: d e s c r i p t i o n  and f i n a l  r e p o r t  r a i n f a l l / f l a s h  f l o o d  event  models such as f r o n -  
(1985). One o f  t h e  more i n t e r e s t i n g  products  i n  t a l ,  synopt ic ,  mesohigh models (Maddox, e t  al., 
t h i s  f i n a l  r e p o r t  which t h i s  heavy p r e c i p i t a t i o n  1979), r e g i o n a l  models such as South Texas 
f o r e c a s t i n g  technique in tends  t o  t e s t  i s  t h e  (Grice, e t  al., 19821, and types o f  convect ive 
s p l i t  window, low l e v e l  mo is tu re  product. systems (Spayd, 1982; F.leming, e t  al., 1984 and 
s p l i t  window product  combined w i t h  t h e  6.7 um Fleming, e t  al., 1986). Recently, S c o f i e l d  
imagery can be used t o  d e t e c t  c o n v e c t i v e l y  (1987b) proposed a s h o r t  range heavy p r e c i p i t a -  
uns tab le  a i r  masses as e x h i b i t e d  by  m id - leve l  d r y  t i o n  index f o r e c a s t i n g  technique. A da ta  t a b l e t  
a i r  i n t r u s i o n s  o v e r l y i n g  areas o f  maximum low based on t h e  parameters o f  t h a t  heavy p r e c i p i t a -  
l e v e l  moisture. t i o n  index i s  be ing developed f o r  t h e  VDUC 
me teo ro log i s t  analyzes: t h e  e q u i l i b r i u m  l e v e l  system. Data t a b l e t s  are used t o  s i m p l i f y  t h e  
(EL)  and areas o f  h igh  su r face  t o  500 mb e n t e r i n g  o f  commands. The da ta  t a b l e t  i s  be ing 
P r e c i p i t a b l e  water, mean r e l a t i v e  humid i ty ,  and programmed so t h a t  a s p e c i f i c  l o c a t i o n  se lec ted  
surface dewpoints, and reanalyzes t h e  l a t e s t  NMC b y  a p o i n t e r  performs a s p e c i f i c  f u n c t i o n  (e.g. 
cha r t s .  computes convect ive a v a i l a b l e  p o t e n t i a l  energy 

and i t s  advect ion) .  The data t a b l e t  i s  an 
The convent ional ,  VAS sounding der ived,  e f f i c i e n t  means o f  man ipu la t i ng  complex data i n  

and sate1 l i t e  imagery fea tu res  mentioned above an o p e r a t i o n a l  environment. 
can be p l o t t e d  as a composite c h a r t  on t h e  VDUC 
TV screen. The composite c h a r t  may be superim- Stage 2: Mon i to r i ng  t h e  Propagation and 
posed d i r e c t l y  on t h e  s a t e l l i t e  imagery. The S t a b i l i t y  Ch a r a c t e r i s t i c s  o f  Developing 

mss composite c h a r t  i s  then evaluated. 
t h e  number o f  f avo rab le  i n t e r a c t i o n s  between 
p o t e n t i a l  t r i g g e r i n g  mechanisms a t  one l o c a t i o n ,  I n  t h i s  stage, t h e  me teo ro log i s t s  mon i to r  
t h e  g r e a t e r  t h e  chance t h a t  heavy convec t i ve  
r a i n f a l l  w i l l  develop a t  t h a t  l o c a t i o n .  The com- 
p o s i t e  c h a r t  i s  evaluated w i t h  respect  t o  heavy 

The 

I n  the  convent ional  data, t h e  

- The l a r g e r  

areas o f  growing tower ing cumuli ,  growing MCSs 
and MCSs t h a t  have been i n  ex i s tence  f o r  some 
t ime  b u t  are moving t o o  f a s t  t o  produce f l a s h  
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floods. 
cloud tops as observed in the satellite imagery 
is compared with the calculated EL from the 
nearest RAOB sounding. 
temperatures are equal to or colder than the EL, 
the MCS has reached its otential to produce 
heavy rainfall. Of course, + o er factors have to 
be considered such as: available moisture (see 
Stage 1) and the speed and movement of MCSs. 
Predicting accurately the speed and movement of 
an existing MCS can be quite difficult. 
cases, propagation is the controlling influence 
on the movement of the MCS. The type of propa- 
gation (backward and forward) often determines 
the amount of rainfall that occurs from MCSs. 
Backward propagating MCSs are usually associated 
with heavier rainfall thari those exhibiting 
forward propagation. The type of propagation 
(Scofield and Jiang, 1987 and Jiang and Scofield, 
1988) is determined by the stability, low level 
windflow, equivalent potential temperature 
patterns, low to mid level moisture and temper- 
ature advection, thickness patterns, mid to upper 
level windflow, vertical wind shear and the 
existence of synoptic scale and mesoscale upward 
vertical motion areas, 

The temperature of the thunderstorm 

If the cloud top 

In most 

The heavv rainfall areas in forward w o o -  The heavy rainfall areas in forward ro 
agating MCSs often move in the dire& 
mean cloud layer shear vector, coincident with 
the 850-300 mb thi ckness contours (Merritt and 
Fri tsch, 1984) . Backward propagating MCSs often 
move along the ridge axis of maximum eo toward 

-1 parameters (e.g. thickness znd 0,) 
can be derived from VAS sounding data. 
VAS-derived products aid in determining the 
propagation and stability characteristics of 
MCSs . 

er values. Many of the above mentione 

Hourly 
meieorological par&eters (e.g. thickness and 0,) 
can be derived from VAS sounding data. 
VAS-derived products aid in determining the 
propagation and stability characteristics of 
MCSs . 

Hourly 

Stage 3: 
Potentials of MCS S 

Estimating Flash Flood Rainfall 

Rainfall estimates are computed for those 
MCSs that exhibit the following characteristics: 

o backward propagation 
o slow forward propagation 
o regeneration 

Rainfall estimates are sent to WSFOs and River 
Forecast Centers if they approach or exceed flash 
flood guidance. The current rainfall estimation 
program is discussed in a paper by Clark and 
Borneman, 1984). An interactive flash flood 
technique (Scofield, 1987a) is used to compute 
these estimates. Currently, it is difficult for 
a meteorologist to compute rainfall estimates for 
more than three MCSs at a time; sometimes even 
monitoring two or three MCSs are extremely 
taxing. A reliable objective, automatic 
estimation technique could be useful as a "first 
guess" estimate for every MCS occurring anywhere 
in the US. 
accumulated estimates that would help a 
meteorologist "zero in" on potential flash flood 
producing MCSs. Once the potential flood- 
producing MCS is located, more detailed estimates 
would be produced using the interactive flash 
flood technique. Adler and Negri (1987) have 
developed such an automatic technique which is 
currently being installed for use on the VDUC 
sys tem. 

It could provide half-hourly and 

Stage 4: 
'How Much More Rain i s  Expected 

0-3 Hour Estimation Outlook of 

This stage is a NOWCAST that uses persis- 
tence, extrapolation, trend and expectancy 
guidelines. The speed and direction of movement 
of the coldest portions of the satellite-observed 
MCSs are measured on the Y O N  system. The speed 
and direction are used to extrapolate the current 
rainfall rates out to 3 hours. Propagation 
effects (Stage 2 )  are also considered. Trend and 
expectancy guidelines and satellite-observed 
characteristics of heavy convective rainfall 
systems are used to anticipate the evolution of 
the MCS within the next 3 hours. The values of 
the above extrapolated rainfall estimates are 
adjusted and relocated, if necessary, based on 
the guide1 ines presented in the short-range 
forecasting technique (Spayd and Scofield, 1984 
and Scofield, 1987a). 

Flash flooding often results when two or 
more unrelated MCSs transverse the same location 
within a 24 hour period (e.g. the Chicago flash 
flood in Section 2). Each individual thunder- 
storm svstem mav not DrOdUCe enouQh rainfall to 
cause fiash flooding by itself. it is essential 
that the operational meteorologist keep a record 
of the paths of previous MCSs within the last 24 
Xours in order to properly assess the flash flood 
otential of current or future convective sys- 
ems. The VDUC system allows the meteorologist 

t o o  this function and keep track of previous 
MCS events. 

4. Summary and Outlook 

that is ideal for timely analyses and forecasts 
of flash flood producing MCSs. The VDUC's 
animation, enhancing, overlaying and current data 
(all types) capabilities allow the meteorologist 
to analyze the vital characteristics of flash 
flood producing MCSs. 

Applications of VAS data to precipitation 
estimates is in the early stages of assessment. 
Many important VAS data applications are antici- 
pated over the next several years to improve 
precipitation estimates and the general 
understanding mesoscale meteorological features. 
This should especially be important to short 
range forecasting of precipitation related 
meteorological features. In the future, 
precipitation estimates will be computed using 15 
minute satellite data; this may be an automatic 
technique. An automatic estimation technique 
wi 1 1  enable meteorologists to concentrate more 
effort on the improvement of NOWCASTS and short 
range forecasts - a major goal for the current 
satellite precipitation estimation program. As 
an aid to making NOWCASTS, a short-range 
forecasting algorithm that uses GOES VAS data to 
predict thunderstorm trends and precipitation is 
needed. 

will also be applied, tested and modified to 
identify precipitation from extratropical and 
tropical cyclones. 

The VDUC system represents a technology 

The methodology presented in this paper 
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1. INTRODUCTION 

In the winter season of 1981-82, 
the Rational Meteorological Senter 
(NMC), in coopcraTion with the National 
gnvironmental gatellite Qaza and 
Lnformation service (NEBDIB), conducted 
the Eastern m i f i c  (EPAC) studies. 
During EPAC, VISBR 4tmospheric Sounder 
(VAS) retrievals were generated over the 
eastern Pacific for inclusion in the NMC 
forecast and analysis system. The 
assumption was made that the increased 
number of observations available over 
this data sparse region would yield a 
comparable improvement in subsequent NMC 
model forecasts. Unfortunately, the 
results of these studies have been 
inconclusive due to a series of problems 
addressed in Bection 2. 

NMC has now developed a completely 
new experimental design which should 
better exploit the positive aspects of 
the VAB observations. The short term 
goal of these studies, called the YAS 
aodel impact ~tudies (VMIS), is to 
establish the impaot of VAS retrievals 
upon NMC's operational analyses and 
short-term numerical guidance. 

Initially, VMIS plans will examine 
only moiature information gleaned from 
the VAS retrievals and will focus on a 
single case of 3 September 1986. The 
impact of these moisture retrievals will 
be compared against that obtained from 
the current operational procedure which 
is a subjective satellite moisture 
"bogus" (Bmigielski et al., 1982; 
Timchalk, 1986). Currently, these 
satellite moisture profiles are the only 
source of upper-air moisture information 
over oceanic regions. In a parallel 
effort, NMC has begun evaluating the 
quality of TOVB (XIROS Qperationai 
Yertical Sounder) moisture retrievals, 
and will eventually determine the impact 
upon operational analyses,. In the long 
term, the goal of VMIS is to demonstrate 
the utility of satellite sounding data 
within the framework of a 4-dimensional 
assimilation process. 

2 .  BACKaROUND 

The early EPAC studies at NMC were 
based on the insertion of VAB retrievals 
into the Limited Lfine Mesh (LFM) 

analysis system by converting a profile 
of heights at specific levels to various5 
thickness layers. An attempt was then 
made to interpret the subsequent impact 
upon the model analyses and forecasts. 
VAS retrievals were inserted only ovex 
the data-sparse eastern Pacific, and 
only at 1200 OUT, when TOVS soundings 
were not available in this region. The 
EPAC study was conducted during the 
winter season, since the models 
sometimes have a difficult time 
forecasting the strong features that can 
develop over the Pacific at this time of 
year. 

The result of the EPAC experiment's 
attempts to use VAS data in the LFM 
model was that no significant or 
reliable positive impact was achieved. 
Results obtained from the EPAC studies 
(Mostek and Olson, 1986 and O'Lenic, 
1984 and 1986) were found to ba limited 
by several major factors3 

with its coarse resolution. 
- Being retxicted by the LFM model 

- Processing VAS data into a 
radiosonde profile, which smeared any 
available information. 

- Converting specific level height 
data to thickness; this may not be the 
correct procedure for using the 
vertically smooth observations from VAB. 

- Bias problems were apparent in 
the VAS retrievals; these may be 
seasonally and instrumentally dependent. 
Bome retrievals over the Pacific were 
done at large zenith angles, which 
reduce the effectiveness of the 
soundings. 

- Areal coverage was limited to the 
eastern Pacific and coastal regions 
only, thus the impact on the initial 
analysis could not be verified due to 
the lack of conventional data. 

- No microwave channels are 
available on VAS, so that retriavals are 
limited to cloud free areas. 

- VAS moiBture information was not 
addressed. 

- A single insertion of data does 
not exploit the temporal strength of 
VAS. 
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The VMIS effort will attempt to 
address many of these defiaienaies, by 
beginning with the VAS moisture data. 
In addition, the findings from other VAS 
model impact studies (Gal-Chen et a1. 
19861 Cram and Kaplan, 19851 Douglas, 
1986 , Hayden and Schreiner , 1984 1 
Thomasell et al. 1986, and Aune et al. 
1986)  will be incorporated in these 
studies by NMC. 

The inalusion of statistiaal-based 
TOVS temperature soundings in NMC models 
has yielded positive results (Phillips 
et al. 1979, Tracton et al. 1 9 8 0 ) .  
However, a study by (Hirano, 1977 and 
1978)  indiaated that TOVS moisture 
retrievals were of poor quality and 
should not be inserted in NMC 
operational analyses. A more recent 
study by Timahalk (1986)  shows that 
oaeania TOVS moisture retrievals are at 
least a5 good if not better than the 
mpiture "bogus" prof ilem now used 
operationally. NESDIS has begun 
Produaing experimental physical-based 
TOVS soundingm, which are now being 
evaluated by NMC. First indiaations are 
that temperature, and especially, 
moisture information is of higher 
quality than from etatietical-based TOVS 
retrievals. VMIS, along with the 
parallel ef f ort examining the 
physiaal-based TOVS moisture, will 
establish the relative quality of 
satellite moisture bogus profiles. The 
bogus reports aontain large deficiencies 
in clear and undefined oaeania regions, 
where a default moisture profile 
aategory must be assigned (see 
Timahalk). It ita hoped that the VAS, 
and to some extent TOVS, moisture 
Isoundings aan eventually repliaae the 
bogus reports Xeaiou. 

3. VMIS PLAN 

The goal of VMIS im to assess the 
potential €or inaluding VAS derived 
information in the operational NMC 
analysis and forecast system. As a 
result of the inconalumive remults that 
were obtained when using VAS temperature 
soundings in earlier studies, the 
current effort will focus exalusively on 
VAS moisture information. The VAS 
instrument aontains three ahannels 
%elected for their senmitivity to water 
vapor in the atmosphere. The ahannels 
(or band81 are numbered 7, 9 and 1 0  and 
are centered at 6 . 7 ,  7 . 3  and 12 .7  
miarons, respeatively (see Fig. 1) .  
Channel 7's weighting function peak5 
near the surfaae, ahannel 9 between 400 
and 600 mb, and ahannel 10 between 250 
and 500 mb. It is hoped that these 
channels aontain enough %ensitivity to 
moisture to provide a vertiaally 
smoothed signal of the low, middle and 
upper level moisture content in the 
atmoephere with enough horizontal detail 
to help fill in between the radiosondes. 
Several studies have mhown that VAS does 

provide a useful moisture signal 
(Chester. et al., 1983,  Robinson et al., 
1 9 8 6 ) .  The short-term goal of VMIS is 
to incorporate these findings into the 
operational NMC analyses. 

The VMIS effort will investigate 
the use of VAS data to provide the 
horizontal variations of the gross 
vertiaal moisture struatures. The model 
first guess along with radiosonde 
obrervations will then be used to fill 
in the details in the vertiaal moisture 
struature. In addition, it should be 
possible to use the 6 . 7  miaron water 
vapor ahannel to monitor the premsure 
level at whioh the first millimeter of 
moisture (or moisture 11aap9B) im present 
(Stout et al., 1984,  19E8) .  Thus, VAS 
aan provide measurements of both the 
preaipitable water and upper level 
moisture "aap". Other procedures will 
be examined, inaluding thome used by the 
European Center for Medium Range Weather 
Foreaasts (ECMWF). This technique 
converts the one water vapor channel (at 
6 . 3  microns) available on METEOSAT into 
a single layer of mean relative humidity 
at mid-levels (Sohmetz, 1 9 8 6 ) .  The 
initial VMIS effort will be restriated 
to the aurrent VAS proaessing mystem as 
available on the MaIDAS (Suomi et ale, 
1983)  and VDUC systems. The thrust of 
VMIS will be to evaluate the VAS 
moisture retrieval proaedures and to 
measure the impatat of the retrievals cm 
NMC's regional forea&st and analysis 
system. 

4. 3 SEPTEMBER 1986 CASE STUDY 

A .  EXPERIMENT DESIQN 

The first phase of this experiment 
aonaentrates on an evaluation of thm 
physiaal retrieval algorithm developed 
by the NESDIS team on the MaIDAS system, 
rather than immediately inserting VAS 
moisture data into the NMC modelm 
without a thorough understanding of the 
retrieval charaoteristias. 
Bpeaifiaally, the VMIS effort has 
focused on the followingr 

1) Verifiaation of the aaaess and use 
of the first guess, 

algorithm on the first guess. 

signal is being generated. 

NMC analysis system. 

Grid Model (NOM) forecasts. 

data. 

2 )  Establish dependenoy of the 

3) Establish where optimal moisture 

4) Establish impact of retrievals on 

5) Establish impaat on NMC Nested 

6 )  Establish impaat of moisture bogum 

To verify the use of the first 
guess in the XAS Betrieval Algorithm 
(VRA), a thorough analysis was aonducted 
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on tha impact of the first gueus fields 
upon the resulting retrievals. The VRA 
requires a first guess for both 
temperature and dewpoint temperature at 
all the levels for which a retrieval 
will be generated (see Smith 1983 for a 
description of the VAS retrieval 
algorithm). The first change to the VRA 
required for VMIS was to usa higher 
re%olution forecasts available from 
NMC’s Nested arid Model (NGM), rather 
than the LFM or global model fields 
which were previously used. The 
original guess fields were compared to 
the reformatted data used by the VRA. 
Several deficiencies were discovered. 
Analyses were being done to the NQM 
forecast grids prior to insertion into 
the VRA to aonvert from polar 
stereographic projection of the model to 
a latitude/longitude grid at two degree 
intervals as required by the VRA. 
Modifications were then made to produce 
a higher density grid at one degree 
intervals to mor@ accurately reflect the 
higher analysis resolution available 
from the NGM. The transfer of the NGM 
foreoast grids to McIDAB and VDUC was 
also modified to include the additional 
levels available at the low levels 
between 700 and 1000 mb. Having 
completed this review, the access and 
use of the N(3M forecasts for a first 
gueus in the VRA is now being done 
acaurately. While it is deuirable to 
access the NGM forecasts directly, 
without interpolating the grid. into a 
latitude/longitude grid, this will 
require extensive modifioations to the 
VRA software, whiah was not feasible at 
present. 

Once the mechanics in the first 
guess procedures were modified, a 
thorough evaluation of the nansitivity 
of the VRA to variations in the guess 
was begun to test the ability of the 
VAS retrievals to correot deficiencies 
in the firut quenrs. To investigate thiu 
sensitivity, VAS retrievals were 
generated using the same radiance 
dat8%et but three different first 
guesses (an analysis and two forecasts 
from the NQM) all valid at the same 
time, 1200 OMT 3 September 1986. 

The NQM, initialized at this time, 
forecast a band of heavy precipitation 
(greater than 75 mm aacumulation over 12 
hours) extending across the Texas 
panhandle for the 24 hour foreoast (Fig. 
2 ) .  By 48 hours into thm forecast (Fig. 
3), the band of heavy precipitation had 
moved northeastward across central 
Oklahoma, with preaipitation amounts in 
exaess of 80 mm in 12 hours. The band 
of precipitation actually verified 
approximately 300 km to the south of the 
predioted location across the Red River 
Valley region of Texau and Olkahoma. 
Although the N(3M displaoad the 
precipitation too far to the south, the 
forecast acaumulation amounts were quite 
good 

Examination of the 1200 GMT 3 
September RAFS analyses of8S0, 700 and 
500 mb relative humidity superimposed 
over radiosonde and satellite moisture 
observations of relative humidity ( F i g s .  
415 and 6 )  reveals the probable cause of 
the poor NQM precipitation forecastis. 
At all three levels, the moisture bogus 
data contribute to an unrealistically 
l o w  analysis of relative humidity over 
the Gulf of Me%ico. Momh of these bogus 
report% are the default category 
relative humidity profile, which assign5 
low humidity values to the lower 
troposphere. When the bogus moisture 
values are compared, with the 
corresponding radiosonde relat i ve 
humidity values along the Qulf Coast, 
the unrealistically law bogus values are 
quite apparent. The flow pattorn at 
these levels transported thin dry air 
over Texas by 24 hours into the foxecast 
and was responsible for preventing the 
precipitation from developing over the 
northern part of  Texas aG this time in 
the forecast. 

VAS moisture data from the VAS 
retrievals over the Gulf of Mexiao fox 
this case have the potential for 
improving the analyses and short-range 
forecasts. The VAS retrieval area of 
coverage extend% from 20 to 45 degrees 
north latitude and 70 to 100 degrees 
west longitude, which was fipecifically 
selected to provide data both over the 
continental U.S.  and over the Qulf of 
Mexico. This aoverage will allow for 
comparisona in both data rich and data 
sparse areas. 

Three separate first guesses were 
acquired for the 3 September case: a 
00-hour analysis, a 12-hour and a 
24-hour NQM forecast all valid a% 1200 
GUT. These three guesses were then used 
by the VRA to generate three sets o f  VA6 
retrievals. With these three metn of 
retrievale, a series of comparisons 
(both qualitative and quantitative) were 
conducted. 

€3) REBULTS 

The findings of VMIS to this point 
have entailed evaluating these three 
sets of ratuievals. Figure 7 presents a 
qualitative display of the large 
variations that occur with the 700 mb 
dewpoint fields. The largest variations 
occur over the Gulf of Mexico where 
values vary in the model forecasts (Fig. 
7-At-Cr -E) from -12 degrees C (00-hour) 
to -4 degrees C (12-hour) to -15 degrees 
C (24-hour). These fluctuations in the 
model analysis and forecasts are quite 
significant. The VAS retrievals (Fig. 
7-B, -D, -F) display the same large 
variations from -12 degreas C (00-hour) 
to -S degrees C (12-hour) to -16 degrees 
C (24-hour). An example of a large 
ahange produced by the VAB retrievals is 
saan across southern Texas and norbhern 
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Fig. 1. The VAS weighting functions 
for U.S. Standard Atmosphere for three 
water vapor ohannels (7 at 12.7 microns1 
9 at 7.3 microns] 10 at 6.7 microns) and 
two window ohannels (8 at 11.2 micron. 
and 12 at 3.9 microns). 

dtldln P 

Fig. 3. NQM 48-hour acoumulated Fig. 2. NOM 12-hour accumulated 
Precipitation 24-hour forecast (in M M )  precipitation 48-hour fOr.oa.6 (in M M )  
valid at 1200 QMT 4 September 1986. valid at 1200 QMT 4 September 1986- 

Fig. 4. Radiosonde and satellite bogus 
relatiivm humidity (k) 850 mb analymis at 
1200 QMT 3 September 1986. 
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Fig. 7. 700 mb dewpoint temperature 
plots (degrees C) valid at 1200 QMT 3 
September 1986 for ( A )  00-hour NGM 
analysis, (B) 00-hour VAS retrievals, 
(C) 12-hour NQM foreoast, (D) 12-hour 
VAS retrievals, (E) 24-hour NOM forecast 
and (F) 24-hour VAS retrievals. 
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Mexico where the dewpoint values drop by 
as much as 8 degrees C (compare Fig. 
7-A and -B). The 6 . 7  moisture channel 
shows a distinct dry band aoross this 
area, which may indicate that this 
channel's effect at 700 mb is too 
strong. However, using the other two 
guesses, the impact of VAS over this 
area i5 not nearly as strong with 
modifications to the guess generally 
limited to 2 degrees C or lees. 

For a quantitative analysis, RMS 
statistias are shown in Figs. 8 to 11. 
Figure 8 shows the three RMS differenaes 
between the first guess and VAS 
retrieval dewpoints for each of the 
different first guesses, providing an 
indication of the change made to the 
first guess by the VAS data. The 
differenoes show that below 500 the 
effect from VAS is small (less than 2 
degrees), and above 5 0 0  the effeot from 
VAS doubles to almost 5 degrees. This 
increase shows that the VAS data have a 
much greater impact on the first guess 
at these higher levelo. This effect 
should be a direct influenae of the two 
water vapor channele (Fig. 1) at 6 . 7  
and 7 . 3  miorons. The surprising result 
is the lack of effect at low levels, 
since the 1 2 . 7  miaron channel should 
contribute a stronger signal here. 

To look at this finding from 
another perspective, figures 9 to 11 
show the difference. among the first 
guesses (striped) versus the VAS 
retrievals (solid blaok). The 
differences between the guess fields 
(black) provide a measure of the 
variability between these fields, while 
the differences between the retrieved 
data (striped) give an indication of how 
the VAS retrieval information is helping 
to bring the original guess fields 
towards a common solution. In almost 
every cafae, the VAS retrievals reduce 
the differences between the guesses, 
which i s  good newm. Again, the 
reduotion in RMS is most notiaeable 
above 700 mb. The important differences 
in an absolute sense (if the 00-hour 
analysis i5 used a0 a benchmark) are 
between the 00-hour and the 12- and 
24-hour fields (Fig.. 9 and 1 0 ) .  At 
850 mb and below, the impact is small 
and even in the wrong sense in a aouple 
of oases. The charts may indioate a 
problem with the analysis and use of 
surface moisture data. 

In summary, the differenoes between 
the guess and the retrieval6 at 850 mb 
and above are generally larger than the 
differences amongst the guesses. The 
VAS retrievals are reduaing the 
differences between the guesmes, in 
other words, the retrievals are going 
towards a statimtiaally similar 
solution. However, at 8 5 0  and 
especially at 700 mb, more variability 
is 5till present between the retrieval 
sets than the modification made to the 

first guess by the VAS. Another 
potential pitfall is shown at 850 mb in 
figures 10 end 11, when the guess 
deteriorates the VAS data may or may not 
nudge the g u m %  in the right direction. 

The overall findings indicate that: 

- The VRA is quite sensitive to the 
first guess for both temperature (not 
shown) and dewpoint temperature at a11 
level% reviewed (to 100 mb for 
temperature and to 300 mb for dewpoint). 
Variations in the first guess oause a 
comparable change in the retrievals, 
although the retrievals tend to converge 
toward a oommon solution. 

- By comparing the statistics 
between the VAS retrievals with the sme 
statistics between the first guess 
fields, the RMS and differences are 
almost all smaller for the VAS 
retrievals. In other words, the VAS 
signal usually applies the same 
correction to the guems, regardless of 
the guess. This results in a smaller 
difference between the VAS retrievals. 
Without having an absolute aorrect field 
(the analysis should be rather accurate 
over the U.S. area but may still not be 
too representative over the Oulf of 
Mexioo region - see Fig. 6 ) ,  the 
improvement of the VAS retrievals can 
not be judged in an absolute senwe. 
However, the small reduction in the 
varianoe between the sets of the VAS 
retrievals does indicate a positive 
result. 

Therefore, the overall effect of 
the VAS data is to modify the first 
guesm fields in a oonsistent manner, but 
the changes are only about half that of 
the differenoe already present in bhe 
i st M a  argue:% jut%inEn %Esi t r t i  TP tfi 

proper direction, but the adjustment is 
too small. 

5. FUTURE PLANS 

Having established that the 
contribution of the first guess to the 
VRA is quite significant, the next phase 
of VMIS will still be to insert the 
three sets of VAS retrievals into the 
NMC's regional analysim (Dimego, 1987) 
used to provide initial conditions for 
the NOM. The optimum interpolation 
technique used by the RAFS requires a 
set of error ohrraoteristios for the VAS 
retrievals before they can be used. 
These error statistics have been derived 
and four sets of analyses will be 
generated for 1200 QMT 3 September 1986. 
These four analyses (a benchmark 
analysis based on the ourrent 
aonfiguration of the RAFS, plus 3 
individual analyses based on eaoh firmt 
guess) will be compared with a focus on 
the impact upon the moisture fields. 
Corresponding NQM forecasts will also be 
generated from each analysim to 
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Fig, 5. Radiosonde and satellite bogus 
relative humidity ( X )  700 mb analysis at 
1200 GMT 3 September 1986. 
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Fig. 10. A s  in Fig, 9, except between 
00-hour analysis and 24-hour foreca%t. 
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forecast valid at 1200 GMT 3 September 
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retrievals (black ) . 
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Fig. 11. A s  in Fig. 9, except between 
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establish the impact of the VAS data 
upon the precipitation guidance. 

Another effort will be to isolate 
the effect of the moisture bogus 
information within the analyses and 
guess fields. As previously discussed, 
these data appear to be responsible for 
the poor NGM precipitation forecasts for 
the 3 September case. The analysis will 
be rerun without any moisture bogus 
information at 1200 GMT 3 September 
1986. In addition, the effects of poor 
moisture bogus data at earlier times on 
the 1200 GMT 3 September first guess 
will be removed by eliminating the bogus 
Profiles from the earlier analyses. 
Then, the RAFS and NOM can be run to 
produce a "no bogus case", a "no bogus 
Case with VAS", a "no default bogus 
case" and a "no default bogus case with 
VAS". These new NGM forecasts may be 
available by the time of the conference. 

A review of the VAS physical 
retrieval algorithm will be conducted in 
an effort to tune the algorithm to the 
moisture signal, The goal here will be 
to derive only one or two parameters 
such as precipitable water and mid-level 
relative humudity. Thim phase of VMIS 
will continue to use the data from 3 
September 1986. 

While this case study continues, 
the Synoptic Analysis Branch (SAB) of 
NESDIS will begin generating VAS 
retrievals for VMIS in real time on the 
VDUC system beginning in November 1987. 
These retrieval sets will cover the same 
geographic area (20 to 45 degrees north 
latitude and 70 to 100 degrees west 
longitude). A daily review of the 
retrieval sets will be conducted and 
selected sets will be stored for 
eventual case study. As new techniques 
are uncovered by the VMIS effort, they 
will be developed on McIDAS and then 
implemented on the VDUC for evaluation 
as part of the cooperative NESDIS/NWS 
VAS program. One of the first exercises 
will be to deploy a "split window" 
technique following the procedure 
decribed by Robinson et al. 1986 in rn 
attempt to derive r low-level 
precipitable water product. The next 
effort will be to develop a mid-level 
moisture product similar to the process 
now used at ECMWF. The ultimate goal 
will be to incorporate VAS derived 
moi5ture products within NMC's 
operational anlysis and forecast system. 
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VERTICAL MOTION AS INFERRED BY THE 
VAS 6.7 pm WATER VAPOR CHANNEL 
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General Sciences Corporation 
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Edward Rodgers and Ralph Petersen* 
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Greenbelt, MD 20771 

1. INTRODUCTION 

Since vertical motions play a role in many theories 
concerning tropical cyclone intensification and the intcr- 
action between tropical cyclones and their upper and mid- 
dle tropospheric environment, there is a need to measure 
vertical motion near these storm systems. For example: 
1) Riehl (1950) proposed that sinking cold domes adja- 
cent to tropical cyclones release potential energy neces- 
sary for tropical cyclone intensification, 2) Arnold (1977) 
theorized that tropical cyclone formation and intensifica- 
tion may occur when a small region (radius 200 km) of 
dynamically forced upper tropospheric subsidence is su- 
perimposed over a lower tropospheric cyclonic vortex, and 
3) Merrill(l984) proposed that the secondary circulation 
in the entrance region of a jet streak acts to intensify a 
tropical cyclone by increasing the upper-tropospheric ver- 
tical motion in the convective regions of the cyclone. 

Vertical motions in the atmosphere are difficult to 
measure directly. Consequently the most commonly used 
methods, the quasi-geostrophic omega equation and the 
kinematic and adiabatic methods, are indirect. Over the 
subtropical oceans, however, where most tropical cyclones 
occur, even these techniques are hampered by insufficient 
measurements of pressure, wind, or temperature. 

Satellite measurement in the 6.7 pm infrared bltnd 
offers an alternative means to detect vertical motion. Sev- 
eral investigators have linked patterns of 6-7 pm bright- 
ness temperature (T*) to patterns of presumed vertical 

* Current affiliation: NOAA/NWS/NMC, 
Washington, DC 20233 

motion (e.g., Martin and Salomonson (1970), Ramond, et 
al. (1981), Petersen, et al. (1983), and Weldon (personal 
communication)). Shenk and Rodgers (1978) found sub- 
sidence in a clear column region computed by the quasi- 
geostrophic omega equation to correspond to high bright- 
ness temperature in the Nimbus 3 6.7 pm channel around 
hurricane Camille. 

In the absence of mid- and upper-level clouds, the 
6.7 pm band receives radiation emitted almost completely 
by water vapor in the mid-troposphere (Chesters, per- 
sonal communication), The intensity of radiation, indi- 
cated by T*, depends on the temperature of the emitting 
water vapor, which in turn depends on the height of the 
top of the significant tropospheric water vapor region and 
the ambient lapse rate. Thus, for example, increasing T* 
at an individual location indicates either the presence of 
vertical motion at that point or the lateral transport of 
air which has previously subsided at another location. 

This paper uses the change of topograpb of the 
upper-most water vapor layer as a tracer to directly es- 
timate vertical motion in subtropical atmospheres. An 
equation for vertical motion is derived using the relation- 
ship between 6.7 pm T* and the altitude of the upper 
layer of water vapor. Vertical motion is estimated, from 
this equation, over the southeastern United States in July, 
1984 and then compared to vertical motion derived kine- 
matically from radiosondes. 

2. METHOD 

The prerequisite to the equation for vertical mo- 
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tion is the relationship derived by Stout et al. (1984) 
between the air pressure of the upper layer of water vapor 
and the 6.7 pm T*. First, they defined precipitable water 
depth (D) as the amount of precipitable water integrated 
downward from the top of the atmosphere. For example, 
exactly 1 mm of precipitable water exists between the 
D=l mm level and the top of the atmosphere. Second, 
they collected 100 pairs of VAS and radiosonde measure- 
ments over the Gulf of Mexico and Caribbean Sea. The 
use of this subtropical area minimizes the horizontal and 
temporal variation of temperature so that the tempera- 
ture variation of the upper layer of water vapor is mostly 
due to altitude change. Third, they found a linear rela- 
tionship between pressure (P) at the D=l mm level and 
the 6.7 pm T*: 

P = (11 rnbK-') T* +constant (1) 
The correlation was 0.70, but the true relationship may 
be stronger since radiosondes do not accurately measure 
low amounts of water vapor and water vapor at low tem- 
peratures. P was calculated by assigning a dewpoint de- 
pression of 30 K to levels that were too dry to measure 
accurately. If P is instead calculated by assigning zero 
moisture to those levels, the results would be a correla- 
tion of 0.65 and a slope of 22 mb K-I. 

We now wish to use this relationship to estimate 
vertical motion over subtropical oceans, where there is 
a lack of conventional data, and at a level that may 
be above dropsondes, which are normally released near 
400 mb. Since water vapor is essentially conserved in the 
mid-troposphere in the absence of clouds, it is a tracer 
which can be used to follow air motions. Letting P be the 
pressure at D=l mm, w the vertical motion in pressure 
coordinates, t the time, V the horizontal wind, and V the 
horizontal gradient, 

w = -  Z+...P 

In order to test this method in a simple situation, the 
advecting term can be eliminated in a maximum of P. 
Since the gradient of P is zero, (2) can be simplified to 

ap w = -  at (3) 

The time difference is taken Over a 6 hr period. Combining 
(3) with (1) givea 

(4) 
m* 

w = 11 mbK-' - at 
In applying the equation to estimate vertical motion the 
following conditions must be met. 1) No clouds are 
present except at a low-level. 2) The vertical eddy dif- 
fusion of water vapor is small. 3) Horizontal temperature 
advection is s m d ,  which will generally be true in the sub- 
tropics. 4) The vertical distribution of water vapor con- 
tains no upper thin (about 1 mm) layer of water vapor 
above a dry layer. If such a moist layer were to become 
even thinner, due to divergence, it would transmit more 
radiance from below and falsely appear to be descending. 
5 )  Moisture anomalies at different levels are not becom- 

ing superimposed with time due to vertical shear of speed 
or direction. This condition is also generally met in the 
subtropics . 

3. RESULTS 

On 0000 GMT, 20 July 1984, a weak upper- and 
mid-level trough lay from Ohio south to Mississippi, then 
west to Texas. The 6.7 pm images on 2030 GMT, 19 July 
1984 (Fig. l), 2330 GMT, 19 July 1984 (Fig. 2), and 0230 
GMT, 20 July 1984 (Fig. 3) show a cloud free region with 
a T* maximum (shown in white) located over Arkansas 
and northern Mississippi. Subsidence suggested by in- 
creasing T* (about 2 K in 6 hr) at the T* maximum is 
consistent with subsidence expected by quasi-geostrophic 
theory behind a trough. 

At the location of maximum T*, vertical motion 
was estimated to be 1 p b 9 - l  near the 650 mb level. For 
comparison, vertical motion was estimated with a kine- 
matic technique which uses three-dimensional isentropic 
analysis (Petersen, 1986) and the O'Brien (1970) correc- 
tion. Fig. 4 shows this estimate interpolated to the D=l 
mm surface. At the location of the T* maximum, the 
kinematic method estimates subsidence at about 2 p b  s-', 
although considering the large gradient, the subsidence 
could be anywhere in the range 1-3 p b s - ' .  If one uses 
the alternate calculations of P discussed in section 2 (with 
zero moisture assigned to levels too dry for the radiosonde 
to measure), the satellite estimate of vertical motion be- 
comes 2 pbs-' at 800 mb and matches the kinematic 
estimate. Considering the inaccuracies of vertical motion 
estimation, agreement within a factor of two is reasonable. 

Let ua examine the five assumptions listed in sec- 
tion 2 to see that each is satisfied at the location of max- 
imum T*. 1) Images in both the 11 pm window channel 
and the 6.7 pm channel were examined and found to be 
free of clouds other than low level clouds. 2) Diffusive pro- 
cesses are thought to be of secondary importance above 
the boundary layer (Holton, 1979). 3) Horizontal temper- 
ature advection was calculated from the radiosonde data 
and found to be less than 2 x lo-' K s-' for each of the 
levels 400, 500, 600, 700 mb. Horizontal advection equal 
to 2 x 10-5Ks-' at all levels would result in an error 
in estimating vertical motion of only 0.2 pbs- ' ,  which 
is smaller than typical values of vertical motion (Holton, 
1979). 4) There is no evidence of a thin moist layer, which 
would most likely have formed from the evaporation of cir- 
rus clouds or strong advection in a thin layer. The 6.7 pm 
images of six hours prior to the synoptic time were exam- 
ined and showed no cirrus. In addition, the radiosonde 
data does not show a thin moist layer within the area in 
which we will calculate vertical motion. 5) Superposition- 
ing of dry anomalies at different levels would appear in the 
6.7 pm images as an elongated maximum of T* which is 
contracting and brightening with time. However, the ob- 
served T* maximum expands with time. Also, horizontal 
advection of moisture was calculated from the radiosonde 
data at 400, 500, 600, and 700 mb and showed zero nd- 
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Figure 1. The  V A S  6.7 p m  image o n  2030 G M T ,  19 
July 1984. W a r m e r  brightness temperatures are darker, 1984. 
except for temperatures above 258 K which are colored 
uhi te .  

Figure 3. Same  as Fig. 1,  but f o r  0290 G M T ,  80 July 

Figure 2. Same  as Fig. 1, but f o r  2990 G M T ,  19  July 
1984 

Figure 4. Vertical motion f o r  0000 G M T ,  10 
J d y  1984, calculated by the kinematic method wing the 
0 'Brien correction and three-dimensional isentropic anal- 
yJis, interpolated to the D=1 mm surface. Contour inter- 
val i s  1 pbs-'  
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vection within 100 km of the T* advection. Finally, wind 
shear over the 500 to 700 mb layer was less than 5 m s-’ 
at the three stations nearest to the T* maximum. From 
the observations we conclude that all five assumptions are 
satisfied. 

4 .  CONCLUSIONS 

A method to estimate vertical motion in subtropi- 
cal atmospheres from the local change of the VAS 6.7 pm 
channel alone has been successfully demonstrated with 
one case, although further testing should be done for more 
complete validation. This technique should add to the 
store of information about air motions over large oceanic 
areas, which lack conventional data. The method de- 
scribed in this paper can only be used in regions where 
the gradient of brightness temperature is small, but cal- 
culation of advection using satellite based wind measure- 
ment, for example, “water vapor winds,” may extend the 
area of coverage. With advection, vertical motion could 
be estiznated by satellite alone in any region meeting the 
following criteria: 1) the horizontal temperature advec- 
tion is small, making this technique useful mainly in the 
sub-tropics, 2) middle or high level clouds are not and 
have not recently been present, and 3) moisture anom& 
lies at different levels are not becoming superimposed with 
time. The authors expect to present two more validation 
cases: 0000 GMT, 19 July 1984 and 1200 GMT, 20 July 
1984. The authors also expect to present estimates of 
vertical motion in the environment of hurricane Irene of 
September, 1981 and compare them to Irene’s intensity 
and convection. 
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1. INTRODUCTION AND OBJECTIVE 

Long plumes o r  bands o f  a i r  w i t h  above- 
average mo is tu re  content ,  i n d i c a t e d  by ex tens i ve  
c i r r u s  and mixed h i g h  and m idd le  clouds, f r e -  
q u e n t l y  develop near t h e  i n t e r t r o p i c a l  conver- 
gence zone (ITCZ). These plumes, which we c a l l  
"mois ture bursts , "  grow r a p i d l y  poleward and 
eastward. These mo is tu re  b u r s t s  a r e  c l e a r l y  
e v i d e n t  i n  s a t e l l i t e - d e r i v e d  v i s u a l  ( V I S )  and 
window channel i n f r a r e d  ( I R )  imagery. The h igh  
mo is tu re  con ten t  o f  t h e  b u r s t s  probably  extends 
beyond t h e  boundaries o f  t h e  v i s i b l e  c loud  mass 
and prov ides e a r l y  i n d i c a t i o n s  of t h e  develop- 
ments, 

The o b j e c t i v e  o f  t h i s  s tudy i s  t o  
determine t h e  s i g n a t u r e  and behavior  o f  t h e  
mo is tu re  b u r s t s  as presented i n  s a t e l l i t e -  
d e r i v e d  imager o f  t h e  6.7 micrometer water  
vapor channel (WV) imagery o f  t he  GOES system. 
Th is  i s  accomplished by c o n s t r u c t i n g  composite 
models from a l a r g e  number o f  i n d i v i d u a l  cases 
of t h e  d i s t r i b u t i o n  o f  6.7 micrometer b r i gh tness  
temperature from about 48 h be fo re  t o  some 24 h 
a f t e r  d e f i n i t i o n  o f  t h e  bu rs t .  The c h a r a c t e r i s -  
t i c s  revealed i n  these composites a r e  discussed 
and compared w i t h  t h e  s igna tu res  of t h e  mo is tu re  
b u r s t s  as seen i n  V I S  and I R  imagery. 

2. PREVIOUS WORK 

Plumes of h igh  c louds o r i g i n a t i n g  i n  t h e  
e q u a t o r i a l  reg ions  over  t h e  eas te rn  and c e n t r a l  
P a c i f i c  Ocean and extending t o  and across t h e  
coasts  o f  Baja C a l i f o r n i a  and C a l i f o r n i a  were 
noted f requen t l y  i n  the  s a t e l l i t e  imagery of t h e  
1960s (Anderson and O l i v e r ,  1970). The f i r s t  
systemat ic  i n v e s t i g a t i o n ,  by Thepenier and 
Crue t te  (1981), showed t h a t  these tongues of 
GlOud were q u i t e  f requen t  and occurred over  
o t h e r  oceans as we1 1. 

McGuirk e t  a l .  (1987) co ined the  expres- 
s i o n  "mois ture b u r s t "  f o r  these c loud  bands. 
They a l s o  c a r r i e d  o u t  an ex tens i ve  i n v e s t i g a t i o n  
of t h e  frequency and d i s t r i b u t i o n  o f  occurrence 
over  t h e  Nor th P a c i f i c  Ocean eas t  of l o n g i t u d e  
180". They d e f i n e  a mo is tu re  b u r s t  as a band of 
h i g h  c louds o r  h i g h  and m idd le  c louds ( o r i e n t e d  
rough ly  NE-SW) a t  l e a s t  2000 km l o n g  and extend- 
i n g  across l a t i t u d e  15"N. T h e i r  d e f i n i t i o n  a l s o  
i nc luded  c r i t e r i a  on beginning and ending times. 
Th is  d e f i n i t i o n  i s  o b j e c t i v e ,  b u t  mo is tu re  
b u r s t s  a r e  def ined o n l y  i n  terms o f  t h e  c loud  
appearance i n  unenhanced I R  imagery from GOES. 

The s tud ies  show t h a t  t h e  b u r s t s  tend  t o  be 
phenomena o f  t h e  no r the rn  hemisphere coo l  
season, w i t h  about t e n  b u r s t s  o c c u r r i n g  each 
month. Frequency i s  s i g n i f i c a n t l y  l e s s  d u r i n g  
summer and apparen t l y  d u r i n g  years o f  E l  Nino. 

Thepenier and Crue t te  mention frequent 
m i d l a t i t u d e  cyc logenesis  downstream o f  t he  
mo is tu re  bu rs ts .  McGuirk e t  a l .  a l s o  mention 
such events, w h i l e  Schroeder (1983) found t h a t  
about t h r e e  quar te rs  o f  t h e  l o c a l  severe weather 
outbreaks over  Nor th  America were r e l a t e d  t o  t h e  
i n t e r a c t i o n  o f  a mo is tu re  b u r s t  w i t h  an e x t r a -  
t r o p i c a l  system. 

3. DATA AND ANALYSIS TECHNIQUE 

The p r imary  s a t e l l i t e  data c o n s i s t  o f  
6.7 micrometer WV imagery from GOES-West and t h e  
p a i r e d  I R  imagery, b o t h  se ts  u s u a l l y  a v a i l a b l e  
a t  6-h i n t e r v a l s .  The data p e r i o d  covers 200 
days beginning 15 October 1983, thus f o r  t h e  
Nor thern Hemisphere w i n t e r  season. Use o f  t h e  
6.7 micrometer data from GOES-West r e s t r i c t s  t h e  
area of a n a l y s i s  t o  t h e  eas te rn  P a c i f i c .  

S e l e c t i o n  o f  events was based on t h e  
t a b u l a t i o n  o f  mo is tu re  b u r s t s  prepared as p a r t  
o f  t h e  s tudy r e p o r t e d  by McGuirk e t  a l .  These 
events were d e f i n e d  i n  terms o f  t h e i r  I R  signa- 
tu re .  T h i r t y - f i v e  events were i d e n t i f i e d  and 
used i n  p repara t i on  o f  t h e  composite model. For  
each event, a "zero t ime"  was e s t a b l i s h e d  as t h e  
t ime  o f  t h e  s a t e l l i t e  imagery nearest  t h e  t ime  
when t h e  mo is tu re  b u r s t  f i r s t  a t t a i n e d  a l e n g t h  
o f  2000 km w h i l e  extending across l a t i t u d e  15'N. 
A t  t h i s  t ime, t h e  system s a t i s f i e d  t h e  mo is tu re  
b u r s t  d e f i n i t i o n ;  f o r  purposes o f  composit ing, 
t h i s  t ime  i s  termed " d e f i n i t i o n "  time. Addi- 
t i o n a l  re fe rence  t imes were es tab l i shed  a t  48 h 
and 24 h before,  and 24 h a f t e r ,  t h e  d e f i n i t i o n  
time. Composite models were synthes ized f o r  
each o f  t h e  f o u r  re fe rence  times. The i n t e n t  o f  
t h e  e a r l i e s t  composite i s  t o  i d e n t i f y  t he  water 
vapor s t r u c t u r e  t h a t  e x i s t s  p r i o r  t o  development 
o f  t h e  c louds assoc ia ted  wi th  t h e  mo is tu re  
bu rs t ;  t h e  -48 h composite i s  des ignated ''pre- 
cursor." The composite a t  -24 h d e p i c t s  e a r l y  
development mo is tu re  s t r u c t u r e .  Cloud develop- 
ment and i n i t i a l  poleward progress ion t y p i c a l l y  
commence w i t h i n  a few hours o f  t h i s  composite; 
i t  i s  thus des ignated as " i n i t i a t i o n "  time. The 
t24-h composite i s  des ignated as t h e  "mature" 
stage, and i s  nomina l l y  assoc iated w i t h  maximum 
l e n g t h  o f  t h e  c loud  band. 

Another 35 cases w i t h o u t  occurrence o f  a 
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mois tu re  b u r s t  were used t o  c o n s t r u c t  a "qu ies-  
, cen t "  composite model. These cases were s e l e c t -  
ed f rom t h e  same 200-day p e r i o d  as were t h e  
mo is tu re  b u r s t  cases. 

A g r i d  w i t h  dimensions o f  35" l a t i t u d e  
by 60" l o n g i t u d e  was used t o  develop t h e  compos- 
i t e s .  Th is  g r i d  was d i v i d e d  i n t o  squares 5' on 
a s ide.  Each square was f u r t h e r  d i v i d e d  by a 
NE-SW diagonal, rough ly  p a r a l l e l  t o  t h e  a x i s  o f  
t h e  mo is tu re  b u r s t ;  thus, t h e  r e s u l t i n g  data 
appear, e f f e c t i v e l y ,  on a staggered g r i d .  The 
g r i d  i s  movable, w i t h  t h e  o r i g i n  l o c a t e d  w i t h  
respec t  t o  t h e  main c loud  mass o f  t h e  mo is tu re  
bu rs t .  The s p e c i f i c  o r i g i n ,  f i x e d  o b j e c t i v e l y  
fo r  each i n d i v i d u a l  case, was t h e  nor thwest  
"corner"  of t h e  main c loud  mass as seen i n  t h e  
I R  imagery a t  d e f i n i t i o n  t ime  ( t h e  zero t ime) .  
The o r i g i n  p o i n t  o f  t h e  g r i d  i s  n o t  t h e  o r i g i n  
p o i n t  o f  t h e  mo is tu re  b u r s t  as d e f i n e d  by 
McGuirk e t  al. ,  b u t  r a t h e r  i t  was chosen t o  
min imize smoothing o f  t h e  f requent ly-seen s t r o n g  
g r a d i e n t  o f  b r i gh tness  temperature ( i n  bo th  I R  
and WV imagery) a long t h e  nor thwest  boundary o f  
t h e  b u r s t .  The g r i d ' s  l a t i t u d e  l i n e s  were 
always p laced p a r a l l e l  t o  a c t u a l  l a t i t u d e .  Once 
t h e  g r i d  o r i g i n  was f i x e d  a t  d e f i n i t i o n  t ime  of 
a g i ven  case, i t  remained a t  t h a t  p o i n t  f o r  t h e  
o t h e r  t h r e e  t imes o f  t h a t  case. 

The g r i d  used f o r  t h e  quiescent  cases 
a l s o  was movable, b u t  o n l y  w i t h  respec t  t o  
l a t i t u d e .  The ze ro  o f  r e l a t i v e  l a t i t u d e  was 
p o s i t i o n e d  a t  t h e  instantaneous zonal mean 
l a t i t u d e  o f  t h e  ITCZ c l o u d  band through t h e  
l o n g i t u d i n a l  e x t e n t  (165"W t o  105OW) of t h e  g r i d  
domain. 

The d i sp layed  gray shades l o c a t e d  above 
t h e  water  vapor image were grouped i n t o  f o u r  
gray-shtde ca tegor ies  o r  "b r i gh tness  temperature 
i n d i c e s  (BTI), rough ly  e q u a l l y  d i v i d e d  across 
t h e  range o f  p o s s i b l e  gray shades. Category 1, 
t h e  l owes t  b r i gh tness  temperatures, represents  
deep convec t i ve  c loudiness.  Category 2 i s  
assoc ia ted  w i t h  t h i n  o r  m u l t i - l a y e r e d  c loud iness  
i n  t h e  m idd le  o r  upper troposphere. Categories 
3 and 4 a r e  assoc ia ted  w i t h  i n c r e a s i n g  dryness 
o f  t h e  m idd le  and upper troposphere. These l a s t  
two ca tegor ies  rep resen t  reg ions  devoid o f  
m idd le  and upper clouds. 

G r i d d i n g  was performed by s e l e c t i n g  f o r  
each example a t  t h e  d e f i n i t i o n  t i m e  t h e  category 
(1 through 4)  which b e s t  matches t h e  gray shade 
o f  t h e  small  t r i a n g u l a r  area represented by each 
g r i d  p o i n t .  Th i s  was repeated f o r  each o f  t h e  
35 events. Composites were cons t ruc ted  by 
averaging t h e  BTI a t  each g r i d  p o i n t .  Averaged 
g r idded  da ta  were contoured. The BTI v a r i e s  
between va lues o f  1 ( convec t i ve  c l o u d  a t  a 
g r i d p o i n t  f o r  n e a r l y  eve ry  case) and 4 ( n e a r l y  
dry above t h e  boundary l a y e r  f o r  n e a r l y  every 
case). Composites were cons t ruc ted  f o r  each of 
t h e  o t h e r  t imes (-48 h, -24 h, and +24 h, and 
f o r  t h e  qu iescen t  events) .  The r e s u l t i n g  s e t  o f  
f i v e  maps represents  t h e  composite p a t t e r n  of 
t h e  developmental stages o f  a mo is tu re  b u r s t ,  as 
seen i n  WV imagery, and a composite o f  qu iescent  
c o n d i t i o n s  i n  t h e  same imagery. These composite 
mappings o f  t h e  WV s t ruc tu re1  o f  a mo is tu re  b u r s t  
as shown by t h e  BTI p a t t e r n  a r e  d iscussed i n  t h e  
n e x t  sec t i on .  

4. THE WATER VAPOR STRUCTURE OF MOISTURE 
BURSTS 

o f  d e s c r i b i n g  mo is tu re  b u r s t s  s o l e l y  i n  terms o f  
t h e  appearance i n  I R  imagery. The r e s u l t i n g  
p i c t u r e  and understanding of mo is tu re  b u r s t s  i s  
p recond i t i oned  by, and l i m i t e d  to ,  t h e  c loud  
p a t t e r n s  viewed by I R  p i c t u r e s .  S i g n i f i c a n t  
m o d i f i c a t i o n  t o  ou r  understanding r e s u l t s  when 
mo is tu re  b u r s t s  a r e  seen f rom a d i f f e r e n t  p o i n t  
of view -- WV imagery. Weaker systems, precur-  
s o r  s i g n a l s  develop ing be fo re  t h e  clouds appear, 
and lower  t ropospher i c  features a r e  a l l  impor- 
t a n t  examples. 

4.1 Quiescent  Composite 

The quiescent  composite represents  t h e  
water  vapor f i e l d  when t h e r e  i s  no d e f i n e d  
mo is tu re  b u r s t  a c t i v e  i n  t h e  eas te rn  Nor th  
P a c i f i c  area f o r  a t  l e a s t  24 h bo th  be fo re  and 
a f t e r  t h e  t ime  o f  each o f  t h e  35 cases used i n  
cons t ruc t i on .  The i n t e n t  o f  t h e  quiescent  
composite i s  t o  p rov ide  a means f o r  e v a l u a t i o n  
o f  t h e  uniqueness and r e l a t i v e  s t reng ths  of t h e  
mo is tu re  b u r s t  as seen i n  t h e  f o u r  WV composite 
cha r t s ,  e s p e c i a l l y  i n  t h e  water  vapor p recu rso r  
p a t t e r n  when p a t t e r n s  a r e  n o t  prominent. Note 
t h a t  t h i s  composite i s  " q u i e t "  o n l y  i n  t h e  sense 
t h a t  t h e r e  a r e  no i d e n t i f i a b l e  mo is tu re  b u r s t s  
o c c u r r i n g  i n  t h e  g r i d  domain w i t h i n  a p e r i o d  o f  
about two days. 

The p a t t e r n  o f  BTI i n  t h e  KV channel f o r  
t h e  quiescent  composite i s  shown i n  Fig. 1. I n  
genera l ,  t h e  BTI p a t t e r n  shows a n e a r l y  E-W 
o r i e n t a t i o n .  The genera l  f e a t u r e s  a r e  o f  
a l t e r n a t i n g  zonal bands o f  warmer, d r i e r  (h ighe r  
BTI)  and co lde r ,  w e t t e r  f ea tu res .  The m o i s t  
f e a t u r e  near 0" r e l a t i v e  l a t i t u d e  represents  t h e  
mean p o s i t i o n  o T T F T T C Z .  It i s  more m o i s t  
( lower  BTI, suggest ing a more a c t i v e  ITCZ i n  
t h i s  area)  and d i sp laced  s l i g h t l y  poleward on 
t h e  e a s t  s i d e  o f  t h e  domain. The d r y  fea tu res  
n o r t h  and south appear t o  be evidence o f  t h e  
mean l o c a t i o n  o f  t h e  subs id ing  branch o f  t h e  
Hadley C e l l  c i r c u l a t i o n .  On t h e  n o r t h e r n  s ide,  
t h e  Hadley c i r c u l a t i o n  appears asymmetric, w i t h  
t h e  ascending branch s t ronger  t o  t h e  eas t  and 
t h e  descending branch s t ronger  t o  t h e  west; of 
course, t h i s  i s  not a c losed  c i r c u l a t i o n .  The 
m o i s t  f e a t u r e  on t h e  no r the rn  edge o f  t h e  
composite i s  l i k e l y  t h e  southern edge of t h e  
c l i m a t o l o g i c a l  p o s i t i o n  o f  an u pe r - l eve l ,  
d i f l u e n t  t rough  i n  t h e  w e s t e r l i e s  [Palmen and 
Newton, 1969),  and t h e  g e n e r a l l y  more m o i s t  
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Fig,  1. Composite water  vapor mapping f o r  t h e  
qu iescen t  (non-moisture b u r s t )  events. 
I s o p l e t h s  a r e  b r igh tness  temperature index, w l  t h  
low be ing  mo is t .  McGuirk e t  a l .  d iscussed t h e  l i m i t a t i o n s  
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atmosphere t o  t h e  n o r t h  o f  t h e  s u b t r o p i c a l  h ighs 
Of  t he  no r the rn  hemisphere. 

4.2 Precursor  Composite (48 h be fo re  d e f i n i -  
tio?) 

McGuirk e t  a l .  (1987) s t a t e  t h a t  t h e  
f i r s t  d i s t i n c t  poleward advance, seen i n  VIS 
and/or I R  imagery, o f  t he  c louds of a develop ing 
mo is tu re  b u r s t  begin some 12 t o  24 h be fo re  t h e  
b u r s t  reaches i n i t i a l  m a t u r i t y .  F igu re  2, a 
Composite o f  t h e  d i s t r i b u t i o n  o f  BTI 48 h before 
t h e  b u r s t  reaches m a t u r i t y ,  suggests t h a t  WV 
imagery prov ides u s e f u l  i n f o r m a t i o n  much e a r l i -  
er .  Three fea tu res  a re  wor thy of note. The 
ITCZ con ta ins  two a c t i v e ,  o r  mois t ,  reg ions  
separated by a d r i e r  r e g i o n  between r e l a t i v e  
l ong i tudes  t5" and +ZOO. A l i n e  drawn a long t h e  
a x i s  o f  t he  low BTI r e g i o n  suggests a wave 
p a t t e r n  a long t h e  ITCZ w i t h  a c r e s t  near r e l a -  
t i v e  l a t i t u d e  +lo and r e l a t i v e  l o n g i t u d e  +6". 
The d i s t r i b u t i o n  of var iance o f  t h e  ET1 suggests 
t h a t  t h e  d r y  (h igh  BTI va lues)  r e g i o n  i s  a 
r e a l  i s t i c  and s t a t i s t i c a l  l y  s i g n i f i c a n t  feature, 
as i s  t h e  wave- l ike pa t te rn .  

200 40" 
Relative Longitude 

Fig. 2. As i n  Fig. 1, except f o r  p recu rso r  
composite, 48 h be fo re  mo is tu re  b u r s t  d e f i n i -  
t i o n .  I n  t h i s  and l a t e r  diagrams, s t i p p l e d  
areas a r e  r e l a t i v e l y  mois t ;  hatched areas a r e  
dry. 

The second f e a t u r e  i s  t h e  ENE-WSW a x i s  
o f  h i g h  BTIs p a r a l l e l  t o ,  and some 1300 km t o  
t h e  NNW o f ,  t h e  m o i s t  b e l t .  A s i m i l a r ,  b u t  
weaker, feature i s  seen south o f  t h e  ITCZ band. 
The g r a d i e n t  o f  ET1 i s  a maximum between t h e  
ITCZ and t h e  h i g h  BTIs t o  t h e  NNW. 

The t h i r d  f e a t u r e  i s  t he  r e g i o n  of low 
BITS i n  t h e  nor thwest  co rne r  o f  t h e  g r i d  t o  t h e  
n o r t h  o f  t h e  d r y  center .  It has t h e  appearance 
and p o s i t i o n  suggest ing a m i d d l e - l a t i t u d e  wave 
i n  t h e  p o l a r  w e s t e r l i e s  ( t h e  abso lu te  l a t i t u d e  
o f  t h e  no r the rn  boundary o f  t h e  composite c h a r t  
i s  near  35'N). A check o f  i n d i v i d u a l  cases 
shows t h a t  over  th ree - fou r ths  have a c loud  mass 
i n  t h i s  p o s i t i o n  which f i t s  t h e  d e s c r i p t i o n  of a 
c o l d - f r o n t a l  band i n  I R  imagery. 

A g raph ica l  s u b t r a c t i o n  (F ig .  3) of t h e  
quiescent  composite f rom t h e  composite of 48 h 
be fo re  mo is tu re  b u r s t  m a t u r i t y  emphasizes t h e  
features and anomalies i n  t h e  p recu rso r  compos- 
i t e .  Note f o r  example t h e  increase o f  ET1 eas t  
o f  t h e  g r i d  o r i g i n  and t h e  decrease near and 
southwest o f  t h e  o r i g i n .  Also, no te  t h e  i n d i c a -  
t i o n  o f  s t reng then ing  o f  t h e  ET1 g r a d i e n t  n o r t h  
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Fig.  3, Graphica l  s u b t r a c t i o n  o f  t h e  quiescent  
composite (F ig .  1) from t h e  p recu rso r  composite 
(Fig. 2). Contours a r e  BTI values m u l t i p l i e d  by 
10, w i t h  p o s i t i v e  s i g n i f y i n g  d r i e r  t han  quies-  
cent. 

o f  t h e  ITCZ west o f  t h e  o r i g i n  and t h e  l a r g e  
drop i n  BTI i n  t h e  NW co rne r  o f  t h e  cha r t .  The 
spacing o f  anomaly cen te rs  a long t h e  ITCZ 
suggests a wave o f  l e n g t h  near 4000 km. 

4.3 I n i t i a t i o n  Composite (24 h before 
d e f i n i t i o n  I 
The composite cons t ruc ted  f o r  24 h 

be fo re  b u r s t  d e f i n i t i o n  (F ig .  4) revea ls  fea-  
t u r e s  s i m i l a r  t o  those o f  Fig. 2, though w i t h  
s i g n i f i c a n t  d i f f e rences .  The mo is t  area a long 
t h e  ITCZ i s  no l onger  s p l i t ,  and t h e  ET1 values 
i n d i c a t e  t h a t  t h e r e  i s  l e s s  convect ive a c t i v i t y  
than e a r l i e r  west o f  t h e  g r i d  o r i g i n ,  w h i l e  t h e  
BTI values eas t  o f  t h e  g r i d  o r i g i n  have de- 
creased (moistened); t h e  2.6 BTI con tou r  has 
expanded s i g n i f i c a n t l y  m e r i d i o n a l l y .  The 
maximum decrease occurs about 1500 km eas t  of 
t h e  o r i g i n ,  suggesting t h e  p r o b a b i l i t y  of 
maximum convect ive a c t i v i t y  there.  However, 
t h e r e  i s  l i t t l e  evidence o f  a m o i s t  a x i s  devel- 
op ing e x t e n s i v e l y  t o  t h e  NE i n  advance o f  t h e  
develop ing mo is tu re  bu rs t ;  nor theastward c loud  
progress ion comnences w i t h i n  12 h a f t e r  t h e  
i n i t i a t i o n  composite o f  F ig .  4. Both t h e  d r y  
r e g i o n  t o  t h e  NW o f  t h e  o r i g i n  and t h e  s t r o n g  
g r a d i e n t  o f  BTI con t inue  as dominant features; 

0) U 
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.- c - 
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Fig. 4. As i n  Fig. 1, except f o r  i n i t i a t i o n  
composite 24 h b e f o r e  d e f i n i t i o n .  
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the counterclockwise turning of the strong- 
gradient axis is the principal indicator of the 
evolving burst. The axis has extended all the 
way to the northeast corner of the domain, 
although the strong gradient is confined to 
within about 5" of the ITCZ. The moist middle 
latitude. feature in the NW portion of the 
com osite shows significant drying (increase in 
BTIP and spreading with decreasing gradient of 
BTI during the 24-h interval before Fig. 4. 
This indicates either a weakening of the dynamic 
mechanism associated with this feature or a 
rapid movement or both. Recall that the origin 
of the composite is effectively fixed in posi- 
tion, so eastward propagation of the feature 
nearer the westerly belt is expected. 24-h 
changes from precursor to initiation composite 
are shown quantitatively in Fig, 5, which is the 
graphical subtraction of the pattern of Fig. 2 
from that of Fig. 4. The pattern reflects 
intensification of the ITCZ wave, a narrow 
warming/drying band on the north side of the 
ITCZ, a broader moistening band further north, 
and another drying band on the northern border 
of the domain. 
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Fig. 5. 24-h BTI change from the composites 48 
h and 24 h before definition computed by graphi- 
cally subtracting Fig. 2 from Fig. 4. Contours 
as in Fig. 3. 

4.4 Definition Composite (zero time) 

During the 24 h following initiation 
(Fig. 4), the moisture burst grows from no 
indication in VIS or window channel imagery to 
an extensive plume of visible cloud at least 
2000 km in length and crossing 15"N (absolute 
latitude). By this burst definition time ("zero 
time"), the corresponding WV composite (Fig. 6) 
presents a very distinct pattern of a mature 
burst: 

NE-SW and centered some 1600 km to the 
ENE o f  the origin point. 

axis E-W centered some 800 km NW of the 
origin point. 

* A strong gradient of BTI on the south 
side and especially on the west side of 
the burst. 

In addition, indications of the ITCZ extend both 
east and west along 0" relative latitude, with 
an indication that the western part is slightly 
south of and considerably weaker than, the 
eastern part. As in the earlier composites, a 

* An elliptical area of low BTI oriented 

* A region of quite high BTI with long 

- 200 0' 20" 4 0  

Relative Longitude 

Fig. 6. As in Fig. 1, except for definition 
time. 

wave pattern along the ITCZ is visible, and 
appears to have amplified. The northern edge o f  
the composite shows weak indications o f  two 
moist pockets spaced about 3000 km apart. 

The extent of the moisture burst cloud 
band at this time exceeded 4000 km from the 2.6 
BTI line near the grid origin to the same line 
at the leading edge of the burst. The minimum 
value of BTI of 1.7 suggests significant deep 
convection. The signature for the definition 
stage of the burst as displayed in the WV 
channel data is very like that displayed in 
window channel and/or visible imagery. 

The 24-h change chart for the period 
ending at definition time (Fig. 7) supports the 
concept o f  the near explosive development of the 
moist area northeast of the grid origin, and 
continued wave intensification. Note the drop 
of BTI of a full unit some 1400 km ENE of the 
origin and the significant rise of BTI north and 
northwest of the origin. Along with the cloud 
generation along the mofsture burst axis there 
was significant drying immediately west of the 
moisture burst. However, this dry area seems to 
develop well before definition time; the BTI 
increases in this area appear to be associated 
mainly with eastward movement of the moisture 
burst system through the grid. 

Comparison (not pictured) of the quies- 
cent stage (Fig. 1) with the definition compos- 
ite (Fig. 6) shows that the moisture burst 
exhibits a coherent pattern of anomalies over a 

-20" 0" 2 0  40 ' 

Relative Longitude 

Fig. 7. As in Fig. 5, except for the composites 
24 h before and at the definition time. 
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significant portion of the eastern Pacific 
environment. 

Mature Composite (24 h after definition) 

The final moisture burst composite in 
Fig. 8, constructed for 24 h after the initial 
maturity time, shows features similar to those 
at definition (Fig. 6) except that the burst has 
had time to spread further NE and gradients and 
sharpness of the features have decreased. The 
low BTI center associated with the burst also 
has shown a significant increase in value (a 
drying). This drying is probably a combination 
of weakening of the moisture burst dynamics and 
variation in the orientation of the burst from 
case to case. The variation is likely the less 
significant of these factors since the area of 
the 2.6 BTI isoline has shown little change from 
the definition composite. 

4.5 

- 200 0" 20" 40' 

Relative Longitude 

Fig. 8. As in Fig, 1, except mature composite, 
24 h after definition. 

The dry area to the west of the burst 
has shown only slight weakening (moistening) as 
contrasted with the pronounced change in the 
moist area. There also is slight indication of 
rejuvenation of convective activity along the 
ITCZ, away from the moisture burst. 

5. A MODEL OF DEVELOPMENT IN WATER VAPOR 
IMAGERY 

The composites described in the preced- 
ing section contain sufficient consistency and 
continuity to allow construction of a model 
describing the development of the synoptic 
entity which we call a "moisture burst" in terms 
of its characteristics in 6.7 micrometer image- 
ry. The model contains four stages, based on 
the four composites : 

a) Precursor: about 48 h before 

b) Initiation: about 24 h before 
definition. 

def i ni ti on. 
c) Definition- stage: Ident i f ied 

moisture birst. 
d) Mature stage: 24 h after defini- 

In some cases, the system may not begin actual 
dissipation until much longer than 24 h after 
initially reaching maturity -- bursts have 
lasted as long as 10 d. 

Examination of the composites, of the 
water vapor imagery themselves, and of the 

tion. 

corresponding window channel imagery, indicated 
a relationship between the BTI contours and the 
existence of middle and upper tropospheric 
clouds on window channel imagery. The 2.6 BTI 
contour seems to be the average cloud/no cloud 
cutoff value for middlehpper troposphere, 
Similarly, the 3.2 BTI contour is assumed to be 
the boundary of the region of enhanced subsi- 
dence to the west of the (incipient) burst 
region. This value represents an area that is 
somewhat drier than the normal background signal 
of the quiescent composite. 

Three separate signals are recognizable 
in the composites and are transferred to the 
model (Fig. 9). The first is the wetter (lower 
BTI) values of the ITCZ, labelled A in the 
model. This signal later becomes the moisture 
burst. The signal labelled B is the encroaching 
mid-latitude trough to the NW. C is the region 
of enhanced dryness associated with subsidence 
west of the burst origin region. These signals 
are represented by the appropriately-label led 
stippled areas in Fig. 9. 

Fig. 9a represents the precursor stage, 
when the ITCZ (with its axis represented by the 
dashed line) has a section of relative minimum 
convective activity a short distance downstream 
from the origin of the burst-to-be and between 
the two active areas A. The approaching middle- 
latitude trough ( B )  and the dry region of 
suppressed activity (C) are shown at the upper 
left and left center, respectively. The solid 
lines with directional indications suggest the 
upper tropospheric flow pattern of the precursor 
stage: the intensifying middle latitude trough 
in the northwest and the cross-equatorial flow 
into a speed maximum immediately west of the 
burst origin and thus directly over the region 
of maximum gradient of BTI. These wind fields 
were determined by use of the individual wind 
analyses of the European Centre for Medium Range 
Weather Forecasting. 

Fig. 9b represents the initiation stage 
some 24 h before burst definition, and usually 
shortly before the burst is apparent in window 
channel imagery. By this time, convective 
activity, signal A, has decreased along the 
western portion of the ITCZ and increased in the 
central section where the wave crest is located. 
Signal B shows some spreading eastward, while 
signal C also moves to the east. The flow from 
northwest associated with signal B has moved 
equatorward and shows strong confluence and an 
associated speed maximum near the burst origin 
in association with the cross-equatorial flow. 
The visual manifestations of the moisture burst 
are not yet present. Nonetheless, the indica- 
tions of burst development are definite in terms 
of evolving wind pattern. 

Fig. 9c shows signal C near maximum 
extent and signal A showing extensive develop- 
ment to the NE as the winds east of the origin 
back, and the ITCZ wave continues to intensify. 

The continued maintenance or gradual 
dissipation o f  the burst is shown in Fig. 9d, 
with the upper trough retreating poleward and 
the convection of the ITCZ reestablishing 
itself. The gradient between signals A and C 
shows distinct weakening by this time. 

6. CONCLUSIONS 

A model of the signatures of a synoptic 
development as seen in 6.7 micrometer water 
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Fig. 9. A model o f  mo is tu re  b u r s t  development as seen i n  6.7 micrometer water  vapor imagery. a. 
Precursor  stage. b. I n i t i a t i o n  stage. c. D e f i n i t i o n  stage. d. Mature stage. Symbols a r e  expla ined 
i n  t e x t .  

vapor channel imagery i s  cons t ruc ted  e a s i l y  from 
a composite o f  cases, i n  t h i s  example a mo is tu re  
b u r s t  over  t h e  eas te rn  P a c i f i c  Ocean. Some o f  
t h e  s igna tu res  appear i n  t h e  water  vapor imagery 
be fo re  appearance i n  t h e  window channel o r  
v i s i b l e  imagery. 

One o f  t h e  advantages, n o t  p r e v i o u s l y  
discussed, o f  u s i n g  t h i s  form o f  s a t e l l i t e  
imagery i s  t h a t  i t  u n i q u e l y  c l a r i f i e s  t h e  r o l e  
o f  t h e  t r o p i c s  i n  t h e  e v o l u t i o n  o f  mo is tu re  
bu rs ts .  Prev ious s t u d i e s  (Anderson and 01 i v e r ,  
1970) focus on t h e  impor tan t  m i d - l a t i t u d e  
aspects t o  t h e  near  e x c l u s i o n  o f  any a c t i v e  
t r o p i c a l  r o l e .  The WV imagery, p a r t i c u l a r l y  t h e  
24-h change maps, focus on impor tan t  t r o p i c a l  
development, almost t o  t h e  e x c l u s i o n  o f  mid- 
l a t i t u d e  features.  Th is  emphasis has been an 
unexpected b e n e f i t  o f  WV images. 

F i n a l l y ,  a t e s t  o f  t h e  f o r e c a s t  c a p a b i l -  
i t y  o f  t h e  model was performed on 120 consecu- 
t i v e  days i n c l u d i n g  29 mo is tu re  bu rs ts .  A 
m e t e o r o l o g i s t  g i ven  2 h o f  t r a i n i n g  w i t h  t h e  
models was a b l e  s u c c e s s f u l l y  t o  f o r e c a s t  19 
(65%) o f  t h e  b u r s t s  a t  l e a s t  24 h i n  advance o f  
d e f i n i t i o n .  I n  o n l y  6 cases were b u r s t s  f o r e -  
c a s t  when none occurred. Forecast  f a i l u r e s  were 
dominated by s i t u a t i o n s  o f  m u l t i p l e  synop t i c  
systems i n  t h e  P a c i f i c  domain, Th is  p r e l i m i n a r y  
t e s t  suggests t h a t  t h e  precursor  s i g n a l s  i n  6.7 
micrometer water  vapor imagery a r e  s u f f i c i e n t l y  
r o b u s t  t o  a l l o w  s i g n i f i c a n t  f o r e c a s t i n g  s k i l l  
over  24 t o  48 h. 
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1. INTRODUCTION 

Satellite images have historically played an 
important role in analysis and forecasting of 
tropical cyclones. This has been mainly a result 
of detection and tracking. In fact, it is only 
since the advent of satellites that an accurate 
global climatology of tropical cyclones has been 
possible. More recently, with the availability 
d i g i t a l  satellite data from geostationary 
satellites, and computer-based image display 
Systems and workstations; quantitative satellite- 
derived information has been used by researchers 
and operational forecasters. The most useful 
quantitative data has been the e q u i v a l e n t  
blackbody temperatures from the infrared image 
data. The infrared temperatures provide estimates 
of the extent and intensity of deep convective 
clouds which grow to near or above tropopause 
height. A large portion of the tropical cyclone 
cloud shield consists of thin, non-precipitating 
cirrus clouds. For example, the familiar infrared 
cloud image of a tropical cyclone (often shown 
without image enhancement) typically includes 
infrared temperatures ranging from -1OOC to -85OC. 
It is important to use a sufficiently cold 
temperature threshold to differentiate the active 
deep convective regions from the total cloud 
shield. 

Previous studies (Adler and Rodgers, 1977; 
Gentry, et al., 1980; Steranka, et el., 1986) have 
shown relationships between satellite infrared 
cloud measurements and tropical cyclone intensity 
changes. Dvorak (1984) has developed a technique 
to estimate tropical cyclone intensity based on 
subjective identification of features in the 
visible and infrared images. His method also 
includes an objective algorithm for mature 
tropical cyclones computed from the infrared cloud 
top temperature field. Dvorak's technique has 
been used operationally for several years. 

This paper reports on some preliminary results 
of an extensive project to not only improve 
intensity estimates of tropical cyclones, but also 
extend satellite diagnosis to other attributes 
such as outer core wind distribution and tropical 
cyclone genesis. One of the drawbacks of tropical 
cyclone research with satellite data has been the 
lack of hinh quality data sets to verify the 
satellite diagnosis. An extensive data set has 
been compiled from U . S .  Air Force reconnaissance 
flights in the West Pacific. This aircraft data 
set is used along with the satellite data for the 
findings presented in this paper. Three-hourly 
GMS (geostationary at 140°E) satellite data at 10 

km resolution have been extensively analyzed for 
48 tropical storms and typhoons during 1983-1984- 
This is a unique data combination which 
suitable for research addressing a wide variety of 
topics including tropical cyclone motion and 
genesis. 

2. GMS SATELLITE DATA 

The GMS data sets used for this study were 
extracted from the ISCCP (International Satellite 
Cloud Climatology Project) archive, which is 
comprised of full disk image files at 10 km 
resolution for both visible and infrared at three- 
hour intervals (World Climate Research Programme, 
1985). Each 10 km by 10 km data point (pixel) has 
a count value, calibrated to radiance. For 
infrared image data, this can be converted to a 
brightness temperature (T >,  which is often 
referred to as equivalent b3ackbody temperature. 
Since infrared image data is sensed at the 11.2 
micrometer wavelength (the window region), the 
clear atmosphere is nearly transparent and TB 
measures the radiative temperature of the cloud, 
the surface, or combinations of the two within the 
10 km square field. The range of T associated 
with each count value varies from atout 0.5OC to 
2.O0C. Therefore, the infrared image data can be 
color enhanced, shaded, etc., to a resolution of 
approximately 1.5OC at t y p i c a l  c l o u d  t o p  
temperature. 

3. RECONNAISSANCE DATA 

Observations from the U . S .  Air Force storm 
reconnaissance missions during 1977 through 1984 
have been compiled at Colorado State University by 
Dr. William M. Gray and staff. These data have 
been used for previous studies of typhoon wind 
profile variability (Weatherford, 1985 , 1987) and 
t r o p i c a l  c y c l o n e  g e n e s i s  ( L u n n e y ,  1987; 
Middlebrooke, 1987). The observations were taken 
aboard WC-130 aircraft at 15-minute intervals. 
They include m e a s u r e m e n t s  o f  s e a  s u r f a c e  
t e m p e r a t u r e ,  flight level temperature and 
dewpoint, flight level wind direction and speed, 
and sea-level pressure extrapolated to the surface 
from a flight level D-value (Henderson, 1978). 
Two kinds of flight missions are tasked by the 
Joint Typhoon Warning Center (JTWC) at Guam: 
investigative missions (invests) and fix missions. 
The invests are flown at low-level (1500 feet) to 
determine whether or not a low-level circulation 
center exists in a suspect area. Fix missions are 
flown at 700 mb to pinpoint the location of a 
tropical cyclone already known to exist. 
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4. PRELIMINARY RESULTS BASED ON 1983-1984 WEST 
PACIFIC TROPICAL CYCLONES 

Time series plots of cloud areas derived from 
the infrared GMS data were produced for the entire 
life cycle of each tropical cyclone including at 
least two days prior to classification as a 
tropical depression. Cloud areas were defined by 
circular cyclone-centered areas ranging from one 
to eight degrees latitude radius, and infrared 
tem erature thresholds ranging from -55OC to 
-85 C. Time series of observations from each 
aircraft mission were also plotted. Analyses for 
a v a r i e t y  o f  c o m b i n a t i o n s  o f  c l o u d  a r e a  
definitions have been plotted as time series for 
most of the West Pacific tropical cyclones during 
1983-1984. 

8 

A few of these plots have been selected to 
illustrate some important points regarding 
objective satellite diagnosis for three different 
topics: 1) tropical cyclone intensity changes, 2) 
tropical cyclone size and outer core winds, and 3) 
tropical cyclone genesis. 

a. Intensity 

Tropical cyclone intensity is generally 
expressed as either maximum sustained wind speed 
or minimum sea-level pressure. Figure 1 shows 
plots of area of infrared temperature less than 
-65O C within 6 degrees radius for three typhoons. 
The minimum sea-level pressure for each typhoon is 
plotted in Figure 2. A very large diurnal 
variation with an early morning local time maximum 
is noted. This diurnal variation is described in 
detail by Zehr (1987). A 24-hour running mean of 
the satellite observations effectively removes the 
diurnal variation and allows the changes in deep 
convection to be more readily related to intensity 
changes. 

Figures 3, 4, and 5 are plots of the 24-hour 
running mean of infrared cloud areas less than 
-75Oc, for radius out to 4, 2, and 1 degrees 
latitude respectively. Each figure includes 
notation of the time the cyclone attained tropical 
storm intensity (35-knot sustained winds), typhoon 
intensity (64 kt) and maximum intensity. The 
maximum cold cloud areas are associated with 
deepening typhoons while filling systems show 
rapidly decreasing convective cloudiness. Note 
that for each typhoon, the peak in cold cloud area 
precedes maximum intensity. In addition, the deep 
convective cloud areas located near cyclone center 
(Figs. 4 and 5) relate better to intensity change 
than the cold cloud areas for the larger areas 
(Figs. 1 and 3 ) .  The observation that a maximum 
in satellite-derived cold cloudiness precedes 
maximum tropical cyclone intensity has been shown 
by several previous studies (Gentry, et al., 1980; 
Motoki and Shimada, 1986; Steranka, et al., 1986; 
Zehr, 1987). It has not yet been determined 
whether an objective satellite-derived quantity 
can consistently and accurately estimate intensity 
change for a large sample of tropical cyclones. 

When one compares cold cloud area extent to 
intensity for a number of different storms, three 
main conclusions become apparent regarding the 
relationship between satellite estimates of deep 
convection and tropical cyclone intensities. 1. 
Deep convection intensity and extent correlate 
better with intensity change than with absolute 

P ~ X E L S  < -6s ncc. c 

10122 10123 10124 10125 10126 10127 10128 

4 11/15 11/16 11/17 11/18 11/19 11/20 

Fig. 1. Area of infrared temperature less than 
-65OC, within 6 degrees latitude of cycloqe 
center. Each pixel equals approximately 100 km . 
Date and time are given in GMT. The dashed 
vertical lines are 00 GMT. a. Supertyphoon 
Vanessa. b. Super typhoon Marge . c. Typhoon 
Clara. 
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intensity. 2. Convective cloudiness close to the 
cyclone center relates better to intensity 
changes, as opposed to convection over a large 
a r e a  w h i c h  i n c l u d e s  the e n t i r e  c y c l o n e  
circulation. 3. Intensity estimates should be 
based on cold cloud areas which are circularly 
symmetric around the cyclone center. This 
conclusion follows from the observation that some 
tropical c y c l o n e s  in a s t r o n g l y  s h e a r e d  
environment may have extensive cold cloud areas, 
but their intensity is inhibited due to the low- 
level center being displaced from the deep 
convection. 
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These conclusions i l l u s t r a t e  w h y  t h e  
subjective, empirical rules included in the 
intensity estimate technique developed by Dvorak 
(1984) have shown more success in than any simple 
quantitative satellite-derived m e a s u r e  o f  
intensity. This is particularly true for early 
stages of development. 
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Fig. 2. Time series of minimum sea-level pressure 
(from Weatherford, 1985). a. Supertyphoon 
Vanessa. b. Supertyphoon Marge. c. Typhoon 
Clara. 
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F i g .  3. 24-hour running mean of infrared cloud 
areas with temperature less than -75OC, Zithin 4 
degrees latitude of cyclone center (R-0-4 1. Data 
is plotted centered on the period of each 24-hour 
mean. Times of first tropical storm, typhoon, and 
m a x i m u m  i n t e n s i t i e s  a r e  i n d i c a t e d .  a. 
Supertyphoon Vanessa. b. Supertyphoon Marge. c. 
Typhoon Clara. 

b. Size and outer core winds 

As shown by Merrill (1984) and Weatherford 
(1985) the size of a tropical cyclone circulation 
and the wind speeds outside the radius of maximum 
w i n d s  a r e  a t t r i b u t e s  w h i c h  a r e  somewhat 
independent of intensity. The size can be defined 
by the "outer closed isobar'' or radius of 30-knot 
winds. For practical, operational purposes, the 
radius of 50-knot winds is also an important 
parameter. Weatherford and Gray (1987) have 
defined a quantity termed outer-core wind strength 
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(OCS) as the average observed flight level wind at 
1-2.5 degrees latitude radius from cyclone center 
for a particular reconnaissance cyclone fix 
mission. The average OCS were computed for the 
entire life cycle of several typhoons. Figure 4 
shows the OCS values along with the time series of 
areas with infrared temperature less than -65OC at 
2-6 degrees latitude radius from center, for three 
pairs of typhoons. Each pair was chosen as two 
typhoons with comparable maximum intensities, but 
largely different outer core winds. Note that each 
typhoon with the stronger outer core winds also 
has significantly more deep convective clouds (as 
measured by cloud area with infrared temperature 
less than -65' C). Weatherford (1985) showed that 
radius of 50-knot winds, radius of 30-knot wind, 
and outer core mean wind speeds are all correlated 
fairly well to each other. Therefore, there 
appears to be a relationship between convective 
cloudiness outside the central core region, and 
the outer tropical cyclone circulation wind 
profile. This relationship was proposed in a 
study by Wei and Gray (19851, but they did not 
have access to digital satellite data to give an 
accurate quantitative measure of convective 
cloudiness. 

Figure 6 also indicates that additional 
research is needed before satellite data can 
provide a good estimate of size or outer core 
winds for a given time period. This is because 
the convective cloud amounts even at outer radii 
are not independent of intensity. In addition, 
there is a tendency for outer core winds to 
continue to increase after maximum tropical 
cyclone intensity has been reached. Weatherford 
(1985) also showed a relationship between latitude 
and outer core winds, with cyclones further north 
having a greater tendency for strong outer wind 
speeds. 

STY VRNESSH - STRONG DUTCH WINOS 
STY BILL -WERK OUTER WINOS 

RADIUS = 2-6 SECTOR R 
Average Outer Cure Windr Inr.1) 

I 

VANESSA 24.5 

TIME 

Fig. 6. Pairs of areas with infrared temperatures 
areas less than -65OC at 2 to 6 degrees radius, 
during the active convective portions of each 
typhoon. The average outer core winds during this 
period are shown. a. Supertyphoons Vanessa and 
Bill. b. Typhoons Orchid and Agnes. c. 
Supertyphoons Forrest and Marge. 
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The 1 ar ge - s c a 1 e environmental conditions in 
which tropical cyclones develop have been well 
known for many years (Gray, 1968, 1975). More 
recently, research studies based on conventional 
data analyses, rawinsonde composites, and low- 
level investigative aircraft flight data have 
identified additional characteristics which 
differentiate tropical disturbances which undergo 
cyclogenesis from those that do not (McBride and 
Zehr, 19811 Lee, 19861 Lunney, 19871 Middlebrooke, 
1987). However, forecasting tropical cyclone 
genesis remains a difficult problem and the 
physical mechanisms which form the initial cyclone 
Vortex are poorly understood. Several case 
studies have identified low-level large-scale wind 
surges which advect into the region of a tropical 
disturbance and appear to initiate tropical 
cyclone genesis (Molinari and Skubis, 19851 Lee, 
1986). 
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Fig. 7. Infrared cloud areas with temperature 
less than -6SoC, including several day8 before 
tropical depression stage. a. Supertyphoon 
Vanessa. b. Typhoon Agnes. c. Typhoon Doyle . 
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Figure 7c. 

The time series of cold infrared cloud areas 
derived from GMS data are shown in Figure 7 for 
three different typhoons (Vanessa, Agnes, and 
Doyle). The plots include the period two to 
four days before the pre-typhoon disturbance was 
classified as a tropical depression. Note that 
there is a very distinct maximum in convective 
cloudiness coinciding with the genesis period for 
each example shown. This maximum is quite large 
compared with cloud areas during the mature 
stages. Results from 1983-1984 indicate that a 
large majority of West Pacific tropical cyclones 
are preceded by a 12-36 hour period of extensive 
deep convection which is followed by a 1 to 3 day 
period of suppressed conve'ction. After this 
inactive period the extent and intensity of deep 
convection increases once again as the cyclone 
undergoes intensification and attains typhoon 
intensity. 

5.  CONCLUDING REMARKS 

This paper presents preliminary results which 
are very encouraging with regard t o  satellite 
diagnosis of tropical cyclones. The availability 
of the GMS digital infrared data allows the time 
evolution of a tropical cyclone's deep convection 
to be monitored quantitatively. The aircraft 
flight data provides an independent evaluation of 
the tropical cyclone wind and pressure 
distribution, intensity changes, motion, etc. The 
two data sources together, processed for the large 
number of tropical cyclones which occur in the 
West Pacific (approximately 25 per year), 
represent a wealth of valuable information for 
ongoing and future tropical cyclone research. The 
data set, utilized in this paper, is to be 
completed soon for the four year period 1983-1986, 
which will include nearly 100 tropical cyclones. 
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1. INTRODUCTION 

The combination of a flexible and quantitative 
GOES I-M satellite system with more powerful and 
interactive ground facilities during the 1990’s 
should lead to large advances in the utilization 
Of GOES data in severe local storm and tropical 
cyclone analysis and forecasting. How the GOES 
satellites are operated, where they are located, 
and what products are derived is critical for 
success. Hopefully, by considering these issues 
now, we can properly prepare ourselves to 
realize the full value of these valuable data. 
Two suggested operating scenarios for the GOES 
I-M satellite are presented. 
local storm situations and the other is for 
tropical cyclones. 

One is for Severe 

2 .  GOES I-M CAPABILITIES 

The GOES I-M spacecraft will be a three-axis, 
body-stabilized platform with separate imaging 
and sounding instruments. Unlike the present 
GOES where the VAS (VISSR Atmospheric Sounder) 
is time-shared to perform the imaging and 
sounding functions, the GOES I-M imager and 
sounder operate completely independent of each 
other. 
sensitivity, scan flexibility, pointing 
accuracy, signal quantization, and spatial 
resolution when compared to the current VAS. 
These characteristics are briefly summarized 
(see Juarez and Koenig, 1986 for additional 
details). 

The imager on GOES I-M is capable of multi- 
spectral observations at intervals less than 30 
sec over areas of about 1000x1000 km and can 
scan the full disk in under 30 minutes. The 
resolution will range from 1 km to 8 km 
depending on spectral interval. 
in the thermal bands will be better than 0.25 K 
at nominal scene temperatures. 
Pointing accuracy will be within 2 km, a 
Considerable improvement over the current 10 to 
20 km (Juarez and Koenig, 1986). These 
capabilities offer the opportunity for better 
atmospheric monitoring and wind field depection 
through tracking clouds and moisture features in 
image sequences. 

The GOES I-M sounder is a 19 channel filter 
radiometer that; has a small instantaneous geo- 
metric field of view (8 km), a high sampling 
rate providing rapid areal coverage (soundings 

The GOES I-M radiometers offer improved 

The sensitivity 

The absolute 

over the contiguous United States require 
roughly 40 minutes and soundings over a 
1000x1000 km area require about 10 minutes), and 
an increased thermal sensitivity for each field 
of view (e.g. better than th sounding require- 
ment of .25 mW/ster/m**2/cm-’ in the 15 vm C02 
band). While the vertical resolution o f  the 
soundings has not been significantly changed 
from the VAS, the improved calibration of these 
radiances with an external blackbody is expected 
to yield high quality soundings of temperature 
and moisture. 

3 .  SEVERE LOCAL STORM SCENARIO 

a. Introduction 

The GOES I -H  observations that are taken during 
a day of intense convection in the midwestern 
U.S. will be expected to place the greatest 
demands on the satellite and ground facili- 
ties. This is due to the space and timescale of 
the meteorological features and the rapid 
perishability of the products. All other 
mesoscale phenomena observing scenarios could be 
variations on the one for  severe local storms, 
and no increase in overall capability will be 
needed. 

b. Severe Local Storm Phases 

There are three basic phases of activity on a 
severe local storm day. 
the atmospheric conditions which are favorable 
for storm development. This will involve the 
use of regional scale and possibly mesoscale 
models which will need satellite data as part of 
the total data base. Also, the progress of key 
atmospheric circulation features (e.g., jet 
streams, areas of low level convergence) and 
indices (e.g., stability) will have to be moni- 
tored during the day, especially in the morning 
through early afternoon before any strong con- 
vection has started to develop, This is also 
when the modelling results are the most useful. 

The second phase is when the convection begins 
to grow beyond the cumulus phase. 
activities being. 
convection growth rates, and the other is the 
localizing of some of the quantities that were 
measured in phase one. Whereas phase one is the 
current outlook and watch process, phase two is 
the updating of watches and the beginning of the 
warnings. 

The first is to define 

Two important 
One is the monitoring of the 
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Phase three is when there are areas of mature 
strong convection in progress. The same moni- 
toring of favorable atmospheric conditions 
continues but its importance is lessened since 
convection has already appeared in most of the 
places that can support it. The emphasis has 
now shifted primarily to the monitoring of the 
rapid fluctuations of the convective cores to 
ascertain their present and anticipated (within 
an hour) severity. Very high imaging rates are 
now required because updraft speeds are near 
their maximum, and the air can rise, often 
nearly undiluted, to at or above tropopause 
levels. 

/ 

/ 

SWERE LOCAL STORM SOUNDING VIEWING SCENARIO 1 

Another important area of observation in phase 
three is the interactions between the storms and 
their immediate environment. This exchange of 
heat and momentum often results in circulations 
which can act to modulate convection intensity 
and strongly influence the enviornmental struc- 
ture both upstream and downstream from the 
storms. The measurements associated with phase 
three can primarily concentrate on the most 
active areas. 

The required measurements associated with the 
phases have considerably overlap in time and 
space. There are gradual transitions between 
phases. One portion of the total surveyed area 
could be in phase one, while another portion is 
in phase three. 

c. GOES I-M Observations 

In designing the severe local storm scenario, 
there were three different types of requirements 
that were considered. In addition to the 
special observations for severe local storms, 
there are simultaneous requirements for full 
disk imaging and higher frequency regional scale 
imagery to satisfy local needs over the U.S. and 
nearby areas away from the severe storm regions. 

It would be difficult to make quantitative 
calculations east of the Mississippi river from 
GOES-West at its current location (135OW). 
This, plus other considerations, has led to the 
suggestion that the GOES I-M satellites be 
positioned at 7OoW and 12OoW. 
shown in this severe local storm scenario are 
based on the 7OoW and 12OoW locations. The 
scenarios would still work with the satellites 
at their current locations but there would be a 
greater dependence on GOES-East. 

( 1 )  Sounder Coverage Scenarios 

There are two types of suggested sounder cover- 
age. Fig. 1 shows the sounder coverages for 
GOES-East and GOES-West during the first two 
phases of severe local storm development. 
coverage could also be used for any regional 
scale requirements that were centered over the 
U.S. 
can be used for profile comparisons. 
tical profiling limit for each sounder is shown, 
which will reduce the effective area for profil- 
ing slightly below the scanned areas. There is 
a slight bias in the combined coverage towards 
the west to detect systems moving from the west 
that could influence severe weather conditions 
in 24-48 hours in the central U.S. Areas of 
this size can be covered by each sounder in less 
than an hour. The size of each area is about 

The coverages 

This 

The overlap area between the satellites 
The prac- 

1 

I lk*&%'" 
\ 11w 

- GOES-E COVEUGE -.- SOUNDING UMK GOES-E --- OC€S-WCOVERAOE ...... SOUNDINGLIMK GOES-W 

Fig. 1 - First GOES I-M severe local storm 
sounding viewing scenario coverage with the 
GOES-East subsatellite point at 7O0W and the 
GOES-West subsatellite point at 12OoW. 

the same, thus the sounder scans can be synchro- 
nized. 

Once the storms have reached the mature state 
(phase three) then a scenario change is 
suggested. Fig. 2 shows a typical case where 
GOES-West still covers the same sized regional 
area as before (shifted 10' of longitude further 
east than in Fig, 1 )  while GOES-East is focussed 
on a local area. This local area is where 
strong storm environment interactions should be 
occurring and/or is an important area for future 
storm development where clouds are more numerous 
and the higher observation frequency will yield 
enough profiles for adequate coverage. 
small area is scanned in less than 10 minutes. 

The 

%. 

%. 

SNERE LOCAL STORM SOUNDING VIEWING SCENARIO 2 

- 00ES-E COVEUGE -.- IOUNDINO LlMK OOES-E --- WES-W COVERAGE ...... SOUNDlNGLlMK GOES-W v 
Fig. 2 - Second GOES I-M severe local storm 
sounding viewing scenario coverage. 
East and GOES-West subsatellite locations are 
the same as Fig. 1 .  

The GOES- 

( 2 )  Imaging Coverage Scenarios 

The imaging scenarios are a little more compli- 
cated than the ones for the sounders because 
there is a need for full-time imagery to support 
U.S. and international users, and to produce 
winds from cloud motions every 6 hours. Fig. 3 
shows the suggested imagery coverage from both 
satellites to support phases one and two of the 
severe local storm development cycle. Each 
satellite covers most of the U.S. and nearby 
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SEVERE LOCAL STORM IMAGING VIEWING SCENARIO 1 

'% I 
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.*.*. WINOS FROM CLOUD 

&ALIA STEREO AREA -.*.- 76. OF DREAT CIRCLE ARC FROM SUBSATELLITE MOTIONS LIMITQOES-E 
WIN1 IF'RAMICAL VIEWING LlMlTl 

Fig. 3 - First GOES I - M  severe local storm 
imaging viewing scenario coverage. 
satellite points as in Fig. 1 .  

Same sub- 

adjacent states, covering about the same area as 
Fig. 1. There is larger overlap in the center 
Of the U.S .  for stereo coverage which will be 
important for cloud height measurements that 
will be used to support winds from cloud motions 
and convective growth calculations. The prac- 
tical limits for winds from cloud motions, 
stereo, and imagery from a general user's per- 
spective (75' of great circle arc from the 
subsatellite point) are all shown in Fig. 3 .  It 
Will take about 3 minutes to take each image. 
There are the same size. The 3 minute interval 
Will be needed for mesoscale low level winds 
from cloud motions and convective growth in the 
early stages. Time compositing can be used to 
obtain surface temperature and low level mois- 
ture information at longer intervals with re- 
duced cloud effects due to the high image fre- 
quency. Once the storms have reached the mature 
stage, a second type of image scenario is sug- 
gested. Fig. 4 shows the coverage for two types 
of image scanning. The larger area is done from 
either satellite and provides the routine 
Coverage of the U.S. and adjacent waters every 
3 . 5  minutes. These images would be used for the 
same purpose as the ones shown in Fig. 3 .  The 
much smaller area, which could be done by either 
satellite, is designed for intensive convection 
monitoring, and covers the approximately 
1000x1000 km area in about 25 secs. 
frequency allows the proper determination of 
convective vertical rise rates for even the most 
intense cells. 
still capture most of the rise rates correctly, 
the most intense convection would not be 
properly measured. Since it is the extremes 
that are the most important, the scenarios 
should be designed to measure them. The small 
images can be combined with the larger ones to 
generate useful stereo in the small image areas 
at the frequency of the larger images since the 
greatest time separation between two would be 12 
sec. The high frequency in the small areas 
would provide the best low level cloud motion 
winds since cumulus continuity would be 
outstanding. Experiments should be performed 
with both satellites scanning the same small 
area to see i f  the high frequency stereo (which 
Would also be more precise than the stereo done 
between the small and large images) would sub- 
stantially benefit the intense convection analy- 
sis. 

This high 

While slower image rates would 

SEVERE LOCAL STORM IMAGING VIEWING SCENARIO 2 

- GOES-E COMAAQE --- OOES-W MVEAARF 

Fig. 4 - Second GOES I-M severe local storm 
imaging viewing scenario viewing coverage. 
subsatellite points as in Fig. 1. 

Same 

The final imaging scenario is when full disk 
imaging is required. During the winds deter- 
mination period, both satellties will probably 
be simultaneously operated in the f u l l  disk mode 
(every 6 hours). In between, it is suggested 
that any full disk imaging be staggered in 
time. Thus, one satellite would take one of the 
large areas in Fig. 4, while the other would 
cover the full disk (Imaging Scenario 3 ) .  

( 3 )  Scenario Timetables 

Since these sounding and imaging coverage sce- 
narios change during the day as the meteorolog- 
ical situation evolves, a timetable for their 
use was developed. Fig. 5 shows the timetable 
for a typical midwestern U.S. severe local storm 
day. The general operational requirements are 
interleaved with the special requirements for a 
storm event. 
convective onset (i.e. storms reaching the 
mature stage) begins at 1400 CST. 

The timetable is subdivided for the imagers and 
sounders and the GOES-West and GOES-East imager 
timetables are individually depicted. The 
numbers above each of the horizontal bars refer 
to a particular sounder or imager coverage 
scenario and temporal resolution, and correlate 
with the scenario numbers shown in Figs. 1-4. 
The total special observation period extends 
from 0500 CST (1100) CMT on one day to 0100 CST 
(0700 GMT).on the next. 

It is assumed that the significant 

The first sounder coverage scenario is used up 
to 1400 CST to determine the atmospheric state 
prior to and during the early stages of the 
convection. Later, this scenaro is employeed 
again for an hour each to support dynamic model 
initialization at the times when the f u l l  disk 
images are being used for cloud motion winds. 
A 1 1  of the other times, the second sounding 
scenario is used during the intense convection 
periods. 

The imager timetable is similar to the sounding 
timetable in that the switch is made at 1400 CST 
to the more intensive coverage from one or both 
of the satellites. The severe local storm 
coverage is interleaved with the full disk 
requirements through the period. 
boundaries can be flexible to cover the 
incipient storm development with stereo. 

The image 

The 
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SOUNDING AND IMAGING SCENARIO TIMETABLES FOR GOES I-M 

CST ( + 6 FOR GMT) 
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1-3 = SEE COVERAGE 
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IMAGER AND 
SOUNDER 
SCENARIOS 
(FIGS. 14) 

Fig. 5 - GOES I-M sounding and imaging timetables for a typical severe local 
storm event. Assume the onset of severe convection at 1400 CST. 

full disk requirements not associated with cloud 
motion winds are staggered such that regional 
imaging scenario 3 can continue the regional 
coverage uninterrupted during the time in 
between the cloud motion wind periods. 

4. TROPICAL CYCLONE SCENARIO 

a. Tropical cyclone detection, analysis and 
prediction and the role of the GOES satellites 

The GOES satellites have been an important part 
of the hurricane warning system for over a 
decade. 
cannot meet the needs of operations, they are 
recognized as being an indispensible tool for 
hurricane prediction. 

Hurricane forecasting is a subtle problem since 
the significant flow is weaker and mass 
gradients are far smaller than in the mid-lati- 
tudes. Thus, the remote sensing of a tropical 
disturbance and its surrounding circulations is 
more difficult due to a poorer signal-to-noise 
ratio for the necessary observations. 

Well over 50 areas of disturbed weather occur 
each hurricane season in the tropics or  sub- 
tropics, and these must be monitored for signs 
of development. Although aircraft are used to 
confirm cyclogenesis, the decision to commit 
them to flight is made primarily from the visi- 
ble and infrared imagery from the GOES 
satellites. 

Although the GOES satellites alone 

The low level circulation is identified forming 
within a cloud mass. Infrared imagery loops are 
generally less useful than the visible loops 
because of their lower resolution ( 8  km versus 1 
km) of low level features, but they are still 
essential at night. 

Once a tropical cyclone forms, it must be 
located accurately and frequently. 
canes nearing land, aircraft reconnaissance and 

For hurri- 

land-based radar are used extensively, but 
limited resources require that many hurricanes 
at sea are tracked using satellite information 
alone. In 1987, aircraft reconnaissance has 
been eliminated in the western Pacific. Finding 
the center is even more difficult at night, as 
the center of a weak or moderate cyclone is 
often apparent only in small low cloud features 
which are difficult to discern in the reduced 
resolution infrared imagery. The increased 
infrared resolution of GOES I-M is expected to 
help with this problem. 

The maximum winds and area of damaging winds 
must also be monitored as part of the tracking 
responsibility. In the absence of 
reconnaissance aircraft, intensity must be 
estimated from satellite images. Intensity is 
estimated from single images every 3 to 6 hours 
(Dvorak, 1984) with emphasis on using the en- 
hanced infrared images. The area of damaging 
winds can sometimes be measured from low level 
cloud motions determined from high frequency 
(e.g., 7 1/2 minutes) images (Rodgers, et., 
1979). 

Warnings are the core of hurricane 
forecasting. The nature, extent, and serious- 
ness of the threat must be communicated quickly 
and evoke an appropriate response. 
where the satellite images, with suitable en- 
hancements and graphic annotation, are extremely 
valuable. It is also essential that the display 
devices in the field offices allow access by the 
new media without interfering with the 
detection, tracking, and analyses functions. 

b. Goes I-M Observations 

The hurricane scenario for GOES I-M satisfies 
the traditional requirements for full disk 
imaging every 3 hours and regional scale imaging 
every half hour and attempts to schedule suf- 
ficient hurricane imaging and sounding so that 
the needs of the hurricane forecaster are met. 
Table 1 shows the 6-hour duty cycle that either 

Here is 
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Table 1 

GOES-Next Hurricane Schedule 

Time 

0- 1 

- 

1-2 

2-3 

3-4 

4-5 

5-6 

Imager 

15, 15a 

15, 15a 

full disc 

74, 71, 71, 7fb 

15, 15' 
full disc 

15, 15' 
71 ,  7 1 ,  71,  lib 

7 f ,  71, 7 1 ,  7Jb 
15, 15' 

Sounder 

eye, eyee 

eye, eyee 

eye, eyee 

eye, eyee 

eye, eyee 

USd 

USd 

f hurricane 

USd 

USd 

hurr icanef 
eye, eyee 

a initial 90 minutes of imaging enables global winds every 6 hours, three 
15-minute scans of northern hemisphere followed by the same in the 
southern hemisphere 

rapid scan imaging over hurricane covering a 4200x4200 km area (to be 
synchronized with other GOES for stereo coverage when possible) 

15-minute interval imaging to monitor convergence/divergence 

US sounding coverage takes 40 minutes for continued NSSFC support; 
landfalling hurricane situation, US coverage will be replaced by 
hurricane coverage to provide hourly sounding updates (US coverage must 
then be accomplished from the other GOES) 

attempts for eye sounding in 1000x1000 km area takes 5 minutes 

hurricane sounding coverage of 3000x3000 km area takes 40 minutes and is 
used for model initialization every 6 hours and for  monitoring major 
thermal and moisture gradients (including SST, 500-700 mb moisture) 
every 3 hours 

in a 

e 

GOES-East or GOES-West could use, depending on 
whether the storm is in the Pacific or the 
Atlantic basin. 

( 1 )  Imager Scenario 

The imager is first scheduled for three 15- 
minute scans of the northern hemisphere followed 
by three 15-minute scans of the southern hemi- 
sphere to enable determination of global 
winds. 
from half-hour interval image loops. 
been suggested that reducing the time interval 
to 15 minutes will greatly improve the calcu- 
lation of wind from cloud motions for the global 
winds. 

The next phase is rapid scan imaging over the 
hurricane area. 
minute intervals for  1 hour. 
1979, showed that up to ten times as many low 
level winds were derived from 7.5-interval 
images as from those at 30-minute intervals. 
The higher temporal resolution also increased 

Currently, global winds are produced 
It has 

This imaging occurs at 7.5- 
Rodgers, et., 

the number of traceable upper tropospheric cloud 
elements. Thus, these short interval image$ 
make it possible to produce better wind data 
between 200 and 1100 km from the tropical cy- 
clone center which will help define the area of 
winds greater than 15 m/sec knots and improve 
the initial fields necessary for numerical fore- 
casts. Attempts will be made to synchronize 
some of the rapid scan imaging from both GOES so 
that stereo coverage is possible. Hasler (1981) 
showed that the three-dimensional cloud geometry 
available from stereo imagery improves the 
altitude assignment for the cloud motion winds 
and reveals changes in the structure in the 
central dense overcast region as a function of 
time. 

Fifteen-minute imaging over the northern hemi- 
sphere follows. This allows simultaneous sup- 
port of all the national weather centers through 
the monitoring of cloud and water vapor motions 
over the continent as well as over the oceans. 

The next 3 hours are a repeat of the previous 3 
without the southern hemisphere wind coverage. 
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( 2 )  Sounder Scenario 

Sounding coverage over the hurricane region 
(3000x3000 Ian) takes about 40 minutes and is 
scheduled to occur every 3 hours. 
retrievals from this coverage can be used for 
model initializations and for monitoring the 
major atmospheric thermal and moisture gradi- 
ents. 
rapid scan imaging (7.5 minutes) from the imager 
so that wind fields and retrievals are available 
simultaneously. In addition, the radiances 
observed in the infrared window channels will 
provide sea surface temperatures (SST) in cloud- 
free areas. 

Attempts to sound in the eye of the hurricane, 
if one has formed, are scheduled to occur twice 
every hour. Sounding in the 1000x1000 km area 
surrounding the hurricane center (which takes 5 
minutes) occupies the last 10 minutes of each 
hour. While the likelihood of a successful 
sounding in the eye is not high, the value of an 
accurate determination of eye characteristics 
warrants the attempt. 

In between the three hourly hurricane sounding 
coverage, the sounder is programmed to scan the 
contiguous United States for the first 40 min- 
utes of each hour. This enables continued 
support for the National Severe Storm Forecast 
Center (NSSFC). In a landfalling situation U.S. 
coverage would be replaced by hurricane coverage 
to provide hourly sounding updates (U.S. sound- 
ing coverage would then be accomplished from the 
other GOES). 

5. CONCLUSIONS 

The profile 

The soundings are synchronized with the 

The opportunity for improved support to the 
National Severe Storm Forecast Center and the 
National Hurricane Center is coming with the 
GOES I-M launches, scheduled start in the spring 
of 1990. The satellite scenarios suggested here 
make the relevant data available in the appro- 
priate time interval. 
that will convert the data into information must 
be designed so that winds and soundings can be 
processed within an hour. The forecasting and 
analysis teams at the center must have suffi- 
cient training and familiarity with the satel- 
lite-derived products to make correct meteoro- 
logical inferences. 
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6 . 2  

THE DETECTION AND LOCATION OF LIGHTNING 
FROM GEOSTATIONARY ORBIT 

H.J. Christian 
Structures and Dynamics Laboratory 

NASA/Marshall Space Flight Center, AL 

1. Introduction 

A lightning mapper sensor as 
presently conceived will detect and lo- 
cate lightning over large areas of the 
earth’s surface, mark the time of occur- 
rence and measure the radiant energy. 
It will basically be a calibrated 
lightning imager. Scientific importance 
of these measurements include the fact 
that this type of information is not 
presently available on a large scale 
basis. With a mapper, scientists will 
be able to study the electrosphere from 
scales on the order of the earth‘s 
diameter down to the size of individual 
storms (10 km). They will be able to 
study both the spatial and temporal 
evolution of lightning activity on a 
continuous basis and relate the lightn- 
ing measurements to other observable6 
such as cloud images, radar returns, and 
the standard meteorological variables on 
both the synoptic and mesoscale. The 
ability to study lightning activity in 
continental storms will be improved be- 
cause a lightning mapper will detect all 
types of lightning, will provide near 
uniform spatial coverage and detection 
efficiency and will disseminate the in- 
formation in a readily usable form. On 
the larger scale, a lightning mapper 
will provide information that can only 
be obtained with a space-based instru- 
ment. Lightning detection in data 
sparse regions such as the tropics and 
ocean areas will be possible. Lightning 
activity could be studied on a nearly 
global basis. The evolution of storms 
as they develop and propagate will be 
compared on a regional basis. Lightning 
climatology will change from its present 
thunderstorm day based on audible 
thunder to a true measure of lightning 
activity based on flash density as 
measured in time and space. 

Table 1, a summary from Davis, et 
al. (1983) , shows a partial list of 
scientific activities that would be pes- 
sible if a lightning mapper possessing 
the basic attributes of continuous large 
area coverage, storm system spatial 

SClLNIll I C  UI’I’UI~lUNIl ICs I’USSIULE Wllll MAPPER I N  GCOSTAIIONAHY MUIIT 

MAGNETOSPHERIC AN0 IONOSPHERIC RESEARCH 
RELATIONSHIP BETWEEN LIGHTNING A N 0  WHISTLERS 
VLF-ELF ELECTROMAGNETIC NOISE 
VLF WAVES 
SCHUMANN RESONANCES 

EARTH’S ELECTRIC CIRCUIT 
FAIR WEATHER ELECTRICITY 
IONOSPHERIC CURRENTS 
ATMOSPHERIC CURRENTS 

ATMOSPHERIC CHEMISTRY 
NITROGEN FIXATION 
OZONE REACTIONS 
RADICAL AND OXIDANT FORMATION 
HCN FORMATION 
STRATOSPHERIC CHEMISTRY 

STORM PHYSICS 
LIGHTNING ACTlVlTYlSTORM INTENSITY 
OCEAN LAN0 LIGHTNING RATIO 
HURRICANE ELECTRIFICATION 
LIGHTNINGITORNAOIC ACTIVITY 
INITIAL ELECTRIFICATION 
SYMPATHETIC LIGHTNING 
WARM CLOUD LIGHTNING 

SOLAR-TROPOSPHERIC EFFECTS 
SOLAR VARlABlLlTYlLlGHTNlNG RATES 
ELECTRICAL CONNECTION 

Table 1. Examples of scientific 
disciplines that require 
lightning mapper data. 

resolution, high detection efficiency, 
high temporal resolution and a measure- 
ment of flash intensity were available. 
Figure 1 compares the proposed lightning 
mapper sensor capabilities with earlier 
satellite measurements. of particular 
importance is (1) the capability for 
detecting lightning on a continuous 
basis rather than during very limited 
periods; (2) the ability to detect 
nearly all lightnings within the sensor 
field of view (90%) rather than poor 
detection efficiencies; and (3) a spa- 
tial resolution on the order of 10x10 km 
rather than the hundreds of km that Were 
typical of the pioneering lightning sen- 
sors. 

These orders of magnitude improve- 
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SATELLllE LIGHlNlNG EXPERIENTS 

Figure 1. Characteristics of previous 
satellite lightning 
experiments. 

ments in overall sensor performance are 
rather difficult to achieve. The major 
difficulty in the detection and location 
of lightning from geostationary orbit, 
given the detection efficiency and 
resolution specified in Figure 1, is 
caused by the strong background il- 
luminated produced by sunlight reflect- 
ing from the tops of clouds. The high 
cloud albedo makes this background much 
brighter than the iL1umination produced 
by lightning. Because the lightning 
signal tends to be buried in the 
@@background noise, @@ the only way to 
detect lightning during daytime is to 
implement techniques that increase the 
lightning signal relative to the cloud 
signal. Fortunately, the character of 
the two signals is much different. 
While the lightning pulse duration Is on 
the order of 0.5 msec, the background 
illumination tends to be constant on a 
time scale of seconds; thus one could 
use temporal filtering to attenuate the 
background @@noise@@ relative to the 
lightning signal. 

Another difference between the sig- 
nals is that the lightning signal is 
composed of predominately discrete emis- 
sion lines, while the background il- 
lumination closely follows the black- 
body-like continuum of the sun; thus the 
requirement for an optimized spectral 
filter. Finally, the lightning tends to 
illuminate a smaller area than the back- 
ground and this illuminated area tends 
to change with each event. A form of 
spatial filtering can be used which 
matches the field of view of each detec- 
tor to the typical cloud top area il- 
luminated by a lightning stroke. 

Even after using these three fil- 
tering techniques, the ratio of back- 
ground illumination to lightning signal 
may still exceed 50 to 1 at the focal 
plane. For this reason, post-detection 
f i l t e r i n g  m u s t  b e  implemented. 
Feasibility studies performed by Hughes 
(V. Norwood, 1983), and TRW (Eaton, et 
al. 1983) reviewed a number of post- 
detection background removal techniques. 
They both selected analog background 
subtraction schemes similar to the one 

IC1CEOr€ wms YlClll YO1 11111. QAlA MIL 
r m  IO UI ARIII\IURT . 4fl WAITS ~ 15 XG . n.1 "1 G4 KU/S 

Figure 2. Block diagram of lightning 
mapper sensor components. 

illustrated in Figure 3. This approach 
utilizes a modified frame-to-frame sub- 
traction or adaptive filter approach. 
An important point to understand is that 
the power of any post-detection tech- 
nique is totally limited by the lightn- 
ing signal to background noise ratio 
coming off the focal plane. 

2. Sensor Components 

The design of the required filter- 
ing m e t h o d s  is conceptionallY 
straightforward. However, the actual 
Implementation can be quite complex. 
Figure 2 is a block diagram of probably 
sensor components. The optics system is 
expected to consist of a fairly fast 
lens using refractive elements and a 
narrow band filter, both of conventional 
design. The emission line centered fil- 
ter performs the previously described 
spectral filtering. The lens must be 
fast to provide high throughput because 
of the weak signals arriving at geosta- 
tionary altitude. 

The focal plane assembly (FPA) is 
the heart of the lightning mapper. This 
is the component that detects an inci- 
dent photon flux and outputs an electri- 
cal signal. Together, the lens and the 
focal plane array determine the spatial 
resolution of the mapper. The temporal 
filtering performance is determined by 
the focal plane integration time and 
readout rate. 

The focal plane assembly will con- 
sist of a large mosaic array of either 
photodiodes or charge coupled devices 
(CCD). If the FPA is operated in the 
charge integration mode, then each in- 
dividual sensor (or pixel) must be suf- 
ficiently large to store the charge 
produced by both the background and 
lightning signals. In addition, a 
physically large pixel is required to 
produce a big signal so that an adequate 
signal to noise ratio can be achieved. 
The requirement for large pixel size, a 
large number of pixels for wide area, 8 
km resolution coverage, and fast readout 
times, may be mutually exclusive. 
Hence, either multiple focal plane as- 
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semblies, each with its own lens system, 
or multiple mosaic array chips butted 
together to form a single large assembly 
may be required. 

Independent of the Specific focal 
plane geometry that is implemented, the 
major challenge in the focal plane 
design is the development of a high 
speed readout technique. As discussed 
previously, the background signal can be 
attenuated relative to the lightning 
signal if one takes advantage of the 
temporal behavior of the signals. In an 
integrating sensor, the only means to 
control this parameter is the frame in- 
tegration time. The integration time 
specifies how long a particular pixel 
accumulates a signal between readouts. 
The lightning signal to noise ratio im- 
proves as the integration period ap- 
proaches the pulse duration. However, 
if the integration period becomes too 
short, the lightning signal tends to be 
split between successive frames. Frame 
splitting actually decreases the signal 
to noise ratio. Instrumented U - 2  
measurements indicate that the median 
optical lightning pulse width, when 
viewed from above, is 4 0 0  usec, 
(Christian, et al., 1983). Based on 
this pulse width, a TRW analyst (Eaton, 
et al., 1983) suggests that a one msec 
frame time is appropriate for minimal 
pulse splitting and high lightning 
detectability. 

One thousand frames per second is 
extremely fast for an imaging sensor. 
If the focal plane array contained 
500,000 pixels, the total data rate com- 
ing off the focal plane would be 5x108 
pixels per second. No commercially 
available mosaic array detector is 
capable of clocking data out at this 
rate. Thus, an important technological 
development for a lightning mapper sen- 
sor will be a custom focal plan array 
that can be accessed at the required 
rates and a data processor capable of 
compressing the data to rates that can 
be handled by conventional telemetry 
systems. 

Since FPA maximum clocking rates 
are presently limited to between 5 and 
20 MHz, multiple output lines will be 
required. The data coming off the focal 
plane will have to be processed in 
para lel. If the total data rate were 

of 25 parallel output lines and data 
processors would be required. Since 
presently available solid state arrays 
have only one output line, any array 
used in the lightning mapper will 
require modification to include the mul- 
tiple readout lines. This type of cir- 
cuit modification is technically 
straight forward and is well within the 
Present state-of-the-art. 

Figure 3 shows a possible con- 
figuration for the data processor. This 

5x10 B pixels per second, then a minimum 

Figure 3 .  Lightning data processing 
circuit. 
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circuit, by subtracting the background 
and digitizing only lightning events, 
would reduce t e transmission data rate 
by a factor 10' to a rate on the order 
of 20 kbits/sec. Background subtraction 
is performed by first generating a pixel 
by pixel background estimate. That is, 
an independent running average of the 
background signal of each pixel is 
stored. This background estimate for a 
particular pixel is subtracted, using a 
difference amplifier, from the signal of 
the same pixel as it is clocked off the 
focal plane. If the output from the 
difference amplifier is greater than a 
predetermined threshold, then the output 
is accepted as a lightning signal. The 
amplitude of the lightning signal is 
then digitized and a digital word that 
represents the X-Y position of the 
specific pixel is determined. 

The final signal processing 
requires the multiplexing of the digital 
lightning signal, the event address, a 
time stamp and housekeeping information 
into an event queue. Queuing is needed 
to smooth the events, which may occur in 
burst, into a data rate which is consis- 
tent with a larger term average. From 
the event buffer, the data can be for- 
matted into a serial bit stream and 
transmitted to ground stations. 

3. Sensor Performance 
The overall performance of the 

lightning mapper will be determined by a 
number of parametric tradeoffs. The 
major factors that will determine the 
ability of the lightning mapper to 
detect lightning during daytime will be 
the overall sensor throughput and the 
ratio of lightning signal to background 
noise ratio and total signal throughputs 
are determined by many sensor parameters 
including lens speed, detector quantum 
efficiency, filter bandwidth, frame 
time, spatial resolution, etc. Figure 4 
lists some of the sensor parameters that 
extensive radiometric analyses indicate 
might be reasonable. 

The major objective of all the 
tradeof f analyses is to maximize the 
sensor lightning detection efficiency. 
The goal is to detect 90% of all lightn- 
ings that occur within the sensor field 
of view. Figure 5 shows how changes in 
certain sensor parameters effect the 
detection efficiency which is directly 
related to the strength of the lightning 
signal. For example, a sensor with the 
values listed in Figure 4 should detect 
approximately 80% of all lightnings 
within its field of view. If the filter 
bandwidth were changed to from aA to 5~ 
and the lens speed were changed from 
F/1.5 to F/l.12, then the detection ef- 
ficiency would improve to 90%. ob- 
viously, there are many variables such 
as weight, power, cost, filter bandpass 
shifts, etc. that effect the overall 
system design in such a way that maximum 
sensor performance may not be desirable. 

The lightning mapper design should 
be completed over the next year or so 
and it is expected that the instrument 
will be developed on a time schedule 
that is compatible for inclusion of the 
sensor on the GOES M satellite. Once on 
orbit, it is expected that the lightning 
mapper will provide unique and valuable 
data both for basic scientific, research 
and real time hazard warnings. In addi- 
tion, it will demonstrate that the com- 
bination of modern solid state mosaic 
focal plan arrays with extensive onboard 
signal processing provides a powerful 
technique for the detection of weak, 
background contaminated signals. The 
technology being applied to the lightn- 
ing mapper problem should be easily 
adaptable for other atmospheric remote 
sensing applications. The resulting 
steering sensors would have significant 
advantages over present scanning sys- 
tems. 
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1. INTRODUCTION AND SUMMARY 

The concept for a Geostationary Experi- 
mental Temperature and Moisture Sounder (GETMS) 
addresses a previously reported requirement 
(Shenk et al., 1987, 1986) for an advanced 
sounder that can achieve spectral resolution of 
the order 0.2 cm-1 in the 4.2-um region with 
signal lnoise sufficient to achieve temperature 
profile retrievals with vertical resolution of 
the order 1 to 2 km and accuracy to 1 K or less. 
The sounder must also be able to obtain high 
spectral resolution measurements (for H20 
profiling) in the 5- to 5.5-urn range as well as 
broadband (tens of cm-1 measurements in a 

erize cloudiness and surface conditions. 

resolution 'nominal experimental mode' that would 
achieve the performance cited above for 1800 
soundings of 10-km2 pixels in 1 h. By using an 
interactively programmable capability to selec- 
tively sample clear-air areas, the effective areal 
coverage in a 1-h period might be a factor 2 to 10 
times 180,000 km2. 

In the nominal experimental mode, soundings 
would be obtained: (1) in 13 channels near 4.18 
um at 0.2 cm-1 as recommended b Kaplan et a1 . 
(1977) to achieve enhanced vertycal temperature 
resolution; and (2) in 8 channels (four each near 
5.19 and 5.43 um) at 0.3 cm-1 to achieve enhanced 
vertical H20 vapor resolution. For comparison, 
additional soundings would be obtained in the 18 
broadband infrared channels utilized by the GOES 
I JK. 

The tropospher i c nadir temperature sounding 
weighting functions for the 0.2-cnrl channels 
near 4.18 um provide the ultimate vertical resolu- 
tion. This is due to a combination of three 
effects. 

pared to the 15-urn region. The logarithmic deri- 
vative (dB/dT)/B of the blackbody function 6 near 

number of bands from 3. z 4 to 14.7 urn to charact- 

The concept supports operation in a high- 

The 4.3411 region has two advantages com- 

4.3 urn changes approximately 3 times faster with 
temperature, which leads to narrower weighting 
functions in the troposphere where temperature 
increases as altitude decreases. 
absorption coefficient has additional stron 
temperature dependence, e.g., - exp(-2250/TQ for 
channel 8, since it is dominated by high J value 
lines. Another advantage of the 4.3-urn region is 
its relative insensitivity to the water vapor 
continuum. 

for sounding channels between the tightly packed 
(d 0.7 cm-1 spacing) R-branch lines. 
optical depth and top side emissivity vary directly 
as pressure squared, much faster than for broader 
band channels (that include line centers), which 
vary directly as the pressure at best. 
R-branch is free of complications, e.g., non-LTE, 
due to C02 hot-band or isotope lines. 
other significantly contributing specie in the 
region is N2 via the pressure-induced continuum, 
which shares the pressure squared advantage. 

more experimental modes than the nominal described 
above. 
channels near 4.18 um than the 13 recommended by 
Kaplan et al. 
11 have weighting function peaks that span the 
altitude region 0 to 9 km with -1.8-km spacing. 
Central spectral positions for these channels are 
located at the "holes" between lines in the 4.18-um 
c02 band wing. 
Kaplan et al. for channels 6 through 11. An exper- 
imental mode that used all the holes in this region 
would produce a set o f  11 weighting functions with 
0.9-km spacing between the peaks on the range 0 to 
9 km. 
ground truth for retrievals obtained in this mode 
versus the nominal experimental mode would be very 
interesting and useful. 
better vertical resolution might be obtained by 
using more channels. 

A second possi bi 1 i ty would emphasize sound- 
ings from the mid troposphere to the lower strato- 

The 4.18-urn wing 

Finally, the 0.2-cm-1 resolution a1 lows 

Thus, 

The 

The only 

The concept is versatile enough to support 

One mode would use more high-resolution 

The Kaplan et al. channels 6 through 

Every other hole i s  used by 

Comparison of vertical resolutlon against 

It is expected that 
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sphere. 
cross sec t i ons  o f  t h e  j e t  stream, f o r  example. I n  
t h i s  mode, a rea l  coverage would be s a c r i f i c e d  f o r  
p rec i s ion .  

A t h i r d  p o s s i b i l i t y  would i n v o l v e  t h e  use 
o f  spec ia l  h i g h - r e s o l u t i o n  channels f o r  sounding 
t roposhper i c  chemist ry  and/or  p o l l u t a n t s .  An 
example would be measurement o f  t h e  long-term 
s t r u c t u r e  and dynamics o f  t h e  CO plume o f f  t h e  
eas t  coast  o f  t h e  Un i ted  States. 

i n  a p u r e l y  o p e r a t i o n a l  mode u t i l i z i n g  o n l y  t h e  
GOES IJK channels and cou ld  achieve 1,080,000 km2 
coverage p e r  hour i n  t h i s  mode. 

Cryogenic c o o l i n g  o f  t h e  f o c a l  p lane  t o  
achieve t h e  necessary s e n s i t i v i t y  f o r  t h e  0.2 
cm l  4.18-um channels i s  requi red.  The concept 
des ign c a l c u l a t e d  l i f e t i m e  f o r  a system compat ib le  
w i t h  a GOES exper imenta l  s a t e l l i t e  t h a t  i s  launched 
by t h e  STS i s  2 years. B e t t e r  t han  18-month oper- 
a t i o n  might  be expected w i t h  such a system. Relax- 
a t i o n  of t h e  exper imenta l  sounder volume envelope 
from t h e  one se t  by t h e  STS launch scenar io  cou ld  
improve t h e  l i f e t i m e  t o  5 years o r  more, and main- 
t a i n  reasonable weight. These issues a r e  d iscus-  
sed below. 

T h i s  mode might  be employed t o  develop 

F i n a l l y ,  t h e  inst rument  cou ld  a l so  be r u n  

2. SYSTEM CONSTRAINTS AND OVERVIEW 

The b a s e l i n e  concept emphasized i n  t h i s  
paper i s  cons t ra ined  by c o m p a t i b i l i t y  w i t h  deploy- 
ment on an exper imenta l  s a t e l l i t e  t h a t  would be a 
s i x t h  o r  seventh member o f  t h e  GOES IJKLM s e r i e s  
and would be l i m i t e d  t o  t h e  STS launch envelope. 
Under t h i s  c o n s t r a i n t ,  a base l i ne  concept t h a t  can 
p r o v i d e  t i m e l y  and va luab le  s c i e n t i f i c  da ta  as 
descr ibed above i s  poss ib le .  

Where appropr ia te,  we w i l l  p o i n t  ou t  advan- 
tages o f  an opt imized concept t h a t  i s  e s s e n t i a l l y  
f r e e  o f  t h e  STS launch envelope and weight con- 
s t r a i n t s .  The opt imized concept i s  n o t  n e c e s s a r i l y  
i ncompa t ib le  w i t h  deploymaent on an experimental 
s a t e l l i t e  t h a t  would be a s i x t h  o r  seventh member 
o f  t h e  GOES IJKLM ser ies.  

F i g u r e  1 shows a f u n c t i o n a l  schematic o f  
t h e  base l i ne  exper imenta l  concept. The concept 
uses a m o d i f i c a t i o n  o f  t h e  opera t i ona l  temperature 
and mo is tu re  sounder t h a t  i s  t o  be deployed on t h e  
GOES s e r i e s  IJK (Jaurez and Koenig, 1986 and 
Koenig, 1987). The GOES IJK sounder has mass -116 
kg, f o c a l  p lane r a d i a t i v e l y  cooled t o  102 K, 220-K 
broadband f i l t e r  wheel, and 295-K f ront -end o p t i c s  
w i t h  12-in. p r imary  and dual -ax is  i n t e r a c t i v e l y  
programmable scanning m i r r o r .  

The base l i ne  exper imenta l  concept i s  con- 
s t r a i n e d  t o  r e t a i n  t h e  295-K f r o n t  end. A new 
module c o n t a i n i n g  spectrometer, f o c a l  p lane  assem- 
b l y  (FPA), and s o l i d  CH4 cryogenics would be 
i n t e r f a c e d  w i t h  t h e  f r o n t  end o f  t h e  present  GOES 
IJK sounder a t  t h e  p o s i t i o n  o f  t h e  p r imary  m i r r o r .  
A m u l t i s t a g e  r a d i a t i v e  c o o l e r  s i m i l a r  t o  t h e  cur-  
r e n t  des ign would be used t o  coo l  t h e  spectrometer 
and t o  guard band t h e  s o l i d  CH4. The s o l i d  CH4 
would be used e x c l u s i v e l y  t o  coo l  t h e  FPA t o  
< 60 K. The new module would accept a convergent 
beam from t h e  present  f r o n t  end. The e n t i r e  system 
i s  cons t ra ined  t o  f i t  i n  t h e  p o s i t i o n  on t h e  GOES 
s a t e l l i t e  now occupied by t h e  GOES IJK sounder, 
w i t h  volume increase cons t ra ined  t o  pe rm i t  launch 
by t h e  STS. 

employs two f i l t e r  wheels. 
p laced on e i t h e r  s ide  o f  a f i r s t  focus. 
o f  these con ta ins  18 f i l t e r s  w i t h  t h e  s p e c t r a l  

The experimental concept spectrometer 
The f i l t e r  wheels a re  

The f i r s t  

9 INTERFERENCE FILTERS 
AND OPEN HOLE 
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c h a r a c t e r i s t i c s  o f  t he  GOES IJK sounder f i l t e r > ,  
an open hole, and a spare p o s i t i o n .  Th is  f i l t e r  
wheel i s  r a d i a t i v e l y  cooled t o  220 K. The second 
wheel i s  t h e  f i r s t  element o f  a an e t a l o n  spectro- 
meter modeled a f t e r  t h e  one used by t h e  Cryogenic 
Limb Ar ray  E ta lon  Spectrometer (CLAES). CLAES w i  11 
be deployed on t h e  NASA Upper Atmosphere Research 
S a t e l l i t e  (UARS) and i s  c u r r e n t l y  i n  assembly 
(Roche, 1985). The e t a l o n  spectrometer i s  cooled 
t o  150 K by t h e  next  stage o f  t h e  r a d i a t o r .  

When h igh - reso lu t i on  measurements a re  i n  
progress, t h e  220-K f i l t e r  wheel i s  s e t  so t h a t  
t h e  beam passes through t h e  open hole. The e t a l o n  
spectrometer i s  used t o  o b t a i n  t h e  h igh - reso lu t i on  
measurements. I t  c o n s i s t s  o f  t h e  second wheel w i t h  
n i n e  broadband f i l t e r s  and an open hole. 
passing through t h e  broadband f i l t e r ,  t h e  beam i s  
c o l l i m a t e d  and passed through a narrowband s o l i d  
( sapph i re  spacer) e ta lon .  
4.18-urn measurements, t h e  broadband f i l t e r  i s  -10 
cW1 FWHM, and the  e t a l o n  i s  0.2 cm-1 FWHM, 
w i t h  f i n e s s e  -50. 
can be tuned t o  any p o s i t i o n  w i t h i n  t h e  broad 
f i l t e r  band w i d t h  by t i l t i n g  10 deg o r  less.  

When t h e  broadband measurements are i n  pro- 
gress, t h e  beam passes through a f i l t e r  on t h e  
220-K wheel, then through t h e  h o l e  i n  t h e  150-K 
wheel. The e t a l o n  i s  stowed p a r a l l e l  t o  t h e  c o l -  
l ima ted  beam. P o s i t i o n i n g  t h e  e t a l o n  l i k e  t h i s  
causes some obscu ra t i on  b u t  suppor ts  use o f  a low 
power draw e t a l o n  d r i v e  mechanism. 

t h e  FPA (F ig.  2). 
t o r s  on t h e  FPA. The center- to-center  d e t e c t o r  
spacing i s  0.12 mm. A c t i v e  areas a re  (0.1 mm)* 
(0.1 mm). 
view (FOV) -8 km*8 km a t  t h e  ground, and 10-km 
center- to-center  spacing. 

A f t e r  

For  example, f o r  t h e  

The e t a l o n  t ransmiss ion  channel 

A 2-in. f1.5 o p t i c  focuses t h e  beam on t o  
There a re  4 ar rays o f  10 detec- 

Th is  corresponds t o  an a c t i v e  f i e l d  o f  

SUBSTRATE 

SUBSTRATE 

1 ~q-0.0040 

TYPICAL ELEMENT 
DETAILS 

Fig. 2 GETMS Focal Plane 

Array 1 w i l l  be used e x c l u s i v e l y  f o r  teinp- 
e r a t u r e  sounding near 4.18 pm. 
-100 cm-1 w i d t h  i s  a t tached t o  t h e  FPA over  t h i s  
a r r a y  t o  reduce no ise  f rom t h e  150-K spectrometer 
c a v i t y  photons. A r ray  2 i s  used f o r  sounding 
H20 a t  h i g h  r e s o l u t i o n ,  f o r  h igh - reso lu t i on  
sounding f o r  o the r  t ropospher i c  c o n s t i t u e n t s  such 
as t h e  CO p o s s i b i l i t y  c i t e d  above, and f o r  t h e  GOES 
IJK SWIR bands. 
l i s t e d  i n  Jaurez and Koenig, 1986.) Arrays 1 and 
2 w i l l  be 1n:Sb. Arrays 3 and 4 w i l l  be used f o r  
t h e  GOES IJK  MW and LW bands. The l a t t e r  two 
arrays w i l l  be HgCdTe PC tuned t o  t h e i r  r e s p e c t i v e  

A system f i l t e r  of 

(Spec t ra l  c h a r a c t e r i s t i c s  a re  

spec t ra l  reg ions  o f  a p p l i c a t i o n  and w i l l  be chopped 
by a 500-Hz f i r s t - f o c u s  chopper a t  150 K. 

o n l y  t h e  da ta  obta ined on one o f  t h e  f o u r  ar rays 
w i l l  have meaning. A complete sounding i n  t h e  
nominal experimental mode descr ibed above w i  11 
r e q u i r e  t h a t  data be taken s e q u e n t i a l l y  on a l l  
f o u r  arrays, i.e., 13 channels on a r r a y  1, 8 narrow 
channels on a r r a y  2, f o l l owed  by s i x  SW broadband 
channels on a r r a y  2, then f i v e  MW broadband chan- 
ne l s  on a r r a y  3, and f i n a l l y  s i x  LW on a r r a y  4. 
While t h e  f i l t e r s  are switched t o  move f rom one 
spec t ra l  r e g i o n  t o  t h e  next, t h e  scanning m i r r o r  
must be used t o  r e g i s t e r  t h a t  a r r a y  on t h e  same 
area. Th is  mot ion w i l l  be 7 x 280 prad a t  most, 
and a t  l e a s t  0.1 s i s  budgeted f o r  it. Th is  i s  
c o n s i s t e n t  w i t h  c u r r e n t  GOES IJK scan m i r r o r  cap- 
a b i l i t y .  Table 1 shows t h e  t i m i n g  f o r  moving t h e  
two f i l t e r  wheels, t i l t i n g  t h e  eta lon,  and moving 
t h e  scan m i r r o r  t o  implement t h e  nominal exper i -  
mental mode descr ibed above. 
blackbody c a l i b r a t i o n  opera t i ons  w i l l  be s i m i l a r  
t o  those o f  t h e  GOES IJK sounder. 

The < 60-K, 0 . l - m  1n:Sb d e t e c t o r s  w i l l  use 
JFET and charge i n t e g r a t i n g  a m p l i f i e r s  s i m i l a r  t o  
those descr ibed by H a r t i l l  e t  a l .  (1986) o r  Low 
(1984). Th i s  scheme takes advantage o f  t h e  l a r g e  
r e s i s t a n c e  (-4 x 1012 R of these diodes a t  60 K 

e x t e n t  t h a t  no ise i s  dominated by s igna l  and/or 
f ront -end o p t i c s  photon f l u c t u a t i o n s  and, f o r  
r e l a t i v e l y  s h o r t  i n t e g r a t i o n  times, read noise. 

The HgCdTe photoconductive d e t e c t o r s  have 
nominal impedance o f  5 0 n ;  hence, b i p o l a r  ampli- 
f i e r s  t h a t  are no t  on t h e  f o c a l  p lane  may be used. 
These devices have t o t a l  i n p u t  no i se  values o f  t h e  
order  0.5 nV pe r  r o o t  Hz. Power d i s s i p a t i o n  i s  
no t  c r i t i c a l ,  s i nce  they  are no t  l oca ted  on t h e  
f o c a l  plane. 

The HgCdTe de tec to rs  w i l l  be operated a t  
approx imate ly  0.1-V b i a s  t o  l i m i t  power d i s s i p a t i o n  
on t h e  f o c a l  p lane t o  l e s s  than 5 mW. Based on 
t h e  Kinch e t  a l .  (1977) measurements, we es t ima te  
t h a t  t h i s  w i l l  degrade zero background d e t e c t i v i t y  
by about 40 percent. Th i s  should n o t  impact GETMS 
performance, s ince  t h e  r e l a t i v e l y  l ong  i n t e g r a t i o n  
t ime  w i l l  ensure t h a t  s e n s i t i v i t y  i s  equal t o  o r  
exceeds t h a t  o f  t h e  GOES IJK opera t i ona l  sounder. 

Dur ing a measurement i n  any g i ven  channel, 

Cold space and 

and e f f e c t i v e l y  e l i m i n a  1 es Johnson no ise  t o  t h e  

3 .  PERFORWINCE 

3.1 Basel ine System Performance 
A n a l y s i s  f o r  t h e  4.18-vm Sounding 

The system area t imes s o l i d  angle product  
f o r  t h e  a c t i v e  area o f  a d e t e c t o r  i s  3.69E-5 
cm2-sr. The GETMS concept des ign ( F i  . 3 )  shows 
f o u r  m i r r o r s  i n  t h e  spectrometer. T o t a l  system 
t ransmiss ion  e x c l u s i v e  o f  t h e  b l o c k e r  f i l t e r ,  sys- 
tem f i l t e r ,  and e t a l o n  i s  est imated by  assuming 
0.97 specular  r e f l e c t i v i t y  f o r  each o f  t h e  seven 
m i r r o r s  i n  t h e  system, 0.9 t ransmi t tance  f o r  t h e  
window, and 0.8 obscu ra t i on  f a c t o r  due t o  t h e  
secondary m i r r o r ,  R e s u l t i n g  o p t i c s  and window 
t ransmi t tance  equal 0.654. System f i l t e r ,  b l o c k e r  
f i l t e r  a t  one-half maximum, and e t a l o n  a t  maximum 
t ransmi t tances  are taken t o  be 0.85, 0.25, and 
0.55, respec t i ve l y .  Thus, t o t a l  system t rans -  
m i t t ance  i s  0.068. The s p e c t r a l  bandwidth i s  
(FWHM/2)n = 0.314 cm-1, where FWHM r e f e r s  t o  t h e  
e ta lon .  
7.84E-7 cm2-sr-cwl. 

Thus, t h e  s p e c t r a l  throughput  Tput 
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Table 1 PROPOSED TIMING FOR GETMS NOMINAL EXPEKIMENTAL MODE 

Integration 
Time Channel 

No. 
Array 
No. 

1 

1 

1 

1 

2 

2 

2 
2 
3 
4 

Move Time ( s )  

150-K BFW 

150-K BFW 
Blocker 
No. 

91, 4.18 urn 

+2, 4.18 urn 

+3, 4.18 urn 

94, 4.18 pm 

+5, 1420 1 

+6, H20 2 

+7, hole 

1 

2 

3+7 

891 3 

1 +4 

5*8 

SW*6 
MW*5 
LW*7 

0.5 

0.5 

5*0.5 

6*0.25 

4*0.125 

4*0.125 

6XO.l 
5X0.1 
7*0.1 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

Timing Totals = 1 7.8 I 3.5 

Etalon 

0.125 

0.125 

5*0.125 

6*0.125 

4*0.12 5 

4*0.125 

220 K-BFW 

6"O.l 

7"O.l 

2.63 I 1.8 

rota1 operational period = 15.73 s 
Several seconds per cycle for calibration activities must be alotted; 
hence, = 20 s per cycle implies 30 soundingslmin or 1800 soundings/h 

The cold-space viewing noise equivalent 
spectral radiance (NESR can be broken into contri- 

the integration time. 
nents is the read noise, referred to as the "series 
noise" by Hartill et al., who calculated 150 read 
noise electrons for their system. Their experiment 
indicated that read noise might be as high as 180. 
Low has reported experimental read noises on the 
order of 10 electrons. Infrared Laboratories, Inc. 
of Tucson, Arizona, advertises less than 50 read 
noise electrons for 1- to 64-s integration times 
for their Frank Low design JF77 JFET integrating 
amplifier. The Hartill et al. formula for noise 
electrons scaled as the inverse square root of 
TRD the correlated double sample and hold read 
time. They used a l-ms TRD. Going to 10.m~ then 
would presumably give approximately 50 noise elec- 
trons, which approaches the Low results. Low did 
not report a read time. Both sets of results were 
reported for integration times on the order of 1 s.  
In both cases, the number of read noise electrons 
was independent of integration time to first order. 

For our baseline system noise analysis, we 
conservatively assume a read noise of about 200 
electrons. This corresponds to NEP = 1.4E-17 W /  
Root Hz, and the read noise component NESR-RD 1 s  
given by NESR-RD = 1.79E-ll/~ in units W/(cmz- 
sr-cm-1). 

The contributions to NESR-ROOT, the compo- 
nent of noise that scales like 7-0.5 are from 
fluctuations of photons emitted by the 295-K front- 
end mirrors and window and fluctuations of photons 
emitted in the 150-K spectrometer cavity, and 
fluctuations due to detector thermal generation, 
i.e., Johnson noise. For T =  1 s, the contribution 
from each of these is 4.65E-11, 0.69E-11, and 
1.27E-11 W/(cm2-sr-cm-l{ respectively. The 
RMS sum NESR-ROOT = 4.8 i-11. 

For arbitrary T ,  the cold-space view NESR 

butions that vary as 7- 1 and 7-0.5, where T is 
The first of these compo- 

COLD = SQRT[( 1.79E-11/7)2 + (4.87E-11/70.5)2] 

and NESR-COLD = 5.19E-11 W/(Cmz-sr-cm-l) for 
7 = 1 s .  
W/(cm2-sr-cm-l). 

Note 1 M/(m2-sr-cm-l) = l.E-7 

time, 
from 

For the baseline system, the 1-s integration 
, 4.18-um NESK-COLD is dominated by emission 
the 295-K front-end mirrors and window. On 

nadir viewing, we would expect the noise to be 
dominated by signal photon fluctuations for chan- 
nels that see deep into the troposphere, and by 
the cold-space NESR for channels that see down to 
the vicinity of the tropopause. 

This point is illustrated by the data listed 
in Table 2. These include the NESR-COLD for values 
of the integration time T =  0.25 and 0.5 s for the 
baseline system, and T = 0.25 s for an optimized 
system (defined in section 3.3). The contributions 
from signal photon fluctuations NESR-SIG, and NESR- 
TOT, the KMS sum o f  NESK-SIG and NESK-COLD, are 
also listed in Table 2 as a function of the temp- 
erature T of the viewed scene, with T ranging from 
180 to 340 K for the three cases cited above. 

The noise equivalent temperature (NET) cor- 
responding to NESR-TOT is also listed in Table 2. 
NET is less than 0.20 K for sounding in the mid to 
low troposphere for all three cases. The optimized 
case obtains highest performance in the shortest 
time over the widest range of scene temperatures. 

3.2 Requirement for Cryogenic FPA 

The thermal generation noise varies as 
(T/RA)0.5 where RA and T are the detector resis- 
tance area product and temperature. 
published by Wimmers et al. (1982), the near zero 
bias RA varies directly as exp(1267/T), where T is 
the detector temperature. For T =  0.5 s and T = 
70 K, the detector thermal generation noise would 
be equal to the sum of all other noises cited 
above; for T = 79 K, it would be 4.65 times 
greater. 
noise with temperature that sets the requirement 

From data 

It is this fast variation in Johnson 
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Table 2 NOISE VERSUS VIEWING SCENE TEMPERATURE* 

Base1 i n e  System 
T = 0.50 s 

NESK-COLD =0.776E-10 Scene 
Temp. 

(K 1 

340.0 
330.0 
320.0 
310.0 
300.0 
290.0 
280.0 
270.0 
260.0 
250.0 
240.0 
230.0 
220.0 
210.0 
200.0 
190.0 
180.0 

Optimized System 
T = 0.25 s 

NESK-COLD = 0.157E-10 

XNESR- 
and N 

0.477E-09 0.483E-09 0.02 
0.409E-09 0.417E-09 0.03 
0.348E-09 0.356E-09 0.03 
0.292E-09 0.303E-09 0.03 
0.243E-09 0.255E-09 0.04 
0.199E-09 0.214E-09 0.05 
0.161E-09 0.179E-09 0.05 
0.129E-09 0.150E-09 0.07 
0.101E-09 0.127E-09 0.09 
0.772E-10 0.llOE-09 0.12 
0.580E-10 0.969E-10 0.17 
0.425E-10 0.885E-10 0.26 
0.302E-10 0.833E-10 0.44 
0.208E-10 0.804E-10 0.82 
0.138E-10 0.788E-10 1.65 
0.880E-11 0.781E-10 3.65 
0.532E-11 0.778E-10 8.91 

Base l i ne  System 
T =  0.25 s 

NESR-COLD =0.121E-09 

0.675E-09 0.675E-09 0.03 
0.579E-09 0.579E-09 0.04 
0.492E-09 0.492E-09 0.04 
0.414E-09 0.414E-09 0.05 
0.344E-09 0.344E-09 0.05 
0.282E-09 0.283E-09 0.06 
0.228E-09 0.229E-09 0.07 
0.182E-09 0.182E-09 0.08 
0.142E-09 0.143E-09 0.10 
0.109E-09 O.llOE-09 0.12 
0.820E-10 0.835E-10 0.14 
0.601E-10 0.621E-10 0.18 
0.428E-10 0.455E-10 0.24 
0.295E-10 0.334E-10 0.34 
0.196E-10 0.251E-10 0.53 
0.124E-10 0.200E-10 0.93 
0.753E-11 0.174E-10 1.99 

NET NESR-SIG NESR-TOT (K) 

0.675E-09 
0.579E-09 
0.492E-09 
0.414E-09 
0 -344E-09 
0.282E-09 
0.228E-09 
0.182E-09 
0.142E-09 
0.109E-09 
0.820E-10 
0.601E-10 
0.428E-10 
0.295E-10 
0.196E-10 
0.124E-10 
0.753E-11 

0.685E-09 
0.591E-09 
0.506E-09 
0.431E-09 
0.364E-09 
0.307E-09 
0.258E-09 
0.218E-09 
0.187E-09 
0.163E-09 
0 a 146E-09 
0.135E-09 
0.128E-09 
0.124E-09 
0.122E-09 
0.122E-09 
0.121E-09 

0.03 
0.04 
0.04 
0.05 
0.06 
0.07 
0.08 
0.10 
0.13 
0.17 
0.25 
0.40 
0.68 
1.27 
2.56 
5.67 

13.87 

NET NET I NESR-SIG NESR-TOT ( K )  
( K )  

NESR-SIG NESR-TOT 

G, t h e  s i g n a l  photon f l u c t u a t i o n s  no ise  c o n t r i b u t i o n ;  NESK-TOT t h e  KMS o f  NESK-COLD 
R-SIG; and t h e  correspondin no i se  e q u i v a l e n t  temperature (NET) a r e  l i s t e d  versus scene 

temperature. NESR u n i t s  a re  w / (cm j -s r - cm l ) .  

f o r  cryogenic  r a t h e r  than r a d i a t i v e  c o o l i n g  o f  t h e  
FPA. For  example, s ince  t h e  s o l a r  mast i s  i n  t h e  
f i e l d  o f  view o f  t h e  GOES IJK FPA r a d i a t i v e  cooler ,  
t h i s  c o o l e r  cou ld  achieve no lower  temperature 
than  77 K, even i f  t h e  heat  l oad  on i t  were zero. 

3.3 Base l i ne  Versus Optimized System 
Performance Resul ts  

f o r  
t h e  

The solid-CHq cryogen (T = 58 K )  se lec ted  
t h e  base l i ne  se ts  t h e  Johnson no ise  w e l l  below 
b a s e l i n e  inst rument  photon f l u c t u a t i o n s  no ise  

f l o o r .  These f l u c t u a t i o n s  a re  d r i v e n  by  t h e  
requirement t o  make obse rva t i ons  a t  l o c a l  midnight ,  
which i n  t u r n  d r i v e s  t h e  f ront -end o p t i c s  long-term 
temperature t o  295 K. 

F o r  an opt imized system, one might  cons ider  
c l o s i n g  t h e  f ront -end aper tu re  f o r  -1 h be fo re  and 
a f t e r  l o c a l  midnight .  I n  t h i s  case, i f  t h e  f r o n t -  
end o p t i c s  temperature cou ld  be kep t  s t a b l e  a t  
-200 K and t h e  spectrometer temperature reduced 
s l i g h t l y  f rom basel ine,  t hen  ins t rumen t  photon 
no ise  would never be g rea te r  t han  s i g n a l  photon 
noise. I n  t h e  op t im ized  case, so l i d -A r  cryogen 
would reduce d e t e c t o r  temperature t o  -48 K, so 
again Johnson no ise  would n o t  be a f a c t o r .  F in -  
a l l y ,  based on t h e  r e s u l t s  o f  H a r t i l l  e t  a l .  and 
Low, we b e l i e v e  t h a t  30 t o  50 read  no ise  e l e c t r o n s  
pe r  i n t e g r a t i o n  i s  a r e a l i s t i c  goal .  

system parameters. 
t o  be achieved by  t h e  basel ine,  and op t im ized  
systems f o r  i n t e g r a t i o n  t imes  o f  0.25 and 0.5 s,  
f o r  a standard m i d l a t i t u d e  summer atmosphere, and 
f o r  channels 1 through 11 o f  t h e  13 recommended by 
Kaplan e t  a l .  The NET f o r  channels 12 and 13 i s  
expected t o  be s l i g h t l y  b e t t e r  than f o r  channel 11. 

Table 3 compares base1 i n e  and opt imized 
Table 4 shows t h e  NET expected 

3.4 Performance f o r  Arrays 2, 3, and 4 

The w ~ n ~ w b a n d  H20 measurements a re  t o  be 

made on a r r a y  2, which w i l l  use charge a m p l i f i e r s  
s i m i l a r  t o  a r r a y  1. 
w i l l  a l s o  be made on a r r a y  2. The broadband MW 
and LW measurements w i l l  be made on a r rays  3 and 
4, r e s p e c t i v e l y .  Table 5 summarizes performance 
o f  these measurements. 

Broadband SW measurements 

4. BASELINE DESIGN CONCEPT 

4.1 System Design, Weight, Power, and 
tnvelope 

F i g u r e  3 shows t h e  GETMS spectrometer and 
cryogenics ( S C )  module des ign concept. The GETMS 
accepts an f / 6  beam f rom t h e  GOES IJK f ron t -end  
o p t i c a l  assembly. T h i s  assembly i nc ludes  t h e  GOES 
two-axis scan m i r r o r  system, c l a s s i c  Cassegrain 
telescope, and c a l i b r a t o r  assembly. 

technology. 
t u r e  i s  based on t h e  f i b e r g l a s s  tube s t r u c t u r e  
used i n  t h e  CLAES sensor. The tube  th icknessess 
were est imated f rom CLAES g u i d e l i n e s  t h a t  p rov ide  
s u f f i c i e n t  s t r e n g t h  t o  w i ths tand  launch loads w h i l e  
s t i l l  p r o v i d i n g  minimal thermal conductance between 
temperature zones. The o p t i c a l /  mechanical pack- 
aging and d r i v e  mechanism envelopes were a l s o  drawn 
f rom t h e  CLAES design. The va r ious  spectrometer 
component weights  were scaled f rom s i m i l a r  CLAES 
component weights. 

w i t h  t h e  vacuum s h e l l  and i n n e r  and o u t e r  s h i e l d s  
has been developed and t e s t e d  over t h e  pas t  5 years 
f o r  a p p l i c a t i o n  t o  the  Long-Life Cooler  Program 
s o l i d  CH4/NH coo le r .  The f l e x i b l e  copper 
l i n k s  as we14 as t h e  s h i e l d  t o  spectrometer connec- 
t i o n s  are s h r i n k - f i t  mechanisms which are assembled 
w i t h  c learance a t  room temperature and s ieze  on 
cooldown t o  p r o v i d e  a high-conductance thermal 
j o i n t .  These have been used i n  severa l  f l i g h t  

The GETMS design concepts a re  based on CLAES 
The GETMS spectrometer suppor t  s t r u c -  

The design o f  r a d i a t o r  i n t e r f a c e  ( d e t a i l  A) 
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Table 3 CHARACTERISTICS OF BASELINE VERSUS O P T I M I Z E D  SYSTEM PARAMETERS AND 
PERFORMANCE FOR SOUNDING AT 4.18 urn I N  13 0.2-cm-1 CHANNELS (KAPLAN 
e t  a l . )  

Channel 
No. 

11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Parameters 

Pressure Temperature 
(mbar) (K) 

1013.0 300.0 
847.0 291 .O 
678.0 281.0 
548.0 269 .O 
421 .O 256.0 
330.0 244.0 
162.0 213.0 
110.0 200.0 

77.0 199.0 
35.0 215.0 
18.0 227.0 

Cryogen 
Front-End Temp. (K) 
Ca lcu la ted  L i f e t i m e  ( ears)  
Spectrometer Temp. (Kf 
Length ( i n . )  
Diameter ( i n . )  
Weight ( l b )  
NESR ( T  = 1 s )  Cont r i -  
bu t i ons  W /  (cm2-sr-cm-1): 

Front-End Photons 
Spectrometer 
Johnson Noise 

Read Noise 
NE SR-ROOT 

NE SR-COL D 

Basel i ne 

CH4 ( T  = 60K) 
295 
2 
150 
23.5 
16.0 
139.2 

4.65E-11 
0.69E-11 
1.27E-11 

4.87E-11 

5.19E-11 
1.79E-11 (200 e)  

Optimized 

A r  ( T  a 48K) 
200 
6 
130 
33.8 
23.5 
278.6 

2.92E-12 
1.18E-12 
1.01E-12 

3.31E-12 
3.58E-12 4 . d - 1 2  40 e )  

Table 4 NET FOR THE BASELINE AND OPTIMIZED SYSTEMS FOR A STANDARD MIDLATITUDE 
SUMMER ATMOSPHERE AND FOR CHANNELS 1 THROUGH 11 RECOMMENDED BY 
KAPLAN, e t  al.* 

Noise Equ. Temp. ( K )  
Dwell Times ( s )  A1 t i tude 

(km) 
Basel i n e  Optimized 

1 I 
0.0 
1.6 
3.4 
5.2 
7.2 
9.0 

13.7 
16.0 
18.2 
23.1 
27.6 

0.060 0.040 
0.069 0.049 
0.079 0.049 
0.103 0.072 
0.145 0.101 
0.210 0.145 
1.020 0.659 
2.560 1.650 
2.789 1.797 
0.887 0.574 
0.470 0.305 

0.050 0.040 
0.059 0.040 
0.069 0.049 
0.082 0.061 
0.108 0.074 
0.130 0.091 
0.301 0.207 
0.530 0.340 
0.561 0.358 
0.279 0.194 
0.196 0.141 

1 1 I 

*Pressure, temperature, and a l t i t u d e  r e f e r  t o  t h e  we igh t i ng  f u n c t i o n  
maximum f o r  each channel 

hardware programs (Naes and Nast, 1987) t o  f a c i l i -  
t a t e  ease o f  assembly and a t t a i n  h i g h  r e l i a b i l i t y .  

The design concept p rov ides  a b a s i s  t o  
est imate system weight  and heat  f l o w  through sup- 
p o r t  tubes, m u l t i l a y e r  i n s u l a t i o n  (MLI), l ead  
wires, and plumbing. The heat  f l o w  est imates a re  
r e q u i r e d  t o  s i z e  t h e  r a d i a t o r  c o o l i n g  c a p a c i t i e s  
and t o  s e t  requi rements on temperature c o n t r o l  
heat  i npu ts .  

To ta l  SC module weight  es t ima te  i s  63.3 kg, 
20.55 f o r  cooler ,  29.18 f o r  spectrometer, and 13.64 
f o r  e l e c t r o n i c s .  This  i s  i n t e r f a c e d  w i t h  the  GOES 
IJK sounder f ront -end o f  mass 106 kg. The t o t a l  
GETMS mass i s  est imated t o  be approx imate ly  170 kg. 
The t o t a l  SC module e l e c t r i c a l  power requirement 
i s  est imated t o  be 30 W. Since t h e  e l e c t r i c a l  
Power requi rement  o f  t he  GOES IJK sounder system 
i s  108 W, we expect t h e  GETMS t o t a l  requirement t o  
be l e s s  than  138 W. The b a s e l i n e  2-year GETMS, 

comprised o f  t h e  GETMS S C  module i n t e g r a t e d  with 
the  GOES IJK f r o n t  end, w i l l  extend 5.5 i n .  longer  
i n  the  d i r e c t i o n  o f  t h e  i n p u t  o p t i c a l  beam than 
does the  c u r r e n t  GOES IJK sounder, Th i s  j u s t  f i t s  
i n t o  t h e  GOES STS launch envelope. A 5-year c a l -  
c u l a t e d  l i f e t i m e  CH4 system would weigh o n l y  
46 l b  more, b u t  would be 7.5 i n .  l onger  and 5 i n .  
wider. 

4.2 Cryogenics 

The CRYOP computer code was used t o  s i z e  t h e  
Th is  code was i n i t i a l l y  developed i n  c r y o s t a t .  

1973 and has been c o n t i n o u s l y  upgraded and r e f i n e d  
s ince  then. I t s  f ea tu res  i n c l u d e  (a )  temperature- 
dependent p roper t i es ,  (b) user  cho ice  o f  MLI mater- 
i a l s ,  ( c )  vapor-cooled sh ie ld ,  and ( d )  user  cho ice  
o f  n i n e  cryogens. Norinally, t h e  CRYOP i n p u t s  a re  
t h e  r e q u i r e d  cryogen l i f e t i m e ,  t h e  experiment heat  
load, and a geometric parameter ( e i t h e r  t h e  system 
diameter o r  t h e  length-to-diameter r a t i o ) .  CRYOP 
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Table 5 PERFORMANCE OF THE BROADBAND CHANNELS AND NARROWBAND H20 CHANNELS 
FOR THE INTEGRATION TIMES G I V E N  I N  TABLE 1 

Channel Assignment 

Narrowband H20 5.19 pm 
Narrowband H20 5.42 pm 

GOES I JK  LW channel 1 
channel 2 
channel 3 
channel 4 
channel 5 
channel 6 
channel 7 

GOES IJK MW channel 8 
channel 9 
channel 10 
channel 11 
channel 12  

GOES I J K  SW channel 13 
channel 14 
channel 15 
channel 16 
channel 17 
channel 18  

NESK-COLD I NESK-200 I NESR-300 
(l.E-12 W/cm2-sr-cm-l) 

ou tpu ts  t h e  o v e r a l l  system dimensions, tank sizes, 
cryogen weight  and t o t a l  c r y o s t a t  d r y  weight, opt -  
imized MLI thicknesses, and heat  loads t o  e x t e r n a l  
r a d i a t o r s .  

CRYOP c a l c u l a t i o n s  were used t o  s i z e  58-K 
CH4 systems and p e r f  ormance-opt i m i  zed 48-K A r  
systems f o r  c a l c u l a t e d  l i f e t i m e s  rang ing  f rom 2 t o  
6 years. The base l i ne  2-year CH4 base l i ne  system 
i s  an example t h a t  f i t s  i n t o  t h e  STS launch enve- 
lope. 

4.3 Heat Load Summary 

The f i r s t  stage of each InSb d e t e c t o r  i n t e -  
g r a t i n g  a m p l i f i e r  w i l l  be a JFET w i t h  c h a r a c t e r i s -  
t i c s  s i m i l a r  t o  t h e  I n f r a r e d  Labora to r ies  JF77 
which d i s s i p a t e s  l e s s  than  40 pW. The t o t a l  InSb 
preamp d i s s i p a t i o n  on t h e  foca l  p lane  w i l l  be l e s s  
than 0.8 mW. The InSb d e t e c t o r s  w i l l  be operated 
near zero b ias,  so t h e r e  w i l l  be no d e t e c t o r  d i s -  
s i p a t i o n  c o n t r i b u t i o n .  The 50-a HgCdTe PC detec- 
t o r s  w i l l  be operated a t  0.1-V b i a s  and w i l l  d i s -  
s i p a t e  a t o t a l  o f  4 mW on t h e  f o c a l  plane. 
mentioned above, t h e  b i p o l a r  a m p l i f i e r s  f o r  these 
d e t e c t o r s  w i l l  n o t  be l oca ted  on t h e  f o c a l  plane. 
T o t a l  f o c a l  p lane  d i s s i p a t i o n  i s  est imated t o  be 
l e s s  than  5 mW. 

As 

Table 6 summarizes t h e  heat  loads t o  t h e  
s o l i d  CH4 and t h e  150- and 220-K r a d i a t o r s .  
Temperature c o n t r o l  i n  t h e  150- and 220-K areas i s  
implemented v i a  heaters, PRT sensors, and e l e c t r o -  
n i c  feedback c o n t r o l .  Temperature c o n t r o l  i s  
r e q u i r e d  t o  m a i n t a i n  s p e c t r a l  s t a b i l i t y  and t o  
compensate f o r  MLI degradation. 

4.4 ETALON SPECTROMETER 

The o p t i c s  a re  r e q u i r e d  t o  c o l l i m a t e  t h e  
incoming beam t o  pass i t  through t h e  e ta lon .  The 

1111.0 
1342.0 

864.4 
884.0 
902.3 
758.7 
773.5 
443.3 
285.9 

150.2 
291.0 
169.2 
124.3 
170.3 

29.57 
28.89 
27.88 
16.39 
15.05 

6.969 

1118.0 
1354.0 

887 .U 
905.6 
923.0 
778.0 
792.0 
459.0 
299.1 

170.1 
305.6 
172.7 
126.7 
171.7 

29.9b 
29.25 
28.19 
16.50 
15.13 

6.995 

1707.0 
2101.0 

978.2 
997.0 
1014. 
867.5 
881.2 
541.1 
373.6 

281.5 
434.3 
242.5 
182.4 
218.7 

72.86 
70.62 
67.20 
39.02 
34.06 
16.49 

Table 6 HEAT LOAD SUMMARY FOR BASELINE GETMS 

FPA and S t r u c t u r e  t o  Cryogen: 

Source Heat Load (mW) 

D i s s i p a t i o n  on f o c a l  p lane 
Lead w i res  t o  f o c a l  p lane  
150-K r a d i a t i o n  i n t o  FPA 
Support s t r u c t u r e  t o  150-K o p t i c  
Margin 
P a r a s i t i c s  

T o t a l  

Heat Flow i n t o  150-K Radiator :  

5.0 
1.0 
4.0 
8.0 
7.0 

49.0 
73.0 
- 

Source Head Load ( m W )  

Chopper D i s s i p a t i o n  100 
EDM D r i v e  D i s s i p a t i o n  182 
Mechanisms Lead Wire Conduction 100 
P a r a s i t i c s  69 5 

400 Temperature Con t ro l  

T o t a l  1477 
- 

Heat Flow i n t o  220-K Radiator :  

Source Heat Load (mW) 

150-K BFW Motor D i s s i p a t i o n  200 
220-K BFW Motor D i s s i p a t i o n  500 
Mechanisms Lead Wires 400 
P a r a s i t i c s  990 

1000 
T o t a l  3090 

Temperature C o n t r o l  - 
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f a s t e s t  p o s s i b l e  p r a c t i c a l  o p t i c  i s  r e q u i r e d  t o  
focus t h e  beam on to  t h e  FPA t o  op t im ize  s i g n a l /  
noise. The FPA i s  supported o f f  t h e  spectrometer 
s t r u c t u r e  t o  f a c i l i t a t e  al ignment. Move times, 
weights, and e l e c t r i c a l  power requirements o f  t h e  
spectrometer mechanisms a re  determined f rom CLAES 
experience and t e s t  d a t a  w i t h  analogous brassboard 
and f l i g h t  u n i t s .  

f i l t e r s  i n  t h e  150-K b l o c k i n g  f i l t e r  wheel (BFW) 
are c o n s i s t e n t  w i t h  ac tua ls  f o r  t h e  CLAES b l o c k i n g  
f i l t e r  set. A 2-in, c lea r -ape r tu re  e t a l o n  compri- 
sed o f  a 300-pm t h i c k  sapphi re subst rate,  and 
m i r r o r s  c o n s i s t i n g  o f  5 1 / 4  wave (4.5 urn) high-low 
Ge:ZnSe p a i r s  w i t h  t h e  ZnSe adjacent  t o  t h e  sap- 
ph i re ,  w i  11 exceed t h e  e t a l o n  performance requ i re -  
ments c i t e d  i n  Sec t i on  2, p rov ided  t h a t  p a r a l l e l i s m  
o f  t h e  s u b s t r a t e  faces o f  b e t t e r  t han  6328A/24 i s  
achieved and t h a t  l o s s  on r e f l e c t i o n  due t o  scat- 
t e r i n g  and/or  abso rp t i on  l e s s  than  0.5 percent  i s  
achieved. Based on CLAES and p rev ious  experience, 
these a re  benign requirements. Since sapphi re i s  
s l i g h t l y  b i r e f r i n g e n t ,  t h e  subs t ra te  must be c u t  
and mounted so  t h a t  t h e  o p t i c  a x i s  and propagat ion 
d i r e c t i o n  are c o i n c i d e n t  a t  normal incidence. The 
s p l i t t i n g  w i l l  be l e s s  than  0.06 cm-1 a t  maximum 
t i l t  angle. 

The s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  b l o c k i n g  

C h a r a c t e r i s t i c s  

4.5 GErMS Versus CLAES Weight Comparison 

GETMS CLAES 

The f u l l y  charged CLAES c r y o s t a t  weighs 
2197 lb ,  and t h e  f u l l y  charged GErMS c r y o s t a t  
weighs 45.2 l b .  Bo th  have 2-year c a l c u l a t e d  l i f e -  
t imes. 
mine t h e  r e l a t i v e  weights. For  GETMS, o n l y  t h e  FPA 
r e q u i r e s  cryogenic  coo l i ng .  
s e n s i t i v i t y  a t  l ong  wavelength. Th is  r e q u i r e s  
cryogenic  c o o l i n g  o f  t h e  te lescope and spectrometer 
i n  a d d i t i o n  t o  t h e  FPA. CLAES uses s o l i d  Ne t o  
Cool t h e  spectrometer and FPA t o  l e s s  than 19 and 
15 K, r e s p e c t i v e l y .  
banded by a s o l i d  C02-cooled reg ion.  The s o l i d  
co2 i s  a l s o  used t o  coo l  t h e  telescope. 
f o l l o w s  through t h i s  comparison q u a n t i t a t i v e l y .  

D i f f e rences  i n  system requirements deter-  

CLAES r e q u i r e s  h i g h  

The Ne-cooled r e g i o n  i s  guard 

!able 7 
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Table 7 COMPARISON OF GETMS VEKSUS CLAES WEIGHTS 

Heat load (mW) t o  cryogen: 
FPA and p a r a s i t i c s  t o  CH4 
FPA, spectrometer, and 

Aper ture and p a r a s i t i c s  t o  CO2 
p a r a s i t i c s  t o  Ne 

Enthalpy o f  sub l ima t ion  ( J / g )  

Ca lcu la ted  l i f e t i m e s  (years)  
Weight o f  cryogens (1  b)  

73 

2 
16.7 CH4 - 

710 
2130 

105 f o r  Ne 
607 f o r  CO2 
2 
988 Ne 
484 co? 

28.5 707 I 2197 
Dry c r y o s t a t  ( 1  b) 
To ta l  c r y o s t a t  weight  ( l b )  I 45.2 I 
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6 . 4  

HIGH RESOLUTION INTERFEROMETER SOUNDER - THE RETRIEVAL OF 
ATMOSPHERIC TEMPERATURE AND WATER VAPOR PROFILES 

W. L. Smithl, H. M. Woolf‘, H. B. Howell‘, H. E. Revercombl, and H.-L. Huang] 

1Space Science and Engineering Center 
2NOAA/NESDIS Systems Design and Applications Branch 

Cooperative Institute for Meteorological Satellite Studies 
Madison, Wisconsin 53706 

1. INTRODUCTION 

The High resolution Interferometer Sounder 
(HIS) is the first of a new generation of passive 
remote sensors for achieving high vertical 
resolution sounding information. An aircraft 
version of HIS is a Michelson Interferometer with 
a spectral resolving power  AX) of approximate- 
ly 2000 covering a spectral range from 3.7- 
16.7pm. 
is under development for operational geostation- 
ary applications beginning around 1995. In this 
paper, a technique is described for retrieving 
atmospheric profiles from the 3000 spectral 
radiance observations provided by the HIS. 
Results achieved from spectral radiances observed 
from the NASA ER2 aircraft are compared with 
radiosondes and soundings obtained by the VISSR 
Atmospheric Sounder (VAS) to demonstrate the 
improved sounding performance achieved with the 
HIS. 

interferometry will enable the achievement of 
optimal performance of passive remote sounders. 
To approach the ultimate limit of vertical 
resolving power of passive radiometers, the 
sounding instrument must achieve a spectral 
resolution better than 0.1%. With this 
resolution, one avoids smearing contributions to 
the upwelling radiances from relatively opaque 
line centers with radiances from much more 
transparent regions in between the absorption 
lines. 

effect of spectral resolution on radiance 
smearing. 
with the airborne version of the High resolution 
Interferometer Sounder (HIS) (Smith et al., 1986) 
from the NASA U2 aircraft overflying Huntsville, 
Alabama on June 15, 1986. The HIS spectra are 

A spacecraft version of the instrument 

The use of high spectral resolution 

For examples, Figs. 1 and 2 show the 

The radiance spectrum was achieved 

achieved at a resolution of about 0.5 cm-’ from 
600-1100 cm-l (9.1-16.7pm), and 1.0 cm-’ resolu- 
tion from 1100-2700 cmcl (3.7-9.1pm). The ground 
resolution and spacing of the HIS observations is 
2 km from the U2 altitude of 65,000 feet. The 
noise equivalent temperature and calibration 
accuracy are both about 0.1-0.2OC over much of 
the spectrum (Revercomb et al., 1987). In Fig. 
1, blackened portion of the bars representing the 
half power spectral bandwidths of the current 
GOES VISSR Atmospheric Sounder, VAS, (Smith et 
al.. 1981) are shown for comparison. In Fig. 2. 
the brightness temperature spectrum of a small 
portion of the R-branch of the 15 pm C02 band is 
shown at the HIS resolution and at the nominal 15 
cm-l resolution of the filter radiometers such as 
the VAS. It can be seen that brightness tempera- 
ture smearing of the order o f  30°K occurs as a 
result of the inability of the filter radiometer 
to resolve the CO 
spacing of 1.7 c6-1 (0.03pm) in this spectral 
region. A 30’K brightness temperature smearing 
corresponds to a typical vertical temperature 
gradient over a 5 km depth of the atmosphere. 
Considering that the width of a monochromatic 
weighting function is 8 km, the added 5 km 
smearing due to inadequate spectral resolution 
causes an additional 60% degradation of vertical 
resolving power in spectral regions where all the 
absorption lines are of equal strength. Because 
the line strengths will vary considerably over a 
15 cm-l interval (see Fig. 2), additional verti- 
cal resolving power degradation occurs. 

weighting functions for a VAS and HIS spectral 
channel. One can see that there is a 50 percent 
greater resolving power in a single HIS channel 
than in a single VAS channel. The ultimate 
vertical resolution of atmospheric profiles 
derived from a set of spectral radiances depends 

lines which have a typical 

Figure 3 shows typical Planck radiance 
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1. HIS observed spectrum with VAS spectral bandwidths superimposed. 
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Fig. 3 .  Plank radiance weighting functions 
(dT/dlnp) at HIS and VAS spectral resolutions. 

on the number of spectral channels, their posi- 
tions, and the noise level of the radiances. The 
expected vertical resolution of HIS soundings has 
been determined from theoretical analyses to 
degrade from 0.7 km near the surface to 3 km at 
100 mb with further degradation to 6 km at 10 mb 
and above. This resolution is a factor of two to 
three better than that achievable with filter 
radiometers and will provide significantly 
improved profiles for weather analysis and 
forecast mode1.s. 

2 .  SOUNDING RETRIEVAL PROCEDURE 

The perturbation form of the radiative 
transfer equation has been shown by Smith et el. 
(1984)  to be 

where 6T is the deviation of the observed 
brightness temperature, TB, for a given wave- 
length, from that corresponding to a reference or 
guess atmospheric temperature and water vapor 
profile condition, 6T is the deviation of the 
actual surface skin tgmperature from the refer- 
ence condition, 6T is the deviation of the true 
atmospheric temperature, T, from its reference, 
T, 6r is the deviation of the true spectral 
transmittance profile from that corresponding-to 
the reference water vapor profile condition, T ,  
and f is the ratio (aB/aTB)/(aB/aT) where B is 
Planck radiance. 

With the HIS, we have 3000 spectral 
channels sensitive to the surface temperature and 
the temperature and water vapor profile. 
sensitivity of the radiances to temperature and 
water vapor varies greatly across the spectrum 
due to the degree of overlap between water vapor 
absorption lines and lines due to uniformly mixed 
gases such as Cog and N20. Also, the Planck 
function dependence upon wavelength and tempera- 
ture contributes to the spectrally varying 
sensitivity. 
radiance on temperature and water vapor, it is 
desirable to solve for the temperature and water 
vapor profile simultaneously from the complete 
set of spectral observations. A simultaneous 
solution is achieved by noting that for the very 
high HIS spectral resolution, the atmospheric 
transmittance can be represented as the product 
of those for water vapor and dry air. Thus, 

B 

The 

Because of the mutual dependence of 

'I 'Id 'w 
In ( 2 ) ,  'Id is the transmittance of the "dry" 
atmosphere which is a function of the uniformlyA 
mixed gases whose concentrations are known and f 

is the spectral transmittance due to water vapor 
alone. (Ozone is included in 'Id.) Using (2 )  in 
( 1 )  yields 

W 

In order to solve ( 3 )  for the water vapor 
profile, let 

( 4 )  

where U is the precipitable water vapor profile. 
Furthermore we note that 

(5) 

where T 
of the h e  precipitable water vapor profile U 
whereas T is the temperature profile as a 
function of the reference precipitable water 
vapor profile 8. 
(3 )  yields 

is the temperature profile as a function 

Substituting ( 5 )  and (4) into 
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where 6T 0 T - T and 6T - T - T. Equation (6)  
describes the perturbatyon oY the observed 
brightness temperature spectrum from a reference 
condition in terms of three variables: the 
deviation of the true surface skin temperature 
from the reference, the deviation of the atmos- 
pheric temperature profile from the reference 
profile as a function of pressure and the devia- 
tion of the atmospheric temperature profile from 
the reference profile as a function of atmospheric 
precipitable water vapor content. Note that if 
the reference precipitable water vapor concentra- 
tion as a function of pressure is correct then 
T - T 
c!mbinx'to yield the normal form of the radiative 

transfer equation (f6T T - 1 fbT(dr/dp)dp). 
Otherwise, 6T * 6T sostfat tge T and T profiles 
resulting fro8 the solution of (6)  willwdiffer 
from each other depending upon the error in the 
presumed water vapor condition. 

by using a basis function representation of 6T 
and 6Tw; namely, 

6Tw = 6T so that the two integrals 

ps 

The numerical solution of (6)  is achieved 

(7) 

where +,(PI 
atmospheric pressure and pi* is the pressure of 
the "standard" atmospheric pressure levels (1000, 
850, 700, 500, 400, 300, 250, 200, 150, 100, 70, 
50 mb). The functions 4 (p) can be shown to be 
equivalent to Planck radiance weighting functions 
(d.c/dlnp) of a uniformly mixed absorbing consti- 
tuent peaking at the pressure p *. Substituting 
(7) into (6)  gives the system of equations 

(P/P,*) EXP(-P/P~*) where P is 

where K is the number of spectral channels and 

M M  
2 i E -  + 1 , ~  + 2,,,M 

where M/2 is the number of "standard" atmospheric 
pressure levels. In the case of the aircraft HIS 
experiment, K i s  approximately 2500 and M is 24. 
Thus, (8) represents a system of 2500 equations 
with 25 unknowns. 

conditioned least squares inverse solution 
The solution of (8) is achieved using the 

- r T  -1 TA C = (A A + yI) A tb - A*? 

-. 
where t is the vector,of brightness temperature 
observations (6T ), A is the solution matrix. I B 

is the identity matrix, and y is a Lagrangian 
myltiplier (=IO-') used to condition the matrix 
A A for inversion. The superscript T denotes 
matrix transposition. 

When utilizing brightness temperature 
observations it is proper to account for the 
errors in 6T due to measurement errors and to 
uncertainties in the atmospheric transmittance 
pbservations used to calculate ?B from f(p) and 
U(p). 

B 

This error can be defined as 

where p = r/(aB/aT ) is the expected random 
brightness temperature measurement error (r 
being the radiance error) specified from th$ 
observations when viewing a constant calibration 
source, and q is the difference between the 
observed and Jalculated brightness temperature 
for known atmospheric conditions. In order to 
account for the spectral dependence of E both 
sides of equation (8) are scaled by E 

6TB = 6T /E and A =A / E  ). 
spehral %gidns whoiJ of$er$ation error and 
atmospheric transmittance uncertainties are 
smallest carry the greatest weight in the 
solution for the atmospheric profiles. 

C, the atmospheric profiles T(p) and T (p) are 
obtained from (7). 
profile U(p) is then obtained using (5) in the 
form 

(l:e., 
Thus? the 

Having determined the coefficient vector a 

The water vapor coXcentration 

or 

T(p) - Tw(p) 
dT/ d In; 

U(P> = U(P) [1+ I (12) 

The mixing ratio profile is then calculated using 
the relation 

where all the vertical derivations are computed 
as centered finite differences. 

3. ATMOSPHERIC TRANSMITTANCES AND CALCULATED 
RADIANCE SPECTRA 

The atmospheric transmittance functions 
for water vapor, T (p), and T (p) are calculated 
using the line-by-%ne transmfttance model 
"FASCODE" (Clough et al., 1986). For the 
calculation of the radiance corresponding to the 
reference sounding condition, the total 
transmittance is calculated considering all 
optically active constituents (H20, Cog, N20, 
CH4, 03, N2, SO2, NO, CO. etc.) simultaneously. 
In order to represent the HIS spectra, the 
transmittances are calculated at high spectral 
resolution ('Lo.06 cm-l) and then transformed to 
an interferogram incorporating the spectral 
response and finite field of view properties o f  
the airborne HIS instrument. The interferogram 
IS 
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where x is delay, T (p) is the spectral trans- 
mittance as a functlon of wavenumber, V,  u is the 
half angle field of view of the HIS and d 
the spectral response function due primathy to 
the interference filter used to limit the 
incoming radiation. 
resolution is achieved using a cosine transform of 
Tx(p) using precisely the same delay cutoff and 
interferogram apodization function used to 
process the HIS interferogram radiance observa- 
tions. 

is 

Then rv(p) for the HIS 

where X -1.4 for band 1 (600-1100 cm-'), X -0.9 
for bang 2 (1100-1900 cm-l), and band 3 (2VOO-  
2700 cm-I). In the processing of the HIS spec- 
tra, the apodization is 

Figure 4 shows spectra of radiance com- 
puted from the average o f  two special radiosonde 
observations taken at 17 GMT near Huntsville, 
Alabama on June 15, 1986. The radiosonde observa- 
tions were taken in support of the Cooperative 
Huntsville Meteorological Experiment (COHMEX) to 
study convective weather. Also shown is an 
average of HIS spectra observed in the vicinity 
of the two radiosonde observations. The 
differences generally exceed the single sample 
observation errors of 0.2 mw/m2-cm-'-sr for band 
1, 0.1 mLy[rn2-cm"-sr for band 2. and 0.01 
mi/m2-cm -sr for band 3 .  These differences are 
due to errors in simulating the spectral 
characteristics of the HIS observations in the 
radiance computations, errors in the radiosonde 
observations, errors in the FASCODE transmittance 
computations, and errors due to quadrature in the 
radiative transfer computations. These 
discrepancies are accounted for in the retrieval 
algorithm through their inclusion in the 
estimation of the forward radiance computation 
error spectrum defined by Eq. (10). Furthermore, 
we attempt to correct the calculated spectra for 
their discrepancy with observations using the 
approximation 

TBc(v) - TB(v) + n ( v )  (17)  

where T* '(v) i s  the corrected radiative transfer 
computaaion of the brightness temperature 
spectrum and q(v) i s  an expected difference 
between observed and calculated brightness 
temperature spectra for known atmospheric 
conditions as previously defined by Eq. (10). 

4. AN EXAMPLE OF ATMOSPHERIC PROFILE 
RETRIEVALS FROM AIRBORNE HIS SPECTRA 

On June 15, 1986, the HIS flew aboard the 
NASA U 2  from Wallops Island, Virginia to the 
COHMEX observation area over northern Alabama and 
Tennessee. Figure 5 shows the flight track of 
the U2 over a GOES visible channel cloud image at 
18 GMT, the central time of the U2 flight. As 
can be seen, the COHMEX area was covered with low 

COHliEC 

15 JUl lE 1 9 8 6  
CRLCULRl IO I t  

I! . I l l .  CDHIEX 

I 
13001 0 

I!R\'E IU I iBCR I l / C l I )  

Fig. 4. 
COHMEX region on June 15 ,  1986. 

scattered cumulus clouds whose tops are estimated 
from radiosonde and HIS window channel brightness 
temperature data to be at a pressure altitude of 
850 mb. 
from the HIS data, no attempt was made to account 
for the cloud effects on the HIS spectra (i.e., 
all spectra were handled as if they were observed 
for cloud-free sky conditions). An NMC forecast 
temperature and water vapor profile for Uunts- 
ville, Alabama was used as the guess profile for 
all the retrievals to be shown (i.e., the solu- 

Calculated and observed radiance for 

In these initial retrievals conducted 
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Fig. 5. Flight track of the NASA U2 aircraft 
overlaying a GOES visible image. 

tion matrix, A* of Eq. (9), was computed once and 
held constant for all the retrievals). 

dewpoint at 300 mb overlaying a VAS 6.7l~m water 
vapor image. 
radiosonde observations conducted in this area. 
As can be seen, there i s  a systematic difference 
between the H I S  and radiosonde dewpoints at 300 
mb, the radiosonde being warmer by 4.0"C. How- 
ever, the horizontal gradient i s  in excellent 
agreement (i.e., within 1OC). Also ,  there is 
excellent agreement between the small scale 
horizontal features of the retrieved dewpoints 
and the moisture gradients revealed in the VAS 
moisture channel image. 

Figure 6 shows a plot of HIS retrieved 

Also shown are the few special 

Fig. 6 .  HIS 300 mb dewpoint temperature8 
observed along the U2 flight track. The image is 
from the VAS 6.7pm water vapor channel. Dark 
regions correspond to high radiance (i.e., low 
values of water vapor concentration). 
values are shown as the large numbers. 

Radiosonde 

Figure 7 shows an example skew T-log P 
diagram comparing a HIS profile retrieval with a 
radiosonde and the NMC guess, and VAS profile 
retrieval with the same radiosonde. The NMC 
first guess profile was used for both the MIS and 
VAS profile retrieval. The ability of the HIS to Fig .  7 .  An example comparison of NMC first 
resolve the fine scale vertical structure of guess, VAS retrieval, and HTS retrieval with il 
atmospheric moisture, in particular, is remark- nearly coincident rndjosonde observation. 

TEMPERATURE 
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able. 
superior to those achieved with the VAS, but 
still rather disappointing in that much of the 
fine scale structure is not resolved. This 
deficiency is due to the rather large uncertain- 
tieu in the forward computation radiative trans- 
fer model (i.e., transmittances. numerical 
quadrature, etc.). As future studies lead to 
improvements in the radiative transfer model, 
thereby reducing the expected error estimates, 
much greater weight will be given to the observa- 
tions for retrieving finer scale vertical struc- 
tures. 

The HIS temperature profile retrievals are 
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1. INTRODUCTION 

During early 1987, NASA began to formally 
define the science and mission requirements for  
an ea r th  science geostationary f l igh t  program 
fo r  the l a t e  1990's. The Geostationary Platform 
Earth Science Steering Connittee was formed from 
mbers representing NASA, NOAA, USGS, univer- 
sities, and the international space commvlity of 
l3ur-o~ and Japan. The steering caranittee was 
tasked with the following objective: 

Define and a r t i c u l a t e  t h e  s c i e n t i f i c  
measurement requirements, from the f u l l  
spectrum of Earth Science d i sc ip l ines ,  
that  should be made from geostationary or- 
b i t  t o  study the ent i re  Earth System, in- 
cluding requiranents for  supporting infor- 
mation systans and i n s t w e n t  concepts. 

In parallel  wi th  this activity,  NASA is support- 
ing preliminary mission de f in i t i on  concept 
s tud ies  t h a t  w i l l  e s t ab l i sh  several  ea r th  
science geostationary platform mission ap- 
proaches using the  output from t h e  science 
steering c m i t t e e .  This paper w i l l  Dresent a 
s m r y  status  report of these ac t iv i t ies  since 
the f ina l  study is not t o  be completed unt i l  
l a t e  i n  1988, 

2. BACKGROUND 

While NASA has been conducting its highly  
v i s i b l e  e f f o r t s  of manned space f l i gh t  and 
planetary exploration, it has also pioneered t h e  
ranote sensing of the Earth from space. It is 
now time for  NASA t o  expand these effor ts  and 
provide revolutionary new c a p a b i l i t i e s  t o  
characterize our hane planet and its global en- 
vironment. The science comnunity has pointed 
out t ha t  t h e  Planet Earth is already i n  a 
process of global change in  which virtually a l l  
aspects of the Earth interact a s  part of an in- 
tegrated system and t h e  impact of human activity 
I s  s ign i f i can t .  With over five (5) b i l l i o n  
people on our planet, the evidence that  human- 
induced global change is occurring including 
carbon dioxide increase,  defores ta t ion  and 
desert growth, stratospheric ozone depletion, 
and environmental pollution (i.e., acid rain) is 
incontrovertible. 

Today, we lack the ab i l i ty  to  adequately 
foresee t h e  direction of these changes and t h e i r  
effects  on the global physical, econmic, and 
social climate. Both our nation and the  world 
now require the understanding t o  n3liably pre- 
dict the future course of our envirorunent on 
time scales of decades to  centuries i n  response 
t o  both human ac t iv i t ies  and natural forces. 
The long-term quantitative measurement of the  
atmosphere, land surface,  oceans, and so l id  
Ear th ,  using t h e  global perspective of space, is  
essential as the foundation of a new integrated 
approach to  the study of Planet Earth called 
Earth System Science. 

Earth System Science has t h e  following 
goal and challenge: 

EARTH SYSTEM SCIENCE 

THEGOAL: 
TO OBTAIN A SCIENTIFIC UNDERSTANDING OF THE ENTIRE 
EARTH SYSTEM ON A GLOBAL SCALE BY DESCRIBING HOW ITS 
COMPONENT PARTS AND THEIR INTEnACTlONS HAVE EVOLVED, 

CONTINUE TO EVOLVE ON ALL TIME SCALES. 

'TO DEVELOP THE CAPABILITY TO PREDICT THOSE CHANGES 
THAT WILL OCCUR IN THE NEXT DECADE TO CENTURY, BOTH 
NATURALLY AND IN RESPONSE TO HUMAN ACTIVITY. 

HOW THEY FUNCTION, AND HOW THEY MAY eE EXPECTED TO 

THE CHALLENGE: 

Figure 1 shows a v e r y  s i m p l i f i e d  "wiring 
diagram" of t h e  major components of t h e  Ear th  
System w i t h  three major mult idiscipl inary 
process cycles (Physical Climate o r  Energy 
cycle, Biogeochemical cycles, and Global Mois- 
ture or  Hydrologic cycle) functioning under ex- 
ternal forcing and internal human influences 
shown on the left and r igh t  of t h e  char t ,  
respectively. NASA is comnitted to  pursue t h e  
Earth System Science goal through implementation 
of new Earth observing systems i n  orbi t ,  infor- 
mation s y s t e m  on t h e  ground, and by stimulating 
others t o  contribute to  t h i s  effor t .  

3. MISSION TO PLANE2 EARTH 

The Apollo mission provided mankind with a 
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Figure 1. Simplified Earth System Wiring Diagram. 
of t h e  Earth System processes t h a t  must be observed f r an  
geostationary o r b i t  due t o  their short time and space scale. 

Hatched areas denote some 

new perspective of t h e  Ear th  showing a gleaming 
blue and white b a l l  f l oa t ing  i n  t h e  blackness of 
space. This dramatically reshaped our V i e w  of 
Ourselves and t r i g g e r e d  an awareness of Our 
planet a s  a l i fe  support system. More quantita- 
t i v e  remote sensing of the Earth f r an  o r b i t  has 
become a p a r t  of modern l i f e  w i t h  a l l  of U S  
viewing geostationary s a t e l l i t e  cloud p ic tures  
and data a s  t h e  basis f o r  n i g h t l y  explanations 
Of t h e  weather and seeing multispectral  Landsat 
photographs of many land  areas. The u s e  of 
space observations along with vast improvements 
i n  computer power have enable the deVelOpnent Of 
global s ca l e  models of the atmosphere and long- 
range weather prediction. Extensions of t h i s  
modeling approach t o  t h e  s t r a t o s p h e r e ,  t h e  
oceans, and the so l id  Earth is underway and t h e  
need t o  take t h i s  approach t o  large scale ter- 
restrial ecosystems is recognized. The science 
camunity is now able t o  foresee t h e  developnent 
of a model f o r  t h e  coupled global system and the 
Earth System Sciences comnittee of t h e  NASA ad- 
visory council has advanced t h i s  systems ap- 
proach t o  t h e  study of the Earth as the key t o  
fu ture  e f f o r t s  i n  Earth science and applications 
both for NASA and f o r  other agencies including 
NOAA and NSF. NSF has already i n i t i a t e d  its 
global geosciences program. 

An in tegra ted  model of the Earth o f f e r s  
t h e  po ten t ia l  f o r  predicting the fu ture  course 
of the  global environment as well as  for under- 
standing the  global change already taking place. 
The development of t h i s  c a p a b i l i t y  r e q u i r e s  
long-term, consistent observations of t h e  Earth 
and the global perspective offered by remote 
sensing instruments i n  Earth orbit 13 Uniquely 
su i ted  to providing these data. The ultimate 
accomplishment of t h i s  goal w i l l  require many 
contributions from government agencies, t he  in- 

te rna t iona l  space and research canmmities, and 
others. It is N A S A ' s  role t o  lead the  develop- 
ment of revolutionary new Earth observing sys- 
tems, their r e l i ab le  long-tem deployment on or- 
b i t ,  and t h e  integration of the re su l t i ng  data 
i n t o  t h e  study and modeling of t he  Earth a s  a 
system. NASA views th i s  a c t i v i t y  as part of i t a  
respons ib i l i ty  to both our nation and mankind 
and is e m i t t e d  t o  expanding its current Earth 
observations a c t i v i t i e s  t o  carry out what may be 
best described as a Mission t o  Planet Earth. 
Spaceflight is not j u s t  a means t o  st imulate t he  
mind and imagina t ion  of humanity; it a l s o  
provides t h e  bas i s  for improvements i n  our day 
to  day lives rn Earth both now and i n  the fu- 
ture, 

NASA has  developed t h e  o r b i t i n g  
capabilities which today form the basis of the 
NOAA and GOES operational weather s a t e l l i t e s  and 
t h e  Landsat ccnnmercial land remote sens ing  
s a t e l l i t e s .  These pioneering developnents by 
t h e  U.S. have been emulated abroad w i t h  t h e  
geostationary weather satellites GM.5, Meteosat, 
and Insa t  being launched by Japan, Europe, and 
India respectively and by the SPOT comnercial 
land remote sensing satellite program of France. 
NASA is currently o rb i t i ng  the Nimbus 7 and ERBS 
research satellites which are providing global 
data on s t ra tospher ic  ozone, sea surface and sea 
ice var iab les ,  and the balance of rad ia t ion  in- 
put and output between the Earth and space which 
is key to  improving our unders tanding  of 
climate. Approved fu ture  programs a t  NASA i n  
Earth science and applications include the Upper 
Atmospheric Research S a t e l l i t e  (UARS) and t he  
?IDPM/Posiedon mission. UAFS w i l l  provide the 
first comprehensive measurements of t he  inter- 
p lay  among dynamic, r a d i a t i v e ,  and chemical 
processes i n  t h e  stratosphere and mesosphere 
which determine the extent and durabi l i ty  of t he  
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MISSION TO PLANET EARTH 

Figure 2. Complimentary orbiting satellite 

Shown are the 
system required to completely observe 
the Earth System. 
Polar Orbiting Platforms, the low- 
inclination Manned Space Station and 
several Geostationary Platforms. 

geostationary observing system, following the 
same general approach being taken for MIS in low 
altitude, sun-synchronous Earth orbit, called 
the Earth Science Geostationary Platform Mis- 
sions. 

Summarized below are primary elements of 
NASA's Mission to Planet Earth approach includ- 
ing three (3) GMI-EOS geostationary platforms: 

MISSION TO PLANET EARTH 

NASA PROGRAM ELEMENTS 

EARTH SCIENCE & APPLICATIONS INFORMATION SYSTEM 

EOS WITH 2 POLAR PLATFORMS 

TROPICAL RAINFALL MEASUREMENT MISSION (TRMM) 

CEO-EOS WITH 3 GEOSTATIONARY PLATFORMS 

TECHNOLOGY DEVELOPMENT 

SUPPORTING INFRASTRUCTURE: 
LAUNCH, ASSEMBLY, SERVICING, DATA RELAY 

ozone layer. TOPEX will provide the first 
detailed measurements of the global circulation 
patterns of the ocean :including the manner in 
which strong poleward currents such as the Gulf 
Stream are balanced by equatorward flow. These 
missions are both building, blocks of a com- 
prehensive understanding of the Earth as a sys- 
tem. Each mission addresses a key aspect of the 
system and a particular environmental region. 

The comprehensive approach to observing 
the full spectrum of processes which comprise 
the Earth system requires enlarged concentra- 
tions of orbiting renote sensing instrumentation 
and mission lifetimes of a decade or more (see 
Figure 2). The characteristics of the com- 
plimentary orbital views in Figure 2 are shown 
belaw: 

MISSION TO PLANET EARTH 

COMPLIMENTARY ORBITAL VIEWS 
SUN-SYNCHRONOUS POLAR ORBITS AM k PM CROSSING TIMES 

GLOBAL COVERAOE 
SAMPLING AT 6 HOUR TO 3 DAY INTERVALS 
LASER, RADAR. & PASSIVE REMOTE SENSING 

LOW-INCLINATION, LOW-ALTITUDE ORBITS 
TROPICAL COVERAGE 
SAMPLING ALL LOCAL TIMES 
RADAR AND PASSIVE REMOTE SENSING 

GEOSTAnONARY ORBITS 
LIMITED AREA COVERAGE 
CONTINUOUS TEMPORAL COVERAGE 
PASSIVE REMUTE SENSING ONLY 

The key piece of new space infrastructure 
to enable such an effort is the Polar Platform 
which NASA is developing as part of the Space 
Station program. NASA is working with the Earth 
observations offices of our Space Station 
partners ( E A ,  Japan, and Canada) and with NOM 
as well as with the Earth science coimnunity to 
define and implanent the Earth Observing System 
(EOS) which will provide the instruments and 
data systems to capitalize on the polar platform 
capability. NASA is also examining smaller mis- 
sions such as the Tropical Rainfall Measurement 
Mission and the Geopotential Research Mission 
which require unique orbits different from those 
planned for polar platforms and which contribute 
to pursuit of Earth System Science. Of par- 
ticular interest in this paper is an expanded 

Commitments by NASA in each of these areas are 
already stimulating and catalyzing corresponding 
comnitments in Europe and Japan which will make 
this effort truly international. 

4. EAliTH SCIENCE GEOSTATIONARY PLATFORM 
SCIENCE AND MISSION REQUIREMENTS 

The Earth Science Geostationary Platform 
(ESGP) Science and Mission Requirements are 
being developed around the essential elements of 
the Missim to Planet Earth concept shown below: 

MISSION TO PLANET EARTH 

ESSENllAL ELEMEMS OF THE CONCEPT 

CENlEnPlECE OF EAllTH SYSTEM SCIENCE PROGRAM lMPLEMENTATlON 

INFOnMATDN SYSTEM APPnOACH - UNDERSUNDlN'3 IS THE DELIVERAOLE 

RESEAIICH AN0 OPElWlONhL PAYLOADS / DATA SYSTEMS oEVELOPE0 6 IMPLEMENTED TWETHER 

LONO-TERM, CONSlSTENl DATA SETS ESSEMIM 

INlERNAfKWJAL ~ C o P E  IN SYSlEM PROVISION, USE, BENEFll 

ICSU GLOMI, CIUNOE I IGBP COORDINATED GRWND OBSERVATK~JS CONTEXT 

These guidelines dictate that all earth Science 
disciplines are considered as integral to the 
Earth System Science approach and that the 
measurement and understanding of Global Change 
Processes provide the centerpiece of the mission 
developnent philosophy. This approach parallels 
the development strategy for the Space Station 
Polar Platforms in many respects including the 
desire to fly together research and operational 
payloads using jointly developed and implemented 
data systems that would provide international 
participation and crucial data sets for studying 
longer term earth system processes. 

However, the ESGP will make a unique and 
program-critical contribution to the Earth Sys- 
tem measurement program due t o  its continuous 
temporal sampling and integrating capability. 
Figure 3 shows a time/space earth science 
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Figure 3. Space/time diagrams f o r  earth science phenomena. Hatched area 
on the right-hand diagram shows processes of unique in t e re s t  t o  
t h e  Earth Science Geostationary Platform Mission. 

phenomena diagram and depicts (hatched) those and Mission Reqyiranents, three subpanels have 
Processes whose t i m e  and space scale  are of par- k e n  created around the three fundamental cycles 
titular in t e re s t  t o  t h e  ESGP. Phenomena whose shown i n  Figure 1. 
time s c a l e s  ranged from <I second ( i . e . ,  
lightning) t o  dai ly  ( i .e. ,  diurnal heating and 
t i d e s )  over  nea r ly  g loba l  r eg ions  can be 
monitored uniquely from t h i s  mission. The 0 Biosphere Chemistry (Biogeochemical 
a b i l i t y  t o  dwell over a specif ic  region of the 
world t o  study a par t icular  multidisciplinary 
Process (i.e.,  the southern osci l la t ion)  makes 
t h e  ESGP part icular ly  important i n  providing a 
dYnamlCal understanding of t h e  phys ica l  
Processes t h a t  con t ro l  n a t u r a l  and man- 
influenced global changes. 

Referring back t o  Figure 1, the hatched 
a reas  i n  the  e a r t h  system I t w i r i n g  diagram1' 
depict some of the discipl ine processes tha t  
r e q u i r e  t h e  measurement c a p a b i l i t i e s  of t h e  
B'GP. The ESCP Science Steering Committee has 
already i d e n t i f i e d  some of the  s p e c i f i c  
Processes within these discipl ine areas t h a t  
demand measurement from t h e  geostationary o rb i t .  * small sample of these phenomena are l i s t e d  
below: 

0 Physical Climate (Energy Cycle) 
o Global Moisture (Hydrologic Cycle)  

Cycle) 

These subpanels ,  i n  add i t ion  t o  i d e n t i f y i n g  
specific measurenent requiranent f o r  the ESGPs 
must e s t a b l i s h  sensor  Concepts and advanced 
technology needed t o  accomplish the mission. 
Shown below is a gene r i c  l ist of new Sensor 
technologies that  would be needed f o r  the ESGP 

0 Precipitation and l ightning 
o mesoscale atmspheric/oceanic 

0 coastal  processes including tides 
o environmental pollution 
0 volcanoes and earthquakes 
0 oceanic phytoplankton blooms 
o water vapor sources/sinks and s t ructure  
0 so la r  f lux and constant 
o atmospheric t race gases 
o diurnal t e r r e s t r i a l  ecosystem processes 
o cloud evolution and severe storms 
o earth sys t em radiation balance 

Many o t h e r s  w i l l  be i d e n t i f i e d  a s  t h e  ESGP 
Steering Cornittee completes its work i n  1988. 

c i rculat ions 

I n  o rde r  t o  provide a broad and cross- 
discipl ine approach t o  defining t h e  ESGP Science 

candidate payloads. 

Liirgc hpcriilnrc niiteni1:i clcsigii stiiclics for 
liigli-resolutioii iiiicrowave radioinctry 

Sub-milliinctcr tccliiiiqiies for iniaging and sounding 

Design studies of one and two dimensional array 
detectors which operate in narrow spectral intervals 
in the visible rind infrared 

Design studies for very bigti spectral resolution 
sj'ectrorodioiiieters for improved atinospheric sounding 

Programinable on-board processing and d a h  compression 

Scrviccnbility considerations 

Util iz ing these new technologies and some very 
preliminary instrument concepts, several concep 
tual  mission designs have been established t h a t  
use var ious launch c a p a b i l i t i e s  and space 
transportation options. Figure 4 shows only one 
of the concepts and iden t i f i e s  specific strawman 
instruments. However, the concepts will undergo 
s e r i o u s  review and modif icat ion as the  ESGP 
Steering ConmLttee completes its job. 
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GEOSTATIONARY PLATFORM ON ORBIT 
CONFIGURATION 

NOTE. ers AND NEPAO LOCATED ON 
THR AIS UlOE OP r L A T f 0 I I H  

Figure 4. One of several Earth Science Geostationary Platform preliminary 
mission concepts. 

GEOSTATIONARY PLATFORM PROGRAM 
SCHEDULE OPTIONS 

CANDIDATE 
PLATFORM BUS 

GOES I-M BUS* 

MILSTAR BUS 

NEW BUS 

SUMMARY 

- 
1988 

AUNCH 'm9 
* PRECURSOR MISSION 

Figure 5. Earth Science Geostationary Platform Schedule Options. 
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Figure  5 shows a summary schedule  f o r  
th ree  fundamental options f o r  the ESGP Program. 
They include: 

1) a research GOES mission 
2)  an ESGP using an ex i s t ing  bus (i.e.,  

3) an ESGP with new bus plus payload 

NASA has o f f i c i a l l y  decided t o  remove option 1) 
from consideration and pursue option 2) O r  3) 
w i t h  an expected launch date i n  t h e  late 1990's. 

M i l s  t ar ) 

5 CONCLUSIONS 

NASA w i l l  continue its support of e f f o r t s  
by the U.S. Earth science c m u n i t y  t o  pursue 
t h e  s tudy  of Global Change and shape a com- 
prehensive national con t r ibu t im  t o  the Interna- 
t i ona l  Congress of Sc ien t i f i c  Unions Interna- 
t i ona l  Geosphere Biosphere program. N S F  w i l l  
Play a major role i n  ground based observations 
and fundamental research through its Global 
Geosciences i n i t i a t i v e ,  and NOAA w i l l  be an in- 
valuable source of data from i ts  ground based 
and space based operational measurement sys-  
tems. The other substantive contributions from 
the f u l l  range of US agencies involved i n  Earth 
science can be coordinated t o  ensure US leader- 
sh ip  i n  t h i s  in te rna t iona l  arena. The develop- 
ment of' the Earth Science Geostationary Platform 
Measurement System w i l l  provide t h e  f i n a l  and 
cruc ia l  element of the Mission t o  Planet Earth 
program needed t o  provide a f u l l  spectrum of 
global measurements of t h e  earth s y s t e m  t o  
monitor and dynamically unde r s t and /p red ic t  
Global Change of our Planet Earth. 



6 . 7  

DOPPLER LIDAR WIND MEASUREMENTS ON THE €OS: LAWS 

Daniel E. Fitzjarrald 

NASA Marshall Space Flight Center 
Huntsville, AL 

1. INTRODUCTION 

It is possible to make wind profiles 
from space using current technology. These 
wind profiles are essential for investi- 
gating many of the interdisciplinary 
scientific questions of the Earth Observ- 
ing System ( € 0 5 ) .  A spaceborne wind 
sounder, the Laser Atmospheric Wind 
Sounder (LAWS) has been chosen as a facil- 
ity instrument on the Eos. This paper 
discusses the efforts currently underway 
to prepare for the deployment of the LAWS 
instrument on an Eos polar orbiter and on 
the Manned Space Station. The measurement 
technique heritage, which includes ground- 
based and airborne measurements in the 
atmosphere, is discussed, along with the 
scientific and technical issues that are 
being addressed. Whether obtained glob- 
ally from the Eos polar platform or in the 
tropics from an Space Station, wind pro- 
files from space will provide essential 
information for advancing the s k i l l  of 
numerical weather prediction, furthering 
our knowledge of the large-scale atmo- 
spheric circulation and climate dynamics, 
and improving our understanding of the 
global biogeochemical and hydrologic 
cycles. These scientific issues are also 
briefly discussed. 

2. HERITAGE OF THE TECHNIQUE 

Measurement of wind using pulsed, CO, 
Doppler lidars has received considerable 
attention since the first research data 
were obtained in 1979. Groundbased units 
have progressed from the first breadboard 
constructions to van mounted instruments 
that can routinely be transported to 
remote research sites and used in mesos- 
cale scientific investigations. The lat- 
est of these groundbased instruments 
belongs to NOAAIERL and has a pulse energy 
nearly that needed from the low earth 
orbit of Space Station or Eos. Real-time 
signal processors and computer controlled 
beam scanners allow flexibility in the 
planning and execution of experiments. 

2 

Airborne Doppler lidars have been 
tested since 1971. The latest of these 
instruments uses a computer controlled 
scanner and dedicated inertial navigation 
system to point the beam in a known direc- 
tion and subtract the aircraft motion. 
Since the measurement platform moves much 
faster than changes occur in the airflow 
pattern, line of sight measurements into 
the test region from different angles can 
be used to compute the horizontal motion 
of the air, ie., the wind. A similar 
technique can be used from space, allowing 
one instrument to determine the wind 
around the globe b y  making line of sight 
measurements from a moving platform. 

3. S P K E  APPLICATIONS 

A number of studies have been done to 
determine the feasibility of using Doppler 
lidar from a platform in space to measure 
the wind globally. These studies have 
shown the general feasibility of the 
technique and have identified a number of 
technological and scientific issues that 
need to b e  resolved before such an 
instrument can be built. 

The lidar system must be designed, 
tested, and qualified for space operation. 
While a transmitter of this size is not 
large compared to some other possible 
space applications of lasers, its size is 
unprecedented for remote observation of 
the earth. This instrument, along with 
others of the Eos facility instruments, 
will usher in a new era of active measure- 
ments o f  the earth that will need rela- 
tively large platforms with their large 
payload capacity and high power availabil- 
ity. 

Lidar systems for use in space fall 
into two general categories: 1 )  those 
that use coherent detection of the signal, 
and 2) those that use incoherent detec- 
tion. In the former, a reference beam is 
put on the detector along with the return- 
ing Doppler shifted radiation, and the 
resulting beat frequency is the signal. 
In the latter technique, a Fabry-Perot 
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interferometer is used to extract the sig- 
nal from the returning radiation. The 
coherent detection technique has been used 
in the past and is currently in use in the 
field using CO, lasers as radiation 
sources. Recent advances in solid state 
laser technology using diode pumped lasers 
show good promise ,for lidar design. A l l  
of these technologies are being evaluated 
by NASA. 

At the present time CO, coherent detec- 
tion lidar is the baseline for wind 
measurement from space. This technique 
currently, or in the near future with some 
development work will satisfy the r-equi- 
rements for space flight, namely: 1 )  
efficiency, 2 )  longevity, 3) weight. But 
most importantly, this technique has the 
experience base upon which to make con- 
fident predictions that the instrument 
will work, so that we can proceed directly 
to i t 5  design and implementation. 

A s  the initial feasibility study and 
subsequent ones have pointed out, more 
data must be obtained concerning the 
global distribution o f  naturally occurring 
atmospheric aerosols that provide signal 
return at the wavelengths used b y  all the 
techniques described above. A comprehen- 
sive research program, the Global Back- 
scatter Experiment (GLOBE) has been formed 
by NASA to accomplish this crucial 
research. The research program will 
include an extensive airborne experiment 
in the remote Pacific using the NASA DCB 
research aircraft outfitted with a variety 
of lidars and aerosol instruments, a ship- 
board lidar instrument, and surface 
measurements by lidars and aerosol samp- 
ling networks. Data from these sources 
and others, including research data from 
NOAA, researchers in the U K ,  France, Ger- 
many, and Japan will be synthesized into a 
model to be used in feasibility assess- 
ments and performance analyses of a space 
borne Doppler lidar. 

4. SCIENCE BENEFITS 

The experience of operational weather 
prediction centers and the considerable 
recent research has indicated that wind 
Profiles are the single most important 
data source with the potential to effect 
dramatic improvement in numerical weather 
Prediction. This improvement will occur 
through the enhancement of the coverage 
and data quality in areas already served 
by conventional radiosondes, and through 
the extension of the coverage of high 
quality wind profiles to the sparsely 
instrumented oceanic, tropical, and south- 
ern hemisphere areas. Simulation exper- 
iments indicate that weather forecasts 
would improve to the point that weather in 
the southern hemisphere and the tropics 
could be predicted with as much skill as 
the northern hemisphere. Moreover, even 
in the much better observed northern hemi- 
sphere, specific cases of very significant 
forecast improvement have been noted using 
simulated wind profiles. 

In the tropics, wind observations are 
even more important than in mid-latitudes, 
since pressure patterns cannot be used 
to calculate atmospheric motion, and since 
there are few observing stations. The 
tropics are of particular interest, since 
much of the global energy input to the 
atmosphere occurs there. Less understood, 
but potentially very important, are the 
teleconnections between large scale 
atmospheric phenomena in the mid-latitudes 
and anomalies in the tropics as evidenced 
in the recent El Nino episode. 

Globally obtained wind data will also 
be of great use in the understanding and 
prediction of transient atmospheric phe- 
nomena such as tropical cyclones. Global 
wind profiles obtained by the LCIWS instru- 
ment will be ideal to determine the mid- 
troposphere steering currents that are 
important in hurricane track forecasts. 

Obtaining a better understanding of the 
atmosphere, oceans, cryosphere, and biota 
as a coupled system is the essence of the 
€os concept. Atmospheric dynamics plays a 
central role in coupling the elements of 
the entire system through the transport o f  
heat, water vapor, momentum, and trace 
gases. Wind observations and models are 
needed to provide a better definition o f  
the hydrologic cycle and the long-range 
transport of trace gases and aerosols. The 
measurements made by the Doppler lidar 
LAWS instrument on the Eos polar orbiter 
or from the Manned Space Station will be 
an important part of a revolutionary new 
study of the system earth. 
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6.9 

AEROSOL BACKSCATI'ER VARIABILITY AT 10.6 MICRONS OVER 
COLORAdO HIGH PLAINS DURING JAWS EXPERIMENT 

Jeffry Rothermel 

Universities Space Research Association 
Earth Science and Application Division 

NASA/Marshall Space Flight Center 
Huntsville, Alabama 35812 

David A. Bowdle 

Johnson Research Center 
University of Alabama, Huntsville 

Huntsville, Alabama 35899 

J. Michael Vaughan 

Royal Signals and Radar Establishment 
Great Malvern, United Kingdom WR14 3PS 

1. INTRODUCTION 

Recent years have seen increased interest in the 
physical, chemical, and optical properties of micromet- 
er-sized particles naturally present in low concentra- 
tions in the free troposphere. Such knowledge is 
essential to design and performance studies of proposed 
space-based lidar systems that use aerosols as passive 
backscatterers to measure some primary atmospheric 
quantity, such as global tropospheric winds or trace 
species concentrations. 

Since 1981 the Royal Signals and Radar Establish- 
ment and Royal Aircraft Establishment, United King- 
dom, have operated an airborne continuous-wave (CW) 
focused C02 Doppler lidar, the Laser True Airspeed 
System (LATAS), obtaining vertical and horizontal 
sounding measurements of aerosol backscatter cross- 
section. A detailed description of the design, calibra- 
tion, and operation of the LATAS, which is mounted 
on an HS-125 aircraft, is found in Foord a A. (1983) 
and Vaughan a d. (1987). Biasing by occasional 
regions of high aerosol concentration is prevented by 
high spatial and temporal resolution, which is obtained 
through a high volume sampling rate at high sensiti- 
vity. Because most conventional aerosol instruments 
cannot easily achieve these qualities using the available 
sampling platforms (e.&, balloons, aircraft, high-altitude 
ground sites), comparatively little detailed information 
is available on free tropospheric aerosols. 

During the summer of 1982 the Joint Airport 
Weather Studies (JAWS) field experiment was held in 
the vicinity of Denver, Colorado to study severe 
thunderstorm downdrafts and resulting outflows near 
the surface. The LATAS participated in JAWS, with a 

two-fold purpose: ( I )  to measure wind shears poten- 
tially hazardous to aviation operations. and (2) to 
obtain profiles of aerosol backscatter. This presenta- 
tion describes LATAS backscatter profile measurements 
from JAWS, which were obtained primarily in the 
absence of deep convection and strong shears. Ancil- 
lary data is described to consider qualitative relation- 
ships between backscatter and the vertical distribution 
of temperature and water vapor. It is noted in pass- 
ing that a pulsed. ground-based C02 Doppler lidar. 
operated by the Wave Propagation Laboratory (WPL) of 
the National Oceanic and Atmospheric Administration 
(NOAA), also participated in JAWS, with similar objec- 
tives. A future publication describes an intercomparison 
between the two lidars (Bowdle a J, 1987). 

2. EXPERIMENT AND DATA 

The backscatter sounding flights were made in the 
lee of the front range of the Colorado Rocky Moun- 
tains, in the vicinity of Denver's Stapleton Interna- 
tional Airport. Area elevations are roughly 1650 m 
above mean sea level. Land usage in the surrounding 
area is primarily agricultural, except for the Denver 
metropolitan area and scattered, smaller towns. The 
climate is characterized by low humidity, frequent 
cloud-free days, low precipitation, and a large diurnal 
temperature range. Diurnal development during the 
summer typically leads to a deep, dust-laden planetary 
boundary layer (PBL), and occasional, severe thunder- 
storm activity in the afternoon and evening. Backscat- 
ter flights were typically made during periods when 
the region was dominated by an upper air high pres- 
sure ridge. 

Typical flights were made during 0900-1 100 local 
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time (1500-1700 GMT), lasted for 30-40 min, and 
extended to 13 km. Resolution was 20-25 m near the 
surface, and decreased steadily as the aircraft 
approached maximum altitude. Nine profiles were 
obtained during participation in JAWS. High resolu- 
tion temperature measurements were also made by the 
LATAS, however water vapor measurements were not 
made. National Weather Service special rawinsonde 
data, obtained within 2 hr of the flights, were used 
for interpretation of backscatter features. In all cases, 
agreement between LATAS and sounding temperatures 
was better than 1.0 C throughout most of the profile, 
and less than 2.0 C throughout the entire profile. 

Backscatter measurements obtained with no electri- 
cal attenuation were processed using the algorithm 
described by Rothermel a A. (1987), which is based on 
the theoretical formulation of Vaughan a A. (1987). 
Non-zero attenuation was usually applied in the PBL, 
to Prevent detector saturation due to strong signal. 
Data obtained under these conditions have been elimi- 
nated in the present study. Measurements affected by 
LATAS system malfunctions were also removed from 
the data set. Potential temperature profiles were 
derived to evaluate the likelihood of vertical mixing 
during the measurement period, to identify aerosol 
Source regions (e.g.. the planetary boundary layer, 
PBL), and to locate layers that had already been 
affected by vertical mixing from these source regions. 
An amplitude-weighted velocity variance of the return 
signal was computed as a rough indicator of atmo- 
spheric turbulence. 

3. RESULTS 

3.1 

The JAWS profile measurements contain three per- 
sistent features: a strong backscatter layer associated 
with the PBL, a mid-tropospheric “clean background.” 
and a stratospheric aerosol layer. Some variation in 
the layer thicknesses and altitudes occurs. 

Fig. 1 (Flight 772) shows representative backscatter 
and potential temperature profiles. Typically, the 
layer of enhanced backscatter associated with the PBL 
extends to 6 km or less, with values of 
more. The neutrally-stable portion of the potential 
temperature profile confirms that the layer is well- 
mixed, suggesting a surface-derived aerosol source. 
Highest humidities are found typically in the PBL. In 
other soundings, occasional backscatter enhancement 
occurs at the top of the PBL, indicative of deliques- 
cence and growth in a higher humidity environment 
Preceding cloud formation, 

A layer of minimum backscatter, or clean back- 
ground, typically extends from above the PBL to 1-2 
km below the tropopause, Occasional backscatter 
enhancements, considered in section 3.2. are found in 
this layer. In Flight 772, the clean background is 
evident between 7-12 km, with a layer of enhanced 
backscatter near 10 km. The clean background layer 
shows uniformity from day to with backscatter 
values of approximately i o - 1 8 a y ~ - l s r - I  . Minimum 
backscatter usually occurs between 7-1 I km. Variations 

layer position and thickness may be explained by 
variations in PBL depth and synoptic scale forcing. A 
clean background condition, described by Bowdle 
(19861, is assumed to be produced by nearly complete 
removal of moisture and aerosols from rising a1r 
masses in large-scale storm systems, i.e.. “scrubbing.” 

m-lsr-l or 

At 1-2 km below the tropopause, backscatter values 

begin to increase above the clean background through 
the remainder of the .troposphere and into the strato- 
sphere. For Flight 772, the tropopause height (deter- 
mined from the rawinsonde sounding made within 2 hr 
of the flight) was roughly 14 km. Since the enhance- 
ment generally begins well below the tropopause, the 
stratosphere apparently acts as an aerosol source, 
probably due to residual material from the Mt. Saint 
Helens volcanic eruption of May 18, 1980, or the 
initial influence of the El Chichon, Mexico eruption in 
April 1982, or both. 

evident in soundings made during descent. 

3.2 

The general features described above are also 

In addition to the persistent structure described 
above, microscale features and variations are occasion- 
ally superimposed. 

Fig. 2 (Flight 787) contains another example of 
backscatter enhancement, at 11 km, as well as the 
general features noted above. This sounding was 
obtained on ascent. An enhancement at the same level 
is absent on descent, indicating that the scattering 
layer had limited horizontal extent. Such an enhance- 
ment is usually associated with visible cirrus; however, 
on this occasion none was observed. The backscatter 
enhancement is associated with a thin, nearly isen- 
tropic layer and increased velocity variance (not 
shown), indicative of light turbulence. Approximately 
two hours later, at 1330 local time, cirrus was detected 
visually and with the WPL lidar, with peak scattering 
at roughly 11.5 km. These middle and upper tropo- 
spheric layers are attributed to incipient, active, or 
residual cirrus. Water vapor measurements from rawin- 
sondes are generally unavailable above heights of 
roughly IO km. Below this level, the rawinsonde water 
vapor data show positive correlation only with 
deep layers of backscatter enhancement on the order 
of several km thick, Le.. the PBL and relatively deep 
cloud layers. The lack of complete correlation may be 
explained in terms of insufficient sensitivity and 
vertical resolution of the rawinsonde, differences in 
spatial and temporal location between the LATAS and 
rawinsonde, and the evolution and decay of cloud 
features. 

Considerably detailed structure is evident upon 
closer examination of the profiles. An enlargement of 
Flight 772 is shown in Fig. 3. showing backscatter and 
potential temperature. There are numerous examples 
of negative correlation between backscatter and poten- 
tial temperature fluctuations, e.&, at 4.1, 4.5, 5.0, 5.8, 
and 5.9 km. No satisfactory explanation has yet been 
found for this relationship. 

. A third example of microscale structure is the 
abrupt transition between the PBL backscatter values 
and those of the free troposphere, e.g., Flight 787 (Fig. 
2a). Backscatter values may vary by as much as three 
orders of magnitude over as little as 200-300 m. 

4. CONCLUDING REMARKS 

Aerosol measurements are important as inputs to 
design and simulation studies of prospective satellite- 
based lidars that will use aerosols as backscattering 
fargets. It is noted that several data bases of direct 
C 0 2  backscatter measurements exist and are being 
expanded. The RSRE/RAE have made extensive 
measurements with the LATAS in varied locations, 
including a five year climatology of profiles over the 
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United Kingdom. These are currently being analyzed. 
The WPL/NOAA group has made backscatter measure- 
ments from a fixed location in Boulder, Colorado over 
a three year period (Post, 1984). Measurements have 
been made in Pasadena, California at multiple CO2 
wavelengths (Menzies g& J., 1984). 

The National Aeronautics and Space Administra- 
tion (NASA) has recently initiated a research program, 
the Global Backscatter Experiment (GLOBE), to provide 
a comprehensive global scale aerosol data base, and 
ultimately a global-scale model of aerosol backscatter 
(Bowdle, 1986; Bowdle and Fitzjarrald, 1987). GLOBE 
activities include, but are not limited to, review of 
existing aerosol measurements, a program of direct C02 
backscatter measurements, use of satellite-based 
measurements of aerosols or aerosol surrogates (tracers), 
measurements of aerosol physicochemical properties, 
and calibration issues. This model will be used in 
design and simulation studies for NASA’s prospective 
Laser Atmospheric Wind Sounder (LAWS) (Baker and 
Curran, 1985). The performance of a device such as 
LAWS depends critically upon the signal-to-noise ratio 
of the received signal, which is primarily a function 
of the concentration and backscatter efficiency of 
Perosols in the sample volume. LAWS is planned for 
deployment to low earth orbit in the mid 1990’s. 
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Figure 1. Soundings of potential temperature (K) and 
log of aerosol backscatter coefficient (denoted by 
“beta,” in units of m-lsr-l) for Flight 772 on 2 July 
1982 near Denver, Colorado. 
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Figure 2. Soundings of potential temperature and log 
of aerosol backscatter coefficient for Flight 787 on 13 
July 1982 near Denver, Colorado. Note enhancement 
at 11 km, probably due to incipient or residual cirrus 
cloud layer. 
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6.10 

DIRECT HEASUREHENT OF BOUNDARY LAYER WINDS 
OVER THE OCEANS USING A 

SPACE-BASED DOPPLER LIDAR WIND SOUNDER 

G. D. Emmitt 

Simpson Weather Aseociatee, Inc. 
Charlottesville, Virginia 

1. INTRODUCTION 

Winde play a major role in regulating the 
transfer of heat, moieture, and momentum between 
the atmoephere and the underlying oceans. 
rently the measurement of surface winde over 70% 
of the globe la limited to a sparee network of 
buoya, inland atatione, and inaccurate reports 
from merchant ahips. 

In 1978 the Sea8at-A Satellite Scat- 
terouter (SASS) was flown for 5 montha and 
obtained indirect measurements of the surface 
rinds over the oceans with 50 km spatial reeolu- 
tion and every-other-day coverage. Although u. 
(mattering croes section per unit area) may be 
better correlated with the surface stress than a 
wind meaaured none height above the sea surface, 
there are ambiguities or aliaeee in wind direc- 
tion. Objective dealiasing echemee (Baker, et 
al., 1984) were developed and ueed in model data 
assimilation studiea (Atlae, et al., 1987), pro- 
ducing encouraging reeults in resolving global 
fields of momentum, aensible heat, and latent heat 
f luxea. 

After SASS'rr short lived flight, there were 
plana to launch another scattarometer. Horever, 
this multiagency program has since been cancelled. 
Ner initiativea are underway by both NASA' and 
DOD* to place pulsed lanere on orbiting apace 
platform to obtain direct meadurements of tropo- 
spheric rind.. 
provide CLOS'sa and sufficient aerosols, the 
space-based Doppler lidar promiaes a totally new 
perspective on global circulations and a new data 
barre for atmospheric and oceanographic modelling. 

Cur- 

Although limited to area. that 

2. DESCRIPTION OF LAWS 

WASA'o version of a apace-baaed Doppler 
Lidar &nospheric Hind gounder (LAWS) could fly on 
either a polar orbiter or Spmce Station. Current- 
ly the lidar is configured as a 10.6 pm or 9.11 pm 
CO, laser whose pulsed energy i r r  directed with a 
conically ecanned 1 meter diameter teleecope. 
Primary lidar and scanner paraieters are listed in 
Table 1. 

The lidar measures a line of might (LOS) 
component of the air motion by emitting energy at 
a known frequency and detecting the Doppler ehifts 

in the, energy reflected from aerosols. 
sulting Doppler frequency spectrum is broadened by 
the turbulent motions and velocity gradients 
within the cylindrical sample volume. 

The measurement accuracy of the LOS rind 
component depends upon the strength of return eig- 
nal above the random noise level and the signal 
proceesing used to find the mean epeed of the air 
motion. In general, the error or uncertainty in 
the estimate of the wind along the LOS ie mostly a 
function of the eignal to noiee ratio ISNR) which, 
in turn, ie a function of factors euch as lamer 
power, detector sensitivity, or aerosol concentra- 
tione. Coneequently, the accuracy of the LOS rind 
can be expreesed in terms of plus or minus a few 
meters per second. For example, in the lowest 1 
km of the earth's atmosphere over the continents, 
a reaeonable LOS uncertainty rould be a RHS speed 
of = 1-2 m s-'. 

The LOS meaeurements are taken in a spatial 
pattern dictated by the conical scanner parameters 
(Table 1) and the earth-relative motion of the 
apace platform (Fige. 1 and 2) .  Variations in the 
shot pattern can be achieved by modulating some of 
the LAWS parameters such as PRF or ecanner elew 
rate (Emmitt, 1985). 

The re- 

Table 1 
LidarBcanner Parametere for LAWS 

Laser wavelength (pm) 
Laeer power (joules) 
Laeer pulee repetition frequency 
Scan angle ( 0  from nadir) 
Scan rate (deg/sec) 
Sample volume dimensions 

length (m) 
diameter' (in) 

Ground Swath width' (km) 
Average shot density (km-*) 
Average shot pair density (km-') 

( Hz 

10.6 or 9.11 
10 
) 8  
45-95 
18-36 

150 -2000 
10-20 
2500-3000 
2500-3000 
5000-6000 

Given the LAWS configuration dsacribed in 
Table 1, we can expect, on the average, a 50-60 km 
spacing between LOS measurements. 
ponents could be ueed in a regression with pre- 
dicted or modelled wind fie1d.m without any further 
proceeaing. Horever, more information ia avnil- 
able by combining the LOS measurements to obtain 
setimates of the u and v cornponente of the wind 
field. 

These LOS com- 

'National Aeronaution and Space Adminirrtration 
*Department of Defenae 
'Clear Line of Sight 
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SRTELLITE BASED DOPPLER LlDAR SIMULRTION 

Fig. 1. Cycloidal pattern traced out by a 
conically scanning space-based lidar in a 800 km 
Polar orbit rith a 4 5 O  scanning angle. 

I 
DOPPLER LIWR 

SHOT DISTRIBUT 'ON 

0-torwrd sho: 

Fig. 2. 
domain illustrated in Figure 1. 
studies seek scanner aontrolm that optimize the 
coincidence of fore and aft shots. 

Enlargement of a portion of the 8C.n 
Shot management 

3. WIND VECTOR COMPUTATIONS 

The LOS data can be combined in several 
ray0 to obtain eetimaterr of the u and v oomponentm 
of the rind. A reighted least squarem approach 
can be used am long as there irr no 6pSti.l Cor- 
relation of the variance in the rind field rithin 
the rerrolution volume. With an average spacing of 
50-60 km, the amsumption of incoherent varience io 
weak and is clearly violated in the premence of 
meeoecale rind structure. much am jet streaks, 
convective storms or oragraphic flora. Emmitt 
(1982) developed a more general approach urnin9 
shot pairs and an adaptive algorithm for achieving 
a Prescribed accuracy and/or reprementativenemm. 
This multi-paired algorithm (MPA) irr Currently 
undergoing testing and modification to meet 
changing hardrare configurationm. The MPA in umed 
throughout the remainder of this paper. 

Whereas the uncertainty in the LOS velocity 
*@timate vas, in general, independent of location 
relative to the satellite ground track, the UnOer- 
tainties in the computed u and v components are 
directly related to location rithin the LAWS 8c.n 
domain. The reason for thin im that the velocity 
information vithin l specific resolution volume 
( 0 . 8 .  300 x 300 x 1 km' ) im usually ComPomed of 

tro subsets of LOS rinds--thome LOS'm rith a for- 
rard perspective and thome LOS's rith an aft 
perspective. The potential error in the u,v 
computation rill depend upon the angle betveen 
these tro general perepeotive8--the le8m 
orthogonal, the greater the error. In general, 
the expected uncertainty in speed rill be on the 
order of 38% and 5-15 degree. in direction. 

above, 
There are tro major conoequenoem of the 

1) Resolution of etruotures rith ravelength 
* 100 km rill depend upon relative loom- 
tion to matellite ground tracky and 

2)  Coherent feature. rith ravelength 1000 
km rill appear am coherent finer scale 
features in the rind field. Thim prob- 
lem can be minimized rith proper mhot 
management. 

4.0 LAWS POTENTIAL IHPACT ON OCEANOBRAPHY 

Wind8 are the largemt mingle input of 
momentum to the oceanm. Wind mtress on the mea 
rrurfaoe plays a critical role in a number of 
oceanographic phenomena IO'Brian, 198218 

1) O_PILPL, mixina laver, the depth of rhioh 
govern8 the sea murfaoe temperature 
(SST) rhioh in turn plays a primary role 
in the earth'm climater 

2 )  rind V W W ~  rhich are important to moat 
marine activitieml 

3) 
changes in the rind mtremm or more 
mpecifically the rind mtresm aurlj 

4 )  L e r t W  ara vitv va vee rhich may be 
generated by mesoscale rind 8truoturem; 

S) UD rell- e.g. the El Nino phenomena 
off the re8tern coamt of South Ameriaaj 

6 )  w t r r v  b o w a r v  l a v a  (PBL), rhich l m  
direotly related to the sea murface con- 
ditionm and rhome structure control# 
much of the energy tranmfer from ooean 
to atmomphere and vice verna. 

curr- rhich vary in re8ponme to 

Our undermtanding and modelling of eaoh of 
the phenomena lirted above rill be enhanced by the 
rind mearnurementn obtained rith a space-baned 
Doppler lidar. 
figuration r e  can expect, in oloud free regionm, 
spatial coverage mimilar to that illu8trated in 
Figures 3 and 4. 
the rind8 in the region8 of major ooean ourrentm 
muoh am the Antarctio Circumpolar Current, Bulf 
Stream (Figure 3) or Kuromhio Current (Figure 4 )  
rill be updated at leamt every 12 hour. from a 
polar orbiting platform. 

computed uming the first lidar mample volume above 
the sea surfaoe. The length of thin volume may be 
on the order of 200-SO0 meter8 rhich, given a 4S* 
scan angle, rould mean a vertioal remolution depth 
of 150-350 meterm. In momt oanem, thin mean8 that 
rindm rill be obtained for meveral heights rithin 
the PBL. The mtremm rould then be oomputed uming 
the profile method. 

Additional information on the 8.8 murfaoe 
may be available from the lidar mample volume that 
interseotm the ocean. The return from the rater 
surface rill dominate the frequency mpectrum and 
provide mome estimate of the average motion of the 
mea surfaoe. Horever, mince the zero motion 
'ground@ return rill be umed to calibrate the 
lidar velooity information, there may br the need 
to procemm the rinds in the ooeanio region. in a 
different manner than thome obtained over land. 

With the ourrent hardrare oon- 

The obnervational data ba8e for 

The atre88 on the mea rrurfaoe rould be 
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Fig. 3. Four orbits of simulated maximum resolu- 
tion (no averaging) boundary layer rinds over the 
U.S. including a portion of the east coast Gulf 
Stream. 
band of rruppressed data near the satellite ground 
track. 

Blank regions denote cloud cover or the 

Fig. 4. Similar to Figure 3 except for eastern 
Aaia, including a portion of the Kuroshio Current 
region. 

9. CONCLUSIONS 

The technical feasibilty of placing a 
Doppler lidar in space to measure rinds is cur- 
rently being arrseseed. The potential impact of 
that capability hae been briefly discussed in 
reference to some specific oceanographic phenom- 
ena. In general, the SO-300 km resolution and 
trice per day coverage rill mean a major increase 
in global rind data available for both the 
atmospheric/oceanographic research and operations 
conmunit ien. 
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6.11 

THE TROPICAL RAINFALL MEPSURIffi MISSION ( T W )  

John S .  Theon 

NASA Headquarters 
Washington, DC 20546 

1. INrRowcTIoN 

Precipitation is certainly one of the 
mst significant meteorological phenmna in 
determining climate and the utility of the 
Earth's land surfaces. 
Precipitation is highly variable in time and 
place and, to make the climate a productive 
m e ,  its frequency of occurrence must be 
within a relatively narrow band and its total 
accumulation must be within a limited range. 

The occurrence of 

However, it is not only the life- 
sustaining properties of precipitation that 
should interest us. Precipitation plays an 
important role in redistributing the Solar 
energy which is incident on the Earth's 
Surface. It does this by releasing the 
latent heat of condensation which was 
absorbed in the transformation of liquid 
water into water vapor as cloud droplets grow 
to precipitable sizes. The water vapor is 
readily transported by the circulations of 
M Y  scales by the atmosphere. 
Processes of evaporation (and transpiration) r 
condensation and precipitation, energy 1s 
absorbed, transported, and released, thus 
interacting with the atmospheric dynamics and 
generating circulations and canponents of 
flows which would not occur in a dry 
atmsphere . 

While a rain gauge is one of the 
simplest of instruments , merely requiring, a 
container whose volume is sanehow Wantifled, 
the highly variable nature of rainfall 
requires mre than merely point sampling to 
Provide a realistic estimate of the 
distribution. In addition, only a few 
Countries in the world have dense rain gauge 
networks which are read and reported 
reliably. 
inhabited regions of the world, and over the 
nearly three-quarters of the Earth's Surface 
covered by oceans, rainfall data are 
virtually non-existent . 
station reports are not necessarily 
representative of the rain distributions 
which occur Over the open oceans, and gauges 
aboard ships are notoriously unreliable 
because of the orientation and location 
problems as well as the opportunity for 
contamination by sea spray. Thus, knmledge 
of rainfall over even a large portim of the 
globe is not known to better than a factor of 
two. 

In the 

In developing nations, in sPXselY 

Island and coastal 

Most of the precipitation occurs in 
the tropical and subtropical regions of &he 
globe, i .e. , between the latitudes of 30 S 
and 30% where air and surface temperatures 
are highest and where convection occurs 
readily, carrying water vapor to levels where 
it is condensed and precipitated out easily. 
This process is organized in a band where 
circulation and latent heating reinforce each 
other in the intertropical convergence zone. 
Hadley was the first to recognize the 
cellular nature of the flow during the 18th 
century. 
and confirmed the importance of Convective 
"hot towrs" in sustaining this meridional 
circulation. 

The importance of tropical rainfall 
goes beyond the organized convection which 
interacts with the Hadley circulation. The 
Walker circulation and its quasi-periodic 
breakdow are now knm to effect the El 
Nino-Southern Oscillation (ENSO) which not 
mly causes major redistributions of the 
rainfall in the southwestern Pacific Ocean, 
but also, by forcing a change in the normal 
position of large-scale atmospheric waves, 
affects the circulation at middle latitudes 
virtually around the planet. 
rudimentary understanding of these phenomena 
is now emerging, we are not yet able to 
verify and improve upon the theory because we 
do not have an adequate quantitative estimate 
of the latent heating nor its vertical 
distribution. Measurements of the latent 
heating, its vertical distribution, as well 
as a reliable estimate of the ratio of 
convective to stratiform rainfall that occurs 
in the tropics, are required to address these 
questions (Houze, 1987). 

Riehl and Simpson (1979) recognized 

AlthouJh a 

2. TRMM SCIENCE GOALS 

The Tropical Rainfall Measuring 
Mission (TRMM), a satellite mission first 
proposed by North, Wilheit, and Thiele in 
1984, is designed to provide the kind of 
measurements which will address the issues 
raised above. By canbining high spatial 
resolution capability, a low altitude, 
non-sun-synchronous orbit, passive and active 
microwave sensors together with visible and 
infrared sensors, TRMM overcaws all of the 
shortcomings of previous attempts to estimate 
rainfall from satellite measurements. The 
TRMM Science Steering &wp, a panel first 

287 



convened in 1985 to establish the science 
goals and develop the scientific requirements 
for such a mission, has been working toward 
the cayletion of their repcrt, due in the 
spring of 1988. Their current draft report 
(1987) lists the following goals for the 
mission: 

I. 

11. 

111. 

To advance the Earth system science 
objective of understanding the 
global energy and water cycle by 
means of providing distributions of 
rainfall and heating over the 
global tropics; 

To understand the mechanisms 
through which changes in tropical 
rainfall influence global 
circulation, and to improve our 
ability to mdel these processes in 
order to predict global circulation 
and rainfall variability at monthly 
and longer time scales; 

To evaluate a spacebased system 
for rainfall measurement; 

and, a secondary goal which must be 
plrsued in order to achieve the main goals 
is to better -1 and understand 
convectively driven precipitating cloud 
systems in the trapics, their organization 
on the mesoscale, and their interactions 
with the oceans and the atmosphere. 

3. MISSIONSTUDIES 

T M  has been under study by the 
Advanced Missions Analysis Office at the NASA 
Goddard Space Flight Center since 1985. 
Concurrently, a nunhr of researchers have 
been studying various aspects of the mission 
including the physics and radiative transfer 
of rgaotely sensing rain from space, the 
wavelengths and instrunentation required for 
TRbM, sampling statistics of rainfall and the 
sanpling characteristics of the TRMM orbit 
and sensors, error analyses of TRMM 
observations, TRMM ground truth (validation) 
requirements and how they can be met, etc. 

TRMM is listed below in Table 1. 
The instrumnt canplement required for 

Table 1 - TPM Senna8 - I*pukOd 

Visibls/Infrcned 
Rldsr Rsdiwter n i c r m e  ~ i w t s r a  - 

19, 37, 90 Qlz 14 nd 24 Qlz visible ,  lDre 
at l o b  r m l u t i m  a t  4 h  canolutim a t  llrm renolutlm 

6 0 h  mmth width 6O’Zm miath width 1Wkia mmth width 
2% rap.  renoluticm 

Cnsired 

10 aiz at 20 La res. 60Olrm math 

5 QL a t  4olrm CQ. 

ka-tlight vis ible  
1.6 u 
6.7m sp l i t  Windar 

Th. nlimt feature. of a T l w  . p u r r a f t  are1 

(TDIW is Uw MA Cmnunicatim Satel l i te  
Racking uld Pta Relay Satel l i te  Systm) 

The TRMM orbit will g! 300 km 
(naninal) circular, at 28.5 inclination, the 
mission requires a 3year lifetime, and the 
launch is desired by 1994 in order to overlap 
with the Tropical Ocean-Global Atmosphere 
Experiment (TOGA ) . 

4. U.S. - JAPAN COOPERATION ON TRMM 

The mission and the research 
suwting it are being studied jointly by 
NASA and several agencies in Japan. Since 
1984, the Radio Research Laboratory of Japan 
and NASA Goddard Space Flight Center have 
been conducting research on the remote 
sensing of rain using microwave techniques. 
Presently, the Radio Research Laboratory and 
the National Space bvelopnent Agency of 
Japan are assessing the feasibility of the 
TRMM and are expected to issue a decision in 
early 1988 on whether to join NASA in 
developing the TRMM jointly. Under such an 
agremnt, NASA wuld furnish the spacecraft, 
the passive microwave radianeter(s1 and the 
vis/IR radianeter, while Japan would provide 
the radar and the launch on an H-I1 rocket. 
Both countries would collect data (primary 
tracking and data acquisition by NASA), 
conduct the ground truth exper imnts , analyze 
the data, and conduct scientific research and 
applications with it. 

5. EWECTED SCIENTIFIC AJJVANCES 

Simpson (1987) lists the following 
advances expected by the TRMM Science 
Steering Group to accrue frun the mission: 

. Validation of global atmospheric 
circulation mdels 

. Vertically integrated latent heat 
release and its vertical 
distribution for mdel 
initialization 

. Calibration of satellite infrared 
rainfall estimation techniques 

. Direct oceanic precipitation 
measurements to validate d e l s  of 
thermhaline circulations 
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. Bianass relationships, diagnostic 
studies, drought and/or ananalous 
rainfall 

. Climate variations - predictability 
studies and improved dels. 
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1. INTRODUCTION 

In this paper, a three-dimensional, . 
multi-cloud model (Tao and Soong, 1986) is used 
to generate the three-dimensional distribution 
of pertinent microphysical and state parameters 
which are used as input into a microwave 
radiative transfer model. The radiative 
transfer model is used to calculate upwelling 
radiance (brightness temperature, T ) at various 
microwave frequencies from 10 to 183 GHz with an 
ocean background. 
then used to study the relationship between 
simulated upwelling brightness temperature and 
cloud-model-generated rain rate at the surface. 
By calculating area averages of the calculated 
T ' s  and rain rates, simulations of satellite- 
oiserved T, values and associated area-averaged 
rain rates can be made. 

This model combination is 

2. CLOUD MODEL AND RADIATIVE TRANSFER MODEL 

The cloud model used in this study is a 
three-dimensional, multi-cloud model developed 
by one of the authors, Wei-Kuo Tao, and 
described by Tao and Soong (1986) and Tao et al. 
(1987). The main features of the model are 
outlined in Table 1. 

1. 

2. 

3. 

4. 

5. 

6. 

Table 1 
Tao Cumulus Population Model 

Main Features 

Anelastic system (two- or three-dimensional) 

Forcing by large-scale lifting 

Includes : 

o radiative cooling 

o sea-surface fluxes 

Initialized by a horizontal random 
disturbance on the temperature field in the 
subcloud layer 

Parameterized subgrid-scale turbulence 

Microphysical parameterization: 

o liquid water - Kessler-type treatment 
o ice phase - two or three classes 

This model can be run in two or three 
dimensions, although present available computing 
capacity permits only a rather restricted domain 
for the three-dimensional runs. It can also be 
run with two or three classes of ice. With two 
ice classes, the bulk parameterization is 
similar to that for water droplets, with small 
"cloud ice" particles having little or no 
terminal velocity and the larger-sized graupel 
or hail category falling relative to the air. 
The third, or intermediate-size, class of ice 
(snow) proves to be essential in capturing key 
features of tropical clouds. It has a finite 
terminal velocity, but one which is much less 
than that of graupel. 

A comparison of the substantial 
differences between the ice parameterizations in 
use has been made by McCumber et al. (1987). So 
far, the scheme by Rutledge and Hobbs (1984) 
appears to give the most realistic bright 
melting band and anvil precipitation in tropical 
cases. The reason appears to be that the 
terminal velocity of the graupe! is 
comparatively slow (2 to 4 rn s- ). The 
radiative transfer model used here is an 
improved version by Szejwach et al. (1986) of 
the plane-parallel model by Wilheit et al. 
(1982). 
layer, 19 layers in the vertical, and updated 
scattering coefficients. 

The improvements include a mixed phase 

3. RESULTS 

Figure 1 shows rain rate results from a 
three-dimensional Tao cloud model run with the 
Rutledge-Hobbs ice parameterization, using the 
same environment observed for fast-moving squall 
lines in the GATE. At the present stage, the 
radiative model uses a substantial amount of 
computer time. Therefore, so far only the 
outlined 18 x 18 km box (12 x 12 grid elements) 
has been selected for the purpose of linkage 
with the radiative model. 

In this example, frequencies of 10, 18, 
and 90 GHz have been used in the radiative 
model. Results for 10 GHz are shown first. 
Figure 2a shows an enlargement of the rain rates 
from the dynamic model. 
brightness temperatures at 10 GHz (horizontal 
polarization) is shown in Pig. 2b, with contours 
of T, drawn every 10 K. 

The resulting field of 

Figure 3 comprises two 
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F i g .  1. 

RI MM/RH TIME = 210 MIN 

1 : '  I 

39 42 45 48 61 
KM 

RAIN RATE CONTOURS lOmm HR-' FREQUENCY = 10.0GHZ 
HOR. BRIGHTNESS TEMP (K) ANGLE = 130.6 

Rund 6hom a t h e e - d i m e n s i o d  cumuRUs 
p o p W o n  mod& b Tao containing t h e e  
ch .bbeb  0 6  i c e .  TtIe envhonme& Con&- 
a o n d  ahe thobe 0 6  a 6aa.t-moving oceanic 

b e a o n  06 t tain Meb i n  mm 12-1. Hohizon- 
M h e b o w o n  0 6  t h e  mod& .iA 1 . 5  x 1 . 5  
h. The y axid .h p W &  to t h e  b q u d  
&ne, w W e  t h e  x axid .iA pahpendiclLean. t o  
a. Rain contoum y e  doh 1 0  mm h-1, 
be inn ing  at 1 mm h- , bo that maximum 
V ~ U U  exceed 31 mm h - l .  The bm& b h c k -  
o W n e d  box .iA t h e  1 8  x 1 8  km h e g i o n  w h a  
t h e  ~ra&icLtive mod& wa6 appfied. 

.t/rOpiCd. b Q U a  f i n e  i n  GATE. swL@Ce 

plots for all 144 values of Tg, one for the 
vertical hydrometeor profile at each point on 
the grid. Figure 3a shows the Tg's plotted 
against integrated water content. The points 
have little scatter, as expected. In Fig. 3b, 
the plot of Tnrs against rain rate, there is 
considerable scatter, traceable to several 
causes. In Tao's model, as in real clouds, the 
rain may fall at the same rate from different 
height clouds, and from clouds with and without 
the bright melting band. 
occurs because rain reaching the ocean surface 
is not perfectly vertically aligned with 
hydrometeors aloft, neither in the multi-cloud 
dynamical/microphysical model rior in real clouds 
in the atmosphere. 
relationship of Wu and Weinman (1984) derived 
from an assumed hydrometeor profile for tropical 
clouds in a plane-parallel radiative model for 
convective cores (see their Fig. 2) .  
conceptual cloud has a mixed-phase transition 
layer between the freezing level and -35'C 
(about 9 km). The dashed line is from the 
radiative model of Wilheit et al. (19771, which 
does not contain a mixed phase layer. The best- 
fit curve to the points, using second- to fifth- 
order polynomials, was virtually 
indistinguishable from the Wu-Weinmanlcurve (the 
curve fitting was cut off at 30 mm h 

Additional scatter 

The solid line is the 

Their 

1. 

3 
.e 

KM 

F i  g.  2 .  a) C o n t o w ~ d  06 /rain M e  at 10 mm h-' 
i n t a v d .  6hom 1 8  x 1 8  km box IoLLteined i n  
Fig .  I )  i n  the Tao mod&. The hid Ma- 
v& i n  tkis box ahe 1 . 5  x 1 . 5  

evmtj 1 5  K 0 6  Tg doh 10 GHz (hod- 
zo& po.&vLiz&n) cdclLectted wi th  the 
hadicLtive mod& 6hom t h e  &a bubA;tanCe 
hydhometeoh p t06 .Cee~  giviven by Tao'd n k a o -  
p k q b i c a l l d y n a t n i c d  mod& i n  t h e  black-out- 
l i n e d  box bhown 112 F i g .  1 .  Compahe t h e  
high V&U 0 6  Tq i n  t h e  c e d a  and u p p a  
high2 with  f i e  kcgh /rain WU ( >  66 
m h-1) i n  t h e  dame pobi..tion i n  F L g .  1 .  

i n  . b )  Con- 
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To investi ate the problem of cloud 
contamination at f ow rain rates, the hydrometeor 
profiles were examined for three classes ofl 
points in the rain rate range 5 to 15 mm h- , 
namely those points with T ' s  10°C or more above 
the line, those within 10.8: of the line, and 
those the same amount below the line. The 
proportion of the total liquid content 
contributed by cloud water in the model cloud 

FREQUENCY 1000 OH1 RNOLEz 13180 

ao. I I I I 

- 
AREA AVG 

260 - 
6 x 6  - - 

2 200 - 
i$ 180- 

4 120- - 

/ - 
160- + 

140- 

- 
- 

f 100- - 
= 80- - i2 
% 60- - 

40- 
20 - 

- 
- 

* 
( a )  

4 . 

I 1 I 1 -  

0. 1114 m. a, 40. 

INTEGRATED WATER (KGIS0.M) 

FREQUENCY = 10.0 GHZ RNGLE- 131.0 

am. I I I I 1 I I I I I 
(b)  

t 

RAIN INTENSITY (MM/HR) 
C o u p t e d  hadidtive mod& luith Tao mod& 
tu.& 604 10 Gflz ( h o d z o n t a e  p o w z a -  
fin): a )  Tg p b ~ d  p&nht integ/rated 
uata content i n  kg m- ; bl T l o t t e d  
agdnht  d n  intenhi.@ in mm E-? nholuing 
aU the. 144 pno&Xe points, w i t h  the  Wu 
and Weinman ( 1 9 8 4 )  t W n h k i p  t h e  b u p a -  
h p o b e d  b o f i d  fine and the Wi.thc&t 
(19771 teeatiomkip the  h h e d  fine. 

F i g .  3 .  

d. 

decreased from about 37% to 23% with decreasing 
T,, indicating that a large fraction of non- 
raining clouds with substantial water contents 
might cause small overestimates of the low rain 
rates at this frequency. 

Next, each variable was averaged over 
boxes of increasing size. 
versus rain rate relationships when each 
variable is averaged over 9 x 9 km boxes. AS 
the averaging areas are increased, scatter is 
reduced and the relationship becomes more 
linear. It is worth noting, however, that the 
line slope is increased by 37% relative to the 
linear portion of Fig. 3b, indicating that 
plane-parallel model algorithms will give some 
underestimation due to beam filling, even at 
this low frequency. 

versus rain rate for 18 GHz (horizontal 
polarization). Figure 5a shows the 
relationships of both Wu and Weinman (solid 
line) and Wilheit et al. (dashed line) 
superimposed on the model plot for all 144 
profiles in the grid, while Fig. 5b shows 
results when the variables are averaged over 
9 x 9 km boxes. 
curves now significantly underestimate the rain 
rate. 
beam-filling problem. The plane-parallel model 
curves are constructed for horizontally uniform 
hydrometeor profiles. When horizontal 
variability occurs within the averaging area, 
the rain rate derived by the plane-parallel 
model curve is biased, the more so the greater 
the departure from linearity. The bias is an 
underestimate when the curve is concave 
downward. 
selected, the Wu-Weinman curve underestimates 
the rain rate by about 43%. 
undoubtedly due to the fact that many of the 

Figure 4 shows the T, 

Figure 5 gives the corresponding T, 

Both the Wu-Weinman and Wilheit 

This result brings home the impact of the 

If, in Fig. 5b, a T, of 235 K is 

This bias is 

FREQUENCY = 10.0 GHz ANGLE = 131.0 

F i g .  4. Cuupted  m.d. idive mod& u i t h  Tao mod& 
tu.URt6 d o t  10 GHz, w i t h  each vaniabkk 
a v w g e d  o v a  9 x 9 h bqumes ( 6  x 6 
ghid p o i n t s ) .  
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footprints were not totally filled. 
partially filled footprint effects are accounted 
for (Kummerow, 1987), the bias is removed and 
agreement becomes quite good. The much better 
behavior of the plane-parallel models with the 
10 GHz channel would appear to be due to the 
more linear response at that frequency, although 
many more tests need to be made to establish 
these relationships and to really understand the 
effects of different hydrometeor structures and 
different averaging areas for varying types of 
convective systems. 

what the "real" relation is between 18-GHz T, 
(horizontal polarization) and surface rain rate. 
When the calculations at full model resolution 
(1.5 km in the horizontal direction) are 
examined (Fig. 5a), the large scatter suggests 
that the complexity of the convection when 
viewed on a small spatial scale renders the T,- 
rain rate relations almost meaningless on that 
scale. When spatial averaging is carried out, 
the scatter is reduced and a curve shape like 
that of the theoretical curve emerges. However, 
the bias related to the non-linear response also 
appears. The simple, smooth theoretical curve 
does not exist in the real world at the small 
scale because of the complexity of the 
convection and does not exist in the spatially 
averaged data because of the non-linear 
response. 

T, and rain rate for the ice-scattering 
frequencies is illustrated here for 90 GHz 
(vertical polarization) in Fig. 6. 
for the rapid decrease in brightness temperature 
with increasing rain rate is believed to be 
caused by the association of deeper layers of 
large graupel with heavier rain rates in 
convective clouds. In Fig. 6a, all 144 data 
Points from the multi-cloud model appear, with 
the WU and Weinman relationship for convective 
cores shown by the solid line. 
large scatter, the line is a fair fit to the 
data, except for about six points with very high 
rain rates and warm brightness temperatures. 
These are probably due to horizontal offsets or 
tilts in rain cores, so that the heavy rain at 
the surface is offset horizontally from the 
location of high ice concentrations in the 
middle and upper parts of the cells. 

are averaged over 6 x 6 km boxes, the scatter 
decreases dramatically, with the resulting slope 
being somewhat steeper than determined #by Wu and 
Weinman. The lower T 's at the same rain rate 
(as compared to Wu an8 Weinman) are due to 
significantly more ice in the upper parts of the 
Tao model clouds as compared to the schematic 
cloud profiles of Wu and Weinman. The nearly 
linear T,-rain rate relation at 90 GHz indicates 
that "beam-fillingii problems will be muted at 
this wavelength. 
(90 GHz) with rain rate in Fig. 6b clearly 
indicates the usefulness of this frequency in 
estimating rain rate and agrees with findings by 
Hakkarinen and Adler (1987), who compared 92-GHz 
aircraft data with ground-based radar data. 

When 

From Figs. 5a and 5b, i t  is not clear 

The quite different relationship between 

The reason 

Even with the 

However, when the multi-cloud model data 

The strong correlation of T, 
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4. CONCLUSIONS AND FUTURE WORK 

The results of the calculations in this 
Paper indicate, first of all, that there is a 
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with those calculated by Wu and Weinman (1984). 
The distribution of ice'was also shown to be a 
critical factor in determining the relations. 

Analysis of the calculations also 
indicate that at 10 GHz non-precipitating cloud 
water may cause small overestimates of low rain 
rates at this frequency. 
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U W Q  M e  bUpUlhpOhed b o w  f i n e .  

In order to simulate satellite brightness 
temperature-rainfall relations, spatial 
averaging of the calculated brightness 
temperatures and niodel-generated rain rates was 
carried out. In this initial exercise, the 
averaging remained over a relatively small area 
(total area = 18 km square). The averaging 
process on varying scales going from 1.5 to 9 km 
clearly indicates that the spatial averaging 
removes a significant portion of the scatter in 
the brightness temperature-rain relationships 
due to the complexity of the convective 
phenomenon. At low frequencies (10 and 18 GHz), 
the large scatter in the T,-rain relations is 
replaced by the usual bias caused by the non- 
linear relation when area averaging is performed 
for'footprints up to 9 km on a side. At the 
higher frequencies, little correlation between 
the small-scale brightness temperature and 
rainfall rate calculations was evident, but 
spatial averaging clearly results in a negative 
correlation between, for example, the 90-GHz 
brightness temperature and the rainfall rate. 

The domain of these calculations will 
soon be expanded so that this approach can be 
used to simulate past, present, and future 
satellite passive microwave observations and can 
be used to analyze the relationships between 
brightness temperature and rainfall rate at 
satellite-observable scales. 
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1. INTRODUCTION 

The 1982-83 El Nino/Southern Oscillation (ENSO) 
caused global changes in precipitation patterns (Rasmusson 
and Wallace, 1983). Because these changes were persistent 
for several months over regional areas, it is possible to 
observe them with the relatively infrequent sampling of 
polar orbiting satellites. Infrared observations from these 
platforms have allowed documentation of high level 
cloudiness variations associated with deep convective 
activity variations during this ENSO event (e.g. Kyle et al., 
1986). 

Even the narrow swath width (780 km) and alternate 
day operation of the Nimbus-7 Scanning Multichannel 
Microwave Radiometer (SMMR) has been sufficient to 
observe the ENSO oceanic precipitation anomalies. 
Prabhakara et al. (1986) measured atmospheric liquid water- 
induced brightness temperature (T,) increases over the 
radiometrically cold oceans at 6.6 and 10.7 GHz, related 
them to monthly rain gauge totals, and then determined 
fields of rainfall surpluses and deficits during the ENSO. 

Unfortunately, these low frequency observations can 
only be used to obtain oceanic rain rates because the 
thermal emission from the rain does not contrast with a 
radiometrically warm land surface. At the highest SMMR 
frequency of 37 GHz, however, the relatively unpolarized 
Tg depressions due to scattering by precipitation size ice 
within convective storms allow precipitation observation 
over both land (Spencer et al., 1983) and ocean (Spencer, 
1986). 

Here we will apply these scattering algorithms to the 
1981 -84 December through May (DJFMAM) periods to 
obtain the 1982-83 DJFMAM convective precipitation 
anomaly patterns associated with the ENSO. It is not our 
purpose to  derive quantitative fields of precipitation 
anomaly, but to demonstrate the ability to map precipitation 
surplus and deficit patterns that qualitatively match known 
regions of anomalies. To the extent that the precipitation 
anomaly fields can be derived, despite poor sampling in 
both space and time and at a frequency where the scattering 
signature is often weak (37 GHz), this demonstration 
foreshadows more successful future quantitative studies 
based upon the new Defense Meteorological Satellite 
Program (DMSP) Special Sensor Microwave / Imager 
(SSM/I). A single copy of the SSM/I is currently providing 
four times as much earth coverage as the Nimbus-7 
SMMR, and its 85 GHz channels will provide much 
improved sensitivity to light rain over the 37 GHz channels 
used here (see Hood and Spencer, this volume). 

2. METHOD 

The passive microwave detection of precipitation 
over the earth requires a significant T, contrast between 
the rain and the surrounding background. Over land, 
differencing two frequencies having markedly different 
sensitivities to volume scattering induced by precipitation 
size ice will isolate the volume scattering signal while 
greatly reducing the effects of background thermometric 
temperature variations (Spencer, 1984). Over the oceans, 
polarization information is necessary at frequencies where 
both volume scattering and low surface emissivities can 
produce low T, (e.g. 37 GHz). This allows one to 
distinguish between T, depressions due to the cold ocean 
background and those due to volume scattering by ice 
(Spencer, 1986). 

In both land and ocean cases, the quantity that we 
will use as a surrogate for precipitation intensity is AT 
Over land, this difference is between frequencies (here, f? 
and 37 GHz), while over the ocean it is between individual 
f o o t p r i n t  a n d  area-averaged  e f f e c t i v e  r a d i a t i n g  
temperatures (ERT. see Spencer, 1986) computed from 
horizontal (H) and vertical (V) polarization 37 GHz T 's. 

A decision diagram of the specific steps invoked in 
the identification of precipitation from the SMMR 
measurements is shown in Fig. 1. Decisions based upon the 
radiative effects of the earth are in bold boxes, while fine 
boxes contain steps that are required to reduce sampling 
and measurement errors from variable calibration. noise in 
the T data, footprint misalignment between channels, and 
large footprint size. 

Because there is a one-quarter footprint offset 
between the H37 and V37 footprints, the first step is to 
correct this with a weighted average of chronologically 
adjacent footprints. Next, small scan-angle dependent 
changes in the V37 T, resulting from insufficient 
polarization rotation corrections (up to 2.5' at the scan 
extremes) are taken into account. This effect is a function 
of both the distance from the swath center and the 
magnitude of the T,. After this, a ten scan cycle average 
ERT is computed from an average of all oceanic H37 and 
V37 data. The nearest H10.7 T, is then checked to 
determine if the location is over land (warm TB) or ocean 

('Old '7; over land, small lakes are screened out which can 
look like rain by causing the (smaller footprint) 37 GHz T, 
to be depressed more than the (larger footprint) 21 GHz T 
This polarization screening omits the footprint if it is high?; 
polarized at 37 GHz, indicating a water surface. If this test 
is passed, then the average of two chronologically adjacent 
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1 V37 POLARUATlON ROTATON CORRECTION FOR TEN SCAN CYCLES 1 

FOR ONLY O C W  FooTpRlMs (ti37 < 1WK) 

OCEAN EAT - 273 - 2( lW.5 + 0.5’%7 -37) 

4 

I NEXTFOOTPRINT IN TEN 6 

< (OCEAN ERT - ERT) > 6 

IF SNOWCOVER 

ATB= (OCEANERT - EAf) 

LAND RAIN 
ATg- (V21 - V37) 

Fk- 1 Flowchart (above) of the steps involved in retrieving precipitation events from measurements of 
scattering at 37 GHz from the Nimbus-7 SMMR; and (below) the scanning geometry of the Nimbus-7 
SMMR showing individual 37 GHz footprint locations, their approximate size (30 km for 3 dB 
beamwidth), and an example of the relative size and positioning of several of the SMMR footprints. 
The flowchart process is repeated for each ten scan cycle subset of data (about 150 subsets per orbit). 
For Precipitation to be diagnosed, all 37 GHz conditions must be met for the average of two 
chronologically adjacent footprints. 
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Fig. 2 Locations of SMMR scattering-diagnosed precipitation (ATg > 5O) during DJFMAM of 1982- 
83. Each dot represents two chronologically adjacent 37 GHz footprints satisfying the criteria in Fig. 1. 
The total number of events is approximately 140,000. 

3. CHARACTERISTICS OF THE SCATTERING 
EVENTS 

V37 T, is compared to the nearest V21 T, to see if the 
former is at  least 5' colder than the latter, indicating a 
volume scatterer. Because snowcover is also a volume 
scatterer of microwave energy, it must be discriminated 
from precipitation. Different combinations of SMMR 
channels have been found to be useful for this purpose 
(Spencer and Santek, 1985), and for simplicity we have here 
chosen a weighted difference between the V21 and V10.7 
measurements.  This  allows separat ion between those 
volume scatterers in a cold environment (snowcover) from 
those in a warm environment (convective precipitation 
cells). If the precipitation test is passed, then T, from all 
IO channels are stored in a file, and the next footprint is 
checked. 

is less than 180 K, then an ocean 
location is indicated. ?he polarization corrected 37 GHz T, 
is then computed f o r  two chronologically adjacent  
footprints and compared to the corresponding ten scan cycle 
(up to about 1000 footprints) average of the same quantity. 
If the two-footprint value is at  least 5' colder than the 
background ( ten scan cycle average) value, then 
precipitation is assumed. As in the land case, all channels 
are stored, along with the polarization corrected 37 GHz 

The 5' threshold is considerably less than the 19' 
used by Spencer and Santek (1985) for a global survey of 
intense convective precipitation over land. Values much 
less than 5' result in false alarms that soon outnumber the 
rainfall events, especially from snowfields. Vegetated land 
typically has AT, values close to 0' C .  

Large scale overrunning (stratiform) precipitation, 
unless heavy, was generally not discriminated at  37 GHz. 
This is probably due to a combination of ( I )  smaller rain 
rates, (2) shallower ice layers above the freezing level, and 
(3) (in the case of land) cooler land surfaces below warm 
overrunning air causing the more penetrative 18 GHz 
radiation to be depressed at  the same time the 37 GHz T, is 
depressed by weak volume scattering. These effects result 
in our classification of the diagnosed precipitation signals as 
almost universally deep convective in origin. 

If the H10.7 T 

TB. 

The locations of the individual scattering events 
(each representative of a 1000 km2 area) for DJFMAM of 
1982-83 are shown in Fig. 2. It can be seen that even with 
six months of SMMR data, some areas exist without 
diagnosed precipi ta t ion even in climatologically active 
zones. The total number of events in this figure amounts to 
about 140,000. 

A scatter plot of the 37 GHz ocean background ERT 
for all December 1981 oceanic rain events is shown in Fig. 
3 as a function of latitude. The ERT values (set by the 
constants in the equation at the top of Fig. 1) are the same 
as a typical theoretical value resulting from any amount of 
the footprint being covered by deep convective non- 
precipitating cloud having drop sizes small enough to 
neglect scattering (Spencer, 1986). Note that the values 
decrease away from the equator, indicating a cooling of the 
atmosphere. T, falling at least 5' below these values are 
then classified as precipitation induced. 

258 26zl 
254 t 
250 1 I I I 1 I 1 I I I 

LATITUDE 
-60 -40 4 6  -24 -12 0 12 24 36 48 f I 

Fig. 3 Relationship between ocean background ERT and 
lati tude f o r  all  diagnosed oceanic rain events during 
December. 1981. 
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A frequency histogram of the AT for December 
1981 oceanic precipitation (Fig. 4a) revet% a logarithmic 
behavior that we would expect for a quantity that is related 
to precipitation intensity. Based upon previous comparisons 
with radar derived rain rates ( e.g. Spencer et al., 1983, 
Spencer, 1986) we can expect that each degree change in 
T corresponds to about 1 mm h'' change in rain rate. 
d w e v e r ,  our confidence in the accuracy or stability of this 
relationship for various climatic regimes is quite low due to 
our still meager understanding of how storm core 
microphysics above the freezing level vary regionally. 
Thus, our 5' threshold in this study corresponds to 
approximately 5 mm h-', but could easily have a factor of 
two bias depending upon the microphysical character of the 
Storms. The land storms (Fig. 4b) are relatively more 
intense in their ice scattering characteristics, as evidenced 
by the greater proportion of high values of ATB compared 
to the ocean. 

4. THE ENSO PRECIPITATION ANOMALY 

All precipitation events classified by the algorithms 
represented by Fig. 1 were assigned to 5' x 5' latitude- 
longitude bins. The sum of all events' ATB intensities 
within each bin were converted into image intensities. The 
Sums for DJFMAM 1981-82 (Fig. 5 top) and 1983-84 (Fig. 
5 middle ) show similar patterns which contrast with some 
dramatic changes during the middle (ENSO) year (1982-83, 
Fig. 5 bottom). These changes are more noticeable when 
the two bracket years are averaged and subtracted from the 
ENSO year (Fig. 6). The major features are surpluses in the 
central and eastern tropical Pacific (where the anomalously 
high sea surface temperatures were observed), central 
Indian Ocean, and extreme southern Brazil. Major deficit 
areas occur in the usual location of the South Pacific 

Convergence Zone (SPCZ), over much of Amazonia, the 
tropical Atlantic, much of the Sahel, and the extreme 
southwestern North Pacific. Most of these features 
contribute to a broken band of precipitation deficits of 
varying magnitude appearing to circle the earth between the 
equator and 10' N. 

The spatial coherence of the surplus and deficit 
patterns is quite good considering the poor sampling 
characteristics of the Nimbus-7 SMMR. Most of the 
individual strong signals are not isolated, but are part of a 
widespread (though noisy) region of similar response. 
Many isolated weaker deficits and surpluses occur, as would 
be expected. 

5 .  CONCLUSIONS 

The ability to map semi-annual convective 
precipitation patterns over global land and ocean regions 
has been demonstrated based upon the volume scattering 
effect that precipitation-size ice has on Nimbus-7 SMMR 
37 GHz brightness temperatures. This suggests that the new 
DMSP SSM/I 85 GHz data (in combination with 37 and 19 
GHz data) will be very valuable in global surveys of 
precipitation patterns. This conclusion is based upon (1) 
much greater sensitivity of the 85 GHz TB to light 
precipitation compared to 37 GHz (see Hood and Spencer, 
this volume), and (2) the ability of a single DMSP SSM/I to 
observe almost four times as much area as the Nimbus-7 
SMMR. The eventual quantification of these precipitation 
signals in terms of rain rate is currently being worked on by 
various investigators. Assuming the existence of a fairly 
complete SSM/I archive, future studies requiring global 
rainfall distributions and anomalies should benefit greatly. 

a 

OCEAN 
DECEMBER le81 

LATITUDE: 60s TO 6ON 

J I I 1 I 

A T 8  ('C) 

6 12 18 24 
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LAND 
DECEMBER 1981 

LATITUDE: 60s TO 27N 

12 18 24 

A TB ('C) 

J 

Fig. 4 Frequency histogram of 
the logarithmic behavior of the precipitation signal intensities. 

Tg for (a) the oceans, and (b) land during December 1981, showing 
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Fig. 5 Images of the total scattering-induced 37 GHz ATB during DJFMAM of 1981-82 (top); 
during 1983-84 (middle); and the 1982-83 E N S 0  period (bottom). The brightest 5 O  x 5' cells 
correspond to a sum of 800 bT,'s exceeding 10,000 'C. 
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Fig.  6 Areas 
brighter than the background arc precipitation surplus, while darker  areas arc deficits. Blackcd-out 
areas in  the Northern Hemisphere were dominated by  unscrerned false alarms from snow cover, and a 
few from geologic features in the Sahara Desert. 

Images of the DJFMAM 1982-83 CNSO deep convective prrclpitation anoninltes. 
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7.3 

THUNDERSTORM ICE INDUCED BRIGHTNESS TEMPERATURE DEPRESSIONS AT 
lE,37,  and 92 GHz DURING COHMEX AND THEIR IMPLICATIONS FOR SATELLITE 

PRECIPITATION RETRIEVALS 

Robbie E. Hood and Roy W. Spencer 

NASAlED43 
Marshall Space Flight Center, AL 35812 

1. BACKGROUND 

The retrieval of rainfall rates over radiometrically warm 
backgrounds from spaceborne passive microwave radiometers 
has become a topic of increasingly active study. The 
Pqssibility of a correlation between precipitation rates and 
microwave radiation has been demonstrated theoretically by 
W U  and Weinman (1984), with aircraft data by Witheit et  al. 
(19821, and Hakkarinen and Adler (1986), and with satellite 
data by Spencer et  al. (1983) and Spencer (1986) among 
others. The nature of these findings have shown that 
Precipitation scattering signatures measured in the microwave 
Present a striking contrast to many earth surface features. In 
Particular, precipitation Over land which is the focus of this 
Paper tends to depress the brightness temperature (TB) 
measured by a downward viewing radiometer to a value 
much lower than that of the radiometrically warm land 
background. 

The reason for this may be demonstrated with Mie 
theory. The volume extinction properties, which include 
scattering and  absorpt ion,  of both water and  ice 
hydrometeors are correlated to the size and number density 
of the hydrometeors  as well as the frequency of the 
uPwelling passive microwave radiation. Figure 1 shows the 
relationship of volume ext inct ion coeff ic ient  (km-') to 
rainfall rate (mm h-') for water spheres at -1OOC and ice 
spheres at O°C assuming the particle size distribution defined 
by Marshall and Palmer (1948). In general, for a rainfall rate 
between 0 and 30 mm h-', the higher the frequency Or 
greater the rainfall rate the larger the extinction coefficient 
becOmeS. Of considerable importance in this study is that the 
extinction coefficients for ice are so much larger at 92 GHz 
than at  37 or 18 GHZ. 

Figure 2 displays the relationship of rainfall rate to 
single Scattering albedo which is the ratio of the scattering 
coefficient to the extinction coefficient. Scattering is the 
Primary extinction mechanism for ice particles. Liquid 
hydrometeors, however, are predominantly absorbers and 
thus, emitters of microwave radiation. Therefore in a 
thunderstorm situation, the upwelling microwave radiation 
emitted by the land background and liquid raindrops Will be 
backscattered by the upper ice layer of the storm causing the 
observed TB to decrease. Because the extinction Coefficients 

90 much between frequencies (Fig. I ) ,  the altitude of 
for all but the weakest storms will vary significantly 

between frequencies.  Wu and Weinman (1984) have 
demonstrated with their plots of weighting functions that for 
8 W e n  rain rate the lower the frequency, the lower the 
height of the peak scattering response. 

2. COHMEX ER-2 MISSIONS 

The Cooperative Huntsville Meteorological Experiment 
(COHMEX) provided an unique opportunity to measure 
simultaneously this  ice scattering e f f ec t  with several  
frequencies and with higher spatial and temporal resolution 
than in previous satellite studies. COHMEX which took 
place in the Northern Alabama/Central Tennessee region 
during June and July, 1986 was an extensive ground-based, 
airborne, and satellite atmospheric science field project 
sponsored by NASA, NOAA, NSF, and FAA and coordinated 
at  Marshall Space Flight Center. 

The  window frequency microwave instrumentation 
consisted of the Microwave Precipitation Radiometer (MPR) 
measuring 18 and 37 GHz and the Advanced Microwave 
Moisture Sounder (AMMS) which sampled at 92 and 183 
GHz. The instruments, which were used in cooperation with 
Goddard Space Flight Center, were mounted aboard a NASA 
ER-2 high altitude aircraft. The AMMS scanned directly 
below the aircraft across nadir while the MPR stared ahead 
of the aircraft about 45' from nadir as pictured in Fig. 3. At 
an aircraft altitude of 20 km, the viewing geometry provided 
a ground resolution of about 3 km for the 18 and 37 GHz 
channels, 0.7 km for the 92 GHz channel, and 0.35 km for 
the 183 GHz channel. 

The NCAR CP-2 dual-wavelength, dual-polarization 
radar was also in operation during COHMEX as part of a 
Doppler radar network. The CP-2 radar was able to collect 
data out to a range of 150 km, but the more accurate 
information was measured within an 80 km ring. The ER-2 
was deployed from Wallops Island, VA with instructions to 
sample any convective activity along the flight path to 
Huntsville. Once in the COHMEX area, thunderstorms 
within range of CP-2 were given highest priority for 
overflight by the ER-2. If this criterion was not met then 
the ER-2  was directed to other  precipitation regions 
preferably in the vicinity of a National Weather Service 
radar. Air time for the ER-2 in the COHMEX region was 
approximately 3 hours. 

3. TIME SERIES O F  STORM RESPONSES 

The microwave frequencies of primary interest in this 
paper are 18, 37, and 92 GHz. The AMMS data were 
spatially averaged to the same resolution as the MPR data, 
and the three frequencies were studied in time series format. 
Examination of these time series plots has revealed several 
interesting features  of  the COHMEX da ta  set .  One  
significant feature, which is consistent with the ice extinction 
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Fig. 1. Mie theory volume extinction coefficient as a function of Marshall-Palmer rain rate for 
water spheres at -lO°C and ice spheres at O°C. 
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Fig. 2. Mie theory single scattering albedo as a function of Marshall-Palmer rain rate for Water 
spheres at - 1 O O C  and ice at O°C. 

ADVANCED MICROWAVE 

Fig, 3. The viewing geometry of the MPR and the AMMS aboard the NASA ER-2. 
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Coefficients in Fig. 1, is the great sensitivity of the 92 GHz 
to very light rain. The weakest scattering events of the 
COHMEX data had 92 GHz T depressions three to five 
times as large as those at  37 Gwz (see Fig. 8). Figure 4 
displays two of these cases. This great sensitivity of 92 GHz 
to light precipitation will lead to footprint averaging biases 
when satellite (e.g. the Special Sensor Microwave/Imager, 
SSM/I) data are interpreted. Thus, a small intense storm 
might produce a T, measurement the same as a large lightly 
Precipitating area, even though the footprint averaged rain 
rate for the storm is larger. This nonlinearity effect is 
analogous to that of the 19 GHz emission algorithms for 
oceanic rain retrieval (e.g. Wilheit et  al., 1977). 

8/23/00 

- 18 QHz 

-I- 02 GHr 
--- 37 Gnz 

8 
21:53 21:55 21 :57 

GMT 

7/12/88 

GMT 

Fig. 4.  COHMEX examples of the sensitivity of 92 GHz T, 
to light rain. 

Another feature of the data is the variation of the 
18/37/92 GHz T, interrelationship. As had been expected, 
the brightness temperature  depressions associated with 
Precipitation were enhanced with increasing frequency so 
that the 37 GHz T, depressions were always stronger than 
the 18 GHz depressions, and the 92 GHz response drops 
much stronger still. Figure 5 displays two cases of convective 
Precipitation observed on different days. The response of the 
92 GHz frequency is roughly the same in each case, but the 
magnitude of the 18 GHz depression varies greatly from one 
Case to another. This suggests two possibilities. One is the 
18 and 92 GHz frequencies are responding to an ice layer SO 

dense that  their  a l t i tudes of  response are  significantly 
pverlapping and a difference in particle size between storms 
1s being observed. Another, more probable possibility is that 
the different channels are responding to quite different 
altitudes so that the 18 GHz channel is sensitive to ice size 
and/or number density differences at a level deeper than the 
92 GHz channel can see. Unfortunately, radar data were not 
available to investigate these storms together. Nevertheless, 
the hope does exist that the dissimilarities in response 
between frequencies  may someday be  able  to provide 
Information concerning the vertical structure of precipitation 
within a storm. This approach would be similar to, but 
admittedly more complex and uncertain than, the method 
used to perform temperature soundings today. 

07/20/86 

QMT GMT 

Fig. 5. COHMEX examples of 18, 37, and 92 GHz T 
responses to convective precipitation. Note the similar 95 
GHz T, depressions in relation to the dissimilar 18 GHz 
signatures. 

Finally, a third feature of the COHMEX time series 
data is the opportunity to assign an approximate height to the 
scattering events assuming the 37 and 92 GHz channels are 
viewing features at  roughly the same height. As seen in Fig. 
3, the viewing geometries of the two instruments are such 
that a surface feature observed by the AMMS will lag the 
MPR observation of the same feature. This lag is about 100 
seconds for a surface feature and around 50 seconds for a 
feature at  a 10 km height (half way between the ground and 
the ER-2 flight level). For plotting purposes, all AMMS data 
were shifted forward in time by I minute which roughly 
lines up the 37 and 92 GHz T, depressions for a scattering 
feature located 8 km above the surface. The height of a 
scattering event was then estimated by attributing each 
additional 20 second time separation between the 37 and 92 
GHz depressions to a 4 km height shift above or below the 8 
km height level. Using this method, the overall height range 
of all the scattering events from nine COHMEX days was 
found to be between 4 and 1 1  km. Yet since the 37 GHz 
response will actually be from a lower level than the 92 GHz 
response, these altitude assignments will have a low bias. 

4. COMPARISON WITH CP-2 RADAR RAIN RATES 

A comparison of CP-2 radar-derived rainfall rates to 
the AMMS and MPR radiometric responses was performed 
for data collected on I 1  July 1986 between 2153 and 2137 
GMT. However, defining the height within the storm to 
obtain a radar rain rate for this comparison was not an 
obvious procedure. Surface rainfall rates are important 
products to be eventually derived from satellite data, but R 
precipitation rate derived from the upper levels of the storm 
would bet ter  character ize  the processes affect ing the 
radiometric responses. For this study a weighted path- 
averaged precipitation rate was used based upon assumed 
phase and particle size distributions applied to the CP-2 10 
cm reflectivity measurements. 

This  quant i ty  was computed by f i rs t  assuming a 
Marshall-Palmer size distribution within the storm which 
consisted of only water spheres below 4 km, only ice spheres 
above 8 km, and a linear combination of the two between 4 
and 8 km. The Marshall, et at. (1955) relationship between 
radar reflectivity (2) and rain rate (R): 

2 - 200R'" 

(where Z is in mm' m*' and R is in mm h-') was adjusted 
for the presence of ice above the freezing level. The original 
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Fig. 6. Vertical cross sections of (a) radar-derived precipitation rates (mm h-'), (b) 37 GHz 
weighting function (km-'), and (c) 89.5 GHz weighting function (km-') along the flight track at a 
nadir viewing angle on 11 July 1986 between 2153 and 2157 GMT. The vertical axis represents 
height in kilometers above the surface starting at 1.5 km. The horizontal axis represents relative 
distance in kilometers. (1 horizontal kilometer = 5 seconds of aircraft flight time) 
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CP-2 radar reflectivities considered only the liquid phase. 
but were modified for this work to account for the combined 
influence of ice and liquid hydrometeors. The adjusted CP-2 
10 cm reflectivities were then used to derive a vertical 
distribution of precipitation rate. This modification to 
account for the effect of ice increases the radar derived 
precipitation rates by a factor of 2.7 for heights above 8 km. 
and by a smaller factor between 4 and 8 km. A vertical cross 
section of radar-derived precipitation rates along the flight 
track of the aircraft for a nadir viewing angle may be seen 
in Fig. 6a. Both a weak and a strong area of convection are 
distinguishable. 

Next the radar-derived precipitation rates were used to 
obtain a vertical distribution of volume extinction 
coefficient. For ease of computation the parameterizations 
relating rain rate to extinction coefficient calculated by 
h’age (1976) using Mie theory were employed for water 
spheres at -lO°C and ice spheres at O°C. Although the 
Savage parameterizations consider 19.35 and 89.5 GHz 
instead of 18 and 92 GHz, the slight difference in 
frequencies results in only small differences in extinction 
coefficients. Deviations from the assumed temperatures will 
have only a very small effect. Weighting functions were then 
calculated using the extinction coefficients and the following 
expression: 

w kp(z) * exp[ - Itokrn kp(z’)dz’/COS 63 ] 

where w is the weighting function (km-’), kp(z) is the 
extinction coefficient (km-*)  at height z (km) and 0 
represents viewing angle. Figures 6b and 6c show the 
vertical cross sections of weighting function for 37 and 89:5 
GHz, respectively, along the flight track assuming a nadir 
viewing angle. These figures demonstrate the sensitivity of a 
higher frequency such as 92 GHz to upper levels of the 
convective activity. When the rain rate is very low then the 
92 GHz channel will observe a thick layer, but as the 
Precipitation rate increases, 92 GHz responds only to the 
upper levels. The 37 GHz channel, in comparison, responds 
to lower levels due to its smaller extinction coefficients (Fig. 
1). 

Finally, the weighting function values and rain rates at 
each level were multiplied together and divided by the total 
sum of the weighting function values for a given cohmn, 
assuming a nadir viewing angle, to produce a weighted path- 
ayeraged precipitation rate. These precipitation rates along 
w!th the Corresponding radiometric responses are displayed in 
Fig. 7. At this point, a comparison may only be made in a 
qualitative sense because the sensitivity to errors resulting 
from the assumptions made during this procedure have Yet to 
be Studied. The Marshall-Palmer distribution probably 
contains particles which are too large leading to weighting 
functions peaking too high in the storm. Also, the radar- 
derived precipitation rates might be too great. However, the 
Peaks of weak and strong convection do appear to occur at 
about the same times in both the T and rain rate plots in 
F43. 7. Both the 37 and the 89.5 G& channels detect similar 
Precipitation rate values for the weak convection which iS 
relatively shallow and transparent. As for the intense 
convection, the 89.5 GHz channel does not sense deeply 
enough to respond to the greater precipitation rates the 37 
GHz channel senses. 

Despite the differences in sensitivity between 37 and 
92 GHz suggested by the theory, a survey of all the 11 July 
radiometer measured storm core responses at 37 and 92 GHz 
(Fig. 8) reveals a high degree of correlation. Thus, either the 
two Fhannels are observing significantly different heights and 
PreclPitation intensities that are highly correlated, or they are 
Pbserving more nearly the same level and intensities, 
1mPlYing Some error in our assumptions. Other case studies 
Will hopefully shed light on this problem. 

2153 21:55 21:57 2153 21% 2157 

GMT GMT 

Fig. 7. 37 and 92 GHz T, and 37 and 89.5 GHz weighted 
path-averaged rain rates on 1 1  July 1986 between 2153 and 
2157 GMT. 

37 GHz ATB (“C) 
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Fig. 8. 
depressions for COHMEX I 1  July 1986 data. 

Comparison of 37 and 92 GHz convective core T, 
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5. IMPLICATIONS FOR SATELLITE RETRIEVALS 

Analysis of the MPR and AMMS data from COHMEX 
have demonstrated several useful implications for future 
satellite retrievals. The 92 GHz frequency has been found to 
be very sensitive to low rain rates as long as the ice phase is 
present. This should also hold true for the 85 GHz channel 
of the SSM/I. The 37 GHz channel should provide better 
estimate of intense precipitation due to greater linearity of 
response than at the higher frequencies. However, a high 
correlation between 31 and 92 GHz during 11 July of 
COHMEX does suggest that there may be little independent 
information between these two channels and that the 92 GHz 
could provide a good indirect estimate of stronger 
precipitation. Also, the occasionally large dissimilarities 
between the 18 GHz responses compared to similar 92 GHz 
responses do offer hope for precipitation soundings, even 
though the method would be much more uncertain than 
temperature soundings due to sensitivity to changes in ice 
particle size and number density. 
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1 INTRODUCTION 

The determination of global rainfall 
amount and areal extent is essential in 
scientific disciplines such as hydrology, 
climatology, and agriculture. Over land, 
the only continuous information comes 
from worldwide synoptic station reports 
and weather radar observations. However, 
the reliability of these records as well 
as their lack of global coverage make the 
determination of rainfall coverage and 
amount a very difficult task, especially 
On a real-time basis. Over the oceans, 
the task becomes extremely difficult 
since there is virtually no ground truth 
except from those few reports from ships 
and island stations. To meet this demand 
for global rainfall information, scien- 
tists have attempted to utilize the 
continuous measurements from satellites. 
The purpose of this study is to develop 
algorithms for the retrieval of rainrates 
over land and ocean via matchups between 
weather radar observations and coincident 
passive microwave measurements. 

The advantage of a microwave 
technique as opposed to one based upon 
the Visible and infrared (IR) is that the 
microwave measurements respond directly 
to the column of rain, while the visible 
and IR can only indirectly determine the 
Presence and intensity of rain. The 
Present disadvantages of microwave 
techniques are the poor spatial reSOlU- 
tion (25 km versus 1 km) and lack of 
global coverage, Future technology Will 
undoubtedly improve the resolution of the 
microwave instruments and future satel- 
lite missions will provide near global 
coverage, For example, the recently 
launched (June 1987) special Sensor 
Microwave Imager (SSM/I) with its 1392-b 
swath width and near sun-synchronous 
Polar orbit can provide twice daily 
coverage over a large portion of the 
Earth. 

2. BACKGROUND 

Much work has ensued over the past 
several years in developing rainrate 
retrieval algorithms from passive 
microwave measurements. Aside from those 
investigations involving aircraft 
measurements, the majority of these 
studies have focused their attention on 
measurements from the Nimbus-5 and -6 
Electrically Scanning Microwave Radiom- 
eter (ESMR) and from the Nimbus-7 
Scanning Multichannel MicroWave Radiom- 
eter (SMMR) , the latter of which is used 
in this investigation. 

2.1 Basic MiCrOb!BV8 Th eorv 

The ratio of the brightness tempera- 
ture of a medium (TB) to its physical 
temperature (TS) is called the emissivity 
(c) of the medium. Simply written, it is 

e -  TB/TS 
The emissivity is a highly variable 
quantity and is primarily a function of 
the surface type, microwave frequency, 
view angle, and polarization. For a 
given surface type, second order varia- 
tions of emissivity are caused by surface 
roughness and texture effects, thickness 
of the emitting medium, etc. Since many 
of these controlling variables are known 
when using passive microwave measurements 
(i.e. , frequency, view angle, and 
polarization), much of the brightness 
temperature variations measured by 
satellite radiometers are due to changes 
in surface type and any perturbations 
within those surfaces. 

2.2 Tbe Microwave ResBnncLkfs_Bein 
The microwave response to rain is 

vastly different over land than over the 
oceans. Because of this, the retrieval 
of such information must be approached 
differently over these two surfaces. 
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2,2.1 Rain Over Land 

Over land, the emissivity has a 
value very close to one over drier soils 
and vegetated land. The emissivity 
decreases as the soil moisture content 
increases and approaches that of open 
water for the barest and wettest soils. 
The primary effect of rain over land is 
to scatter the upwelling radiation since 
the rain droplets and ice particles in 
the rain layer are comparable to the 
wavelength of the microwave emission. 
This scattering effect increases with 
rain intensity and with observation 
frequency. However, due to the rela- 
tively small change in the TB caused by 
this scattering effect, the TB decreases 
associated with rain cannot be distin- 
guished from TB variations due to varying 
surface conditions (i.e., soil moisture 
content, surface temperature variations, 
etc.) when looking at a single channel. 
One notable exception occurs in severe 
convective storms, as was first described 
by Spencer, et a1 (1983a). Here, the 
presence of highly scattering precipita- 
tion size ice particles can cause a 
significant decrease in the observed 
microwave temperatures at 37 GHz and 
lesser of a decrease at 18 GHz. In these 
instances, the heavy rain areas can 
easily be separated from the surrounding 
land. 

Recent work by Grody (1984) and 
Ferraro, et al. (1986) have utilized a 
dual-channel approach to identify areas 
of rain over land. The former uses dual- 
polarization measurements at 37 GHz while 
the latter uses observations at 18 and 37 
GHz . Both of these approaches are 
investigated in this study. Finally, 
quantitative relationships have been 
formulated by Spencer, et al. (1983b) and 
Spencer (1984) to retrieve SMMR derived 
rain rates with rather good success. 

2.2.2 Rain Over the Ocean 

Over the oceans, the identification 
of rain is much different than that over 
land since the background signature is 
that of the radiometrically cold ocean 
surface (i.e. , low emissivity of water) . 
The presence of clouds (i.e., water vapor 
and cloud liquid water) tend to obscure 
the ocean surface beneath it, causing a 
greater re-emission at cloud height. 
Clouds producing precipitation tend to 
contain more liquid water than those that 
do not produce rain, and thus, emit at an 
even wanner TB. The presence of precipi- 
tation also reduces the polarization 
(vertical TB minus the horizontal TB at a 
given frequency). As the rain rate 
increases, the rain layer will act as a 
scattering medium, reducing the TB. The 
rain rate where the TB saturates is in- 
versely proportional to the frequency. 

One problem which has been observed 
when developing oceanic rainrate re- 
trieval algorithms from microwave 
radiometers is related to the fraction of 

the radiometer field of view (FOV) filled 
with rain. This phenomenon, commonly 
referred to as "beam filling", arises 
since the radiometer FOV is generally 
less than 100% covered by rain cells (the 
SMMR 37 GHz FOV is on the order of 400 
km2). This effect worsens as the 
observation frequency decreases (i.e., 
FOV increases). However, it is believed 
that passive microwave measurements still 
respond to a FOV average rainrate. 
Investigations correlating SMMR measure- 
ments with coastal radar observations 
have been performed by Spencer, et al. 
(1983~) , Spencer (1986) , and Ferraro, et 
al. (1987). 

3. DATA SOURCES 

The source of microwave data comes 
from the Scanning Multichannel Microwave 
Radiometer (SMMR) aboard the Nimbus-7 
satellite. The SMMR has been observing 
earth emitted radiation at five frequen- 
cies (6.6, 10.7, 18, 21, and 37 GHz) and 
dual-polarization since launch in 
November 1978 and at this writing, is 
still in limited operation. As such, an 
invaluable data set of nearly nine years 
is available. More details about SMMR 
are presented by Gloersen and Barath 
(1977). In this study, we focus our 
attention on the dual-polarization 
measurements at 18 and 37 GHz, which have 
approximate footprints of 50 and 25 km, 
respectively. 

Over land, data in the form of 
Manually Digitized Radar (MDR) were used 
as a measure of rain rate to match-up 
with nearly coincident SMMR measurements. 
The MDR data give the maximum reflectiv- 
ity value which occurred within a 40 km 
grid cell across the WSR-57 radar network 
operated by the National Weather Service 
(NOAA, 1980). S i x  different Digital 
Video Integrator and Processing (DVIP) 
levels are designated based upon a 2-R 
relationship and are summarized in 
Table 1. The MDR gridding procedure will 
place the maximum VIP level in a cell 
regardless of areal extent. The only 
exception is for VIP level 1, which 
requires that the 40 km cell be at least 
20% covered. This gridding method, 
although it identifies the areas of 
maximum precipitation, does not give any 
FOV coverage information. This makes a 
comparison with SMMR a difficult task 
since the FOV is highly sensitive to the 
areal coverage of rain. However, the 
availability of the MDR data in computer- 
compatible tapes made it a logical choice 
for our initial investiqations. 

Over the oceans, we have focused our 
attention on data in the form of Radar 
Data Processor-2 (RADAP-2). The RADAP-2 
automatically digitizes radar data using 
a minicomputer (Nova-1200) located at 
selected NWS WSR-57 radar sites. RADAP-2 
was designed as an interim radar data 
processor until the implementation of the 
Next Generation Weather Radar (NEXRAD). 
Archived RADAP-2 data are available from 
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the Techniques Development Laboratory 
(TDL) of the NWS from spring 1985 to 
summer 1986. The characteristics of the 
RADAP-2 data include two degree azimuthal 
spacing by 1 nautical mile (nm) range 
bins (from 11 nm to 125 nm). The first 
10 nm of the data are not archived due to 
ground clutter present at close ranges. 
The scans are taken every 10 minutes and 
include information on scan time and 
date, radar elevation angle, and DVIP 
values (see Table 1). In addition, 
complete scan sequences (from 0.5 to 16.0 
degree elevation angle in two degree 
increments) are included in the archive 
when available. The three major advan- 
tages of the RADAP-2 over the MDR is the 
increased spatial resolution, 15 versus 6 
DVIP levels, and routine quality control. 

Table 1. Values of reflectivity and 
rainfall rate for MDR and RADAP-2 
reflectivity intensity categories. 

RADAP-2 MDR Operational Mid-Point 
DVIP DVIP Threshold Rainrate 

- V n l u e V a l u e d k z I m m / h r )  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

1 18.5 
24.5 

2 29.5 
35.5 
38.5 

3 40.5 
42.5 
43.5 

4 45.5 
47.5 
49.0 

5 50.5 
53.0 
55.0 

6 56.5 

2.0* 1.0** 
4.1 2.0 
9.9 4.3 
17.0 7.6 
24.6 11.2 
33.5 15.0 
39.9 17.8 
49.3 22.1 
66.8 30.0 
85.3 38.1 
104.4 46.7 
143.3 64.0 
199.6 89.2 
199.6' 115.6 
199.6' >127.0 

* Based upon Z - 55 
**Based upon 2 = 200 R1*6 
+ Lower values used to minimize effects 

of hail. 

4. METHODOLOGY 

Case studies where the SMMR instru- 
ment made measurements over areas of rain 
were examined. Since the SMMR instrument 
operates on an alternate day duty cycle, 
overpasses an area at local noon and 
local midnight, and has a swath width of 
822 km, many potential cases were 
identified but could not be matched with 
the radar data because one of these three 
factors contributed to missing the rain 
region. For the rain over land hVeSki- 
gation, we chose the central United 
States as a test site due to its rather 
homogeneous terrain. We matched SMMR 
Observations at 18 and 37 GHz (dual- 
Polarization) with the MDR data for case 
Studies during 1979 and gridded all the 
data to a common projeotion. A grid cell 
Size of approximately 25 km was used for 
the MDR and SMMR 37 GHz data, while a 
cell size of 50 km was used for the 18 
GHz observations. When comparing the 18 

GHz, 37 GHz, and MDR data, the higher 
resolution data were spatially averaged 
to match the 18 GHz cell size. 

For the rain over oceans investiga- 
tion, we matched the SMMR 37 GHz and 
RADAP-2 data from Tampa Bay, Florida in a 
similar manner. At the present time, 
RADAP-2 data from Tampa Bay, Florida are 
only available for July, August, and 
September 1985. Tampa Bay is the only 
coastal RADAP-2 site. Due to the limited 
range of the radar (125 nm in all direc- 
tions) and the SMMR instrument charac- 
teristics previously mentioned, we were 
extremely limited to the number of SMMR 
and RADAP-2 matchups. However, due to 
the high spatial resolution of these 
data, we were able to compute the average 
DVIP values and the percentage of the 
grid cell covered by rain at the SMMR 37 
GHZ footprint size. 

The analyses were initially per- 
formed on an image processing system 
where the colocated data were examined 
via interactive analysis. The data were 
then transferred to a mainframe computer 
where the statistical analysis wa5 
performed . 
5. RESULTS 

The approach taken in the analysis 
was to find a relationship between radar 
reflectivity (i.e., DVIP levels) and SMMR 
brightness temperatures. No attempt was 
made to convert the DVIP values to rain 
rate due to the uncertainties in Z-R 
relationships with varying rain events. 

5.1 w- 
SMMR and MDR matchups from eight 

descending Nimbus-7 orbits over the 
central United States were obtained 
during 1979. The time between SMMR and 
MDR observations was at worst 30 minutes. 
The cases selected included a wide range 
of synoptic weather situations ranging 
from widespread stratiform rains to 
severe convective storms. Coincident 
11.5 micron Nimbus-7 Temperature and 
Humidity IR Radiometer (THIR) observa- 
tions were used to categorize the storms 
and to screen the data used in the 
analysis. Any SMMR observation where the 
11.5 micron TB was greater than 273 K was 
removed from the data set. This assured 
us of being over a potential precipita- 
tion producing cloud and helped to remove 
some of the possible SMMR/MDR temporal 
matchup problems. Table 2 summarizes 
each of tha case studies. 

The initial analysis of the SMMR/MDR 
matchups was very disappointing. 
Tremendous scatter was evident in the 
data, as there was a wide range in TB for 
each DVIP value. We attributed this to 
the beam-filling problem and the fact 
that the MDR data has no areal coverage 
requirements (except DVIP 1); it simply 
indicates the most intense reflectivity 
within each cell. In order to overcome 
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Table 2. Characteristics of the 1979 
SMMR/MDR rain over land data set 

Date 
1/2 0 
2/ 5 
4/4 
5/4 
5/10 
7/5 
7/9 
7/15 

SMMR 
Time 
IGMT) 

0620 
0615 
0610 
0645 
0655 
0705 
0635 
0645 

storm 
mZ2 

8 
S 
S 
sv 
C 
C 
sv 
sv 

No. of 
25 km 
Points 
3 14 
274 
105 
169 
89 
181 
3 17 
209 

NO. Of 
50  km 
Points 

77 
75 
28 
44 
26 
55 
77 
52 

S = Stratiform 
C = convection 
SV 5 Severe Convection 
this problem, all of the SMMR measure- 
ments were binned by DVIP level. These 
mean TB's then represent the *laveraget1 
microwave response to DVIP level at the 

FOV coverage (still an un- 
known). 

As was previously mentioned, dual- 
channel techniques have shown promise in 
identifying precipitation. We have 
chosen two commonly used parameters, 
namely the polarization ratio (PR) and 
the gradient ratio (GR), defined here as: 

TB(37V) - TB(37H) 
PR = TB(37V) + TB(37H) 

=* (18) - TB*(37) 
GR = TB*(18) + TB*(37) 
where TB*(I) = O.S(TB(iV) + 
Figures 1 and 2 show the PR and GR 

as a function of DVIP level. Breakdowns 
by season are also indicated. In theory, 
the PR should increase over a given 
region with the presence of rain. 
However, the polarization is highly 
sensitive to soil moisture and vegeta- 
tion. Note how the PR is much greater in 
winter than in summer at low DVIP levels, 
most likely due to the lack of vegeta- 
tion. From the results shown in Figure 
I, it appears that on the average, the PR 
is responding to rain somewhere between 
DVIP levels 2 and 3. 

In Figure 2, the GR shows an 
increase in value with DVIP level. 
Again, a jump from DVIP 2 to DVIP 3 is 
seen, Also, the change from a negative 
GR to a positive GR is a strong indicator 
of rain, as scattering is being detected 
by the SMMR measurements. The differ- 
ences between winter and summer are 
probably due to vegetative effects and 
precipitation intensities (i.e., strati- 
form vs. convective]. 

Although the results presgnted in 
Figures 1 and 2 are not very conclusive, 
examination of color-enhanced imagery (to 
be presented during the oral presenta- 
tion) of the original SMMR TB1s compared 
to the GR and PR qualitatively show the 
success in using these algorithms, 

TB (iH) 1 
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Figure 1. Plot of the 37 GHz polariza- 
tion ratio (times 1000) as a function of 
the MDR DVIP level. Also shown are the 
values for winter (W), summer (S), and 
all (A) cases. 
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Figure 2. Plot of the 18 and 37 GHz 
gradient ratio (times 1000) as a function 
of MDR DVIP level and season. 
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5.2 w n  over Ocegn 
Again, the approach taken Was to 

derive a relationship between DVIP level 
and SMMR measurements. However, due to 
the very high spatial resolution of the 
RADAP-2 data, the SMMR FOV coverage was 
computed and 15 DVIP levels were avail- 
able to compute a mean DVIP level for 
each grid cell. On the average about 40 
RADAP-2 observations fell within one SMMR 
FOV . 

At the time of this writing, we were 
only able to find three worthwhile 
matchups between the SMMR and RADAP-2 
during the summer of 1985. These are 
Summarized in Table 3. 

Table 3. Characteristics of the 1985 
Sm/Tampa Bay RADAP-2 rain over oceans 
data set 

SMMR RADAP-2 No. of 
Time Time 25 km ~~~~- 

8/4 0544 0548 convection 32 
8/10 0545 0548 convection 15 
9/1 1656 1610 Hurricane 

Elena 65 

The RADAP-2 and SMMR observations 
Were within 2 minutes of each other for 
the two August cases. Unfortunately, the 
nearget RADAP-2 data for Hurricane Elena 
was approximately 45 minutes after the 
SMMR observations. Despite the large 
time mismatch, we still included some of 
this data in the analysis since the two 
August cases had predominantly low DVIP 
values while Elena had many DVIP Values 
greater than io. Average DVIP values 
less than two were omitted from the Elena 
chse to account for temporal mismatches 
in the data. 

Several linear regression models 
were fit between the SMMR 37 GHz TB, FOV 
and RADAP-2 data. These are summarized 
in Table 4. It should be noted that the 
DVIP valuee of 0-15 were multiplied by 10 
and then averaged over the SMMR FOV, 
Yielding possible valuee of 0 to 150. 
These were used in the regressions. 

Table 4. Regression models, correlation 
coefficient (R), and explained Variance 
(R2) for the sMMR/RADAP-2 rain over 
Oceans analysis 

Elodel 
(1) DVIP - a T37H + b 
(2) DVIP = a T37V + b 
(3) DVIP - a A T  t b 
( 4 )  DVIP = a + b AT t c 
(5) FOV - a T37H + b 
(6) FOV = a T37V + b 
(7) FOV - a A T  + b 
(8)  FOV - a + b b T  + c 
(9) DVIP = a FOV + b 
AT T37V - T37H 
T (T37V + T37H)/2 

B 
0.47 
0.47 
0.45 
0.46 
0.72 
0.70 
0.72 
0.72 
0.76 

82 

0.22 
0.22 
0.20 
0.22 
0.52' 
0.49 
0.52 
0.52 
0.57 

27U t 
I 

1 

445 
4 14 33 

4 3 s  u4 4 
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4 
3 

1 5  b 
1 5  
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37 GHz POLARIZATION DIFFERENCE (K) 
Figure 3. VIP value as a function of the 
37 GHz polarization average and differ- 
ence. The values plotted represent 
average VIP values times 10 in the 
following ranges: 1 = 1-10, 2 - 11-20, ..., 9 = 81-90. 

110 i 
I 
I 

Figure 4. 
percentage of the SMMR FOV covered by 
rain. 
FOV coverage in the following ranges: 

As in Figure 3, but for the 

The values plotted represent the 
1 

= 1-lo%, 2 = 11-20%, . . . I  * - 90-100%. 
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Figures 3 and 4 show plots of the 
data used in models 4 and 8, respec- 
tively. Several interesting features are 
indicated in the regression results. In 
general, all the different predictors 
perform the same. The most significant 
result is that the FOV percentage 
correlates better with SMMR 37 GHz 
measurements than the actual DVIP value. 
However, we are cautiously optimistic of 
this result since our sample size was 
rather small (112 observations). Also, 
it may be more appropriate to perform a 
logorithmic average of DVIP value over 
the SMMR FOV rather than a straight 
linear average. Further case study 
matchups are needed to further assess 
these models. 

One final point to note is the 
correlation between DVIP and FOV percent 
covered by rain (Model 9). The fact that 
the DVIP value increases as FOV coverage 
increases is not surprising. However, if 
in fact nature is as variable as this 
relationship indicates (-57% variance 
explained) , then the relationships found 
between SMMR, FOV coverage, and DVIP 
value should not be expected to perform 
better than this value. 

6. SUMMARY 

In our investigation, we have 
examined the passive microwave response 
to rain over land and ocean. Near- 
coincident weather radar data (MDR over 
land: RADAP-2 over ocean) was colocated 
with the 18 and 37 GHz dual-polarization 
measurements from the Nimbus-7 SMMR. The 
test sites were the central United States 
and the coastal waters off Tampa Bay, FL. 

Although the usefulness of the MDR 
data was somewhat limited in the rain 
over land investigation (i.e., no areal 
coverage information) , it appears that 
the SMMR measurements at 18 and 37 GHz 
can detect the presence of rain somewhere 
between DVIP levels 2 and 3. It also 
appears that the use of dual-frequency 
measurements at 18 and 37 GHz performs 
better than the dual-polarization 
measurements at 37 GHz. 

The rain over the oceans study was 
much more successful due to the use of 
the higher resolution and quality RADAP-2 
data. Despite only a very small data 
set, we found linear relationships 
between the RADAP-2 DVIP values and the 
SMMR 37 GHz data. In addition, we found 
that the percent of SMMR FOV covered by 
rain was more strongly correlated to the 
SMMR measurements. 

We plan to continue the investiga- 
tions over the oceans by obtaining more 
RADAP-2/SMMR matchups. In addition, we 
plan to perform similar studies using 
RADAP-2 data from Oklahoma City, OK. 
This should improve our results over 
land. Finally, SSM/I data will be 
obtained and the usefulness of the 85 GHz 
channel will be investisatad. 
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1. INTRODUCTION 

The frequency and distribution of 
winter precipitation over the west coast 
can be related to the eastward moving 
mid-latitude storms which form and move 
Over the western and central North 
Pacific Ocean. These storm tracks and 
associated precipitation are generally 
directed by large-scale atmospheric cir- 
culation (e.g Klein, 1965; Namais 1979; 
and Cayan and Roads, 1984). 

I n  t h e  past, determining t h e  
climatological position of the storm 
tracks in the North Pacific Ocean has 
been accomplished by examining, analyzing 
and comparing daily surface pressure 
charts (e.g. Klein, 1956; Petterssen, 
1956 and more recently Zishka and Smith, 
1980; Wittaker and Horn, 1981; 1984). 
Remote sensing techniques using visible 
and infrared images have also been 
generated to better pin down the cyclone 
development and movement (e.g. Streten 
and Troup, 1973; Carleton, 1982). Passive 
microwave data have also been associated 
with the position o f  cold f r o n t s  
(McMurdie and Katsaros, 1985). 

The major reason for the interest in 
the cyclone tracks is that they provide 
information about precipitation and the 
large scale atmospheric field. This paper 
uses a reversed approached, that is, by 
d e t e r m i n i n g p r e c i p i t a t i o n  a r e a s ,  
relationships with the large scale field 
and the locetion of cyclone tracks can be 
determined. This is accompliahed by 
deriving precipitation locations from the 
NIMBUS-7 Scanning Multichannel Microwave 
Radiometer (SMMR) data for two winter 
seasons, December 1978 thru February 1979 
and 1979-1980. These locations are then 
compared to the large scale atmospheric 
c o n d i t i o n s ,  U n d e r s t a n d i n g  t h e  
relationships between precipitation and 
cyclone tracks could then help improve 
both short and long term forecasts. 

2 .  DATA 

The precipitation locations are 
obtained by the Katsaros and Lewis (1986) 
experimental algorithm which uses a 
linear interpretation of the 37 GHz 
vertically polarized brightness tempera- 
ture, Other precipitation algorithms 
(Wilheit and Chang, 1980; and Spencer, 
1986) also produce similar regions, 
however the rainrates differed. The 
Spencer algorithm, developed for con- 
vective processes, calculates the largest 
rainrates, between 14 and 35 mm/hr for 
the test case, while the Katsaros and 
Lewis algorithm, developed for precipit- 
ation along the west coast, calculates 
rainrates between 1.0 and 12 mm/hr. The 
Wilheit and Chang algorithm produced 
similar results to the Katsaros and Lewis 
algorithm. 

T o  produce daily precipitation 
locations, the orbital 30 km resolution 
SMMR CELL-ALL data are obtained for the 
37 GHz channel and rainrates are calcu- 
lated. Each pixel with a rainrate of at 
least 1 mm/hr is then binned into a 0.5 
latitude by 0.5 longitude grid, This is 
produced for the alternating days of the 
SMMR data for the two winter seasons 
studied. An example of the daily coverage 
is given in figure 1, illustrating the 
poor spatial resolution of the SMMR data. 

Once the daily locations are deter- 
mined, five day composites (three data 
days and two non-data days) were produced 
by summing the number of observations for 
the period. Using five day composites, 
complete coverage is obtained for the 
study area (figure 2a and 2b). Monthly 
composites are then produced from five 
day c o m p o s i t e s  i n  the same manner 
(figures 3 and 4). 1000 mb height fields 
were obtained from the German Weather 
Service archives of the twice daily T 15 
spherical harmonic analyses by Speth and 
Kirk (1981). These data were made 
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F i g u r e  1. P r e c i p i t a t i o n  l o c a t i o n s  
derived from SMMR data, asterisks, for 
December 8, 1979. The daily coverage is 
represented b y  the small dots. 

Figure 2. Five aay composites of the 
SMMR-derived precipitation locations and 
t h e  corresponding 1 0 0 0  m b  height field 
for a) January 6-10, 1979 and b) January 
12-16, 1979. 

available by the Max Plank Institut fur 
Meteorologie. Storm track locations were 
collected from the Mariners Weather Log. 

3. RESULTS 

Initial comparisons are very prom- 
ising for the 5 day and monthly results 
of precipitation locations and mean 1000 
mb heights. For example, two contrasting 
5 day periods, January 6-10, 1979 (figure 
2a) and January 12-16, 1979 (figure 2 b )  
show precipitation associated with south- 
westerly winds in advance o f  t h e  l o w  
pressure system. These are thought to be 
regions of positive vorticity advection 
and moreover correspond well to coastal 
relatione. In addition, a poleward shift 
in the location of the precipitation can 
be observed between the two periods. 

T h e  monthly analyses s h o w  strong 
d i f f e r e n c e s  b e t w e e n  t h e  t w o  w i n t e r  
s e a s o n s .  C o m p a r i n g  f o r  e x a m p l e  t h e  
December 1978 and 1979 cases (figures 3a 
a n d  4 a ) ,  t h e  a r e a  o f  i n t e n s e  
precipitation during 1978 is found south 
of the Aleutian Islands well off the west 
coast with t h e  m e a n  p o s i t i o n  o f  t h e  
s u r f a c e  l o w  i n  t h e  B e r i n g  Sea. I n  
contrast, 1979 shows the surface low much 
further eastward i n  the Gulf of Alaska 
and the r e g i o n  o f  p r e c i p i t a t i o n  h a s  
s h i f t e d  s o u t h e a s t w a r d  i n t o  t h e  west 
coast. I n  addition, the precipitation 
locations associated with the ITCZ are 
also shifted further to t h e  s o u t h  i n  
December 1979. 

The southward shift in the precipit- 
ation locations is also f o u n d  d u r i n g  
January 1 9 8 0  (figure 4b) with the mean 
position of the 1000 mb l o w  located 1 0  
degrees south of the Bering Sea compared 
t o  t h e  mean positions i n  January 1979 
(figure 3a). Cyclone tracks obtained 
f r o m  t h e  Mariner's W e a t h e r  L o g  a n d  
averaged over t h e  t w o  January periods 
(figure 5) also exhibit the shift. T h e  
precipitation locations showed similiar 
results for the two months in February 
(figures 3c and 4c). 

I n  comparing the SMMR-derived pre- 
cipitation locations to the mean cyclone 
tracks, the mean cyclone position is the 
approximate northern b o u n d a r y  o f  t h e  
precipitation locations. Therefore, as 
would be e x p e c t e d  t h e  p r e c i p i t a t i o n  
locations can give an estimate of the 
mean position of the cyclone track. 

4. SUMMARY 

I t  h a s  b e e n  s h o w n  t h a t  m o n t h l y  
precipitation p o s i t i o n s  i n  t h e  N o r t h  
Pacific derived from passive microwave 
data can give an estimate of the cyclone 
position on a monthly time scale. A more 
c o m p r e h e n s i v e  u n d e r s t a n d i n g  o f  t h e  
relationships between precipitation and 
storm tracks using passive microwave data 
c a n  be expected with further analysis 
with the complete S M M R  data set ( 1 9 7 8  
t h r o u g h  1987). I n  addition, t h e  suc- 
cessful launch o f  the DMSP SSM/I will 
produce a more complete spatial and 
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F i g u r e  3. Monthly composites of the F i g u r e  4. Monthly composites of the 
SMMR-derived precipitation locations and SMMR-derived precipitation locations and 
t h e  corresponding 1 0 0 0  mb height field the corresponding 1000 mb height field 
for a) December 1978, b) January 1979 and for a) December 1979, b) January 1980 and 
February 1979. February 1980. 
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Figure 5 .  Average position of the 
cyclone tracks for January 1 9 7 9  (solid 
line) and January 1 9 8 0  (dashed line). 

temporal coverage. The results presented 
here are preliminary and further work 
will continue to take place to quantify 
the location of the precipitation and the 
atmospheric conditions. 
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1. Introduction 

Visible and infrared data from Geostationary 
Operational Environmental Satellites (GOES) have been 
used frequently to estimate rainfall for periods ranging 
from 30 minutes to 24 hours (Atlas and Thiele, 1982). 

Others have used the GOES data to obtain areal 
estimates of instantaneous rainfall (Lovejoy and Austin, 
1979; Tsonis and Isaac, 1985). Further work has been 
performed to class instantaneous areal rainfall estimates 
by rainfall intensity and type: either convective or 
continuous (Tsonis, 1987; Lee, Chin and Martin, 1985). 

The previously mentioned studies have 
concentrated on using radar data to provide “ground 
truth” for calibrating and verifying satellite estimates of 
instantaneous rainfall. However, rainfall estimates, 
made with schemes calibrated using radar data, may be 
invalid when extrapolated beyond the radar range 
(Lovejoy and Austin, 1979). 

In this study, hourly weather reports from 
Service-A surface stations (SVC-A) are examined as an 
alternative to radar data in providing ground truth to 
synoptic scale satellite rainfall estimates. Reports from 
137 stations located in the southeastern United States 
were examined for a 30 day period in August 1979 for 
a statistical relationship between GOES VIS and IR 
data. Emphasis is placed on examining statistical 
properties of the satellite data, and how these 
properties may be related to surface reports of (1) 
precipitation or no-precipitation during overcast and 
broken skies, (2 )  light or mpderate-to-heavy 
precipitation, and (3) convective or continuous 
precipitation. The purpose of this analysis is to reveal 
which of the previously mentioned surface reported 
weather conditions may be identified in single image 
pairs. An application of the GOES data to precipitation 
and no-precipitation classification is also presented. 

2. Data 
The data used in this study consist of colocated 

GOES hourly digital data and SVC-A reports for 
August 1979 from stations located in southeastern 
United States. Only observations from 1200-2000 GMT 
were included to avoid distortion of the visual data due 
to low solar zenith angle. 

The satellite measurements were obtained from 
the Visible and Infrared Spin Scan Radiometer (VISSR) 
mounted on the GOES-3 (GOES-East). The IR channel 
measurements (10.5-12.5 microns) have a nadar point 
resolution of -7 km with 8 bit resolution of the 
intensity. The VIS channel measurements (0.55-0.75 
microns) have a nadir point resolution of - 1  km with 6 
bit intensity resolution. VIS measurements were 
averaged to 7 km resolution for consistency with the 
IR data. 

The data set. prepared by the University of 
Wisconsin (UW), consists of 10x10 pixel matrices of 
hourly VIS and 1R data centered over each of the 137 
surface stations (Fig. I). These matrices cover an area 
of 45 nmi x 45 nmi at 30°N (60 nmi x 60 nmi at 
42’N). The matrices were earth-located to an accuracy 
of 1-2 km by the Man-computer Interactive Data 
Access System (McIDAS) at UW. Also available from 
the UW tape are the SVC-A hourly weather reports. 

The VIS pixel elements were converted to 
“adjusted“ albedos (Ao) using an algorithm by Muench 
and Keegan (1979) which corrects for varying zenith 
angle and anisotropic scattering as related to the zenith 
angle. The IR pixel elements were converted to 
brightness temperatures using the standard GOES IR 
calibration table. 

Only pertinent information from the surface 
weather reports was retained. That is, a total of 70,623 
colocated satellite and surface reports were examined, 
but only those reports indicating at least broken cloud 
cover or precipitation were used. The number of 
reports of each surface weather category used is given 
in Table I .  

Table 1. Def in i t ion  of c l a s s  types and 
number of observations for each class .  

- rt ReDort;g  

R I lRt t1  538 
ROVC I1Rgt/overcast 329 

s k i e s  
ROVCB llR1@/overcast- 534 

brok n s k i e s  
RCONT R-, R, R+ B 112 
RCONV RW-, RW, RW+, TRW-,3 

TRW, TRW+, TR-, TR, 
TR+ 426 

RL R-, RW-, TRW-, TR- 464 
RMH R ,  R+, RW, RW+, TRW, 

NROVC R/overcast 1976 

NROVCB R/overcast- 7358 

TRW+, TR, TR+ 74 

s k i e s  

broken s k i e s  

lltRll indicates  any type of ra in .  

indicate  e i t h e r  heavy, moderate 
or l i g h t  continuous ra in ,  
respect ive ly .  

3RW, TR, and TRW codes represent 
convective rain. 

2The I I R I I  codes ll+ll , ) I  I1 or  II,ll 
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3. Satellite and Surface Rainfall Statistics 

a. Methodology 
In judging the sensitivity of the satellite data to 

surface weather, the data were first compared to 
surface reports of rain, including reports of 
rain/overcast skies (ROVC), rain/overcast and broken 
skies (ROVCB), and the no-rain/overcast class 
(NROVC). 

The rain and no-rain/overcast statistical analysis 
that follows discusses in detail the parameters examined 
in this study. These parameters are then examined for 
usefulness in separating continuous rain (RCONT) from 
convective rain (RCONV), and light rain (RL) from 
moderate-to-heavy rain (RMH) classes. 

The summer satellite data, consisting of the 
G ES 10 x 10 pixel matrices (hereafter referred to as 
10 windows), from August 1979 were used to compare 
the rain and no-rain/overcast data sets. 

The effect of data resolution in identifying 
weather categories was studied by varying the numb r 

6 and 4 pixels, centered over the surface stations, 
were examined. Smaller windows were avoided due to 
relatively increasing navigation errors. 

The preliminary statistical analysis consisted of 
the following procedures: 

9 

$ 4  o pixels er window. Additional window sizes of 8 5 , 

1) Examination of the frequency distributions 
of VIS and IR observations as a function of 
rain and overcast frequency. 

2) Examination of the window statistics. 

3) Examination of Co-spectral plots which 
indicate the ability of VIS and IR based 
window statistics to delineate rain 
occurrence, intensity and type. 

b. Rain class data ( P )  

Fig. 3a hows the frequency of rain occurrences 
versus mean 10 window values of VIS (albedo) and IR 
derived brightness temperatures or simply temperatures. 
The data generally cluster in elliptical patterns which 
indicate some relationship between albedo/temperature 
measurements and rain. 

The bivariate distribution presented in Fig. 3a 
appears roughly bimodal with a maximum located in 
the 250-260k and 0.5-0.6 temperature/ lbedo interval. 
Fig. 3b is identical to 2a but for the 4’ window size. 
For the 2-3% relat‘ve freq ency isopleths these figures 

a discernible shift toward higher albedos and lower 
temperatures (colder cloud top temperatures), with 
decreasing window size. 

A quantitative description of the data shown in 
Figs. 3a-3b is obtained by first calculating the 
ar$hm5ticpean2wk. of each VIS and IR window (ie, 
10 , 8 , 6 or 4 pixel windows), and then calculating 
the mean Wk value by averaging over all 137 stations. 
This statistic is called the mean of the means (W) and 
is calculated by 

1 

and those for the 8 ‘ 2 Y  and 6 windows (not shown) show 

137 

k= 1 
W E N-’ X 1 Wk (1) 

Textural properties of the satellite images based 
on pixel to pixel intensity changes can also be 
quantified by calculating the mean of the standard 
deviations of each window. The mean of the standard 
deviations is referred to hereafter as the mean Window 
Spatial Deviation (WSD) statistic to emphasize its use in 
estimating the spatial variability of the data. Mean 
WSDs are calculated by 

where pi represents the ith pixel for the kth 
window, wit$i i a rypg  f r o 9  1 to the total window 
SIZE, i.e., 10 , 8 , 6 , or 4 . Values for W and WSD 
are given in Table 2 along with the standard deviation 
of W (W,) and WSD (WSD,). 

Table 2. Window statistics from the Rain class data 
(both ROVC and ROVCB) for four window sizes. VIS 
units are in percent of adjusted albedo, and IR units 
are in degrees K. 

window lo2 82 62 42 
statistic 

W (VIS) 0.579 

WED(V1S) 0.173 
w (VIS) 0.211 

WSDS (VIS) 0.078 

253.0 
20.7 

W(IR) 
w (IR) 
WZD(1R) 10.4 
WSDS (IR) 7.0 

0.591 0.603 
0.214 0.219 
0.161 0.144 
0.078 0.075 

252.2 251.4 
21.0 21.3 
9.1 7.6 
6.7 6.0 

0.614 
0.227 
0.124 
0.072 

250.8 
21.7 
5.6 
4.9 

The standard deviations give only a qualitative 
estimate of the variability in the W and WSD statistics 
because the distributions of W and WSD are non- 
normal. Therefore, no statistical significance can be 
assigned from the standard deviation. 

As seen in Figs. 3a-3b, mean albedos 
monotonically increase from 0.579 to 0.614, while mean 
temperatures decrease from 253.0K to 250.8K with 
decreasing window size. Both albedo and temperature 
spatial deviation monotonically decrease with 
decreasing size from 0.173 to 0.124 and 10.4K to 
‘5.6K. respectively. Decreases in spatial deviation with 
window size are expected, since adjacent pixels should 
have similar characteristics. Also as the window size is 
decreased, the probability of dissimilar pixels is also 
decreased. 

Because the means and spatial deviations either 
increase or decrease monotonically with size, it is 
su ficient to consider only the two extreme sizes: the 
10 and 42 windows. 5 

c. No-rain/overcast (NROVC) class 
The frequency distribution of the no- 

rain/overcast observations (not shown) is shifted toward 
warmer, less reflective clouds relative to the rain data. 

The mean and spatial deviation statistics for th 
no-rai overcast reports are given in Table 3. The 8 
and 6 window sizes statistics are also included. 

1 
?! 
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Table 3. Same as in Table 2 but for 
no-rain/overcast (NROVC) data. 

statistic 

w(vrs) 0.407 0.411 0.415 0.418 
W (VIS) 0.205 0.208 0.213 0.219 
WgD(V1S) 0.122 0.113 0.102 0.087 

window 10’ 8’ 62 4’ 

WSDS(V1S) 0.056 0.054 0.052 0.049 

W(IR) 272.6 272.5 272.4 272.3 
w (IR) 17.8 18.1 18.3 18.6 
W ~ D  ( IR) 5.4 4.7 3.9 2.9 
WSDS (IR) 4.8 4.4 3.9 3.1 

Table 3 shows that the mean albedos increase 
from 0.407 to 0.418 while the temperatur s value 

windows, respectively. Although the absolute changes 
may appear trivial. it is significant that they are clearly 
monotonic. 

d. Rain and no-rain comparison 
The differences in the observed bivariate 

frequency distributions for the rain and no- 
rain/overcast classes suggest that the preceding 
statistics can be used to separate these two classes using 
only single image pairs of VIS and IR data. 

Toward this end, co-spectral plots were used to 
subjectively evaluate the ability of the VIS and IR 
statistics to identify whether a particular satellite 
window observation is associated with precipitating or 
non-precipitating surface weather. Examples of co- 

Toward this end, co-spectral plots were used to 
subjectively evaluate the ability of the VIS and IR 
statistics to identify whether a particular satellite 
window observation is associated with precipitating or 
non-precipitating surface weather. Examples of co- 
spectra1 plots are given for the mean statistic in Fig. 3c 
and for the spatial deviation statistic in Fig. 3d. In 
these plots, the mean value of a window statistic, either 
the mean of the means or the mean of the spatial 
deviations, is denoted by a closed circle and the 
variation by the width of the error bar containing the 
mean (here i l  standard deviation). Co-spectral plots 
indicate the potential overlap between class spectral or 
statistical response and show which combination of 
spectral bands and/or statistics might be best for 
discrimination. Ideally, the bands with the least amount 
of overlap will be best for classifying rain and no-rain 
cloud systems. 

From Figs. 3c and d the following observations 
are made concerning the statistics of the rain and no- 
rain/overcast data sets: 

1) The temperature means (Fig. 3c) show 
slightly less overlapping of the two classes 
responses than do the albedo means. 

2) The temperature spatial deviation statistics 
show slightly more separation than do the 
albedo spatial deviation statistics; and, in 
contrast to the mean statistics, there is 
slightly mor separation of the no-rain data 
using the 10 window. 

decrease from 272.6k to 272.3k, for the 10 $ 3  and 4 

4 

3) The degree of separation does not appear to 

4) The spread of the rain spatial deviations is 

be dependent on window size. 

larger than the spread of the no-rain spatial 
deviations for both spectral bands. 

The co-spectral plots for the rain and no- 
rain/overcast data show substantial overlapping in all 
spectral bands. This is not surprising given that the no- 
rain reports are included only when accompanied by 
overcast conditions. However, for both spectral bands 
the rain means are separated by approximately one 
standard deviation, suggesting that the possibility of 
successful discrimination via a linear or non-linear 
combination of VIS and IR statistics. 

e. Comparison of rain classes 
In addition to comparing SVC-A reports of 

rain versus no-rain/overcast. comparison are made of 
reports of convective (RCONT) versus continuous rain 
(RCONT), and light rain (RL) versus moderate-to- 
heavy rain (RMH) (see p b l e  I ) .  This section 
summarizes the use of 10 window statistics in 
separating these classes. 
I )  CONVECTIVE (RCONV) VERSUS CONTINUOUS 
(RCONT) RAIN 

The physical processes involved in convective 
rain, or showers, are different from those involved in 
continuous rain. These differences in the processes 
might result in a statistical separation between the two 
types of rain. 

However, the co-spectral plot in Fig. 3e shows 
that there is almost complete overlapping of the mean 
albedo bands for the two rain classes, and only slightly 
more separation between mean temperature bands. 
Furthermore, the spatial deviation bands from both the 
albedo and temperature bands again show extensive 
overlapping, although to a lesser degree than do the 
mean statistics. 

Thus, use of the mean and spatial deviation 
statistics for classifying rain events as continuous or 
convective may not feasible using the statistics and 
summer-time data set presented in this paper. 

2) LIGHT (RL) VERSUS MODERATE-TO-HEAVY 
RAIN (RMH) 

The co-spectral plot in Fig. 3f shows the 
statistical responses of the mean and spatial deviation 
statistics for the light and moderate-to-heavy rain data 
sets. The differences observed in the responses of the 
spatial deviation statistics are relatively small, and only 
the VIS means of the means show any significant 
amount of separation (approximately 1/2 standard 
deviation). Again, as in the case of the convective and 
continuous rain data sets, the separation of light from 
moderate-to-heavy rain appears infeasible using the 
statistics shown here. 

4. Summary and Conclusions 
The SVC-A weather reports, including reports 

of instantaneous rainfall type and intensity, can be 
used with GOES VIS and IR data to develop a scheme 
to estimate instantaneous rainfall area. Furthermore, 
these schemes can employ simple statistics, computer 
efficient schemes, like mean VIS and IR window values 
to separate precipitating areas from non-precipitating 
ones. 

Like Lovejoy and Austin (1979) we found that 
simple statistics derived from the GOES data were 
sufficient to separate raining areas from non-raining 
cloudy areas. These statistics failed, however, to 
indicate a sufficiently large response difference 
between the convective and continuous rain classes or 
the light and moderate-to-heavy rain classes. 
Separation of these latter two classes might be obtained 
using more sophisticated statistical techniques, such as 
those used by Wu et al. (1985) or Tsonis (1987). 
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Only small differences ere ob erved in 

However, if both window sizes are available then the 
smaller window size offers the advantage of 
computational simplicity while the larger window 
offers the advantage of greater versatility in the 
number of statistical parameters that can be derived 
from the window data. 
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Fig. 3c. Co-spectral plot for the mean 
window statistic (W). Spread of the data 
is indicated by the width of the bars (2 
standard deviations) and the mean by 
the closed circle. Shaded bars indicate 
rain, unshaded indicate no-rain. 
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Fig. 3d. Same as 3c but for the spatial 
deviation statistic (WSD). 
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Fig.3e. Co-spectral plot comparing 
convective rain (unshaded bars) to 
continuous rain (shaded bars). The 
albedo statistics are labeled A, and the 
temperature statistics are labeled T. 
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Fig. 3f. Same as 3e but comparing light 
rain (unshaded bars) to moderate-to- 
heavy rain (shaded bars). 
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7.7 THE ADDITION OF VISIBLE CHANNEL DATA 
TO SATELLITE INFRARED RAIN ESTIMATION SCHEMES 

Andrew J. Negri 
Robert F. Adler 

Laboratory for Atmospheres 
NASAKoddard Space Flight Center 

Greenbelt, MD 20771 

1. INTRODUCTION 

There has recently been renewed interest 
in the use of the visible channel (VIS) data (both 
radiance and structure) in satellite rain estima- 
tion schemes that traditionally used only infrared 
(IR) wavelengths. Tsonis (1987) and Tsonis and 
Isaac (1985) used clustering analysis to separate 
raining and non-raining clouds. Bellon and Austin 
(1986) [henceforth BA] found empirical relations 
between VIS and/or IR data useful in delineating 
rain areas above a low-rain threshold. Wu et al. 
(1985) found that the addition of textural features 
raised skill scores in rain detection from 56 to 83%. 

This study examines the ability of three 
satellite threshold schemes to estimate convective 
precipitation: VIS, IR, AND VISIIR (bi-spectral). 
Following the methodology of BA, empirical relation- 
ships between the satellite and radar data (4 km 
grid) were determined. The independent data were a 
subset of the dependent data in order to 1) assess 
the validity of derived aggregate relationships on 
individual days and 2) the impact of the VIS data 
(on IR schemes) unencumbered by other factors. 

Results are presented for two areas: the 
FACE (Florada $rea Cumulus Experiment) area 
(-1.4 x 10 km ) and an area -250 km on a side 
centered on 26ON, 8loW, which is inclusive of the 
FACE area but exclusive of points within 50 km or 
greater than 170 km of the Miamt WS4-57 radar. This 
south Florida area is -6.4 x 10 km . Estimated 
volume rainrate is separated into areal and rate 
components, and results are presented on four days. 

2. DATA AND METHODOLOGY 

The data set used has been described by 
Negri and Adler (1987a,b) and by Adler and Negri 
(1987). It consists of five days (51 images) of VIS, 
IR and radar data collected during the FACE. Visible 
data (4 km averages of 1 km data) were normalized 
for solar zenith angle and recalibrated to account 
for differences between satellites. Infrared data 
were oversampled to match the VIS resolution, and 
were calibrated in terms of blackbody temperature. 
Digital reflectivity dptt from Miami were converted 
to rainrate via Z=300R * and averaged to 4 km. 
Analysis was done from 1800-2200 UTC each day, with 
30 min interval data. 

Following the methodology of BA, rainrate 
and other rain parameters were derived as a function 
of VIS and IR data, both individually and bidimen- 
sionally. The IR data was divided into 5 K intervals, 
the VIS data (0-64), into 2-count intervals. The 
relationships among VIS, IR and radar data for the 
five days of dependent data are displayed in Fig. 1, 

in VIS/IR space. Fig. la portrays the average rain 
rate per VIS/IR cell. While a VIS threshold of 32 
counts delineates rainlno-rain, discrimination of 
higher rainrates begins at lower IR temperatures. 
The percent contribution (of each VISIIR cell) to 
the total volume rainrate, accumulated over the 
south Florida area on each of the 51 images, is 
shown in Fig. lb. Contours of cumulative volume 
rainrate, accumulated from the warm, dark end, are 
displayed in Fig. IC. The mean rainrates in each 
division are determined, and (in EXP 1) reapplied 
as a rain estimation technique on four of the five 
days. Fig. Id presents contours of cumulative 
percent rain area (1 mm/h as determined by the radar 
data). The line in VISIIR space which represents 50% 
of the raining VIS/IR cells delineates the 
raidno-rain boundary in EXP 2. Fig. le displays 
the contours of cumulative number of VISIIR points, 
expressed as a percent of the total number of 
points. The line in VIS/IR space which represents 
the coldest and brightest 8% area (the fraction o f  
total area with rainrates > 1 mm/h) delineates the 
raidno-rain boundary in experiment 3. 

A summary of the three experiments and three 
rain estimation schemes is presented in Table 1. In 
EXP 1, the divisions of cumulative percent volume 
rainrate ( X  VRR) determine the range (VIS counts, 
IR temperature, or region in VIS/IR space) in which 
the radar-determined mean rainrate (R ) is calcu- 
lated. The adjusted mean rainrate (Ray is calcu- 
lated by setting the lowest category to zero, and 
adjusting the remaining rates to conserve the total 
VRR. In experiment 2 the thresholds that define 50% 
of the cumulative rain area are used as the rain/ 
no-rain boundaries. The mean rainrate in the raining 
area is computed, then adjusted to conserve the total 
VRR. Experiment 3 is an equal area method. It is 
identical to experiment 2 except that the rainlno- 
rain thresholds are set such that only the coldest 
(brightest) 8% of the satellite pixels receive rain. 
This is the percent of the total area determined 
(by the radar data) t o  be raining, and includes 
several images with little or no rain. 

3. RESULTS 

Statistics to be presented include the bias, 
(the mean difference between the estimated and 
observed values), and the normalized root mean 
square error (NRMSE),which expresses the absolute 
difference (estimated - observed) as a fraction of 
the observation, and is expressed as a percent. 
Estimates were made on 41 of the 51 images (4 of 5 
days). When both the estimate and the observed 
values for the FACE area were less than 0.10 mm 
(0.05 for the South Florida area), the pair was not 
included in the statistics. This had no significant 
effect on the results. 
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TABLE 1 
Three rain estimation experiments involving VIS and IR data. In experiment 1 the divisions of cumulative 
percent volume rainrate (% VRR) determine the range (VIS counts, IR temperature, or region in VISIIR 
space) in which the radar-determined mean rainrate (R ) is calculated. The adjusted mean rainrate (R ) 
is calculated by setting the lowest category to zeroVcand adjusting the remaining rates to conserve ?he 
total VRR. In experiment 2 the threshold in VIS or IR space, or the contour in VIS/IR space, that 
defines 50% of the cumulative rain area is used as a raidno-rain boundary. The mean rainrate in the 
raining area is computed, then adjusted to conserve the total VRR. Experiment 3 is an equal area method. 
It is identical to experiment 2 except that the raidno-rain threshold is set such that only the coldest 
(brightest) 8% of the satellite pixels receive rain. This is the percent of the total area determined (by 
the radar data) to be raining, and includes several images in which little or no rain occurred. 

231-330 0.1 0.0 
216-230 0.8 1.0 
206-215 1.5 1.8 
198-205 4.8 6.0 

0.2 0.0 0- 20 
see 1.6 2.0 '20- 40 

Fig. IC 2.1 2.6 40- 60 
4.6 5.8 60-100 

2 0-47 0.3 0.0 211-330 0.3 0.0 see 0.3 0.0 p- x1 
48-64 2.7 4.9 198-210 3.0 5.2 Fig. Id 3.1 6.7 x -100 

Figure 2. 
highest rainratas for  each schema have been contoured (see Table 1 ) .  Apparent thlrd 
(Inner) contour represents lower ralnrates. ( d )  The 4 bn-averaged rainrate from the 
Mlaml radar, with contours of I and 10 mn/h displayed. 

(a-c) Bstlmates of ralnrate on 2000 VTC 12 Aug 1978 from EXP 1. Lowest and 

3.1 Results of EXP 1 

When estimates of the mean rain depth in the 
south Florida area made every 30 min for four days 
were compared to observations, there was virtually 
no bias, nor were there differences in bias among 
the three methods. This is not surprising given that 
each method was 'Itrained'l using virtually the same 
data set. In considering the individual days, each 
technique overestimated on two days and under- 
estimated on two days. There was also  a tendency to 
underestimate the early (lower amount) rainfall and 
overestimate the rainfall later in the day. This 
tendency has been shown to be typical of threshold 
techniques by Adler and Negri (1987). 

reveal, on average, a slight negative bias (-0.04 
to -0.08) with little difference among the three 
methods. The underestimate-early/overestimate-late 
bias was more pronounced. The major drawback with 
the approach in EXP 1 was the estimated area of 
precipationc such areas were 2-4 times larger than 
the radar determined area. An example in shown in 
Fig. 2 (a-c), the estimates of rainrate on 2000 UTC 

The statistics for the smaller FACE area 

12 Aug 1978. The lowest and highest rainrates have 
been contoured (see Table 1). The innermost contours 
actually represents lower rainrates (holes). In 
Fig. 2d, the 4 km-averaged rainrate from the Miami 
radar provided the verification of the rain area. 
0ne.can see that not all cold/bright clouds contain 
precipitation. This technique conserves the volume 
rain rate in an area by imposing lower per-pixel 
rates than the radar but applys them over much larger 
areas. These poor areal results provided the 
motivation for EXP's 2 and 3. 

3.2 Results of EXP 2 

Experiment 2 attempted to find the contour in 
VIWIR space that represented the 50% probability of 
rain as determined by radar data. That is, only the 
VIS/IR cells known to be raining were evaluated, an 
approach not unlike that of Doneaud et al. (1987). 
The cumulative frequency of raining points was 
determined, and the 50% contour was chosen to 
delineate rain from no-rain (Fig. Id). All VISIIR 
points falling to the right of the 50% contour were 
assigned a rainrate of 6.1 mm/h. This is comparable 
to the 7.0 mm/h rate determined by Bellon and Austin 
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Figure 3. 
rain depth (mn) from the VIS, IR and VIS/IR ratellite techniquer. The equal area method 
(EXP 3) has been used, and comparisons are made to the radar-estimated area and depth. 

Half-hourly estimates on 12 Aug 1978 of rain area (kd) and area-averaged 

South Florida area ( - 6 . 4  x lo4 kn?) 
a) rain depth 
b) rain area d) rain area 

FLEE area ( - 1 . 4  x IO4 kd) 
c) rain depth 

second half estimates, (parts b and c) all three 
techniques, (in the 4-day aggregate) displayed an 
underestimate (early)/overestimate (late) problem 
as in EXP 1. The addition of the VIS data to the 
IR introduced a small positive bias that did not 
exist with either wavelength alone. This was par- 
ticularly apparent in the estimates made later in 
each day, though the sample sizes are small. 

(1986) for the Montreal area in their method 2. For 
the schemes that used only VIS or IR data, a single 
threshold is determined. The VIS threshold (47) was 
close to the value of 44 found by BA, however the 
IR threshold of 211 K (-62O C) is considerably 
lower than the 256 K (-17O C) in BA, due most likely 
to the higher tropical tropopause in Florida. 

The bias (in mm) of the three satellite 
estimation schemes, compared to the FACE area- 
averaged rain depth determined by 4 km-averaged 
digital radar data is shown in Table 2. Results are 
stratified by cumulative (radar) rainfall. While 
the aggregate (4 day) biases are small (-0.03 to 
+0.11), two days had large negative bias and two 
days had large positive bias, which tended to 
cancel (part a). When stratified into first half/ 

3.3 Results of EXP 3 

EXP 3 is an equal area method, identical to 
EXP 2 except that the rainho-rain threshold is set 
so that only the coldest (brightest) 8% of the pixels 
receive rain. This is the percent of the total area 
determined (by the radar data) to be raining, and 
includes several images with little or no rain. 
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TABLE 2 
Bias (in mm) of three satellite estimation schemes 
(in EXP 1) compared to the area-averaged rain depth 
determined by 4 km-averaged digital radar data. ................................................... 

a) South Florida area 

29 JUL 12 AUG 16 AUG 18 AUG 
1978 1978 1978 1980 ALL -----_ ------ ------ ------ ----- 

VIS ONLY -0.05 +Os05 -0.07 +Om09 +0.01 
IR ONLY -0.00 +0.04 -0.06 +0.08 + O s 0 2  
VIS 6 IR -0.03 +0.03 -0.10 +OB02 -0.02 
NUMBER ( 7) ( 8) ( 9) (10) (34) 

b) FACE area 

29 JUL 12 AUG 16 AUG 18 AUG 
1978 1978 1978 1980 ALL ------ ------ ------ ------ ----- 

VIS ONLY -0.30 +0.26 -0.21 +(le08 -0.05 
IR ONLY -0.27 + O s 2 0  -0.18 +0.11 -0.04 
VIS 6 IR -0.28 +0.23 -0.25 +Os02 -0.08 
NUMBER ( 8) ( 8) ( 9) ( 8) (33) 

a) ALL ESTIMATES 

29 JUL 1 2  AUG 16 AUG 18 AUG 
1978 1978 1978 1980 ALL 

------ _____- ------ ------ ----- 
VIS ONLY -0.12 +0.52 -0.22 +0.15 +0.07 
IR ONLY -0.26 +0.45 -0.18 +0.10 +0.02 
VIS 6 IR -0.13 +0.68 -0.21 +0.23 +0.13 
NUMBER ( 8) ( 8) ( 9) ( 8) (33) 

b) 1ST HALF ESTIMATES 

29 JUL 12 AUG 16 AUG 18 AUG 
1978 1978 1978 1980 ALL _____- _____- ------ ------ ----- 

VIS ONLY -0.11 +0.12 -0.18 -0.26 -0.11 
IR ONLY -0.22 -0.01 -0.22 -0.48 -0.23 
VIS & IR -0.19 +0.13 -0.22 -0.34 -0.16 
NUMBER ( 6) ( 4 )  ( 6) ( 4) ( 2 0 )  

c) 2ND HALF ESTIMATES 

29 JUL 1 2  AUG 16 AUG 18 AUG 
1978 1978 1978 1980 ALL ------ _ _ _ _ _ _  ---I-- ------ ----- 

VIS ONLY -0.18 +0.93 -0.30 +0.56 +0.36 
IR ONLY -0.39 +0.91 -0.12 +Os68 +0.40 
VIS 6 IR +0.06 +1.24 -0.19 +0.81 +Os59 
NUMBER ( 2) ( 4) ( 3) ( 4) (13) 

Results of half-hourly estimates of rain 
depth and area for one day (12 Aug 1978) are shown 
in Fig. 3(a-d), while statistical summaries for all 
days are displayed in Tables 4-6. This day was a 
typical example of a convective rain event in south 

TABLE 4 
Bias (in mm) of three satellite estimation schemes 
(in EXP 3) compared to the area-averaged rain depth 
determined by 4 km-averaged digital radar data. .................................................... 

a) South Florida area 

29 JUL 12 AUG 16 AUG 18 AUG 
1978 1978 1978 1980 ALL ------ ------ ------ ------ ----- 

VIS ONLY -0.02 +O.O2 -0.12 +0.04 -0.04 
IR ONLY +Os01 +0.11 -0.06 +Os06 +0.03 
VIS 6 IR +0.11 +0.18 -0.09 +Os00 +0.04 
NUMBER ( 7 )  ( 8) ( 9) (10) (34) 

b) FACE area 

TABLE 5 
Normalized root mean square error (percent) of 
three satellite estimation schemes (in EXP 3) 
compared to the area-averaged rain depth determined 
by 4 km-average radar data. This statistic expresses 
the absolute difference (estimated - observed) as 
a fraction of the observed rainfall. .................................................... 

a) South Florida region 

29 JUL 12 AUG 16 AUG 18 AUG 
1978 1978 1978 1980 ALL 

VIS ONLY 32 32 72 78 60 
IR ONLY 22 52 69 101 7 1  
VIS & IR 39 70 7 1  119 83 
NUMBER ( 7 )  ( 8) ( 9) (10) (34) 

------ ------ ------ ------ ----- 

b) FACE region 

Florida. Both rain depth and rain area in the south 
Florida were overestimated by all three schemes 
(Fig. 3a,b), despite being part of the sample to 
which the schemes were tttunedt’. Rain area, despite 
being confined to only the top 8% of the data was 
also overestimated (by about a factor of 2). 
Differences among the schemes were more apparent in 
the rate (as opposed to the area) estimate, with 
the bi-spectral method actually overestimating the 
depth more than either VIS or IR alone. Results 
tabulated for the smaller FACE area (Fig. 3c,d) 
displayed a greater deviation from the radar ground 
truth, with all satellite estimates nearly doubling 
the observed values of both rain area and depth. 
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TABLE 6 
Normalized root mean square error (percent) of 
three satellite estimation schemes compared to the 
rain area ( > 1 mm/h) determined by 4 km-average 
radar data. This statistic expresses the absolute 
difference (estimated - observed) as a fraction of 
the observed rain area. 

a) South Florida region 

29 JUL 12 AUG 16 AUG 18 AUG 
1978 1978 1978 1980 ALL 

VIS ONLY 50 56 64 68 61 
IR ONLY 48 87 83 92 81 
VIS & IR 37 44 73 74 61 
NUMBER ( 7) ( 8) ( 9) (10) (34) 

_----- ------ -____- ------ ----- 

b) FACE region 

29 JUL 12 AUG 16 AUG 18 AUG 
1978 1978 1978 1980 ALL 

VIS ONLY 52 95 65 90 77 
IR ONLY 48 116 77 121 95 
VIS & IR 53 72 72 79 70 
NUMBER ( 8) ( 8) ( 9) ( 8) (33) 

_----- ------ ------ ------ ----- 

Table 3 (depth) and Table 4 (area) present 
the NRMSE of the three satellite estimation schemes 
compared to the area-averaged rain depth (or rain 
area > 1 mm/h) determined by the radar data in both 
the South Florida (a) and the FACE region (b). The 
NRMSE expresses (as a percent) the absolute differ- 
ence (estimated - observed) as a fraction of the 
observed rainfall. Results were similar for both 
rain parameters, depth and area. NRMSE for a daily 
series of 30 min estimates of rain depth ranged from 
22 to 119% in the south Florida area. Four-day 
aggregates were 60, 71 and 83% for the VIS, IR and 
VIS/IR respectively. For the FACE region, these 
increased to 84, 85 and 117%. When the error 
associated with the rain area is examined (Table 6), 
similar percent errors were recorded for this 
parameter in both the FACE and south Florida area. 
This experiment is similar to that of Arkin (1979), 
who correlated the fractional coverage of cold cloud 
with precipitation. While the 211 K threshold found 
here is lower than the 235K threshold found by 
Arkin, the overestimate of rain area appears to be 
common t o  threshold 'techniques that have been cali- 
brated by rain rate or amount. 

4. COMMENTS AND CONCLUSIONS 

In this study we attempted to show the impact 
of the VIS data on IR-threshold rain estimation. In 
addition, we presented some of the limitations and 
error statistics of both mono- and bi-spectral 
methods of satellite rain estimation. The methodo- 
logy of Bellon and Austin (1986) was employed, but 
our results are less optimistic in regard to the 
role VIS data may play. BA found that their VIS/IR 
method had the lowest absolute difference compared 
t o  raingage measurements, and that the VIS data 
alone had a higher Critical Success Index at lower 
rainrates. They determined that the IR only method 
overestimated the rain at point locations, but 
presented no statistics on rain areal extent. 

Previous studies have acknowledged that 
significant biases and mean square errors can result 
when a technique is applied to areas other than 

those of its derivation. This study has extended 
that further in that: 

a) application of three satellite techniques trained 
with south Florida data resulted in a slight bias 
and significant percentage errors when applied to a 
smaller area than the training area. 

b) while no net bias existed for the 4-day sample 
taken together, the rainfall was underestimated on 
two days and overestimated on two others. 

c) all the threshold techniques tended to under- 
estimate the rainfall early in the day, and over- 
estimate late, as a consequence of setting the 
threshold to an intermediate value. 

d) despite deriving each method in terms of the 
contour in VIS, IR or VIS/IR space in which the 
probability of rain was 50%, area estimates of rain- 
fall had associated errors of 50 to 100%. 

e) When the VIS/IR threshold was set t o  equalize the 
satellite and radar area (8% for the total sample), 
overestimation of rain area still occurred. This was 
because many images received no rain while late in 
the day, cold cloud anvils were over-compensated. 

f) the problems that thin (non-precipitating) cirrus 
clouds might have on satellite rain estimation were 
not readily apparent in this study for two reasons: 

1) there was very little thin cirrus (as opposed 
to thick anvil cirrus) in this data set and 

2) the relatively cold and bright thresholds used 
in this study effectively eliminated thin cirrus. 

It was observed however, (in EXP 1) that cirrus 
debris from early morning convection outside the 
Florida area would be erroneously identified as 
precipitation. The methodology of Arkin (1979) might 
be particularly prone to this cirrus debris problem 
due to a warmer (235 K) IR threshold, and it is here 
that the addition of the VIS data may help reduce 
the errors and overestimation on IR schemes. 
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7.8 

GLOBAL PRECIPITATION D E R I V E D  FROM HIRSZ/MSU SOUNDINGS 

Man-Li C. Wu and Joel Sussk ind  
Laboratory f o r  Atmospheres 

NASA/Coddard Space F l i g h t  Center 

1 .  INTRODUCTION 

Atmospheric and surface soundings fo r  t he  
FGGE year have been produced by Susskind e t  a l .  
(1987) from analys is  of HIRSZ/MSU sounding data. 
We have used these soundings t o  compute f i e l d s  of 
t o t a l  outgoing longwave rad ia t ion  (OLR)  for  the 
FGGE year w i t h  a modified version of the radia- 
t i on  code used i n  the Goddard Laboratory fo r  
Atmospheres (CLA) four th  order General Circula- 
t ion  Model (GCM). The input geophysical para- 
meters t o  the rad ia t ion  code a r e  t h e  soundings of 
the atmospheric temperature-humidity prof i les ,  
sea/land surface temperature, and cloud top pres- 
sure  and rad ia t ive ly  e f f ec t ive  cloud cover. Com- 
parison of OLR computed from the soundings with 
other measures of OLR can serve a s  a validation 
f o r  both the  soundings and the rad ia t ion  code. 
In addition, computing OLR r a the r  than observing 
it provides the  capabi l i ty  of a t t r i bu t ing  s p a t i a l  
and temporal var ia t ions  of OLR t o  var ia t ions  i n  
other geophysical parameters. I t  a l s o  allows for  
computation of hypothetical f luxes,  such a s  the  
OLR which would have been observed i f  clouds were 
not present. This  is not the  same a s  OLR observed 
under c l ea r  conditions because the temperature- 
humid i ty  soundings used a re  averages over a l l  
conditions, r a the r  than j u s t  cloud f r ee  a reas ,  
which might be biased. 

The OLR computed us ing  a l l  of the geophys- 
i c a l  parameters ( i . e .  including e f f ec t ive  cloud 
cover and cloud top 'pressure)  w i l l  be re fer red  t o  
a s  cloudy OLR in  the  following discussion and the 
OLR computed by assuming no clouds w i l l  be r e fe r -  
red t o  a s  c lear  OLR. The difference f i e l d  of 
c lear  OLR minus cloudy OLR, AOLR, is a measure of 
longwave cloud rad ia t ive  forcing. This is r e l a t -  
ed t o  the  s t r eng th  of convection, which is asso- 
ciated with prec ip i ta t ion .  Thus, we might expect 
a re la t ionship  between AOLR and prec ip i ta t ion .  
Prec ip i ta t ion  is inhibited over land when the 
surface temperature is high during the day be- 
cause t h i s  phenomenon r a i s e s  the  cloud base. An 
indioator of ground heating, and possibly cloud 
base height,  can be constructed by using the  d i f -  
ferenoe of c l ea r  daytime OLR and c l ea r  nighttime 
OLR, ACLR. T h i s  difference is a l s o  a measure of 
s o i l  moisture when one accounts fo r  the amount of 
s o l a r  rad ia t ion  reaching the ground. An algor- 
ithm has been developed t o  estimate global PPeCi- 
p i t a t ion  from AOLR and ACLR. These f i e l d s  have 
been derived us ing  average soundings f o r  every 10 
days of the  FGGE year. 

2. DESCRIPTION OF THE R A D I A T I O N  ROUTINE 

The GLA fourth order GCM uses a r ad ia t ive  
t r ans fe r  program which was parameterized by Wu 
and Kaplan and documented by Kirshnamurti (1982). 
I n  order t o  ca lcu la te  OLR a t  the  top oY t h e  
atmosphere, t h e  program was modified t o  ca lcu la te  
the  OLR a t  1 mb, ra ther  than 10 mb, which is t h e  
top  of the  model. In addition, the rad ia t ion  code 
was modified t o  t r e a t  the  retrieved rad ia t tve ly  
e f f ec t ive  f r ac t iona l  cloud cover which can be a t  
any of the  standard 66 pressure leve ls  of the  
r e t r i e v a l  system (Susskind e t  a l . ,  19841, r a the r  
than the  model levels.  The t o t a l  calculation of 
longwave (LW) rad ia t ion  is divided in to  1 1  spec- 
t r a l  bands. The water vapor transmittance i n  
each band is calculated a s  a function of tempera- 
t u re  and humid i ty  according t o  the  s t a t i s t i c a l  
band model, with COdSon's version of the Curtis- 
Godson approximation i n  non-homogeneous atmos- 
pheres, a s  was described by  Rodgers and Walshaw 
(1966). The mean transmittance of C02 i n  the  
15 pm band and mean transmittance of 0 i n  the 
9.6 pm band a r e  parameterized based on Zransmit- 
tances computed using de ta i led  line-by-line cal-  
culations fo r  a number of prof i les .  The C02 mean 
transmittance is parameterized a s  a function of 
surface pressure and atmospheric temperature pro- 
f i l e .  The ozone transmittances uses values which 
vary a s  a function of l a t i t u d e  based on climato- 
l og ica l  ozone prof i les .  

The parameterizations have been tes ted  by 
comparison of f l u e s  computed fo r  the McClatchey 
mid-latitude summer temperature h u m i d i t y  p ro f i l e  
u s i n g  t h e  Wu-Kaplan rad ia t ion  code on the one 
hand, w i t h  f luxes computed by other groups us ing  
poten t ia l ly  more accurate b u t  more computer in -  
tensive line-by-line calculations f o r  t he  same 
prof i le .  These r e s u l t s  are shown i n  Table I. 
Agree ent of a l l  calculations is of the  order 
1 wm- . 9 
3. OUTGOING LONGWAVE R A D I A T I O N  COMPUTED FROM 

THE S O U N D I N G S  

The i n p u t  parameters t o  the rad ia t ion  code 
a r e  the soundings of the atmospheric temperature- 
humid i ty  p ro f i l e s ,  sea/land surface temperature, 
and cloud top pressure and e f f ec t ive  cloud cover, 
as derived from analys is  of t he  H I R S 2 / M S U  data 
fo r  the  FGGE year by us ing  the GLA physical r e -  
t r i e v a l  system developed by Sussk ind  e t  a l .  
(1984). For purpose of discussion, the monthly 
mean values of J u l y  1979 have been chosen. I n  
the t rop ics ,  where the'rmal var ia t ions  a r e  r e l a -  
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t ively low, the parameters which have t h e  l a rges t  
e f f ec t  on the OLR a r e  the cloud top pressure and 
effect ive cloud fract ion (which is t h e  product of 
cloud emissivity and cloud fract ion) .  High ef-  
fect ive cloud fract ions wi th  low cloud top pres- 
sure (h igh  a l t i t u d e )  a r e  found over areas asso- 
ciated w i t h  the ITCZ and the  monsoon. These same 
features  show u p  a s  low values i n  the OLR f i e ld .  
High values of OLR a re  generally found immediate- 
l y  t o  the  north and south of t h e  convective areas 
i n  regions of subsidence, which a re  e i the r  r e l a -  
t ively clear  o r  have s t r a t u s  clouds a t  low a l t i -  
tudes. I n  the extra-tropics,  OLR generally de- 
creases w i t h  decreasing temperature and is more 
correlated w i t h  temperature. 

The OLR computed us ing  products retrieved 
from t h e  HIRS2/MSU, which w i l l  be referred t o  as 
H I R S  OLR, has been compared t o  two other deter-  
minations of OLR, the OLR derived fo r  the narrow 
band ( -  l l p m )  measurements of AVHRR, which w i l l  
be referred t o  a s  AVHRR OLR, and t o  the OLR de- 
r ived  from ERB broad-band (5-50 pm ) narrow f i e l d  
of view observations (NFOV) of Nimbus 7, which 
w i l l  be referred t o  as  ERB OLR. 

In general, there is excellent agreement be- 
tween the computed HIRS OLR f i e l d  and those de- 
r i v e d  from the observations, both i n  a t t e rns  a s  
well a s  magnitude. High OLR (>275 Wm is found 
i n  areas associated w i t h  oceanic trade wind 
systems, low l eve l  stratocumulus, and e se r t s  and 
semi-arid areas,  and low OLR (<225 Wm- is found 
i n  areas associated wi th  major convective cloud 
systems such as the  ITCZ and monsoon, or regions 
having low temperatures such as  the  polar re-  
gions. 

-3 

!! 

S t a t i s t i c a l  comparisons of OLR determined 
from the three sources a r e  shown i n  Table I1 for 
J u l y  1979. Values given a re  mean and standard 
deviat ion’of  the global OLR for  each system as 
well as  corresponding va lues  for  the difference 
f ie lds .  I t  is shown i n  Table I1 t h a t  the July 
1979 global mean values of OLR computed from HIRS 
soundings and determined from AVHRR observations 
d i f f e r  by 1.1 Wm-2 w i l e  HIRS d i f f e r s  i n  the mean 
f r o  ERB by 11.3 Wm-’ and AVHRR from ERB by 12.4 
Wm . The HZRS-ERB d i f f e re  ce shows a global 
s t a  da rd  deviation of 6.2 Wm-’ H I R S - A V H R R  is  7.5 
Wm-’ and AVHRR-ERB is  10.0 Wm’2, a l l  taken on the 
4 O  x 5 O  lat i tude-longitude g r i d .  While a l l  the 
differences a re  small, t h e  patterns of the  d i f -  
ferences a re  systematic and indicate that  the 
differences a re  re la ted t o  t h e  values of OLR 
themselves, wi th  ERB showing the biggest dynamic 
range, HIRS a close second, and AVHRR being the 
most damped. T h i s  is consistent w i t h  the values 
of the standard deviations of the measurements 
themselves, with ERB being l a rges t  and AVHRR 
smallest. 

-9 

The reasonable agreement between the com- 
puted OLR and OLR derived from measurements 
serves as  validation of the individual geophys- 
i c a l  parameters retrieved from the HIRS2/MSU 
soundings as well as  the radiat ive t ransfer  code 
used in  t h e  CLA CCM. Most s ignif icant ly ,  the 
agreements a re  i n  magnitude a s  well a s  i n  pat- 
terns .  This indicates that  the GLA physical re-  
t r i e v a l  system derived r e l a t ive ly  accurate sound- 
ings and t h e  radiat ive t ransfer  code properly 
takes the cloud radiat ive properties,  surface 

conditions, humidi ty  and temperature variations 
in to  account. T h i s  gives u s  the a b i l i t y  t o  re- 
l a t e  variations i n  space and time of OLR t o  var- 
ia t ions i n  other geophysical parameters. I n  addi- 
t ion it allows f o r  computation of f i e l d s  such a s  
AOLR which depicts cloud forcing but cannot be 
measured direct ly .  

4 .  ESTIMATE OF PRECIPITATION 

Fields of OLR have been used as estimates of 
precipi ta t ion over the t ropics  because low values 
of OLR correspond t o  areas of large amounts of 
high cloudiness. I n  the extratropics,  and even 
the tropics,  cloud e f f ec t s  a r e  dis tor ted i n  the 
OLR f i e l d  because of temperature variations ir, 
the f i e lds .  These temperature e f f ec t s  a r e  re-  
moved t o  f irst  order in  AOLR, which appears t o  be 
more closely associated wi th  precipi ta t ion than 
the OLR f i e l d  i t s e l f .  Large values occur in  July 
over areas associated w i t h  the high level  convec- 
t i v e  clouds of the ITCZ,  the monsoon area,  and 
a l so  in  the South Pacific Convergence Zone 
(SPCZ) ,  which is not apparent i n  the OLR f i e ld .  
Moderate values appear over mid-latitude areas as 
well. Small values a r e  found i n  areas associated 
with’tradewind cumulus, low l eve l  stratocumulus, 
deser ts  and semi-arid areas,  and polar regions. 
Moderate values of c lear  OLR minus cloudy OLR 
a l so  sometimes appear over semi-arid land areas,  
which do not have s ignif icant  precipitation. 
This  occurs i n  areas which a r e  characterized by 
large day -night  surf ace temperature differences . 
This may be indicative of high cloud base, a 
factor  inhibit ing r a i n f a l l .  

The global precipi ta t ion f i e l d  is reasonably 
well depicted by a l i nea r  combination of the two 
difference f i e l d s ,  the clear  OLR minus t h e  cloudy 
OLR, and the clear  daytime OLR minus the clear  
nighttime OLR. Coefficients, appliable f o r  the 
e n t i r e  year, were derived by r e l a t ing  the global 
difference f i e l d s  fo r  each month of the FGGE 
year, 1979, t o  precipi ta t ion derived from ra in -  
guage measurements f o r  the FGGE year, provided by 
Walker and Mintz (1987). 

EOF analyses have been applied t o  ten day 
mean precipi ta t ion maps i n  d i f f e ren t  locations 
and seasons. The seasonal cycle, the 30 t o  60 
day osc i l l a t ions ,  the monsoon trough over the 
Indian area,  the Met-Yu and Bai-Yu f ron t s  over 
the East-China and Japan a r e  well depicted i n  the 
f irst  three EOFs and t h e i r  pr incipal  components. 

I n  conclusion, t h i s  study indicates that  
precipi ta t ion is derivable from space on a global 
scale.  T h i s  technique is f l ex ib l e  and can be 
applied t o  other s a t e l l i t e  observations of OLR 
used together w i t h  HIRS2/MSU soundings. It  is 
useful fo r  studying intraseasonal va r i ab i l i t y  and 
atmospheric osci l la t ions.  When a long term 
record is available,  it w i l l  be useful fo r  study- 
ing intraannual and interannual v a r i b i l i t y .  
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Table I 

Downward f lux  a t  surface (Wm'2) 

LMD1 CLAS2 CFDL3 Wu-Kaplan --- 
H 
d!es only --- 265.24 267.29 268.1 

300.69 300.69 302.06 301.1 

Total 
w i t h  continuum 341.8 341 - 3  ---- 342.3 

Upward F l u x  

Total wi th  
continuum 284. 283.3 283.6 

LMD' : 
GLAS2: Goddard Laboratory fo r  Atmospheric 

GFLD3 : 

Laboratorie de Meteorologie Dynamlque 

Sciences 
Geophysical F l u i d  Dynamic Laboratory 

Table I1 

S t a t i s t i c s  of Global OLR Fields (Wmw2)  J u l y  1979 

FIELD MEAN STD DEV 

HIRS 248.3 46.3 

ERE 237.0 48.5 

AVHRR 249.4 43.4 

HIRS-ERB 11.3 6.2 

HIRS-AVHRR -1.1 7.5 

AVHRR-ERB 12.4 10.0 
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7 . 9  

VERTICAL PROFILES OF HEATING DERIVED FROM 
IR-BASED PRECIPITATION ESTIMATES DURING FGGE SOP-1 

Franklin R. Robertson 
Earth Science and Applications Division 

NASA Marshall Space Flight Center 
Huntsville, AL 35812 

1. INTRODUCTION 

An adequate description of diabatic forcing 
by deep convection is fundamental to understanding 
many dynamical processes of interest in atmospheric 
science. Most researchers have approached the 
problem of estimating distributions of latent heat- 
ing through analyses of the residuals Q1 and 42 in 
the heat and moisture budgets (Yanai et al, 1973). 
Physical interpretation of the residuals places 
stringent requirements on data collection and 
analysis since observational and computational er- 
rors reside in these terms by definition. 

This paper examines a methodology to provide 
an additional, complementary evaluation of moist 
diabatic processes using geostationary infrared 
(IR) data. Digital GOES West IR imagery is used to 
obtain precipitation fields which are independent 
of those inferred from residuals in heat budget 
analyses based on the the FGGE (First GARP Global 
Experiment) level 111-b data sets. Vertical dis- 
tributions of the associated heating are then ob- 
tained using the thermodynamic data from the level 
111-b analyses, one-dimensional cloud models and 
the satellite-estimated precipitation. 

A discussion of the methodology is contained 
in section 2. Application of the technique to in- 
fer heating in the South Pacific Convergence Zone 
(SPCZ) during a portion of FGGE SOP-1 is considered 
in section 3 along with a comparison to heat budget 
calculations made using the ECMWF analyses. Sen- 
sitivity of the results to the rainfall spectrum 
and the assumed properties of the one-dimensional 
cloud models is considered in section 4 .  

2 .  METHODOLOGY 

In estimating the diabatic heating field 
from satellite, we approach the problem in two 
steps. The first requirement is to obtain the ver- 
tically integrated net heating, or, equivalently, 
the precipitation that falls in association with 
the cloud field. This quantity is obtained by an 
empirical relationship between the cloud-top equiv- 
alent black-body temperature, Tb, and rainrate 
(Robertson, 1987). The problem then reduces to 
finding the resulting vertical distribution of this 
heating and the associated vertical eddy heat flux 
convergence. Adopting the procedure of Austin and 
Houze (1973) and Houze et al, (1980), we use large- 
scale temperature and moisture analyses to infer 
the thermodynamic characteristics of a population 
of clouds described by one-dimensional parcel 
theory. The mass fluxes of the clouds are then 
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constrained to be those which reproduce the 
satellite-estimated precipitation. Subsequently, 
the cloud mass fluxes and the thermodynamic 
properties are used in calculating the heating 
profiles. Austin and Houze and Houze & have 
relied upon radar data to obtain the precipitation 
and cloud top heights, referring to this approach 
as the "radar method" in contrast to the "synoptic 
method" of using heat and moisture budget residuals 
as constraints on the heating profile (Yanai id., 
1973; Ogura and Cho, 1973; Johnson, 1976). The 
present study differs from the "radar method" in 
that satellite imagery is the source for the 
precipitation and cloud top height information. 

L . L  Preciuita tion estimat es !3U 
infrared imagerv 

Use of IR or visible imagery to estimate 
rainfall can be classified as an "indirect" ap- 
proach since the satellite sensors respond 
primarily to suspended hydrometeors which mask any 
precipitation which may be present. The physical 
basis for indirect schemes lies mainly in the fact 
that, for deep convection and for sufficient spa- 
tial and temporal averaging, cold high clouds are 
well-correlated with precipitation and are signa- 
tures of upward motion in a locally saturated at- 
mosphere. This relationship degrades significantly 
in middle latitudes where cold high clouds are not 
always associated with deep convection. 

The particular algorithm was developed using 
raingauge data along the southeast coastal U.S. 
The algorithm expresses rainfall as a simple quad- 
ratic function of IR cloud top effective black-body 
temperature, Tb. Since the developmental data set 
relates pixel Tb's to hourly, point rainfall 
measurements, the correlation is quite low (-.36). 
However, averaging the pi el-size rain estimates 
over areas approximately 10' square kilometers and 
periods of 12h improves the correlation markedly 
since life-cycle effects have a substantial random 
component (Richards and Arkin, 1981). In testing 
the algorithm over the GATE B-Scale Array during a 
portion of Phase I11 a correlation of .85 was found 
between radar and satellite estimates. In using the 
algorithm one must address the possible sources of 
error introduced by transferring the algorithm from 
its developmental region to a new locale. Since 
raingauge measurements in the South Pacific are 
quite sparse it is clearly impossible to evaluate 
the area-averaged accuracy directly. Still, some 
measure of performance can be obtained by comparing 
single pixel estimates of rainfall to island gauge 
measurements. Using raingauge measurements at 43 
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locations for the period 10-18 January 1979, it was 
found that use of the original algorithm results in 
about a twenty percent over-estimate of the rain- 
fall observed at the gauges. Therefore, in this 
study the original algorithm for rain rate, 

R(mmh-')- 7.04 + ll.lOT* -4.26T*, (1) 

where 

is scaled by this factor. 

Application of the algorithm to a digital IR 
image of Tb yields a corresponding image of es- 
timated rainfall rate. Temporal averaging is ac- 
complished by using 3h sequences of imagery and in- 
tegrating over time to produce a 12h mean image. 
Spatial smoothing to a 2.5 degree lat x lon grid 
covering the region LON to 42.55: and llOW to 170E 
is done by simple averaging within the 2.5 degree 
box centered on each ECMWF gridpoint. 

In addition to the total rainfall rate the 
contribution by clouds with tops in a given tem- 
perature interval is obtained using the large-scale 
temperature field and assuming that the clouds are 
in thermal equilibrium with the environment. The 
area-averaged rain rate, R, is expressed as 

n 
R - I: ri, 

i-1 
(3) 

where 

and where n is the number of class intervals of 
cloud tops, M is the total number of pixels in a 
2.5 degree lat x lon box, m is the number of pixels 
in the box within the temperature interval T (pti) 
<Tb < Tb(pbi) and pti and p are the top an8 bot- 
tom pressure levels boundkng the ith cloud top 
class. The ri are the the contributions to the 
area-average instantaneous rain rate, R, by each 
sub-ensemble. This rain rate spectrum derived from 
GOES IR imagery is employed as a constraint on the 
one-dimensional cloud processes and, thus, on the 
vertically integrated heating due to condensation. 

23. Recoverinaverticalheatinn 
d i s t r i b u t i o n s a a u -  
waoaroach 

Diagnostic studies of large-scale heat 
budgets commonly express the dry static energy 
equation in the form 

where ( - )  denotes a grid-scale quantity, ( ) I  is a 
subgrid-scale departure, i-c T + gi is dry static 
energy, a, 1973), QR is radiative forcing, 6 and 6 are 
condensation and evaporation, respectively, and 
the remaining symbols have their conventional 
meteorological meaning. Many investigators (Ogura 
and Cho, 1973; Arakawa and Schubert, 1974; Johnson, 
1976,) have used one-dimensional cloud models of 
varying complexity, along with their inherent as- 
sumptions, to express the right-hand side of (5) 
as 

Q1 is the apparent \eat source (Yanai 

a -  
L ( F - E )  - 4 ' s '  - 

aP 
(a) (b) 

(c) (dl 

Mc represents the net cloud mass flux which is the 
sum of convective updrafts (Arakawa and Schubert, 
1971r) and convective downdrafts (Johnson, 1976). 
The environmental dry static energy, 5 ,  is 
generally approximated by i which is derived 
through observed T and 2 fields. The entrainment 
parameter, A ,  characterizes convergence of mass 
into the clouds and, by diluting their excess moist 
static energy (c T + gz + Lq), provides for a 
population of possible cloud heights. Discrete 
values of X are found which result in updraft 
buoyancy vanishing at the level of mean cloud top 
pressure corresponding to each of the cloud en- 
sembles. Lateral detrainment of cloud mass, 6 ,  
and cloud top detrainment of mass, 6*, are the 
other two parameters which along with X determins 
the shape of the cloud mass flux profiles. su 
corresponds to dry static energy at the top of the 
updrafts. LEe is the evaporation of cloud conden- 
sate into the environment as a result of the mass 
detrainment process. The net heating associated 
with the convective condensation in (6) is thus 
represented by environmental subsidence effects ac- 
companying the net cumulus mass flux,(a); lateral 
and cloud top detrainment of excess dry static 
energy, (b) and (c), respectively; and evaporation 
of condensate detrained into the environment, (d) . 
Given additional information provided by the 
precipitation spectrum discussed in the previous 
section and assumed cloud scale water budget 
characteristics, Mc and E, can also be diagnosed. 
Net condensational heating of the environment as 
given by (6) can then be evaluated. 

6*(s*-5) -LEe (6) 

P 

Recent studies by Cheng and Houze (1979), 
Johnson and Young (1983) and Gamache and Houze 
(1983) have pointed to the importance of of mesos- 
cale updrafts and downdrafts as components of con- 
vective systems active in accomplishing condensa- 
tion, evaporation and vertical transport of energy. 
Including these components would provide additional 
terms in (6) involving mesoscale mass fluxes and 
their thermodynamic transports. Since their for- 
mulation would involve additional assumptions about 
poorly known parameters, we will account for these 
components only in an indirect fashion as described 
in section 2.4. 

L 2  w u m  
Cloudscale properties are determined from 1-D 

equations of the form 

(7) 

where I is any cloud property, (I) is the environ- 
mental value and S is a source or sink of I(X,p). 
In this study five possible cloud sub-ensembles 
corresponding to five discrete value of X are 
recognized with cloud tops in the intervals 100- 
200mb, 200-300mb, ... 500-6OOmb. The updraft mass 
Flux profile is given by 
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where mu is updraft mass flux, mb is cloudbase mass 
flux, pb and pt are updraft cloudkase and cloud top 
pressures, respectively, and p is the pressure 
level above which entrainment ceases and only 
detrainment occurs. The resulting mass flux 
prof ilet increase exponentially with height to the 
level p and then decrease linearly to zero at the 
level of zero buoyancy. Early studies with 
spectral cloud models (Ogura and Cho, 1973) 
retained pure exponential profiles which put all 
mass detrainment in an infinitely thin layer at 
cloud top. Three-dimensional cloud model results 
suggest it is more realistic to expect detrainment 
to occur over an appreciable depth of the cloud 
(e.g. Klemp and Wilhelmson, 1978) We adopt such a 
profile in this study by setting 2-pt+150mb. 

In a similar fashion downdrafts are modeled 
as inverted plumes with A being opposite in sign to 
that used in the updrafts (Johnson, 1976): 

md ( A ,  P 1 - mend- moexp ( - A (p -Po 1 1 (9) 

where mo is the mass flux at the top of the 
downdraft, po. Downdraft initial conditions are 
saturation at the ambient wet-bulb temperature T 
The depth of the downdraft, pb'p,, is assumed to 
three-quarters of the pressure depth of the 
updraft . 
To obtain su and qu, we substitute moist'static 

energy, h,- su + Lqu into (7) in which case 
S(A,p)-0. Assumed cloud base conditions are zero 
virtual temperature excess and saturation specific 
humidity. If we further assume clouds are 
saturated and that pressure perturbation effects 
can be neglected, su and qu can be retrieved 
(Arakawa and Schubert, 1974). With the ther- 
modynamic characteristics and vertical mass flux 
profile shape determined as a function of A ,  the 
updraft condensation (downdraft evaporation) is 
proportional to the initial updraft (downdraft) 
mass flux for each sub-ensemble. The equation for 
vertically integrated condensation is written 

where % ( A )  is the cloud base mass flux, q(p) is 
the environmental specific humidity [assumed equal 
to i(p)], is the normalized updraft mass flux 
profile defined by ( 8 ) ,  and pt and p are the cloud 
top and cloud base pressures. Protiles of hd, qd 
and sd are retrieved in a similar fashion to the 
updrafts and the expression for vertically- 
integrated evaporation rate in the downdrafts is 

where po is the starting pressure level of the 
downdraft, mo(A) is the initial downdraft mass flux 
and nd is the normalized downdraft mass flux 
profile. Downdrafts are assumed to detrain only 
below cloud base. Equations (10) and (11) can be 

3 

solved for n$, and mo if C ( A )  and Ed(A) are known. 
We determine C ( A )  and EdYA) via the satellite es- 
timated rainfan of each sub-ensemble and the cloud 
scale water budget. 

u wmx.J&Ei!X?xbudnet 

We adopt a cloud scale water budget of the 
form 

Cu(A)dA - [R(A) + Ed(A) + Ee(A)]dA. (12) 

Houze .c& (1980) note that, in general, both con- 
vective and mesoscale processes should be treated 
as distinct components. Mesoscale components 
analogous to those above must be evaluated along 
with a term allowing condensate flux between con- 
vective entities and the mesoscale anvil. Recent 
investigations suggest that while almost fifty per- 
cent of total mesoscale convective system rainfall 
may actually fall from accompanying stratiform 
clouds, more than half of the condensate in these 
clouds may originate in convective updrafts 
(Gamache and Houze, 1983). Evidence from a number 
of studies suggests that precipitation efficiency 
for convective cells lies typically in the range of 
. 2  to . 6  (Fritsch and Chappell, 1981). Part of 
this low eEficiency is due to the export of conden- 
sate from convective cells to mesoscale anvils 
(Houze g& a, 1980) where it falls as rain or is 
evaporated in mesoscale downdrafts. Since we are 
forcing the model cloude to account for all rain- 
fall and since the convective efficiencies do not 
account for the convectively generated rain that 
falls from mesoscale anvils, we adopt a precipita- 
tion efficiency value R(A)/Cu(A)-.GO as being rep- 
resentative for total cloud efficiency. 

In determining values for E ( A ) ,  a maximum 
upper bound for the evaporation of? detrained con- 
densate can be obtained from 

where q1 is cloud water content. 
from a c1ol;d condensate equation't Yanai 
1973), 

is estimated 
d, 

where co is an autoconversion parameter and C (A,p) 
is condensation derived by the non- integrate8 form 
of (10). However, detrained condensate is ob- 
viously required to provide a source for mesoscale 
rain falling outside of updrafts and force 
downdrafts. These effects are crudely modeled by 
assuming that some small fraction (one-fourth) of 
the detrained water is re-evaporated into the en- 
vironment. With Cu(A), R(A)  and E ( A )  known, Ed(A) 
is determined as a residual in (13) and %(A)  and 
mo(A) can be determined from (10) and (11). 

G! Grid-sc& oreciDitation 
In addition to stratiform precipitation ac- 

companying mature mesoscale convective systems, 
saturated ascent can occur in the atmosphere where 
potentially instablity is absent. In this situa- 
tion, many researchers (e.g. Edmon and Vincent, 
1976) have used an approximation of the form 
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where is is saturation specific humidity and 4 is 
some threshold value; typically Gth/ts is specftied 
as 80 percent. Equation (15) constitutes a special 
case of (5) in which vertical eddy transports 
vanish by definition and evaporation of condensate 
produced by grid-resolvable upward motion in 
saturated air is assumed negligible. For applica- 
tion in the present study, the vertical integral of 
(15) is simply the satellite-estimated precipita- 
tion. Each gridpoint having satellite-estimated 
precipitation is examined to determine whether suf- 
ficient potential instability exists to insure that 
the vertical mean cloud scale temperature perturba- 
tion is positive. If this is not the case, (15) is 
invoked. The vertical distribution of heating is 
obtained by first assuming that the profile 6 is a 
parabolic in shape and is zero both at the surface 
and the pressure level corresponding to the highest 
cloud top observed in the GOES imagery. It is fur- 
ther assumed that the region between 850 mb and the 
highest cloud top pressure is saturated. With the 
satellite-estimated precipitation as an integral 
constraint and using 4, derived from the large- 
scale temperature profiles, & and ais/ap are diag- 
nosed at each level. 

3. APPLICATION TO A TROPICAL ENVIRONMENT 

An application of this technique to a con- 
vectively active maritime environment is now dis- 
cussed. The region considered (lOON, 42. SoS, 
llOoW, 17OoE) encloses the South Pacific Conver- 
gence Zone during 10-18 January, 1979. It is ap- 
parent when looking at the SPCZ with three-hourly 
GOES imagery that the cloud band is highly convec- 
tive in nature. One would expect an IR method to 
perform reasonably well in deriving precipitation 
estimates consistent with global FGGE analyses 
(several degrees lat x lon, 6-12h intervals). The 
particular data set used in this study is the Level 
111-b analysis produced by ECMWF reinterpolated to 
a 2.5' lat / lon grid. For a more complete 
description of this data set see Vincent (1982). 

Figure 1. compares vertically-integrated heat- 
ing, Q1, to the satellite-estimated precipitation. 
Since Q1 is computed as a residual it contains also 
net radiative cooling and surface sensible heat 
flux. Positive values of Q1 clearly outline the 
convective reg on of the SPCZ. Negative values are 
all >_ - , 3  mmh-' and correspond to regions of radia- 
tive cooling. GOES W precipitation estimates are 
notably higher than Q1 in the equatorward portion 
of the cloud band. This disagreement could be due 
in part to weak tropical vertical motions and 
divergent winds which were characteristic of the 
original FGGE 111-b ECMWF analysis (Lin and Mock, 
1986). 

The precipitation spectrum as determined 
from the GOES data and ( 4 )  is shown in Fig. 2. The 
shape of this distribution is similar to the GATE 
results derived from radar (Cheng and Houze, 1980). 
The large contribution to total precipitation by 
high clouds also requires that these model clouds 
contain a large fraction of the upward mass flux. 
Profiles of diabatic heating from the satellite- 
estimated precipitation have been derived by 
evaluating (6) and are shown in Fig. 3. The 
dominant forcing comes from the compensating mass 
flux term. Detrainment of excess dry static energy 
also contributes significantly in upper levels 
where, due to the shape of the updraft mass flux 
profiles dictated by (a), detrainment of relatively 
warm air from updrafts is occuring. Opposing this 
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heating effect is cooling due to evaporation of 
detrained condensate. Net heating from these 
processes yields a maximum near 450 mb. This 
profile can be compared to that derived from the 
heat budget calculations using the ECMWF analyses 
in Fig. 4 .  Net radiative cooling was computed as 
follows: In regions of the computational area 
where 12h mean vertical motion was downward, QR was 
assumed to equal Q1. In regions of upward motion, 
radiative calculations from Cox and Griffith (1979) 
for the A/B ship array during disturbed periods of 
GATE Phase I11 were used. The two calculations 
were then areally weighted. The shapes of both 
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satellite-estimated and budget-determined heating 
profiles are quite similar with the satellite- 
diagnosed profile maximizing slightly higher. 

4. SENSITIVITY ANALYSIS 

Uncertainties in the vertical distribution 
of heating are examined by considering the water 
budget parameters in (12) and the satellite-derived 
precipitation spectrum. The results of a sen- 
sitivity analysis using data during the period 0000 
to 1200 GMT 14 January 1979 are shown in Fig. 5. 
Precipitation efficiency values of .3 and .9 are 
considered extreme bounds since we are considering 
the efficiency of the entire precipitating cloud 
ensemble- convective and mesoscale. From (12) it 
is seen that increasing (decreasing) the efficiency 
requires a decrease (increase) in the sum of E, and 
Ed if R is to remain fixed. The results in Fig. 5 
suggest a rather large impact for assumed low 
precipitation efficiency. Low efficiency results 
in stronger (weaker) diagnosed heating above 
(below) 550 mb since proportionately larger 
downdraft mass fluxes are required to evaporate the 
unrealistically large amount of condensate via 
downdrafts in the lower portion of the cloud. The 
Mc profile thus maximizes higher in the tropo- 
sphere. However the pronounced lower tropospheric 
cooling departs substantially from that indicated 
by the residual method and cannot be regarded as 
very likely in the present study. The partitioning 
of condensate evaporation between downdrafts and 
the environment is tested by arbitrarily increasing 
the cloud liquid water content by a factor of 3. 
This forces the largest portion of the evaporation 
to occur in the cloud top environment and con- 
sequently yields weaker downdrafts. This situation 
also appears unlikely since it requi es cloud water 
contents to average near 5.0 g Kg-' in the upper 
portion of the clouds and reduces upper tropos- 
pheric heating to an unrealistically small amount 
in comparison to the budget results. 

Uncertainties in the precipitation spectrum 
can produce errors in the net cloud mass flux 
profile via (10) and (11). This effect was ex- 
amined in two tests by arbitrarily specifying two 
different precipitation spectra. In the first 
test, clouds in the topmost two layers (100-200 mb 
and 200-300 mb) were assumed to produce all the 
precipitation. The level of maximum heating was 
shifted upward slightly to 400 mb and intensified 
while heating was reduced below about 500 mb. A 
second test specified that precipitation was 
produced equally by the top four layers. This 
resulted in a lowering of the maximum heating level 
to 550 mb and produced more (less) heating below 
(above) the level of maximum heating. Each of 
these specified precipitation spectra is quite dif- 
ferent from that estimated GOES data and that 
determined from radar data by Cheng and Houze 
(1979). 

5 .  CONCLUDING REHARKS 

This study has examined a method to retrieve 
vertical profiles of heating and cooling due to 
moist diabatic processes. GOES IR imagery was used 
first to estimate the column-integrated heating and 
then to constrain mass flux profiles in one- 
dimensional cloud models. This substantial degree 
of independence from heating obtained via the 
residual method is a valuable attribute which can 
be used to establish more confidence in quantita- 
tive estimates of condensational heating. It is 
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likely that atmospheric observations over oceanic 
regions will rely upon remote sensing methods for 
the forseeable future. Techniques to utilize 
satellite measurements more effectively in defining 
the variability of tropical forcing need to be for- 
mulated and tested. 
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7.10 

THE EVALUATION OF SIMPLE APPROACHES FOR 
THE DELINEATION OF RAIN AREA FROM SATELLITE IMAGERY 

Anastasios A. Tsonis 

Department of Geological and Geophysical Sciences 
University of Wiscons in-Mi lwaukee 

Milwaukee, WI 53201 

1. INTRODUCTION 

The delineation of rainfall from 
satellite visible and/or infrared imagery 
has received well deserved attention in 
the past 10 years. As a result many 
techniques have been developed which 
produce maps of the rainfall extent using 
visible and/or infrared information. 
Those techniques can be divided into 
three major categories : 1) the indexing 
techniques, 2) the life history methods 
and 3) the bispectral methods. According 
to the indexing techniques (for a review 
see Barrett and Martin, 1981 rainfall 
depends on the cloud type. The rainfall 
area is found after the cloud shave been 
classified to various types according to 
their spectral properties. The life 
history methods make use of information 
provided by at least two preceding half- 
hour GOES infrared images in order to 
estimate point rainfall rates (Scofield 
and Oliver, 1977 and Griffith et all 
1978) and volumetric rainrates (Stout et 
al. 1979). These techniques are based on 
the observed growth of the clouds and 
have provided very useful results 
especially in cases of strong convection. 
According to the bispectral methods the 
rain area is determined using information 
from both images (Lovejoy and Austin, 
1979 and Bellon et all 1980). Basically, 
these techniques define an optimum 
"boundary" in the visible/infrared domain 
which is used to discriminate between 
rain and no-rain. 
is defined using a pattern recognition 
technique involving satellite and 
coextensive radar data. Apparently, 
these methods depend on radar data and 
therefore their applicability is limited 
to only areas over which adequate radar 
coverage is available. 
Isaac (1985) developed a technique 
according to which the above mentioned 
optimum boundary is determined without 
the need of coextensive radar data. 
Their technique makes use of the 
bivariate frequency distribution in the 
visible/infrared domain. It has been 
shown (Tsonis, 1984a) that the observed 
peaks of such distribution correspond to 
different classes. TsOnj.8 and Isaac 
(1985) showed that the peaks that 
correspond to raining clouds tend to 
cluster in a well defined region of the 

This optimum boundary 

Lately Tsonis and 

visible/infrared domain thus allowing 
their discrimination from the other 
classes (clear skies, nonraining clouds, 
etc.). 
the rain area from the raining clouds is 
based on an optimum visible threshold 
which depends on the day, time and type 
of precipitation. Lately, Wu et al. 
(1985) and Tsonis (1987) presented 
pattern recognition approaches for 
classification of the satellite derived 
rain area into light moderate and heavy 
rainrate subareas. 

After that the delineation of 

All the above mentioned and other 
techniques have reported good results and 
have added to our knowledge of rainfall 
estimation from satellite imagery. The 
very well recognized problem however, is 
the fact that all the above techniques 
are more or less "localized1'. This means 
that some methods are adequate for the 
tropics, some for the midlatitudes, some 
for instantaneous delineation of rain 
area, some for rainfall mapping over a 
long time, some for severe weather, etc. 
Even though each one of the above 
techniques satisfies a need for the 
region for which it was developed, it is 
not certain that it will work in some 
other region of the world. Part of the 
problem may be that most of these methods 
exhibit a high degree of sophistication 
which is usually coupled with the 
climatology of the region. This 
combination on one hand results in good 
rainfall estimation in a specific regieon 
but on the other hand makes the scheme 
"rigid" and 0810calizedt8. 
reason that in practice much simpler 
approaches are employed (Martin and 
Howland, 1986 and Arkin and Meisner, 
1987, for example). Undoubtedly, simpler 
approaches are more flexible and, 
therefore, are more easily applied over 
different regions and in larger time and 
space scales. Simple approaches can 
result in realistic convective rainfall 
estimates (Arkin and Meisner, 1987) but a 
detailed evaluation of their performance 
has not yet been given. Partly, this is 
due to the lack of adequate ground truth 
systems. 

In view of the foregoing facts a 
very interesting question arises: what is 
the price paid by employing simple 
approaches? What is the accuracy loss 

This may be the 
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due to simplicity? The purpose of this 
work is to evaluate in detail the skills 
of simple approaches in estimating 
mesoscale instantaneous rainfall and to 
compare the results with results obtained 
by more elaborate techniques on the same 
and on different data sets. 

2. DATA 

The data set used in Tsonis and 

This data set 
Isaac (1985) will be used to achieve the 
objectives of this work. 
consist of coextensive satellite and 
radar data. 

The satellite data used in this 
work are GOES East visible (0.54 - 0.70 

/@I wavelength) and infrared (10.5 - 12.6 
&II wavelength) images. The temporal 
resolution of the satellite data is 30 
minutes and the spatial resolution is 4 X 
4 km. It should be noted at this point 
that the true resolution of the sensed 
infrared images is 8 X 8 km. From these 
images, 4 X 4 km resolution images have 
been constructed for a better resolution 
equivalence between the infrared and 
visible data (Bellon, 1979). The 
intensity range of the visible image is 0 - 63 and that of the infrared is 0 - 255.  

The visible count is taken to be 
an indication of cloud thickness while 
the infrared count refers to cloud or 
land temperature. 
is an approximation to the temperature T 
of the emitting cloud or land by the 
conversion formula 

The infrared count CIR 

C 
e T 330'K -A  for CIR \< 176, 

T = 418'K - CIR, for CIR 3 176, 

The relation between visible count CVIS 
and cloud thickness is more intricate and 
uncertain. The three dimensional cloud 
structure, its composition and solar 
zenith angle are the main factors 
influencing the computed thickness. 
Normalization, taking into account the 
sun's elevation angle from the horizon 
(z), has been applied to the visible 
data. The normalizat on factor is simply 
taken equal to l/sinl 2 ( z ) .  
information on the normalization of the 
visible data can be found in Bellon et a1 
1982. The data were tested for relative 
shifts between the visible and infrared 
images according to TSOniS (198439). No 
such shifts were observed. 

The analysis of the data was 
restricted to the area in Ontario, 
Canada, which is covered by the C-band 
Woodbridge weather radar (Crozier and 
Sioott, 1981), indicated by the dark 
circle in Fig. 1. Table 1 gives a 
summary of the satellite and radar data 
used in this 6tudy. 

More 

The radar data used 

in this study are echo top maps. The 
echo top maps show the maximum height 
above the ground of the observed radar 
echoes. Therefore, an echo top map will 
indicate the areal extent of the rain, 
independent of altitude. The echo top 
maps do not carry an rainfall rate 
information but they give a better 
indication of the actual areal extent of 
the rain over a given area (Tsonis and 
Isaac, 1985). 

3. APPROACH 

A method which delineates the 
rain area by using a single threshold 
from a single image (visible or infrared) 
is apparently the simplest possible. 
Since the purpose of this work is to 
evaluate the skills of very simple 
approaches. The accuracy of single 
thresholding is evaluated in detail next. 

The evaluation of the rain area 
delineation techniques is usually based 
on the following variables. 

NN number of points correctly 
classified no-rain 

NR number of points incorrectly 
classified no-rain (misses) 

RN number of points incorrectly 
classified rain (false alarms) 

RR number of points correctly 
classified rain (hits). 

Accordingly, the satellite delineated 
rain area can be expressed as: 

A AR 6 RN + RR 
For the following formulations, A will 
denote the radar rain area as indbated 
by the radar echo top maps. 
above notation, many statistics have been 
devised in order to evaluate a rain area 
estimation method using satellite data. 
The most commonly used are: 

From the 

1) the probability of detection 
(POD) defined as 

POD RR/AR i 

2) the false alarm ratio (FAR) 
defined as 

3) the percent error f defined as 

f - (NR + RN)/(R + N), 
where 

R RN + RR, 
N NN + NR. 

A perfect method will give POD - 1, FAR - 
0 and f - 0. However, none of theoe 
statistics can be considered as more 
representative of the success of the 
method. Each statistic gives additional 



information about the success of the rain 
area delineation from the satellite data. 
For example, the POD gives an idea of the 
ability of the scheme to "find" the rain. 
However, a scheme could create five or 
ten times larger rain area than the 
actual and still give a POD of one. 
Therefore, high POD should be accompanied 
by a small FAR in order to be meaningful. 
The percent error is representative of 
the error in rain area delineation with 
respect to the total area over which the 
method is applied. The percent error 
could be small even when POD is low and 
FAR is high, especially when we are 
dealing with small precipitation areas. 
The reverse could be the case as well. 
For direct comparison between different 
techniques more than one statistic could 
be used. 

4. RESULTS AND COMPARISON WITH OTHER 
METHODS. 

Figure 2 shows the average values 
for POD, FAR and the percent error as a 
function of the visible threshold. 
Selective error bars indicate observed 
standard deviations. Figure 3 is similar 
to Fig. 2 but for the infrared threshold. 
The general shape of these curves is 
justified. For very low threshold 
(visible or infrared) too much rain area 
is usually delineated. This means that R 
--> AR and R&R << 1. Thus, POD -->1 
and FAR --> 1. At the same time NR --> 0 
and thus f = RN/A where A = R + N (the 
radar covered area). Thus, for very 
small thresholds the average percent 
error will be proportional to the average 
RN which should be close to A - & (AR is 
the average rain area for the cases 
studied). As we increase the threshold 
we obviously delineate smaller rain areas 
(FAR --> 0) but at the same time we may 
miss some rain (POD will decrease). 
Because by this method we I'approachll some 
optimum threshold we should expect that 
the percent error will decrease as well. 
For very high threshold values we 
delineate very small rain areas. 
Therefore, in this case RR$$%R --> 0. 
Thus PODHFAR --> 0. At the same time 
RN ---z 0 and thus f = NdA. Thus, for 
very high thresholds the average percent 
error will be proportional-to the average 
NR which will be close to AR. Therefore, 
POD and FAR should decrease monotonically 
as a function of the threshold (visible 
or infrared). The percent error should 
decrease up to some threshold and then it 
may increase for high thresholds. In 
addition, for very low thresholds one 
always delineates too much rain with the 
consequence that one always obtains POD& 
1. Similarly for very high thresholds 
one always delineates very little rain 
thus obtaining always POD$O.O. Because 
of that one will expect a smaller 
standard deviation for very low and very 
high thresholds. Similar arguments can 
be extended for FAR. 

Unfortunately the above statistics can 
not be unified in order to quantitatively 
evaluate a technique. The evaluation of 
the results is therefore let to the user 
and should be compared to results 
reported in a similar fashion from other 
methods. 

As Figs 2 and 3 indicate,using a 
visible threshold of 50 the following 
mean (standard deviation) values are 
obtained: POD = 0.62 (0.13), FAR = 0.38 
(0.16) and f = 0.22 (0.06). The 
corresponding values for a visible 
threshold of 52 are 0.53 (0.14), 0.34 
(0.16) and 0.19 (0.06). In the infrared 
domain a threshold of 170 (-28OC) yields 
the following values: POD = 0.60 (0.14), 
FAR = 0.40 (0.18) and f - 0.30 (0.07). 
These values change to 0.48 (0.14), 0.30 
(0.17) and 0.26 (0.08) respectively if an 
infrared threshold of 180 (-35OC) is 
used. In general, it seems that Itan 
optimumt1 threshold in the visible will be 
more efficient than an optimum threshold 
in the infrared. This is consistent with 
previous findings of Tsonis and Isaac 
(1985), Lovejoy and Austin (1979) and 
many others that the visible images are 
about 10% - 15% more efficient than the 
infrared images in delineating the rain 
area. It is interesting to note that the 
sum between the average values of the 
percent error for very low and very high 
thresholds should be approximately equal 
to A/A - AR/A + AR/A = 1. 
seen in Figs 2 and 3 this is true for 
this analysis. 

The above noted values are very 
comparable to those reported in Tsonis 
and Isaac (1985) for the same data set 
obtained according to a much more 
elaborate technique. Tsonis and Isaac 
(1985) reported the following average 
statistic values: POD = 0.66 (0.12), FAR 
= 0.37 (0.14) and f = 0.20 (0.055) These 
values are only slightly different than 
those obtained by using, for example, a 
visible threshold of 50 (mean accuracies 
decrease by approximately 5%) or by using 
an infrared threshold of 175 (mean 
accuracies decrease by approximately 
20%). The above noted results arralso 
comparable to those reported by Lovejoy 
and Austin (1979). According to their 
approach the rain area is obtained by 
pattern recognition between visible, 
infrared and coextensive radar data. For 
a specific area (over which coverage by a 
training radar is available), the 
probability of rain is derived by 
considering the bivariate frequency 
distributions in the visible/infrared 
domain of the raining and of the 
nonraining points. The derived 
probability of rain is then applied 
outside the area covered by the training 
radar. The success of the method outside 
the training area is usually evaluated by 
another radar (verifying radar). The 
above techniques show good skills in 

As it can be 

342 



delineating the rain area over the range 
of the training radar but the accuracy 
decreases with distance outside that 
range. 
covered by the radar they report an 
average value for the POD of 0.55 (0.14) 
and an average value for the percent 
error of 0.13 (0.04). Both the above 
techniques are highly sophisticated and 
have reported high accuracies. Despite, 
however, their sophistication they result 
in only slightly better estimation of 
rain area compared to very simple single 
thresholding. Direct comparison with 
other techniques is rather difficult 
mainly because 1) the purpose for which 
they have been developed is somewhat 
different, 2) detail evaluation of the 
accuracy of many schemes has not been 
performed and 3) the statistics used to 
evaluate their performance are different. 
In general, everybody will agree that 
very few techniques dealing with 
estimation of rainfall from satellite 
imagery result in success of the order of 
60-70% and/or are often accurate within a 
factor of two of what actually happened. 

The above reported analysis 
considered convactive and non-convective 
cases together. The results do not 
change significantly when they are 
considered separately but in general 
single thresholding works somewhat better 
in convective cases. 
and support of the finding reported here 
is the work by Negri et a1 (1984), where 
the evaluation in detail of the Griffith- 
Woodley Technique (GWT) (Griffith et al, 
1978) was performed. The GWT technique 
is a life-history technique and it 
calculates rain amounts using an 
elaborate technique which involves the 
past history of the clouds. Their 
analysis suggests an average percent 
error of about 130%. 
to simplify the GWT by effectively 
eliminating the need of cloud life 
history. The result was a much lower 
estimate for the percent error of about 
40%. They then concluded that "...the 
GWT rain volume calculation and the GWT 
apportionment algorithm are unnecessarily 
complicated . . . I1 This is the point that I 
am trying to make in this report as well. 

In their analysis over the area 

A classic example 

They then went on 

5. CONCLUSIONS AND REMARKS 

The need for rain estimation on a 
larger or a global scale has been lately 
not only recognized but it seems to be a 
necessity if we were to improve our 
understanding about climate and its 
changes in time scales longer than a 
month or so. Towards this goal a 
Ilunifiedlt scheme for rainfall estimation 
from satellite imagery should be 
developed. Apparently, such a scheme if 
it were to be applied on a global scale 
it should be accurate and as simple as 
possible. Thus some assessment of the 
accuracy of simple approaches and some 

investigation of the accuracy loss when 
results obtained by simple methods are 
compared to results obtained by more 
elaborate techniques should be made. 

This assessment was made here in 
terms of single thresholding and 
instantaneous rain area delineation at a 
spatial resolution of 4 X 4 km. It was 
found that in general very little loss of 
accuracy will be lost if simple 
approaches will be considered. This loss 
of accuracy will be compensated by less 
time for processing the data, more 
flexibility (and therefore applicability 
of the results), and less cost. The 
results reported here deal specifically 
with instantaneous rain area delineation 
and they do not imply that more elaborate 
techniques are useless. They suggest, 
however, that accuracy requirements 
should be critically addressed and 
investigated before a scheme is employed. 
The results reported here may have 
implications for the large scale and long 
time-scale estimates of rain which are 
results of averaging of many sequences of 
smaller scale estimates. The link or 
interaction between smaller and larger 
scales is not very well understood. 
Nonlinearities in the atmosphere may 
result in large fluctuations in the large 
scale from a small deviation in a smaller 
scale. In such a case if the error in 
estimating some variable (such as rain) 
in a smaller scale is significant should 
a large scale mean be considered as 
adequate? 
the loss of accuracy is rather small and 
therefore simple techniques may be our 
hope for a Wnified" but adequate scheme 
for an effective estimation of rain from 
satellite imagery over large scales 
(space and time). 

perform as satisfactory as more 
complicated approaches? Delineation of 
rain from visible and infrared imagery is 
based on the fact that thick (high 
visible responses) and tall (high 
infrared responses) clouds will most 
likely precipitate. That is all the 
physics that enter this problem. 
Rainfall, however, is not that simple. 
Rainfall exhibits an extreme variability 
and complicated physics. When the 
sources of detecting precipitation are 
based on one or two parameters which may 
not even be directly related to 
precipitation, I believe that simple 
approaches have as good a chance of 
success as the very complicated ones. 

From the results reported here 

And why simple approaches should 
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I '405'N 
86'W 73'W 

Fig. 1: The geographical area 
considered in this study. 
The satellite data analysis is 
restricted inside the dark 
circle which repreerents the 
area covered by the Woodbrldge 
weather radar. 

Fig. 2: Average probability of 
detection (POD), false alarms 
ratio (FAR) and percent error 
(f) as a function of the 
visible threshold. Selective 
error bars indicate observed 
standard deviations. 

Fig. 3: As in Fig. 2 but for infrared 
thresholds. 

pllre - Trpn 

4 J u l y  15U3 2030 Cunvbctivo 
2230 Convective 

21  J u l y  1'103 1730 
1530 
2130 

29  J u l y  1WJ 1 4 0 0  
1600  
1000 
2000 
2200 

11 nay 1904 1530  
1730 
1900 

23 nay 1984 1300 
l L O O  
1700 
1930 
2100 

Convsctive 
Convective 
Convective 

tlonconvsctivu 
Nonconvective 
Nonconvective 
Nonconvective 
Nonconvectlve 

Nonconvoctiva 
Nonconvective 
Nonconvect lve 

Nonconvoctivv 
Nunconvuotlvr 
Nonconvective 

Convective 
Conveotive 

Table 1: Summary of the data used in 
this study 
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7.11 

VARIATION OF SATELLITE RAIN RELATIONSHIPS IN SPACE AND TIME 

Patrick King Tsoi-ching Yip 

Meteorological Services Research Branch 
Atmospheric Environment Service 

Downsview, Ontario, Canada 

1. INTRODUCTION 

From September 1984 to September 1987, the 
Aerospace Meteorology Research Division of the 
Atmospheric Environment Service (AES) ran a 
demonstration project called RAINSAT for 
estimating precipitation areas and forecasting 
their short term motion. The basic techniques 
were developed by Geoff Austin and his 
colleagues at McGill University (Bellon et 
a1.,1980). The McGill system was modified and a 
realtime version was developed and implemented 
by AES. Reports dealing with the accuracy of 
the analyses and 3h forecasts generated by 
RAINSAT have been made elsewhere (King and 
Yip,1987a,b). In this paper we will concentrate 
on aspects of the characteristics of the 
probability of rain relationship (PoRR), which 
relates the probability of rain with the 
characteristics of the cloud as viewed in VIS 
and IR. 

The purpose of this paper is to evaluate changes 
in PoRRs over different time periods and in 
different regions and to compare PoRRs generated 
using radar as ground truth with those using 
surface data. This information is needed for 
determining the best way of 'training' an 
operational precipitation estimation scheme of 
this type. 

2. SEMI-OPERATIONAL RAINSAT 

The RAINSAT algorithms are installed on a Data 
General Eclipse S-130 located at AES in 
Downsview,Ontario. AES operates a GOES VISSR 
ground station which sends digital GOES visible 
and infrared images to the RAINSAT computer each 
half hour. The visible data are averaged values 
for (nominally) 4x4km grids. The RAINSAT 
computer also receives radar data every lOmin 
from the AES King radar (40km north of Toronto) 
which are used to calibrate the system. 

RAINSAT uses navigation information included 
with the IR image to remap the VIS and IR data 
from the satellite projection to a Lambert 
conformal projection (pixel size 8x8km) for a 
1500x2000km area in eastern North America (see 
Figure 1). The actual resolution of the data of 
course depends on the location of the area being 
remapped with respect to the satellite. During 
the summer of 1985 GOES-6 was at 98W and the 
estimated resolution for the visible data 
available to the system is 6km in the southwest 
part of the remapped region and 12km in the 

northeast corner. For the IR these figures will 
be about double. 

Because the sun angle varies throughout the day 
the visible data must be normalized so that the 
same satellite/radar relationship may be used 
for all daylight hours. In RAINSAT all visible 
pixels are normalized by dividing by the sine of 
the solar elevation angle similar to Tsonis and 
Isaac,1985. If the sun is less than 10' above 
the horizon the visible datum for that pixel is 
not used; if the sun angle for the central pixel 
of the image is less than 10' none of the 
visible data for that half hour are used. At 
45N the sun is more than 10' above the horizon 
for about 13h in midsummer, about 10h at the 
equinoxes and about 6h in midwinter. This 
limits the useful period of the visible data for 
RAINSAT to these periods of time. 

The normalization did not perform well within 3h 
of sunrise and sunset probably due to the low 
satellite view angle (approximately 20'-30'). 
To minimise this problem daytime data from 1300 
to 2100 UTC only are used in this study; this is 
approximately 4h either side of local noon. If 
data from GOES-E at 75W had been available these 
problems would have been less serious. 

A probability of rain map is constructed from 
the VIS and IR images using a previously 
calculated probability of rain relationship 
(PoRR). Displacement vectors inferred from 2 
consecutive probability of rain maps are used to 
construct a probability of rain forecast by 
extrapolation. All 4 maps are transmitted in 
real-time to the Centre Meteorologique du Quebec 
(CMQ) for use in the forecast program for the 
province of Quebec. 

In the next section we will discuss in detail 
characteristics of the PoRR over time periods 
ranging from a few hours to a few months. 

3. THE PROBABILITY OF RAIN RELATIONSHIP 

3.1 Calculation of the Probability of Rain 
Relationships 

The RAINSAT probability of rain relationship 
(matrix or vector) is calculated by comparing 
remapped GOES satellite data for a given half 
hour with the corresponding radar data. Visible 
and Infrared data are used to calculate a 
probability of rain relationship for daytime use 
and infrared data only are used to create a 
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probability of rain vector for use at night. 
Both the matrix and vector are created using 
daytime data to minimize problems due to 
spurious radar returns which are more common at 
night because of nocturnal temperature 
inversions. 

The probability of rain matrix gives the 
probability that a given (VIS,IR) pair is 
associated with rain at the ground (or more 
precisely at the height of the radar CAPPI 
used). It is calculated by summing a large 
number of half-hourly 2 dimensional histograms 
of raining and non-raining points. The 
half-hourly histograms are determined as 
follows : 

- for each point within radar range obtain 
the normalized VIS count and the IR count, 
say (VIS,IR). A mask is used to exclude 
points where data may be suspect 
- if radar indicates rain, increment 
counter for the (VIS,IR) cell in the 
raining histogram; otherwise increment the 
corresponding cell in the non-raining 
histogram. 

For that half-hour the probability of rain for a 
given (VIS,IR) pair is simply: 

rain(VIS,IR 
prob(VIStlR) E rain(VIS,IR) + norh(VIS,IR) 

The radar data on which the PoRRs were based are 
1.5km CAPPIs. The pixel size was 2x2km but this 
was reduced to 8x8km to match the RAINSAT grid 
by choosing the highest reflectivity falling 
within the larger area. The lowest rainfall 
rate (0.25mm/h) was used to decide if a pixel 
was raining in constructing the PoRR. A mask 
was used to eliminate data from areas which are 
subject to spurious echoes. 

The PoRR used in a real-time system could range 
from a real-time PoRR to a long term average. 
Based on experience described later in this 
paper the real-time version of RAINSAT was 
modified in 1986 to use seasonal averages for 
the PoRR. This is done to reduce problems 
associated with the short-term variability of 
the characteristics of raining clouds. 

Probability of rain relationships were also 
constructed using surface data as ground truth. 

The surface data used were hourly accumulations 
of rain at 75 stations in eastern Canada 
indicated in Figure 1. Because rainfall may 
have occurred at any time within the hour orior 
to observation, we averaged the satellite data 
to 24x24km when constructing surface based 
PoRRs. To estimate spatial variability the 
surface stations were divided into 6 groups as 
shown in Figure 1. The groupings were chosen to 
agree with expected climatic characteristics and 
to be approximately equal in area. 

3.2 Characteristics of Probability of Rain 
Relationships 

The probability of rain relationships derived 
from King radar for each of 4 seasons are shown 
in Figure 2 .  March and September were omitted 
from the calculations because of missing data 
due to equipment problems. 

FIGURE 1. Lambert conformal projection used for 
remapped RAINSAT products. The large circle is 
the 200km range ring for King radar. The 
geographical areas shown are: 
1. North 2. Southwestern Ontario 
3 .  Upper St Lawrence 4. Middle St Lawrence 
5. Lower St Lawrence 6. Maritimes 
The frequency of occurrence of each combination 
of VIS count and IR count is shown by the solid 
lines and the probability of precipitation is 
shown by the dashed lines. The frequency of 
occurrence has been computed by accumulating the 
data bins which are 2 VIS counts by 4K in 
IR brightness temperature and have been 
normalized to a total of 10000 observations. 
Thus all the bins inside the lines labelled 100 
contain 1% or more of the total observations. 
The actual number of observations of 8x8km 
pixels ranged from 694566 in autumn to 1591528 
in winter. 

Features in the histograms may be associated 
with cloud types which have been visually 
identified in the images (as was done by Platt 
(1981) using GMS-1 data). We will make similar 
observations in this paper. 

A number of features which persist from season 
to season are evident in the frequency plots. 
There is a large maximum at low VIS counts and 
warm IR temperatures corresponding to clear 
skies. This peak is most prominent in summer 
(Jun,Jul,Aug) and becomes less prominent in 
spring (Mar,Apr) and autumn (Oct,Nov). In the 
winter (Jan,Feb,Dec) the peak is reduced to a 
ridge of higher values and moves to temperatures 
below freezing and to higher VIS counts. The 
double peak in this area i n  spring is due to 
snow which occasionally persists to the lee of 
Georgian Bay in April. There is a weak ridge of 
higher frequencies with VIS counts in the high 
20's extending from near OC to -2OC in summer 
and autumn, This feature can be more easily 
identified on daily average PoRRs. Examination 
of a number of individual cases showed this to 
be due to thin cirrus in otherwise clear skies. 

In all seasons there is a ridge of maximum 
values with VIS counts in the mid to high 40's. 
In the summer there are individual peaks near OC 
and -20C and a ttplateautt near -4OC. The OC peak 
is associated with stratocumulus and fair 
weather cumulus while the plateau at -4OC is 
associated with deep convection and thick layer 
clouds. It is more difficult to attribute the 
cause of the peak at -20C but i t  is likely due 

into 
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Figure 2(a). Histogram and PoRR Jun,Jul,Aug 1985 

20 0 -20 -40 -60 
IR 

Figure 2(b). Histogram and PoRR Oct,Nov 1985 

Figure 2(d). Histogram IR and PoRR Apr,May 1985 

Figure 2.  Histogram of VIS and IR vahes and probability of rain over area of King radar. Solid 
lines are frequency of occurrence. The total number of points has been normalized to 10000 so that 
dividing by 100 yields percent. Dashed lines are percent probability of precipitation lines. 

IR 
Figure 3 .  Histogram of VIS and IR values and 
probability of rain derived from 75 surface 
stations shown in Fig. 1. Lines have same 
meaning as in Figure 2 .  

to convective clouds which have not developed a 
cirrus shield. The 8x8km pixel size used in 
this analysis will result in the averaging of IR 
temperatures for convective clouds and 
neighbouring clear areas. This will result in 
higher apparent temperatures for such clouds. 
The 'stratocumulus' peak in summer is associated 
with near zero probability of precipitation 
while the other two peaks have near 50% 
probability of precipitation. The stratocumulus 
peak moves to lower temperatures and becomes the 
dominant peak in the autumn and winter but 
becomes almost insignificant in spring. The 
frequency of clouds colder than -5OC is greatest 
in the autumn and winter. 

The probability of rain relationship shows 
relatively little season to season variability 
in spite of the large variability in the cloud 
distributions. The positions of the 10%,30% and 
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50% lines move only slightly with season. The 
70% line is more variable since it is based on 
much smaller numbers of observations. 

It is clear from Figure 2 that below a cloud top 
temperature of -2OC that the probability of 
precipitation has little dependency in any 
season on IR brightness temperature. This 
agrees with the conclusion of Tsonis and 
Isaac(1985) but not with Negri and Adler (1986). 
The reason for this is likely that Negri and 
Adler were concerned with convection in the 
subtropics whereas this paper deals with 
midlatitude regions where precipitation more 
often occurs from stratiform cloud and where 
convective clouds are often embedded in 
stratiform clouds. The probability of 
precipitation depends on both VIS and IR in the 
summer and autumn at brightness temperatures 
above -2OC. In winter and spring there is 
little dependence on the VIS count for cloud top 
temperatures above -2OC. In these seasons a 
double threshold classification technique would 
produce results similar to RAINSAT. ’ 

The probability of rain relationship and 
frequency diagram for Summer derived from the 75 
surface stations is shown in Figure 3 .  There is 
a marked similarity between the frequencies 
shown in Figure 2(a). The principal difference 
is that the ‘cloudy ridge’ is displaced about 2 
counts darker for the surface based frequencies. 
However when the southwestern Ontario region is 
compared with the King radar based frequency 
this discrepancy disappears. The main 
contribution to this difference is from lower 
apparent brightness of clouds in the two 
eastermost regions. 

A clearer idea of the seasonal variation of the 
PoRRs can be obtained from Figure 4 in which the 
30% probability of precipitation lines for each 
month are grouped by season. The winter and 
summer months show little within group 
variability. The lines for the summer months 
are within 1 or 2 VIS counts for the entire 
range below -1OC. In winter months the 30% 
probability (of snow) line is relatively 
constant at a brightness temperature of -2OC but 
is quite variable below that. Autumn shows the 
greatest apparent variability. September and 
October are similar to the summer months at 
colder temperatures and November is similar to 
winter months at warmer temperatures. This 
behaviour in autumn probably reflects periods of 
warmer and colder weather in which cloud 
populations are similar to summer or winter. 
However as noted before there was a good deal of 
data missing from September which might also 
increase the apparent variability. It is also 
noteworthy that non-zero probabilities of rain 
occur at higher temperatures in the summer than 
do non-zero probabilities of snow in the winter. 
This may be due to cloud shields being more 
extensive in winter than summer minimizing the 
probability that a precipitating cloud will be 
surrounded by a clear area at significantly 
higher temperature. 

The 30% probability lines for each of the six 
regions are shown in Figure 5. They have been 
separated into 2 groups based on their 
similarities and to improve legibility; one 
group contains the 4 inland regions and the 
other the two coastal regions. The principal 
difference between the two groups is that the 

30% line for the coastal regions is a few VIS 
counts darker from 0 to -2OC. There is little 
difference between the regions at colder 
temperatures. This separation is the same as 
that indicated by the frequency plots. The 
difference between the two groups may be caused 
by the difference in cloud populations due to 
the maritime climate of the easternmost regions. 
The broad similarity between the regional PoRRs 
supports the use of data from one region to 
calibrate a system such as RAINSAT over a large 
area. 

3.3 Comparison of Probability of Rain Maps 

In a previous study (King and Yip,1987b) 
probability of rain maps generated using radar 
based PoRRs were evaluated using surface data 
from the same six regions as in this study. 
Variations in scores from region t o  region were 
found to be comparable in value with variations 
from month to month within a region. From this 
we concluded that one can apply a PoRR to a 
region at some distancr! from the training 
region. 

To further test this conclusion we constructed a 
series of probability of rain maps for each 
region using a PoRR based on surface data from 
that region. We then compared the verification 
statistics with probability of rain maps which 
had been generated in real-time using King radar 
based PoRRs. The procedure followed in this 
study was to calculate a PoRR for each region 
from 1 months data, to construct a series of 
probability of rain maps from the next months 
data and finally to calculate verification 
scores which were then compared with the 
corresponding scores from the previous study. 
Because of space limitations details concerning 
the evaluation procedures in the previous paper 
are omitted here. 

The 1 month PoRRs were very noisy and even 3 
month PoRRs were somewhat noisy. To obviate 
this problem a 5 point smoother with double 
weight at the centre point was applied. 

The results are summarized in Table 1. 

TABLE 1 

ANALYSIS - Brier scores - July 
King PoRR Surface PoRR 

North 0.076 0.077 
Southwestern Ontario 0.031 0.033 
Upper St Lawrence 0.049 0.053 
Middle St Lawrence 0.045 0.049 
Lower St Lawrence 0.049 0,048 
Mar i times 0.039 0.039 

The Brier scores shown here are a measure of the 
difference between RAINSAT probability 
categories and whether or not i t  is raining 
according to the surface observations. A 
perfect Brier score is zero. To give these 
figures some context, Drier scores ranged up to 
about 0.20 on analyses which were judged 
subjectively to be poor. 
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Figure 4. 30% probability of rain line for each 
month (grouped by season) derived from King 
radar data. 
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Figure 5 .  30% probability of rain line derived 
from surface data for each of s i x  regions in 
Fig. 1. 
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Figure 6: 50% prob of rain line 20 may 85 

It appears that there is remarkably little 
difference in the error characteristics of the 
probability of rain maps whether or not one uses 
a PoRR based on local surface observations or a 
PoRR based on a remote radar. Obviously there 
must be limits t o  such a conclusion. In the 
previous study there appeared to relatively 
little variation in the east-west direction but 
more in the north-south. 

3 . 4  Shorter term variability - some 
illustrations 

Probability of rain relationships calculated 
over short time periods can vary markedly even 
though the synoptic situation has not changed. 
To illustrate this Figure 6 shows the 50% 
probability of rain line for 3 separate periods 
of 2.5h on 20 May 1987. During this time a cold 
front which stretched from central Quebec to 
southern Lake Michigan was crossing the area of 
the King radar. The cloud band was about 200km 
wide and had relatively sharp edges. 

The frequency diagrams for all 3 time periods 
were relatively constant with a prominent peak 
in the warm dark region joined by a ridge to an 
equally prominent cold bright peak. The 
principal difference was the presence of 
significant numbers in a ridge of higher values 
parallel to the IR axis with VIS counts in the 
low 50’s. Examination of a loop of images 
showed that a narrow band of cumuliform clouds 
ahead of the main band and clouds along the 
trailing edge of the main band contibuted to 
this ridge in the histogram. In spite of the 
relative constancy of the histograms the PoRRs 
change significantly as shown in Figure 6 .  The 
shift of the 50% line to warmer temperatures 
near VIS count 50 for the period 16-18 UTC is 
due in part to the cumulus clouds mentioned 
previously. However these cloud bands persisted 
beyond 19 UTC but the 50% line shifted back to 
lower temperatures. 

350 



Even greater differences can occur between PoRRs 
from different days. The 70% probability of 
rain lines from 2 days in July are shown in 
Figure 7. The July 26 case was a slow-moving 
cold front with indications of the development 
of a wave. The July 28 case was marked by deep 
convection in a line ahead of an approaching 
cold front. The areas in VIS/IR space 
corresponding to greater than 70% probability of 
rain are almost completely disjoint. There were 
almost no pixels in the cold front case with a 
temperature below -4OC but these dominated the 
convective line. Examples such as these point 
to the possibility of calculating PoRRs 
corresponding to meteorological features such as 
cold fronts and warm fronts. We classified 
synoptic situations for a period of two months 
and compared the half-hourly PoRRs but found no 
consistent pattern among the PoRRs for each 
synoptic type. Nevertheless i t  might be 
possible to average an ensemble of half-hourly 
warm front PoMs to get a mean PoRR which 
corresponds to the 'average' warm front. 

4. CONCLUSIONS 

We have examined the characteristics of 
probability of rain relationships derived from 
GOES satellite data and surface and radar data. 
PoRRs calculated from a month's worth of data 
were relatively constant within a given season. 
These PoRRs changed only slightly from season to 
season although the frequencies of cloud types 
changed considerably. Over periods of a few 
days the PoRRs were almost completely disjoint. 
However the variations from day to day were not 
consistent enough with synoptic type to allow 
the construction of PoRRs keyed to synoptic 
type. Over periods of a few hours there were 
significant changes in the PoRRs although the 
associated cloud frequencies had not changed 
much. 

PoRRs derived from surface data were quite 
consistent with those derived from radar. This 
means that the RAINSAT technique could be used 
in regions where radar data are unavailable. 
The region to region variation was similar in 
magnitude to the month to month variation within 
a region. This results supports the assumption 
that systems such as RAINSAT can be calibrated 
in one region and used in another. However 
caution must be exercised in extrapolating in 
the north-south direction since the greatest 
region to region variation was found in that 
direction. 
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7.12 MIWLATITUDE EVALUATION OF SOME SATELLITE RAINFALL ESTIMATION TECHNIQUES 

W.D. Hogg, A . J .  Hanssen, A.  N i i t s o o  and V.L. Polavarapu 

Atmospheric Environment Se rv ice  
Downsview, On ta r io ,  CANADA 

1. INTRODUCTION 

Conceptual ly ,  t h e  u s e  of s a t e l l i t e  d a t a  
t o  e s t i m a t e  t h e  a r e a l  d i s t r i b u t i o n  of  p r e c i p i t a -  
t i o n  i s  ve ry  appea l ing .  From t h e  g e o s t a t i o n a r y  
s a t e l l i t e  we can  g e t  f r e q u e n t  d i g i t a l  images of 
a n  area c o n t a i n i n g  in fo rma t ion  on c loud  h e i g h t ,  
t h i c k n e s s ,  and a r e a l  d i s t r i b u t i o n  w i t h  a r e so lu -  
t i o n  t o  a few k i lome t re s .  Since r a i n f a l l  produc- 
t i o n  is r e l a t e d  t o  a l l  of t h e s e  parameters ,  
numerous i n v e s t i g a t o r s  have a t t empted  t o  deduce 
r a i n f a l l  ra tes  from sa t e l l i t e  information.  

and amount of  p r e c i p i t a t i o n  from s a t e l l i t e  d a t a  
h a s  important  r a m i f i c a t i o n s  f o r  t h e  meteorologi-  
c a l  obse rv ing  s t r a t e g y  adopted by l a r g e  n o r t h e r n  
c o u n t r i e s  such  as Canada. Yet many of t h e  
methods f o r  e s t i m a t i n g  p r e c i p i t a t i o n  from s a t e l -  
l i t e  d a t a  were developed f o r  convec t ive  cloud 
systems and have been widely a p p l i e d  i n  s o u t h e r n  
l a t i t u d e s  only.  The o b j e c t i v e  of t h i s  s t u d y  was 
t o  compare t h e  a b i l i t y  of  e x i s t i n g  t echn iques  t o  
d e r i v e  d a i l y ,  weekly, and monthly p r e c i p i t a t i o n  
e s t i m a t e s  unde r  Canadian c o n d i t i o n s  and ascer- 
t a i n  t h e  u t i l i t y  of  t h e s e  estimates t o  Canedian 
use r s .  The i n t e n t  i s  t o  a s c e r t a i n  i f  t h e r e  a r e  
s u i t a b l e  p r e c i p i t a t i o n  e s t i m a t i o n  procedures  
t h a t  e x h i b i t  s u f f i c i e n t  s k i l l  t o  war ran t  consid-  
e r a t i o n  of  t h e  development of a f u l l y  automated 
system t o  d e r i v e  p r e c i p i t a t i o n  e s t i m a t e s  f o r  
Canada from s a t e l l i t e  d a t a .  

T h i s  s tudy  h a s  been des igned  t o  p rov ide  a 
f a i r  comparison of  t h e  c a p a b i l i t y  of  t h e  t echn i -  
ques  developed by Negri ,  Adler,  and Wetzel 
(1984) ,  Lovejoy and A u s t i n  (1979a),  and B a r r e t t  
(1970) t o  estimate p r e c i p i t a t i o n  t o t a l s  f o r  
d a i l y ,  weekly,  and monthly p e r i o d s  ove r  s o u t h e r n  
Canada. Two p rev ious  pape r s  r e p o r t e d  on t h e  
p re l imina ry  r e s u l t s  of t h i s  s tudy  based upon 
less t h a n  a week of d a t a .  "his paper  r e p o r t s  on 
t h e  results based upon a month of  da t a .  

The comparison h a s  been c a r r i e d  o u t  by 
remapping GOES, RADAR and gauge d a t a  t o  a common 
l a t i t u d e  l o n g i t u d e  g r i d  r ang ing  from 42 t o  47 
d e g r e e s  n o r t h  and 72 t o  84 d e g r e e s  west w i t h  a 
g r i d  s p a c i n g  of  0.05 degrees  ( F i g u r e  1). "he 
t h r e e  p r e c i p i t a t i o n  e s t i m a t i o n  t echn iques  have 
been used  t o  d e r i v e  d a i l y  and weekly estimstes 
from t h e  remapped d a t a  and have been compared by 
examining t h e  contoured f i e l d s  and c a l c u l a t i n g  a 
number of  s tatist ics.  These s t a t i s t i c s  r e f l e c t  
t h e  s p a t i a l  correspondence of t h e  occur rence  of 
p r e c i p i t a t i o n  and t h e  a g r e m e n t  of  t h e  magnitude 
of t h e  p r e c i p i t a t i o n  estimates. 

c a r r i e d  o u t  on d a i l y  and weekly estimates 

This a b i l i t y  t o  i n f e r  t h e  occur rence  

Furthermore,  t h e  comparisons have been 

d e r i v e d  from s a t e l l i t e  o b s e r v a t i o n s  t a k e n  eve ry  
hour,  every t h r e e  hour s ,  and eve ry  s i x  hours .  
'Ihese comparisons w i l l  i n d i c a t e  t h e  adequacy o f  
p r e c i p i t a t i o n  e s t i m a t e s  d e r i v e d  from fewer 
o b s e r v a t i o n s  (i.e. i f  t h e  l a r g e  volume of d a t a  
processed i s  reduced) .  Because of  t h e  l a r g e  
volume of  d a t a  invo lved ,  ha l f -hour ly  s a t e l l i t e  
o b s e r v a t i o n s  have n o t  been used. 

-- 
-84 -83 -E2 -E! -EO -78 -78 -77 -76 -75 -74 -73 -72 -71 

Lonoltude 

Fig. 1. S a t e l l i t e  R a i n f a l l  E v a l u a t i o n  P r o j e c t  
Grid showing gauge and q u a n t i t a t i v e  r a d a r  l o c a -  
t i o n s .  Gr id  s p a c i n g  i s  .05 degrees .  

To examine t h e  e f f e c t  of  i n c r e a s i n g  
t h e  s c a l e  of  o b s e r v a t i o n ,  p r e c i p i t a t i o n  esti-  
mates were c a l c u l a t e d  w i t h  ave rage  s p a t i a l  
r e s o l u t i o n s  of  approximately (5-km)l, ( l O - k m ) * ,  
( 2 3 - h ) ' ,  and  (94-km)l p r i o r  t o  t h e  comperisons.  
The l a t t e r  two r e s o l u t i o n s  rough ly  co r re spond  t o  
t h e  s p a t i a l  r e s o l u t i o n s  r e q u i r e d  f o r  c l i m a t e  and 
r e s e a r c h  a p p l i c a t i o n s  on c o n t i n e n t a l  and  g l o b a l  
s c a l e s  r e s p e c t i v e l y  (Atlas and  T h i e l e ,  1981). 

2. TECHNIQUES 

The t h r e e  t e c h n i q u e s  i n i t i a l l y  chosen 
f o r  examinat ion i n  t h i s  s t u d y  were s e l e c t e d  from 
t h e  l i t e r a t u r e  on  t h e  b a s i s  of  t h e i r  r e l e t i v e  
s i m p l i c i t y  and  s u i t a b i l i t y  f o r  automst ion.  
The t echn iques  a r e  t y p i c a l  of t h e  methods i n  
t h e  t h r e e  prominent t y p e s  of  p rocedures  which 
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Barrett and  M a r t i n  (1981) have c l a s s i f i e d  a s  
c loud  indexing methods, l i f e - h i s t o r y  methods, 
and b i - s p e c t r a l  methods. A l l  of  t h e  methods have 
t h e  c a p a b i l i t y  t o  measure t h e  d u r a t i o n  of c loud  
cove r  ove r  sou thwes te rn  O n t a r i o  and t h e  Negri  e t  
a l .  (1984) procedure and RAINSAT (Lovejoy and 
Aust in ,  1979) methods c a n  a p p o r t i o n  p r e c i p i t a -  
t i o n  a t  d i f f e r i n g  rates w i t h i n  t h e  c loud  a r e a .  
A t  t h i s  t ime,  no claim i s  made r ega rd ing  t h e  
S u i t a b i l i t y  of t h e s e  procedures  f o r  t h e  t a s k  a t  
hand. The i n t e n t  i s  t o  e x p l o r e  t h e  s u i t a b i l i t y  
and c a p a b i l i t y  of t h e  methods f o r  d e r i v i n g  pre- 
c i p i t a t i o n  e s t i m a t e s  f o r  weekly t o  monthly t ime 
pe r iods .  

The s i m p l e s t  met.hod used i n  t h i s  s tudy ,  
and r e f e r r e d  t o  a s  t h e  C o n t r o l  technique,  i s  
based on t h e  e a r l y  work of Berrett (1970), 
Fo l l ansbee  (1973),  and t h e  Cropcast  system 
(Dismachek and Bohse, 1981). h i s  procedure u s e s  
t h e  sa te l l i t e ' s  c a p a b i l i t y  t o  observe t h e  
s p a t i a l  d i s t r i b u t i o n  and d u r a t i o n  of c loud  and 
assmes a c l i m a t o l o g i c a l  p r e c i p i t a t i o n  r a t e  t o  
d e r i v e  p r e c i p i t a t i o n  e s t i m a t e s .  The technique,  
q u i t e  s imply,  accumulates  t h e  c l i m a t o l o g i c a l  
hour ly  p r e c i p i t a t i o n  ra te  a1 a l l  l o c a t i o n s  
determined t o  be cloudy from the satel l i te  da ta .  
The s k i e s  ove r  a g r i d  p o i n t  are cons ide red  t o  be 
cloudy when t h e  s a t e l l i t e  observed temperature  
is less t h a n  -2O'C d u r i n g  t h e  n i g h t .  During 
d a y l i g h t  hours ,  a g r i d  p o i n t  i s  cons ide red  
cloudy when t h e  i n f r a r e d  temperature  i s  l e s s  
t h a n  - l O ° C  and t h e  GOES v i s i b l e  coun t  is g r e a t e r  
t h a n  50. The assumed c l i m a t o l o g i c a l  p r e c i p i t a -  
t i o n  r a t e  is t h e  r a t i o  of  t h e  ave rage  monthly 
p r e c i p i t a t i o n  ove r  southwestern On ta r io  t o  t h e  
ave rage  number of hour s  w i t h  o v e r c a s t  s k i e s  
du r ing  t h e  month of concern.  h i s  was a d ~ s t e d  
t o  0.6 mm/hr t o  r e f l e c t  t h e  observed A p r i l  1985 
c o n d i t i o n s .  

procedure i s  a s i m p l i f i c a t i o n  of t h e  l i f e -  
h i s t o r y  procedure k n a m  as t h e  Griffi th-Woodley 
Technique ( G r i f f i t h  e t  a l . ,  1976). In t h i s  
s i m p l i f i e d  procedure,  cloud e n t i t i e s  are d e f i n e d  
by t h e  -20 degree  C e l s i u s  isotherm.  For p r e c i p i -  
t a t i o n  ra te  purposes ,  t h e  cloud i s  p a r t i t i o n e d  
i n t o  t h r e e  a r e a s .  No p r e c i p i t a t i o n  is ass igned  
t o  t h e  warmest 50% of t h e  cloud area. F i f t y  
pe rcen t  of t h e  c l o u d ' s  r a i n  volume is  as s igned  
t o  t h e  c o l d e s t  10% of t h e  cloud a rea .  The 
remaining 50% of t h e  r a i n  volume is a s s i g n e d  t o  
t h e  remaining 40% of cloud a rea .  Using F l o r i d a  
d a t a ,  Negri  e t  e l .  (1984) s e l e c t e d  r a i n f a l l  
rates of  9.0 mm/hour and 1.8 mm/hour f o r  t h e  
c o l d e s t  10% and 40% of  t h e  c loud  respec- 
t i v e l y .  For t h i s  A p r i l ,  1985, s tudy ,  r a t e s  of  
2.4 mmfhour and 0.6 mm/hour were used.  

of t h e  cloud l i f e  h i s t o r y ,  but  i s  dependent on 
t h e  d e f i n i t i o n  of a c loud .  T h i s  t echn ique  h a s  
been d e r i v e d  from a l i f e - h i s t o r y  method, but 
is e s s e n t i a l l y  a more r e f i n e d  v e r s i o n  o f  t h e  
c o n t r o l  t echn ique  p r e v i o u s l y  desc r ibed .  For t h e  
purposes  of t h i s  s t u d y ,  c louds  have been d e f i n e d  
t o  be e n t i t i e s  w i t h  t empera tu res  less t h a n  
- 2 O O  c . 

The Negri ,  Adler,  and Wetzel (1984) 

T h i s  s i m p l i f i e d  procedure is independent  

The RAINSAT approach h a s  been documented 
by Lovejoy and A u s t i n  (1979).  The t echn ique  i s  
e s s e n t i a l l y  a supe rv i sed  c l a s s i f i c a t i o n  pro- 
cedure  t h a t  u s e s  r a d a r  o b s e r v a t i o n s  t o  t r a i n  t h e  
t echn ique  t o  r ecogn ize  p r e c i p i t a t i o n  c louds .  'Ihe 
o r i g i n a l  procedure h a s  been r e v i s e d  so t h a t  t h e  
p r o b a b i l i t y  of p r e c i p i t a t i o n  d e r i v e d  from t h e  

v i s i b l e  and i n f r a r e d  p a i r s  is accumulated. The 
accumulated p r o b a b i l i t i e s  a r e  t h e n  m u l t i p l i e d  by 
a conve r s ion  f a c t o r  based on mean hourly p rec ip -  
i t a t i o n ,  g iven  that  i t  is r a i n i n g ,  t o  d e r i v e  t h e  
d a i l y  p r e c i p i t a t i o n  f i e l d .  A va lue  of 2 . 4  mmfhr 
was used f o r  t h i s  s tudy.  P r e c i p i t a t i o n  r a t e s  of 
z e r o  were a s s i g n e d  t o  g r i d  s q a r e s  w i t h  l e s s  t h a n  
10% p r o b a b i l i t y  of p r e c i p i t a t i o n .  

3. DATA AND PROCESSING 

The v i s i b l e  ( .55 t o  . 75  m) and i n f r a r e d  
(10-12.5 m) 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  
a r e  from t h e  GOES-E VISSR (C la rk ,  1983) l o c a t e d  
above t h e  e q u a t o r  a t  approximately 74'W long i -  
tude.  The d a t a  were rece ived  a t  Environment 
Canada's sa te l l i te  d a t a  l a b o r a t o r y  i n  Downsview, 
O n t a r i o  and  s t o r e d  on magnet ic  tape.  Up t o  7 2  of 
t h e  v i s i b l e  and in f r a - r ed  images c a n  be loaded 
i n t o  t h e  d i s k  based da tabase ,  thereby e n a b l i n g  
t h e  remapping of up t o  t h r e e  days of hourly 
o b s e r v a t i o n s  t o  t h e  g r i d  wi thou t  o p e r a t o r  i n t e r -  
ven t ion .  The d a t a  were remapped u s i n g  t h e  navi-  
g a t i o n a l  pa rame te r s  i n  t h e  VISSR d a t a  and t h e  
computer procedures  provided by Hambrick and 
P h i l l i p s  (1980).  

S c e p t r e  r a d a r  systems l o c a t e d  a t  Carp (45'18'N 
75'59'W) and Eheter (43'21'N Sl"29'W). h e  
a rch ived  volume s c a n s  were p rocessed  t o  d e r i v e  
a 1.5 km B n s t a n t  A l t i t u d e  PPI (CAPPI) a t  t e n  
minute  i n t e r v a l s  f o r  e a c h  r ada r .  These 240 km 
by 240 km CAPPIs, c e n t r e d  on t h e  r a d a r  s i t e ,  
c o n s i s t e d  of  r a d a r  r e f l e c t i v i t i e s  i n  ( 2 - h ) *  
b i n s  t h a t  were transformed t o  t e n  minute r a i n  
acclrmul a t i o n s  u 8 i ng  t h e  Ma r s hall-Pa lme r d is t r  i- 
bu t ion  ( E a t t a n ,  1973). Hourly r a i n  accumulat ions 
were o b t a i n e d  by accumulat ing s i x  CAPPIs. Up t o  
7 2  h o u r l y  p r e c i p i t a t i o n  f i e l d s  f o r  e a c h  r a d a r  
were loaded  t o  t h e  da t abase .  These p r e c i p i t a t i o n  
f i e l d s  were t h e n  remapped t o  t h e  same g r i d  as 
t h e  GOES da ta .  

c l i m a t e  s t a t i o n s  i n  s o u t h e r n  O n t a r i o  were a l s o  
loaded  t o  t h e  d a t a  base.  An o b j e c t i v e  a n a l y s i s  
technique based on a procedure by Shepard (1968) 
was used t o  a s s i g n  d a i l y  p r e c i p i t a t i o n  t o t a l s  t o  
t h e  g r i d  po in t s .  

l i t e ,  r ada r ,  and gauge d a t a  t o  t h e  common g r i d ,  
e a c h  of t h e  t h r e e  s a t e l l i t e  p r e c i p i t a t i o n  es t i -  
mation t echn iques  was used t o  d e r i v e  hourly 
p r e c i p i t a t i o n  e s t i m a t e s  f o r  e a c h  of t h e  g r i d  
p o i n t s .  These sets of hour ly  p r e c i p i t a t i o n  
f i e l d s  were t h e n  sampled a t  e q u a l  i n t e r v a l s  o f  
1, 3, and 6 hour s  t o  o b t a i n  d a i l y  p r e c i p i t a t i o n  
t o t a l s .  These d a i l y  t o t a l s  were t h e n  s p a t i a l l y  
averaged t o  o b t a i n  estimates f o r  t h e  l a r g e r  
a r e a s  l i s t e d  i n  t h e  i n t r o d u c t i o n .  

t a t i o n  f i e l d s  d e r i v e d  from e a c h  of  t h e  s a t e l -  
l i t e ,  r ada r ,  and gauge d a t a  were t h e n  con toured  
and p l o t t e d  on a g r a p h i c s  dev ice .  A nunber of 
s ta t i s t ics ,  s e l e c t e d  t o  i n d i c a t e  t h e  s p a t i a l  
correspondence of t h e  p r e c i p i t a t i o n  f i e l d s  and 
t h e  c o r r e l a t i o n  i n  t h e  magnitudes of  t h e  p rec ip -  
i t a t i o n  e s t i m a t e s  were a l s o  c a l c u l a t e d .  

cuss ion  of  c o r r e l a t i o n  c o e f f i c i e n t s  and mean 
squared e r r o r s .  A paper  by Wil lmott  (1981) was 
p a r t i c u l a r l y  u s e f u l  f o r  c l a r i f y i n g  t h e  u s e  of 
mean squa red  e r r o r s  i n  t h e  e v a l u a t i o n  of model 
s i m u l a t i o n s  of  o b s e r v a t i o n s .  The paper  makes a 

Radar d a t a  were ob ta ined  from t h e  5-cm 

Daily r a i n  gauge d a t a  f o r  up t o  450 

Following t h e  remapping of t h e  s a t e l -  

The f u l l  and reduced r e s o l u t i o n  p r e c i p i -  

T h i s  pape r  w i l l  c o n c e n t r a t e  on a d i s -  
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good case f o r  t h e  u s e  of  t h e  r o o t  mean squa red  
e r r o r  (RMSE) as a measure of t h e  performance o f  
a model and f u r t h e r  recommends t h e  s e p a r a t i o n  of  
t h e  RMSE i n t o  s y s t e m a t i c  and unsys t ema t i c  compo- 
nen t s .  The s y s t e m a t i c  component 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  RMSE due t o  b i a s  and e r r o r s  in 
s l o p e  of t h e  r e l a t i o n s h i p .  The unsys t ema t i c  
component c o n t a i n s  t h e  r e s i d u a l  e r r o r s  and is a 
measure of  t h e  t o t a l l y  random p o r t i o n  of t h e  
model p r e d i c t i o n s  as compared w i t h  o b s e r v a t i o n s .  
Because b i a s . e x i s t e d  in a l l  3 s a t e l l i t e  tech-  
n i q u e s  be ing  eva lua ted  and was s t r i c t l y  depen- 
d e n t  upon t h e  c l i m a t o l o g i c a l  r a i n  rate s e l e c t e d ,  
i t  was concluded t h a t  t h e  unsys t ema t i c  RMSE was 
t h e  most a p p r o p r i a t e  measure of  t h e  p o t e n t i a l  of  
one of t h e  t echn iques  t o  s u c c e s s f u l l y  e s t i m a t e  
r a i n .  In a l l  r e s u l t s  d i s c u s s e d  he re ,  t h e  i n d i v i -  
dua l  g r i d  estimates of  r a i n  amount by s a t e l l i t e  
t echn ique  were cons ide red  t h e  model p r e d i c t i o n s  
and t h e  estimates f o r  t h e  same g r i d s  ob ta ined  by 
o b j e c t i v e  a n a l y s i s  of t h e  gauge d a t a  were con- 
s i d e r e d  t o  be the obse rva t ions .  

4. RESULTS 

The remapping of t h e s e  d a t a ,  g e n e r a t i o n  
o f  r a i n f a l l  e s t i m a t e s ,  and p r o c e s s i n g  of t h e  
r a i n f a l l  estimates t o  produce p r e c i p i t a t i o n  maps 
and comparat ive s ta t i s t ics  is a l a r g e  d a t a  pro- 
c e s s i n g  t a s k .  For each  3-day e v e n t ,  t h e s e  t a s k s  
r e q u i r e  4 t o  5 hours  of d e d i c a t e d  p rocess ing  
on a r e l a t i v e l y  l a r g e  and f a s t  minicomputer 
(MODGOMP C l a s s i c  7870) w i t h  g r a p h i c s  dev ices .  In 
s p i t e  of  t h e  volume of d a t a  and computer t i m e  
r equ i r ed ,  a s l g n i f i c a n t  d a t a s e t  of  27 days (9 
3-day e v e n t s )  f o r  A p r i l ,  1985, h a s  now been 
c ompl e t e l y  ana ly  s ed . 
were missing,  s o  t h e s e  days were s u b t r a c t e d  from 
a l l  d a t a s e t s .  For l o g i s t i c a l  reason,  A p r i l  29 
and 30, which had l i t t l e  or no r a i n ,  were 
excluded from t h e  a n a l y s i s ,  a s  wel l .  

t y p i c a l  o f  s p r i n g  c o n d i t i o n s  i n  E a s t e r n  Canada. 
Well developed cyc lon ic  d i s t u r b a n c e s  t r acked  
from w e s t  t o  e a s t  a c r o s s  t h e  r e g i o n  w h i l e  t h r e e  
a i rmasses ,  w i th  c h a r a c t e r i s t i c s  r ang ing  from 
a r c t i c  t o  t r o p i c a l ,  a l t e r n a t e l y  dominated t h e  
l o c a l  c o n d i t i o n s .  Widespread r a i n  due t o  w a r m  
f r o n t a l  l i f t  and v e r t i c a l  motion w i t h i n  t h e  l o w  
p r e s s u r e  system gave way t o  convec t ive  showers 
in t h e  w a r m  a i r  and ahead of c o l d  f r o n t s .  This 
in t u r n  was r ep laced  by wet snow and r a i n  
showers as t h e  modifying c o l d  a i r  r e t u r n e d  
a f t e r  t h e  passage of t h e  cyc lon ic  system. This 
sequence was r epea ted  n i n e  times d u r i n g  t h e  t es t  
pe r iod .  

Rain amounts averaged o v e r  t h e  p o r t i o n  
of t h e  g r i d  covered by gauge d a t a  a r e  shown in 
F i g u r e  2. P l o t t e d  v a l u e s  r e p r e s e n t  t h e  t o t a l  
r a i n  du r ing  each of n i n e  3-day even t s .  Dai ly  
v a l u e s  a r e  a l s o  a v a i l a b l e  b u t  e v e n t  s ta t i s t ics  
are p r e s e n t e d  throughout  t o  r educe  the c l u t t e r  
in f i g u r e s  by d e c r e a s i n g  t h e  number o f  d a t a  
po in  ts. 

c i e n t  f o r  e a c h  s a t e l l i t e  t echn ique  and e a c h  of  
t h e  n i n e  3-day even t s .  As no ted  in t h e  p rev ious  
s e c t i o n ,  p r e d i c t i o n s  and o b s e r v a t i o n s  were 
o b t a i n e d  by us ing  t h e  s a t e l l i t e  estimate of 
d a i l y  r a i n  and gauge o b j e c t i v e  i n t e r p o l a t i o n  of 
g r i d s  w i t h i n  t h e  area of ove r l app ing  gauge and 

S a t e l l i t e  d a t a  f o r  A p r i l  1 and A p r i l  5 

The weather du r ing  t h e  t es t  pe r iod  w a s  

F igu re  3 d e p i c t s  t h e  c o r r e l a t i o n  c o e f f i -  

sa te l l i t e  d a t a .  C o r r e l a t i o n  c o e f f i c i e n t s  are a l l  
q u i t e  low and no s i n g l e  t echn ique  s t a n d s  out .  

? 
0 
N 

GAUGE AVERAGE RAIN 
!!? APRIL 2-29.1 98s 
01 

Fig. 2. T o t a l  r a i n f a l l  f o r  e a c h  of 9 3-day 
e v e n t s  du r ing  A p r i l  2-29, 1985, averaged o v e r  
t h e  Canadian p o r t i o n  of t h e  p r o j e c t  g r i d .  
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Fig.  3. S p a t i a l  c o r r e l a t i o n  coe f  f i c i e n t s  f o r  
s a t e l l i t e  vs. gauge e s t i m a t e s  of  r a i n  f o r  3-day 
e v e n t s  and  f o r  t h e  Control ,  Negri-Adler-Wetzel 
and RASNSTAT techn iques .  

F i g u r e  4 show two things:  t h e  RMS e r r o r e  
f o r  a l l  t e c h n i q u e s  are q u i t e  l a r g e  compared t o  
t h e  e v e n t  r a i n  and t h e  magitudes are  s i m i l a r  f o r  
a l l  t echn iques .  The Negri-Adler-Wetzel t echn ique  
p r  oduc es c o n s i s t e n t l y  h i g h e r  mean e r r o r s  . 
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Fig. 4 .  Satellite vs. gauge r o o t  mean s q u a r e  
e r r o r  f o r  3-day e v e n t s  and 3 s a t e l l i t e  
t echn iques .  
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Fig. 5. Same as Figure 4 excep t  f o r  
unsys t ema t i c  p o r t i o n  of RMS e r r o r .  

Figure 5 shows t h e  unsys t ema t i c  p o r t i o n  
of  t h e  RMSE as d e f i n e d  by Wil lmott  (1982). Zf 
t h e  ear l ier  premise concerning t h e  unsys t ema t i c  
RMSE be ing  t h e  most a p p r o p r i a t e  measure of  t h e  
s k i l l  of a t echn ique  is accep ted ,  t h e n  f i g u r e  5 
shows t h a t  t h e  s i m p l i s t i c  C o n t r o l  t echn ique  was 
a t  least  a s  s k i l l f u l l  as t h e  o t h e r  two more 
complex techniques.  The Negri-Adler-Wetzel tech-  
n ique  was the least s k i l l f u l l  f o r  e s t i m a t i n g  
d a i l y  r a i n  d u r i n g  t h i s  m i d - l a t i t u d e  A p r i l  c a s e  
s tudy.  Since t h e  Negri-Adler-Wetzel t echn ique  
was developed f o r  convec t ive  s i t u a t i o n s  i n  t h e  
s u b t r o p i c s ,  t h i s  is n o t  t o t a l l y  s u r p r i s i n g .  

SATEUTE VS GAUGE 
rEMPORAL FREQUENCY = 1 

APRIL 2-29.1985 

A NAWT TECH I x RAINSAT 

Fig. 6. Spatial 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  
s a t e l l i t e  and  gauge estimates of  A p r i l  2-29 
t o t a l  r a i n f a l l  f i e l d .  Grid wid ths  of  5, 10, 20 
and 100 km i n d i c a t e  t h e  a r e a s  of  25 t o  10000 lan' 
over  which amounts were averaged p r i o r  t o  compu- 
t a t i o n  of  s ta t is t ics .  
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Fig. 7. S p a t i a l  c o r r e l a t i o n  c o e f f i c i e n t s  as i n  
F i g u r e  6 e x c e p t  s a t e l l i t e  e s t i m a t e s  were based 
on images eve ry  1, 3 o r  6 hours .  A l l  estimates 
were ave raged  o v e r  Loo00 km' areas. 

S t i l l ,  t h e r e  is no ev idence  t h a t  t h e  more 
complex models of  r a i n  gene ra t ed  by t h e  Negri- 
A d l e r W e t e e l  t echn ique  o r  t h e  RAINSTAT techn ique  
show any s k i l l  a t  all compared t o  t h e  s i m p l i s t i c  
cloud/no-cloud model f o r  d a i l y  r a i n  d u r i n g  t h i s  
A p r i l  c a s e .  

summing t h e  2 7  d a i l y  g r i d s  t o  p rov ide  monthly 
Accumulation g r i d s  were p repa red  by 
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r a i n f a l l  maps as  gene ra t ed  by each  t echn ique  and 
t h e  gauge d a t a .  As a check, a s e p a r a t e  o b j e c t i v e  
a n a l y s i s  of  i n d i v i d u a l  gauge monthly t o t a l s  was 
performed which produced a map v i r t u a l l y  i d e n t i -  
c a l  t o  t h e  one produced by sunming t h e  d a i l y  
maps. Again t h e  s ta t i s t ics  were gene ra t ed  by 
comparing i n d i v i d u a l s  g r i d  s q u a r e s  f o r  e a c h  
t echn ique  wi th  gauge o b j e c t i v e l y  i n t e r p o l a t e d  
g r i d s .  Throughout t h e  a n a l y s i s ,  s e p a r a t e  maps 
were gene ra t ed  and accumulated f o r  d i f f e r e n t  
f r e q u e n c i e s  of  s a t e l l i t e  o b s e r v a t i o n s  and f o r  
a v a r i e t y  of g r i d  s i z e s .  Each combination of 
o b s e r v a t i o n  i n t e r v a l  and g r i d  s i z e  was mapped 
and accumulated independen t ly  s o  t h a t  comparison 
s ta t i s t ics  cou ld  be  gene ra t ed  s e p a r a t e l y  f o r  t h e  
v a r i o u s  sampling i n t e r v a l s  and g r i d  o r  areal 
ave rag ing  s i z e s .  

c i e n t s  f o r  t h e  A p r i l  2-29 accumulat ion maps 
based on hour ly  sa te l l i t e  d a t a .  C o e f f i c i e n t s  
f o r  e a c h  t echn ique  are p l o t t e d  f o r  g r i d s  w i t h  
approximate spac ings  of 5 km, 1 0  km, 20 km and 
100 km and hence comparing r a i n f a l l  e s t i m a t e s  
f o r  areas rang ing  from 25 lan' t o  10,000 km'. As 
expected,  c o r r e l a t i o n s  improved as  g r i d  s i z e  
i n c r e a s e s .  V a r i a t i o n  of  c o r r e l a t i o n  c o e f f i c i e n t  
w i th  s a t e l l i t e  d a t a  sampling i n t e r v a l  f o r  t h e  
10000 km' g r i d  s i z e  i s  shown i n  F i g u r e  7. The 
d e c r e a s e  of c o r r e l a t i o n  w i t h  i n c r e a s e d  sampling 
i n t e r v a l  i s  n o t  dramatic .  

F igu re  6 shows t h e  c o r r e l a t i o n  c o e f f i -  

SATEUTE VS GAUGE 
TEMPORAL FREQUENCY - 1 
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Fig. 8. Same as Figure 6 excep t  d a t a  are f o r  
unsys t ema t i c  RMS e r r o r  vs.  areal  ave rag ing  s i z e .  

The v a r i a t i o n  of unsys t ema t i c  RMSE w i t h  
g r i d  s i z e  f o r  t h e  27 day accumulat ions i s  shown 
i n  Figure 8. Again, e r r o r s  were least  f o r  t h e  
C o n t r o l  t echn ique  and improvement was s l i g h t  f o r  
comparisons made w i t h  l a r g e r  g r i d  areas. The 
t o t a l  RMSE f o r  t h e  27 day accumulat ion of  t h e  
Con t ro l  t echn ique  was 16 mm wh i l e  t h e  average 
r a i n  f o r  t h e  g r i d  based on gauge accumulat ions 
was approximately 40 mm. (Thus, t h e  Con t ro l  tech-  
n ique  produced e s t i m a t e s  of  monthly r a i n  w i t h  a 

scatter i n d e x  (RMSE d i v i d e d  by t h e  mean) of 40%. 
The b i a s  f o r  t h i s  a p p l i c a t i o n  of  t h e  c o n t r o l  
t echn ique  was small b u t  t h e  b i a s  i s  d i r e c t l y  
dependent upon t h e  s e l e c t i o n  of  t h e  average r a i n  
rate. There cou ld  w e l l  be  c o n s i d e r a b l e  v a r i a -  
b i l i t y  i n  t h i s  parameter  b o t h  s e a s o n a l l y  and 
y e a r  t o  year .  

and l o w  c o r r e l a t i o n s  might have been due, i n  
p a r t ,  t o  t h e  u s e  of  a n  o b j e c t i v e  a n a l y s i s  of 
gauge d a t a  a s  t h e  ground t r u t h  f i e l d .  In a 
s e p a r a t e  experiment  t o  r educe  t h e  dependence o f  
comparisons on t h e  i n t e r p o l a t i o n  procedure,  t h e  
r a d i u s  of i n f l u e n c e  of  t h e  o b s e r v a t i o n s  i n  t h e  
o b j e c t i v e  a n a l y s i s  scheme w a s  reduced u n t i l  
t h e r e  were o n l y  abou t  a s  many g r i d s  inc luded  i n  
t h e  comparison a s  t h e r e  were s t a t i o n s .  A l l  o t h e r  
g r i d s  were cons ide red  as mis s ing  d a t a .  That i s ,  
only g r i d s  w i t h  o b s e r v a t i o n s  i n ,  o r  immediately 
a d j a c e n t  t o  them, were inc luded  i n  t h e  compari- 
son w i t h  s a t e l l i t e  e s t i m a t e s .  No s i g n i f i c a n t  
change i n  t h e  r e s u l t s  was observed.  

It was p o s t u l a t e d  t h a t  t h e  l a r g e  e r r o r s  

5 .  CONCLUSIONS 

T h i s  p r o j e c t  h a s  t aken  a n  impor t an t  s t e p  
towards e v a l u a t i n g  t h e  a b i l i t y  o f  v i s i b l e / I R  
s a t e l l i t e  t echn iques  t o  e s t i m a t e  areal  r a i n f a l l  
amounts. A month-long test ,  under  s p r i n g  condi-  
t i o n s  i n  E a s t e r n  Canada, h a s  s h w n  t h a t  a s imple  
s a t e l l i t e  c l o u d  accoun t ing  t echn ique  h a s  some 
s k i l l  f o r  e s t i m a t i n g  d a i l y  and monthly r a i n  
w i t h  a scatter index  v a l u e  of  40% f o r  monthly 
r a i n .  However, more complex s a t e l l i t e  models of 
r a i n f a l l  do  n o t  g e n e r a l l y  improve t h e  estimates. 
Data from a sunmer p e r i o d  w i l l  be  ana lysed  i n  
t h e  n e a r  f u t u r e  t o  i n v e s t i g a t e  t h e  bahaviour  of  
t h e  s a t e l l i t e  t echn iques  d u r i n g  p e r i o d s  when 
convec t ive  r a i n f a l l  dominates.  

6.  REFERENCES 

ATLAS, D. and THIELE, O.W. (eds) .  1981. P r e c i p i -  
t a t i o n  Measurements from Space, Workshop 
Report .  NASA, Goddard Space F l i g h t  en- 
tre, Greenbe l t ,  Maryland, 2-1 t o  2-21. 

BATTAN, L. 1973. Radar Observat ion of t h e  Atmos- 
phe re .  The U n i v e r s i t y  o f  Chicago P r e s s ,  
Chicago, 324 pp. 

BARRET, E.C. 1970. The e s t i m a t i o n  of  monthly 
r a i n f a l l  from sa t e l l i t e  d a t a .  Mon. Wea. 
Rev., 98,  322-327. - 

BARRET, E.C. and MARTIN, D.W. 1981. The Use of 
S a t e l l i t e  Data i n  R a i n f a l l  Monitoring. 
Academic P r e s s ,  New York, 340 pp. 

CLARK, D. (ed) . 1983. The GOES User Guide. 
NESDIS, NOAA, U.S.  Dept. of Commerce, 
Washington, D.C. 

DISMACHEK, D.C.  and BOHSE, J .R.  1981. Veri- 
f i c a t i o n  of t echn iques  f o r  c rop land  
p r e c i p i t a t i o n  a n a l y s i s .  P r e p r i n t s  of t h e  
4 t h  Conf. On Hydrometeorology, O c t .  7-9, 
1981, Reno, Nevada, Amer. Meteorol. 
SOC., BOston, 129-133. 

356 



FOLLANSBEE, W.A. 1973. E s t i m a t i o n  o f  ave rage  
d a l l y  r a i n f a l l  from sa t e l l i t e  c loud  
photographs.  NOAA T e c h n i c a l  Memorandum 
NESS 44, Washington, D.C., 39 pp. 

GRIFFITH, C.G. WOODLEY, W.L., BROWNER, S., 
TEIJEIRO, J. MAIER, M e  MARTIN, D.W. 
STOUT, J., and SIKDAR, D.N. 1976. Rain- 
f a l l  e e t i m a t i o n  from geosynchronous 
sa te l l i t e  imagery du r ing  d a y l i g h t  hours .  
NOAA Tech. Rep. ERL 356-WMPO 7 ,  Boulder,  
Colorado, 106 pp. 

HAMBRICK, L. and PHILLIPS, D. 1980. E a r t h  l o c a t -  
i n g  Image d a t a  of s p i n - s t a b i l i z e d  geo- 
synchronous s a t e l l i t e s .  NOAA T e c h n i c a l  
Memorandum 111, Wt+shington, D.C. 

LOVEJOY, S. and  AUSTIN, G.L. 1979. The de l inea -  
t i o n  o f  r a i n  areas from v i s i b l e  and 
I R  s a t e l l i t e  d a t a  f o r  GATE and mid- 
l a t i t u d e s .  Atmosphere-Ocean, 77-92. 

NEGRI, A . J .  , ADLER, R.F. and WETZEL, P.J. 1984. 
Rain e s t l m a t i o n  from s a t e l l i t e s :  An 
examinat ion of t h e  Griffi th-Woodley 
Technique. J.  of  Climate and Appl. 
Meteorol . ,  23,  102-116. 

SHEPARD, D. 1968. A two-dimensional i n t e r p o l a -  
t i o n  f u n c t i o n  f o r  i r r e g u l a r l y  spaced 
da ta .  Proc. of t h e  1968 ACM N a t i o n a l  
Conference,  517-524. 

WILTAOTT, C.J.  , 1981. On t h e  v a l i d a t i o n  o f  
models. P h y s i c a l  Geography, 2, 184-194. 

357 



7.13 

COMPARISON OF SATELLITE IR RAIN ESTLMATES WITH 
RADAR RAIN OBSBRVATIONS IN HURRICANES 

K. Robert Morris 
General Soienoes Corporation 

Laurel, Maryland 20707 

Andrew J. Negri and Robert F. Adler 
NASAIGoddard Spaoe Flight Center 

Greenbelt, Maryland 20'7'71 

1. INTRODUCTION 

Satellite IR and combined visible-IR rain 
estimation techniques have been developed to 
estimate rainfall globally or locally in regions 
lacking adequate surface rainfall measurements. 
Applications of satellite rain estimates include 
climatology, hydrology and agricultural 
forecasting, and real-time estimates of flash flood 
potential in severe local storms. Whether as part 
of a global estimate or as an independent exercise 
(Griffith et al., 1978), satellite rain estimation 
techniques have been applied to cases involving 
tropical cyclones, an application for which they 
were not originally developed. In this paper, 
radar data for times prior to and during the 
landfall of Hurricanes Frederic (1979), Alicia 
(1983) and Diana (1984) in conjunction with GOES IR 
data are used to infer the validity of IR rain 
estimation parameters and precipitation totals in 
the tropical cyclone environment for three IR 
techniques of varying complexity. These techniques 
are the Arkin method (Arkin, 1983), the 
Negri-Adler-Wetzel technique, denoted NAW (Negri et 
- al., 1984), and the Convective-Stratiform 
technique, denoted CST (Adler and Negri, 1987). 
Results for Hurricane Alicia using the modified 
Scofield-Oliver manual technique, denoted MSO 
(Spayd and Scofield, 1984), are discussed in terms 
of the radarlsatellite comparisons. 

2. BRIEF DESCRIPTION OF IR TECHNIQUES 

The Arkin IR rain estimation technique is the 
least sophisticated of the techniques applied in 
this comparison study. In the modified Arkin 
technique (Adler and Negri, 1987) a fixed rainrate 
of 3 mm/h is assigned to each pixel on the IR image 
with an equivalent blackbody temperature (TBB) less 
than or equal to 235K. 

The NAW IR technique is the simplification of 
the Griffith-Woodley technique derived by Negri 
- al. (1984). NAW define a cloud area bounded by the 
253K TBB isotherm, and within this area the total 
rain volume of the cloud is apportioned equally 
between the coldest 10% and the next coldest 40% of 
the cloud area. Thus the area of rainfall is 
entirely within the coldest 50% of the defined 
cloud area. NAW yields a rainrate of 8 mm/h in the 
coldest 10% area and 2 mm/h in the 40% area using 
the calibration based on observations of Florida 
convective precipitation. 

The CST attempts to identify regions of 
stratiform and convective precipitation in GOES IR 
data. Convective precipitation areas are 
identified as local TBB minima in the data colder 
than 254K which pass a screening criteria, 
basically a 2-dimensional temperature gradient 
determination, in order to eliminate areas of 
non-precipitating cirrus. An empirical field of 
view correction is applied to qualifying TBB 
minima, and rainrates and areas are then assigned 
to each based on cloud model results using 
representative atmospheric profiles. A Florida 
summer profile was used in the hurricane CST 
calculations, and for the TBB minima identified in 
the hurricane IR data the average convective 
rainrate was near 20 mm/h. A threshold TBB for a 
stratiform rain area is calculated from the 
temperature field in which the minima is embedded. 
A fixed rainrate of 2mm/h is assigned to all points 
colder than the threshold and not previously 
assigned convective rain. This threshold is 
typically about 210K. 

In contrast to the above techniques, MSO is a 
subjective manual technique and is dependent on the 
operator's ability to identify and interpret 
observed hurricane features. Its primary advantage 
for hurricane rain estimation is that it is partly 
based on observations of hurricane precipitation 
srructure. Nominal rainrates are applied to the 
wall cloud (defined as 20 n mi either side of the 
eye or analyzed center), to the Central Dense 
Overcast (CDO, defined as outside the wall cloud 
and within 50 n mi of the center), to the Outer 
Banding Area (OBA), and to embedded cold convective 
cloud tops (ECT) in the OBA. Nominal values may be 
modified upwards in the presence of colder or more 
structured cloud tops (CDO area) or cloud tops 
which are growing or becoming colder (ECTs), or 
downwards for tops decreasing in area or becoming 
warmer. Hence, the MSO technique takes into 
account temporal changes in the observed clouds on 
consecutive GOES IR images and cannot be properly 
applied to single images. MSO nominal rainrates 
are 50 mm/h in the wall cloud, 25 mm/h in the CDO, 
8 mm/h in the OBA, 25 mm/h, 12 mm/h and 5mm/h 
respectively for growing, decreasing and warming 
ECTs, and 25 mm/h for the onshore flow area of the 
first outer band from the CDO. 

3. RADAR PRECIPITATION ESTIMATES 

Digital radar data collected with the NOAA/HRD 
portable digitizer and used in this study are 
described in Dodge et al. (1987). The calibrated 
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radar data were remapped into GOES image 
coordinates (Hasler and Morris, 1986) for direct 
comparison with the output of the IR rain 
estimation techniques. Radar reflectivity values 
were converted to rainfall rates according to the 
relation derived for mature hurricanes by Jorgensen 
and Willis (1982). There are several limitations 
on the accuracy of radar rainfall estimates which 
result from the distribution of hurricane 
precipitation and the characteristics of the radars 
employed. In particular, the range of quantitative 
precipitation estimates from fixed, ground-based 
radar is limited by increasing beam height and 
volume at greater ranges combined with the lack of 
vertical extent of stratiform precipitation outside 
of the eyewall and outer band colivective cores. 
Jorgensen and Willis show that the reflectivities 
in the stratiform region of hurricanes drop off 
significantly above the freezing level at 
approximately 5 km. Also noted in these regions is 
the occurrence of a bright band, 0.5 km below the 
freezing level, due to melting of frozen 
precipitation. The maximum quantitative range for 
the WSR-57 radar data in stratiform rain areas with 
minimal influence from the bright band is then "175 
km . 

Because of the large horizontal extent and 
offshore distance of Hurricane Frederic during the 
time period presented here it was necessary to 
combine radar precipitation estimates from digital 
radar data collected at Slidell, Louisiana (SIL) 
with estimates from PPI VIP level photographic data 
taken at Pensacola, Florida (NPA). NPA PPI photos 
were digitized by a video technique using the AOIPS 
(Hasler and Morris, 1986), and data from both 
radars were remapped to GOES coordinates. The 
average rainrate for each VIP level of the NPA 
radar was estimated by calculating the average 
rainrate of the VIP level equivalent area from 
overlapping SIL digital data, restricting the 
computations to within the quantitative ranges of 
both radars. Rainrate images for the two radars 
were then digitally composited on the AOIPS. 
Compositing of the two radars approximately doubled 
the volume rainfall totals beneath the CDO in 
Hurricane Frederic. 

Fig. 1. Clockwise from upper left: GOES IR 
image, GLS radar rainrate PPI image, CST rainrate 
estimate, and NAW rainrate estimate for Hurricane 
Alicia at 0000 GMT, 18 August 1983. Gray scale for 
estimates is black, 1 mm/h; dark grey, 2-7 mm/h; 
light grey to white, 8-22 mm/h; repeat black, >22 
mm/h. All estimates are displayed in GOES 
coordinates. Radar range circles in 50 km 
increments. 

4. COMPARISON OF RAINFALL ESTIMATES 

a) Areal definitions 

The areal distribution of estimated rainfall 
from the NAW and CST IR techniques are shown 
relative to the radar rainrate and GOES IR cloud 
observations in Figs. 1-3. The Arkin IR esPlmate 
areas (not shown) are almost identical to the NAW 
total areas. The IR techniques place the highest 
rainrates in the coldest cloud areas of the CDO and 
outer rainbands. On the 0000 GMT 18 August 1983 
estimates for Hurricane Alicia (Fig. 1) the heavier 
satellite rain estimates occur in the gap between 
the eyewall and a broad inner rainband on the 
Galveston, Texas (GLS) radar. An outer band of 
precipitation to the east of the CDO is recognized 
by all three estimates but extends beyond the 
quantitative and maximum ranges of the radar data. 
Several areas of convective precipitation are 
identified by the CST in the central overcast in 
echo-free or stratiform precipitation areas on the 
radar. By 0400 GMT (Fig. 2) the rainfall patterns 
in the CDO for the satellite estimates remain Fig. 2. Same as Fig. 1 except for Alicia at 0400 
almost unchanged, while at the same time the GMT . 
radar-observed pattern has become highly 
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asymmetrical. Radar rainrates in the north sides 
of the eyewall and broad inner band have greatly 
increased, yet the satellite estimates place the 
higher rainrates in the colder clouds on the 
opposite side of the cyclone. Whatever the cause 
of the asymmetry in the radar observations, there 
is no obvious corresponding feature in the 
satellite IR data to be detected either manually or 
in the objective schemes. The MSO technique 
attempts to address this situation by defining a 
higher rainrate for the onshore flow area of the 
first outer band, although locationally the IR 
cloud band is offset to the north and east of the 
radar band. The outer band in Fig. 2 now south of 
the CDO is co-located on the radar and satellite 
estimates but still lies beyond the quantitative 
range of the radar. 

Spayd and Scofield (1984) performed rain 
estimates for Hurricane Alicia from 0300 GMT 18 
August to 0900 GMT 19 August 1983 (landfall near 
0700 on the 18th) using the MSO technique and 
compared their estimates with observed surface 
reports. The MSO estimates placed the maximum 
rainfall to the west of the track of the eye where 
the colder IR temperatures were located in the 
satellite imagery. Observed rainfall reports 
placed the maximum approximately 30 km east of the 
eye track and 65 km east of the satellite estimate 
maximum. It is apparent from the MSO landfall 
estimate that the difficulty in identifying areas 
of precipitation in the CDO can persist even after 
a hurricane has made landfall and is weakening. 
The ability of the MSO technique to define the 
eyewall location and assign to i t  the highest 
rainrate appears to be diminished by the analyst’s 
interpretation of the IR imagery. Spayd and 
Scofield note that the meteorologist positions the 
maximum rainrate in MSO estimations near the 
coldest IR temperatures, whereas the Alicia 
estimate location would have been improved by 
placing the maximum in a concentric fashion about 
the eye and reducing or eliminating the rainfall 
contributions of cold CDO areas. An exception 
would have to be made in the presence of growing, 
overshooting convective tops in the CDO or eyewall 
which have been shown to be directly associated 
with a radar echo maximum at low levels (Hasler and 
Morris, 1986). 

Estimates for Hurricane Diana at 0200 GMT 13 
September 1984 are shown in Fig. 3 .  Satellite 
cloud cover area and IR temperatures were similar 
for Alicia and Diana, but maximum radar 
reflectivities and echo area were much lower for 
Diana (35 dBZ vs. 48 dBZ for Alicia). As with 
Alicia, a majority of the IR-estimated rainfall in 
the CDO occurs in the non-precipitating areas 
observed by the Wilmington, North Carolina (ILM) 
radar data. Outer band precipitation features are 
again colocated on the radar and IR estimates. 
Diana did not develop the persistent asymmetric 
reflectivity structure shown by Alicia, nor was 
there evidence of enhanced rainfall in the onshore 
flow area of the outer bands. Precipitation maxima 
developed within the eyewall of Diana and moved 
cyclonically around the eye in the period before 
landfall. There was no evidence of a corresponding 
cloud top feature observable in the IR satellite 
data. 

A detailed comparison between radar and 
satellite IR and visible stereo data for Hurricane 
Frederic may be found in Hasler and Morris (1986). 
Prederic displayed the asymmetric radar 

Fig. 3 .  Same as Fig. 1 except ILM radar for 
Hurricane Diana at 0200 GMT, 13 September 1984. 

reflectivity structure of Alicia by having a broad 
inner band and higher eyewall reflectivities on the 
landward side of the eye. Overlying the inner band 
of stratiform precipitation was a warm trench in 
the CDO north and west of the eye so that as with 
Alicia, the higher satellite rainfall estimates 
occurred outside the region of high radar 
estimates. Frederic was unique among the three 
hurricanes studied by the presence of large 
overshooting convective tops or anvils in the 
eyewall. The development of an overshooting top 
would be accompanied by the appearance of a 
low-level radar reflectivity maximum roughly 
beneath. Other radar maxima of equal or greater 
intensity were present without overshooting cloud 
tops. These overshooting tops are the only cold IR 
feature in the CDO region for the 3 cases which can 
be positively correlated with a radar precipitation 
maximum. 

The radar-satellite comparisons serve to point 
out the weaknesses of satellite IR techniques in 
locating active areas of precipitation, as defined 
by radar, in the tropical cyclone environment. 
Most satellite rain estimation techniques have been 
developed for use in convective rain situations, 
and inherent in the estimates is the assumption 
that areas of precipitation are directly associated 
with cold cloud tops observed in the IR data. This 
assumption breaks down in the highly sheared 
tropical cyclone center where there can be 
significant displacements of the cold cloud tops 
from the precipitation areas seen on low-level 
radar or as measured by surface raingages. 

Comparison of the eyewall location with the 
cloud top topography reveals that the eyewall 
precipitation underlies not the coldest cloud tops 
but the sloping region of the eye on the satellite 
IR image. This is consistent with the outward 
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slope with height of the eyewall found by Jorgensen 
(1984) and others. Unless a satellite rainfall 
technique can identify the eye or center of a 
tropical cyclone and apply appropriate rainrates 
under the sloping cloud tops (or equivalent area if 
no eye is distinguishable), the location of the 
highest rainrates will be in error, and the most 
significant precipitation area (due to the high 
rainrate in the eyewall) will be missed. In 
addition, dense cirrus in the CDO masks underlying 
clouds of the stratiform precipitation areas, the 
latter characterized by relatively small vertical 
extent (as deduced by vertical scanning radar). 
The satellite rain estimation techniques have 
greater success locating the radar observed 
precipitation in the outer bands where the vertical 
wind shear is reduced (Hasler and Morris, 1986), 
and where overlying cirrus is not present. 

b) Quantitative rainfall comparisons 

Area rainfall totals for the I R  and radar rain 
estimates were computed to assess the effectiveness 
of the I R  techniques in estimating, if not the 
actual distribution, the total amount of 
precipitation and its temporal variability in a 
tropical cyclone. Volume rainrates were computed 
for the estimates within the area defined by the 
quantitative range of the given radar(s) and are 
plotted as a function of time in Figs. 4-6. Volume 
rainrate is the product of the hourly rainrate 
within an image pixel and the area of the pixel, 
summed over the precipitation area. For Alicia and 
Frederic (Figs. 4 and 6) the estimates were totaled 
for the entire CDO areas. Totals for Diana (Fig. 
5) were restricted to within 150 km of the radar 
due to a higher elevation angle during radar data 
collection. MSO estimates were not included in the 
comparisons due to their subjective nature. 
Estimates for the outer bands could not be compared 
because of the quantitative range restriction. 
Satellite estimate areas for the CDO and OBA were 
generally distinct, allowing the CDO to be 
evaluated separately. 

Alicia estimates shown in Fig. 4 show a 
general increase in volume rainfall during the 
hours prior to landfall. The CST is closest to the 
G L S  radar estimate in terms of amount but is much 
more variable with time. The variability of the 
CST relative to the other methods is due to its 
Sensitivity to I R  temperature within the CDO and to 
the higher maximum rainrates assigned to identified 
convective features. The Arkin technique, a simple 
I R  threshold, is the most similar to the G L S  
estimate i n  terms of temporal varlation. The 
average overestimates of the I R  schemes compared to 
radar are 86%, 62X, and 18% respectively for Arkin, 
NAW, and CST. I R  rain estimation techniques were 
apparently able to discern the increase in radar 
volume rainrate in Alicia on the scale of the CDO. 

Estimates for Diana are in marked contrast to 
the favorable Alicia comparisons. CDO area and 
temperature distribution for Diana were similar to 
Alicia, yet the rain totals for Diana were an order 
of magnitude less. Airborne radar data taken 
during reconnaissance flights of Diana corroborate 
the low radar reflectivities observed by the ILM 
radar (Black, 1987). The upward trend with time of 
the satellite estimates in Fig. 5 is not shared by 
the nearly constant ILM radar estimate. Total 
precipitable water (PW) from area soundings was 
computed in order to explain the radar-observed 
rainfall differences between Alicia and Diana. PW 

264 

200 8u8n8 contiguous CDO 

f 
140 

120 l:L 64 

"1 20m 0 0 1 a 

GMT HOUR 

Fig. 4 .  Volume rainfall estimate totals for 
Hurricane Alicia, 18 August 1983 ,for the area 
beneath the Central Dense Overcast. Shown are the 
Arkin, NAW, and CST satellite IR estimates and the 
G L S  radar estimate. 
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Fig. 5. Volume rainfall estimate totals for 
Hurricane Diana, 13 September 1984, for the area 
within 150 km of the ILM radar. Shown are the 
Arkin, NAW, and CST satellite I R  estimates and the 
ILM radar estimate. 

was not a discriminating factor and was actually 5% 
higher for Diana. Although other environmental 
factors cannot be ruled out in accounting for the 
rainfall disparity, a likelier explanation may lie 
in the structural differences of the hurricanes 
themselves. Assumping that the CDO cirrus canopy 
is produced mainly by vertical motion in the 
eyewall with outflow aloft, eyewall-only volume 
rainrates were calculated for Alicia and Diana by 
subjectively defining the eyewall on the radar 
data. Eyewall volume rainrates were only 56% 
greater for Alicia than Diana when averagcd over 
the analyzed time periods. Diana did not have the 
broad inner precipitation band displayed by Alicia 
in Fig. 1. On the average, the eyewall accounted 
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for 70% of the rain in Diana within 150 km, but 
only 9% of the rainfall inside the CDO in Alicia. 
The IR rain estimation techniques may only be 
giving an estimate proportional to the amount of 
precipitation produced in the eyewall, and may not 
be able to discriminate important differences in 
precipitation structure elsewhere beneath the CDO. 

Hurricane Frederic falls between Alicia and 
Diana in the degree of satellite overestimate 
relative to radar. Only a brief time period of 
data were available for the Prederic comparisons in 
Pig. 6 ,  but the nearly steady-state nature of 
Prederic is reflected in the rain estimates. 
Prederic, like Alicia, possessed an inner band of 
stratiform precipitation within the radar data 
which would serve to lower the satellite 
overestimates. The radar compositing used for the 
Prederic rain estimations would reduce the accuracy 
of an eyewall-only radar estimate that could be 
used to compare with the findings for Alicia and 
Diana and an eyewall estimate for Frederic was not 
attempted. 100- 

5 .  SUMMARY AND CONCLUSIONS 

Satellite IR rain estimation techniques were 
applied to 3 hurricane cases and resulting rainrate 
maps compared to radar-observed rainrates and 
areas. Success of the IR techniques in identifying 
areas of rainfall were dependent on the hurricane 
feature being addressed. Objective IR techniques 
were unable to identify the locations of 
radar-observed eyewall and inner band precipitation 
areas because of strong vertical wind shear in the 
eyewall and lack of vertical extent of stratiform 
precipitation beneath the Central Dense Overcast. 
Cold IR areas are assigned the highest rainrates by 
the satellite techniques but are displaced from 
major precipitation areas in the CDO. 
Precipitation areas in the outer bands were 
colocated in the satellite and radar estimates. 
Radar-satellite comparisons bear out the rules for 
identifying rain areas in the manual satellite rain 
estimation presented by Spayd and Scofield, with 
the exception of placing heavy rain estimates near 
the cold CDO regions. 

Quantitative rain volumes are overestimated by 
the objective IR techniques relative to the radar 
estimates .to a degree determined by the internal 
precipitation structure of the hurricane. IR 
estimates for Hurricane Alicia, which had a broad 
inner band of stratiform precipitation, were within 
a factor of 2 of the the radar estimate for the CDO 
area. Satellite overestimates for Diana, which was 
similar in IR-measured parameters to Alicia but had 
no inner stratiform band, were an order of 
magnitude greater than for Alicia. The ratio 
between satellite IR estimates for the CDO and 
radar estimates for the eyewall only was much 
closer for the two hurricanes and indicate that the 
IR rain estimates may only be monitoring amounts of 
precipitation produced in the eyewall. Current 
satellite IR rain estimation techniques were unable 
to identify structural differences beneath the CDO 
of hurricanes which are critical to locating 
precipitation areas and estimating total rainfall 
volumes. 

contiguous CDO 
800 

500 7 * NAWIR 
* Arkln IR 
0 CSTIR 
-c SIUNPA radar 

22.0 22.5 23.0 23.5 

GMT HOUR 

Pig. 6. Volume rainfall estimate totals for 
Hurricane Frederic, 12 September 1979, for the area 
beneath the Central Dense Overcast. Shown are the 
Arkin, NAW, and CST satellite IR estimates and the 
SILINPA composite radar estimate. 
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I. INTRODUCTION 

Accurate measurements of global precipitation 
are vital to the advancement of our knowledge of 
the dynamics of the Atmosphere and oceans. The 
sparcity of rain gauges over the vast oceans and 
inherent measurement errors on board ship8 pointed 
to satellite observations as the ultimate mode by 
which global precipitation measurements can be 
made (Atlas and Thiele 1981; Austin and Geotis 
1981). 

Rainfall estimation techniques from satellite 
observationr have been reviewed by Barrett and 
Martin (1981). Many of these techniques involved 
the estimation of cloud parameters from visible or 
infrared imageries. The underlying assumption is 
the association between precipitation and rain 
clouds. Arkin (1979) found that the fraction of 
high cloud coverage as derived from the GOES 1R 
imageries correlates significantly with areal 
rainfall in GATE. An GPI (GOES precipitation 
index) which relates the rainfall amount to 
fractional high cloud i13 developed. This index of 
precipitation, which is calibrated to the GATE 
data, i o  found to worked remarkably well for 
tropical rainfall. Incorporating information from 
both IR and visible imageries, Lovejoy and Austin 
(1979) developed a statistical pattern recognition 
technique which discriminates high altitude highly 
reflective but non-raining clouds from the rain 
bearing clouds in an IR imagery. The rain amount 
is the product of the cloud area and a 
climatological rainrate constantly updated with 
radar measurements. The success of both 
techniques to estimate rainfall pointed to a tight 
relation between areal rainfall and cloud area. 

From radar mtudies, it ham been shown that 
the amount of rainfall associated with convective 
Storm8 are related to the so called Area Time 
Integral (ATI) which is the integral of convective 
rainy areas integrated over the life time of 
storms (Lopez et al. 1983, Doneaud et al. 1981, 
1984). If we connider sampling the rain field 
following the storm through a moving frame of 
refere)nce, the distribution of all observations 
can be modeled by a mixed distribution. The mixed 
distribution consists of a discrete part of (1-p) 
at zero rainrate and a continuous distribution for 
the rainy observationr whose integral i8 p.  The 
probability of rain, p, can be interpreted as a 
measure of intermittency that describe events of 
moist instability in the rain field. The mean of 

the mixed distribution is p multiplied by a, where 
a is the average rainrate of the rainy pixels. If 
we aeaociate p with the ATI, it becomes apparant 
that the most sensitive parameter in the mixed 
distribution in estimating total rainfall is the 

demonstrated from point rainrate measurements by 
Jackson (1986) who found that monthly rainfall in 
tropical weather stations is significantly 
correlated with the number of raindays but shows 
little relation to the average intensity of 
raindays. We shall demonstrate in this paper that 
the areal average rainfall rate is significantly 
correlated with the rain area if the area under 
consideration is large compared to the lagragian 
inte8ral scale. 

parameter p. Such sensitivity iS a180 

Satellites do not measure rainrates directly 
but provide covariate measurements such as 
radiances from different portions of the spectrum. 
The resolution of these measurements are different 
depending on the frequency bands over which they 
are measured. The parameters of the mixed 
distribution are dependent on the resolution of 
observation: if the field of view (FOV)  of the 
satellite sensor is large, there is a greater 
chance of Observing rain within the larger FOV, 
i . e .  a larger p in the mixed distribution (Kedem 
and Chiu 1987). For GATE, p is about 10% for 
pixel size of 4 km and 50% for pixel s i z e  of 40 km 
(Chiu 1987). The detection of rainy areas also 
involves the choice of a threshold. Since the 
radiance measurements contain noise, a low 
threshold may include noise whereas a high 
threhold may weaken the signal and the statistic8 
may be unstable. This paper examines the problem 
of resolution and threshold in the estimation of 
areal rainfall from rain areas. 

2. THE GATE DATA 

The data we used for this study is the 
radar-derived rainfall rate data collected in the 
so called B-scale during the first two phase8 of 
GATE. The data for the first two phases, each 
lasting about three weeks, are based mainly on the 
C-band radar observations on board the research 
Vf388el "the Oceanographer" located at the center 
of GATE. The center of the B-scale area is 
located at roughly 8.5N, 23.5W and encompasses a 
circle of about 200 km in diameter. Arkell and 
Hudlow (1977) composited the radar data from all 
ship observations at 15 minutes intervals. 

363 



t 

0 

Figure 1. Schematic showing the GATE B-Scale 
Region and four sub-regions. 

Patterson et a1 (1979) converted the radar data to 
rainrates and binned the data into 4 km pixels. 
The space-time scales in the basic data are 
therefore 4 km and 15 minutes. Not counting 
missing periods, there are altogether 1716 
15-minute "snap shots" in phase I and 1512 in 
phase I1 of GATE. To minimize computer storage 
and increase computational efficiency, only data 
in a 280 km square (70 pixels on the side) 
centered in GATE. (see Fig. 1). 

3. RAINRATE STATISTICS 

We first present some rainrate statistics 
from GATE for resolutions of 4 km and 40 km. Fig. 
2 shows the cumulative distribution (C) of 4 km 
pixel rainrate observations in GATE I and the 
contribution to the total rainfall amount by 
different rainrate categoriee (W) which are 
defined as 

Ri-R 
C(R) - c f(Ri) 

Ri-0 

Ri-R Ri-Rmax 

Ri-0 Ri-0 
W(R) - Ri f(Ri)/ Ri f(Ri) 

where f(Ri) is the percent of rainy pixels with 
rainrate Ri and Rmax is the maximum observed 
rainrate. The normalization guarantees that 

C(0) - 0 - W(0) and C(Rmax) - 1 - W(Rmax) 
The functions C(R) and W(R) for GATE I1 are very 
similar (see Table 1). In the range of 0-5 m / h r  
is contained about 80% of the rainy observatione 
but only about 30% of the total amount. About 90% 
of the total rain amount falls in the range 1 to 

Figure 2. Cumulative distribution of rainrate 
observations C(R) and contribution to total 
rain volume W(R). 

50 mm/hr which contains only about 60% of the 
rainy observatione. At a resolution of 40 km, the 
statistics are different. About 30% of tha total 
rain falls at a rate of less than 2-3 mm/hr and 
90% of the rain falls in the range of .25-15 mm/hr 
which contains about 60% of the rainy observations 
also. 

TABLE 1. CUMMULATIVE DISTRIBUTION AND 
CONTRIBUTION TO TOTAL RAINFALL 

RESOLUTION 4 XM 40 KM 

GATE PHASE I PHASE I1 PHASE I PHASE 11 
RAINFUTEC W C W C W C W 

.25 ,13 .OO .13 .OO ,57 .04 .58 .05 

.5 .23 .01 .24 .01 .67 .08 .70 .lo 
1 .36 .04 .38 .04 .77 .15 .80 .19 
2 .54 . 1 1  .55 .ll .86 .28 .89 .34 
3 .66 .18 .67 .18 .91 .39 .93 .45 
4 .74 .25 .74 .25 .93 .49 .95 .56 
5 .78 . 3 1  .80 .31 .95 .57 .96 .63 
10 .91 .53  .91 . 5 1  ,987 .82 .99 .86 
15 .95 .67 .95 .64 .997 .94 .99 .96 
20 .97 .75 .97 .72 .999 .98 , 9 9 9  .90 
30 .987 * 85 .98 .82 .999 .998 ,999 .99 
50 .997 .94 .99 .92 1.0 1.0 1.0 1.0 
100 .999 .99 . 9 9  .99 1.0 1.0 1.0 1.0 

(nrmlhr) 

For each snap shot, the areal mean rainrate 
[R] and fractional rain area Pr is calculated. 
[ . I  denotes area averaging over the 280 X 280 km 
square. Pr ie the fractional area of! the square 
which is covered by rain with rain ratee greater 
than a specified threshold value, r. F i g .  3 
shows the cummulative dietribution of tho 
fractional rain area Pr with rainrate (r) greater 
than 0 mm/hr, i.e. Po, for GATE I and 11. It can 
be seen that the median of Po is about 0.085 for 
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Figure 3 .  Cumulative distribution of fractional 

both phases of GATE. However, GATE I is dominated 
by large values of Po, About 25% of the scans in 
GATE I have fractional rain area in excess of 0.2 
of the 280 km square while in GATE I1 this is only 
about 15%. 

Rain Area, Po, in 280 km square. 

4. AREAL RAINFALL-RAIN AREA RELATION 

We examine the relation between areal average 
rainfall and rain area for GATE in this section. 
To study the sensitivity of the relation to the 
threshold used, indices of rain areas are obtained 
by Choosing thresholds of 0, I, 5, 10 and 20 
mm/hr. These sensitivity tests are similar to 
Arkin'm (1979) analysis who examines different 
cloud top heights to maximize his high cloud 
coverage- rainrate relationship. In practice, a 
high cutoff is preferred since this signal will be 
less contaminated by noise in the rain field. On 
the other hand, if a very high cutoff is set, the 
signal will be weak (i.e. Pr small). 

Fig. 4 shows the scattergrams of [R] verses 
Pr for r-0, 1, 5, 10 and 20 mm/hr for GATE phase I 
(upper panel) and I1 (lower panel). The nature of 
the scattergrams are quite different. For the low 
cutoffs (r-0 and 1 mm/hr), the scattergrams show a 
slight upward curvature whereas at the higher 
cutoffs (r- 5 and 10 mm/hr), the scattergrams are 
linear and at the 20 mm/hr cutoff, they even show 
a slight downward curvature. At a threshold of 5 
mm/hr, the scatters are small and the relation 
between [Rl and Pr is almost linear. 

Linear regression analymem of the form 

[ R l - b P r + c + e  

where b is the slope, c the intercept and e the 
error are performed. The regression procedure 
minimizes the mean equate error (MSE) defined ne: 

2 
MSE - < e > 

where < > denote time averaging over the total 
number of snap shots. 

The estimated slope b, intercept C, the 
Percent of variance explained by the linear 
regression (square of coefficient of correlation) 
and the MSE for GATE I and 11 are summarized in 
table 2. 

TABLE 2. REGRESSION COEFFICIENTS, M E A N  SQUAm 
ERROR AND VARIANCES EXPLAINED 

GATE I GATE I1 
VARIANCE(mm/hr) 0.50 0.24 
r b c VAR MSE b c VAR MSE 
(mmlhr) ( % I  (%I  

4 km PIXELS 
0 5.06 -0.13 77.6 0.113 4.94 -0.91 70.6 0.071 
1 7.21 -0.01 88.6 0.057 7.52 -0.68 85.3 0.035 
5 15.85 0.05 97.9 0.011 18.09 0.01 97.0 0.007 
10 33.27 0.12 94.7 0.027 36.24 0.07 96.0 0.009 
20 93.14 0.16 85.3 0.074 82.42 0.14 87.4 0.030 

40 km PIXELS 
0 1.53 -0.27 30.7 0.350 0.98 -0.08 22.6 0.186 
1 4.63 -0.04 84.5 0.078 4.28 -0.01 85.3 0.035 
2 6.63 0.03 92.2 0.040 6.16 0.06 91.3 0.021 
3 8.54 0.09 93.8 0.031 8.09  0.10 91.4 0.021 
4 10.43 0.14 92.2 0.039 10.01 0.15 87.1 0.031 
5 12.53 0.18 89.5 0.053 12.09 0.18 83.6 0.040 

b and c are slope and intercept of the linear 
regression, VAR variance explained by the linear 
model and MSE mean square error. 

It can be seen that the variance explained 
increase6 from .77 for a threshold of 0 mm/hr to a 
maximum of 0.97 for a threshold of 5 mm/hr. The 
best correlation (corr - 0.98) occurs at a cutoff 
rainrate of about 5 mm/hr, with MSE'm of about 2 
to 3% of the rainrate variance, var([R]). For a 
resoultion of 40 km the beat regressor is rain 
area defined by a threshold of 3 mmfhr. The area 
defined by rainrates greater than 0 m/hr only 
explains about 30% of the variance. 

The slopes of the regression equation are 
quite different between GATE I and 11. At a 
threshold of 5 mm/hr, the slope is about 16 for 
GATE I and 18 for GATE 11. It is difficult to 
(161088 the significance of the difference since 
the number of independent samples (degrees of 
freedom) is unknown. 

To examine the spatial variablity of the 
regression, we partitioned the 280km square into 4 
equal area 140 km squares (labelled 1, 2, 3 and 4 
in Fig. 1) and perform similar regression 
analyses. The resolution and threshold are 4 km 
and 5 mm/hr respectively. The results are 
presented in Table 3 .  

365 



'7 
..... . . .  . _:. i . . .  . .  - 

. I 'GATE 1 .  

cutoff 1 m / h r  cutoff 5 m/hr 

I : . : _ . -  . . . -:.- . .  

I 

cutoff 10 m/hr cutoff 20 m!hr 

* .  . - .  * . .  
..Z. ......... . . .  . .  

0 .1 .2 . 3  .4 .5 .1 .2 . 3  .4 .5 .1 .2 .3  .4 .1 .2  . 3  .02 .04 .06 .08 .10 
FRACTIONAL RAIN AREA 

cutoff 1 m / h r  

. .  
N 

0 

GATE I1 

cutoff 5 m / h r  

.1 .2 . 3  

FRACTIONAL R A I N  AREA 

cutoff 10 m / h r  

. c  . n . . : . . .- 
.a!. > .g:- 

P 
.1 . 2  . 3  

cutoff 20 m / h r  

.02 .04 .06 .08 .1( 

Figure 4 .  Scattergrams of areal average rainrate versus fractional area with rainrate above cutoff for GATE phase I(upper panel) and Phase I1 
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TABLE 3. REGRESSION PARAMETER FOR FOUR REGIONS IN 
GATE 

GATE REGION f(%) AVO RR b c VAR(%) 
PHASE 1 54  .255 17.0 .025 96 

I 2 65 . S O 1  15.4 .065 96 
3 58  ,396 15.8 .046  96 
4 67 ,815 15.6 .078 97 

1 52 -323 16.5 .032 95 
I1 2 62 .367 18.1 ,023 95 

3 71 -317 18.3 .017 95 
4 65 .536 17.5 .023 97 

f is the percent of scans with nonzero Pr's. 
AVO RR is average rainrate in the 140km square 
b and c are slope and intercept of the 
regression and VAR is the variance explained. 

Region 4 has the highest rainrate in both 
phases of GATE. The slopes of the regression 
equations seem to be independent of f and the 
average rainrate. We show in the appendix that it 
an exact linear relation holds between areal 
average rainrate and rain area, the existence of a 
large nwber of zero of the rain area index does 
not appreciable Change the estimate of the elope 
of the equation. 

5 .  DISCUSSION 

We showed that the fractional rain area in 
GATE accounts for a large part of the areal 
rainfall variance. The beet index is the 
fractional rain area defined by a threshold of 
about 5 mm/hr at a resolution of 4 km and 3 m / h r  
at a resolution of 40 km. The variance explained 
are about 97% and 93s respectively for the 4 km 
and 40 km resolution. 

Why is the variance explained a meximum at a 
threshold of 5 m / h r  at the 4 km reeolution? The 
answer lies in the dynamic structure of 

estimated 30-40% of the GATE rainfall are 
stratiform precipitation associated with anvils of 
convective complexes. These anvil precipitation 
falls in the 2-4 m/hr ranae (Leary and Houze 
1979). From Teble 1, we found that about 30% of 
the total rain volume falls at a rate of 5m/hr 
and lower. Hence the 5 m / h r  threshold can be 
considered a boundary between convective and 
atratiform precipitetion and the rain area index 
defines regions of convective precipitation. This 
i s  consistent with Arkin's cloud index which 
represents the fraction of deep convective clouds. 

The high variance of areal rainfall explained 
by the rain area euggests that the rain area is 4 
useful parameter in the estimation of tropical 
rainfall. This relation is especially encouraging 
in view of the simulation results of Adler and 
Mack (1986) who showed that the rain area within (I 

NIMBUS 7 SP!R pixel is related to the polarization 
at 37 GHZ. The regression parameters are however 
dependent on resolution and threshold and hence ia 
applying the rain area index to satellite rain 
estimation, caution should be exercised in the 
calibration procedure. Other data sets should be 
examined to study the statistical stability of the 
relation. 

precipitation in GATE. Cheng and Houze (1979) 

APPENDIX: LINEAR REGRESSION WITH ZEROES 

Consider a sequence of Y's which are lioearly 
related to X's through the relation Yi I a Xi + b, 
irl, ..., Nf, O<f<l, where f is the ratio of the 
number of nonzero rain area index to the total 
number of snap shots (N), or the frsquency of 
observing nonzero rain index. Defins the sequence 
(of eize N) Q and 2 which contains N(1-f) zeroes 
and XIS, Q-[O, ..., 0,X) and Y ' s ,  2 =[O,...,O,Y). 
Let [ ] and < > be defined as 

then it can be shown that 
[Y] - a [ X I  + b 
<Q> - f [XI 
<z> - t [Yl 
<ZQ> - f [?I = f(a [ % ? +  b[Xl> 
<Q2> - f I 1 

If we perform a linear regression of the form 

Z - c Q + d + e, then the minimum error 
eetimate for c is 

2 2 
C (<ZQ> - <Z> <Q>) / (<Q > - <Q> ) 

After substitution, we find 

c - a + b(l-p)/([X l-p[Xl 1 

If b - 0, then c - a and it i s  easily shown 

2 2 

that d - 0. 
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8 . 3  

INTENSIVE OBSERVATIONS OF MARINE STRATOCUMULUS DURING FIRE 

Bruce A. Albrecht 

The Pennsylvania State University 
University Park, Pennsylvania 

1. INTRODUCTION 

A major effort was made during the 
summer of 1987 to provide the observations 
needed to answer key questions concerning the 
formation, maintenance, and dissipation of 
marine stratocumulus clouds. A comprehensive 
Set of measurements was obtained off the coast 
of California from 29 June - 19 July 1987 using 
aircraft, satellite, and surface-based 
instruments. These Intensive Field Observations 
(IF01 were part of the First ISCCP Regional 
Experiment (FIRE) and were intended to not only 
increase our physical understanding of marine 
stratocumulus, but to provide the in situ 
measurements needed to develop and test 
satellite cloud retrieval schemes. 
unique aspect o f  the experiment was the 
coordinated use of several observing platforms 
to simultaneously make measurements in selected 
cloud areas off the coast of California. 

Plans for the FIRE marine stratocumulus IF0 were 
outlined by Randall et al. (1984). A general 
description of FIRE and the associated IFO's is 
given by Cox et a1 (1987). In this paper we 
summarize the 1987 marine stratocumulus IE'O, 
show samples of the data collected, and discuss 
the general plans for the analysis of this 
Unique data set. 

One element of the experiment that was 
an unqualified success was the weather. 
Extensive low-level clouds covered much of the 
eastern Pacific during the entire three weeks o f  
the experiment. The extent of cloudiness that 
was observed during the IF0 clearly illustrated 
why stratocumulus clouds are such an important 
element of the earth's climate system. Another 
striking feature revealed by the satellite 
images obtained during the IF0 is the 
variability in the cloud structure over a wide 
spectrum of space scales. A challenge facing 
FIRE researchers will be to transform relatively 
complicated and detailed descriptions of this 
structure into generalizations (models) that can 
be of use for climate modeling and satellite 
retrieval. 

several key questions concerning our 
understanding o f  marine etratocutnulus were 
raised by Randall et a1 (1984). A theme central 
to those questions concerns cloud structure - 
how various processes (e.g. entrainment and 
radiation) control the structure and how the 
cloud structure in turn affects those processes. 
Consequently , the experiment was designed to 
resolve and study cloud structure on time and 
space scales ranging from the micro to the large 

A key and 

The overall objectives and the basic 

scale to lo6 m). This was accomplished by 
using various observational platforms and 
strategies. 

2 .  SURFACE-BASED MEASUREMENTS 

A number of measurements were made from 
the northwest tip of San Nicolas Island, sn 
island located approximately 60 miles southwest 
of Los Angeles. 
resolution (at data rates of 1 minute or less) 
measurements were obtained during the marine 
stratocumulus IF0 to describe the time evolution 
of the cloud and the related marine boundary 
layer structure. Continuous measurements of 
wind, temperature, humidity, and solar and 
longwave radiation were made from the surface 
and from a tower located at the tip of the 
island. In addition, several remote sensing 
devices were used to measure the time evolution 
of the boundary layer structure. 
acoustic sounder was used to obtain wind 
profiles in the boundary layer (to height of 
approximately 1000 m). The reflectivity 
profiles from the acoustic sounder are being 
used to estimate the height of the inversion. 
laser ceilometer simultaneously provided a 
continuous record of cloud-base height and was 
used to describe detailed variation in the cloud 
base height. A microwave radiometer was used to 
measure the vertically integrated liquid water 
and water vapor content. A continuous record of 
the winds above the inversion was obtained using 
a 400 MHz wind profiler. The instruments that 
were operated in the continuous mode worked very 
well during the entire experiment and will be 
used to describe the detailed temporal evolution 
o f  the structure of the boundary layer. 

based measurements over those from other 
platforms is that they ctin define the evolution 
of the generation and dissipation of the clouds. 
This is illustrated in Fig. 1 where data from 
the ceilometer, acoustic sounder and a surface 
solar radiometer have been used to define the 
temporal evolution of a cloud deck from 12 2, 
July 12 to 6 2, July 15. These data show the 
breakup of the stratus at approximately 18 2 on 
July 1 2  and the reformation of the cloud 
approximately 12 hours later. The solar 
irradiance clearly reflects variations in the 
cloud depth. 
analysis of the island data will be to combine 
the data obtained from all the instruments that 
were used in a continuous data collection mode. 
This integrated data set will provide an 
unprecedented description of the time evolution 

Continuous, high temporal 

A Doppler 

A 

An advantage of the continuous ground- 

An Lmportant first step In the 
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of the cloud-topped boundary layer. These data 
should be particularly useful in the evaluation 
of cloud retrievals from GOES data. 
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Fig. 1 
(21) at one hour intervals determined 
subjectively from ceilometer and acoustic 
sounder data with downward solar irradiance from 
an Eppley pyranometer. 

Cloud base (ZB) and inversion heights 

In addition to the continuous 
measurements, observations were made from two 
tethered balloons that were flown on a number of 
days during the experiment. The NASA Wallops 
balloon was used as a platform for turbulence, 
cloud microphysics, and radiation measurements. 
The balloon was used in either a fixed level or 
a profiling mode. Turbulence measurements were 
made with probes that were designed and operated 
by the British Meteorological Office. These 
probes were attached to the tether cable and 
measured wind, temperature and moisture 
fluctuations. Measurements were made by 
positioning the balloon above cloud such that 
probes attached at various intervals along the 
tether made measurements above, in, and below 
the cloud. These fixed level measurements will 
be used to define heat, moisture and momentum 
fluxes at several levels in the boundary layer. 

In addition to the turbulence 
measurements, mean thermodynamic, cloud 
microphysical, and radiative flux measurements 
were made from instruments mounted on a pallet 
that was suspended from the balloon, During the 
fixed-level flights the measurements from this 
platform were used to define temporal variations 
in the cloud structure. In the profiling mode, 
observations taken from the pallet were used to 
give detailed profiles of temperature, water 
vapor, liquid water, cloud droplet spectra and 
radiative fluxes. 
measurements obtained from the tethered balloons 
will also be used to assist in the 
interpretation of the data collected from the 
instruments that were operating in a continuous 
mode during the experiment. 

Although technical difficulties 
prevented flights with the Wallops balloon 
during the last few days of the experiment, a 
second tethered balloon operated by NRL was used 
to obtain profiles of temperature, moisture and 
aerosols during this period and for a week 
following the experiment. 

were made from the island using a CLASS system. 
In addition, two radiosonde launches per day 

The turbulence and profile 

Two to four rawindsonde launches per day 

were made by personnel from the Pacific Missile 
Test Center. 

The ship Point Sur, a research vessel 
owned by the National Science Foundation, was 
used by the Naval Postgraduate School to make 
measurements of atmospheric and sea conditions 
upstream from the island from July 8 to July 16. 
The ship was instrumented to make pressure, 
temperature, moisture, wind, radiation, aerosol 
and sea surface temperature measurements, 
Acoustic sounders were used to obtain boundary 
layer wind and reflectivity profiles. In 
addition, four rawindsonde launches per day were 
made from the ship. Measurements from the Point 
Sur will be used to determine how representative 
the island is of open ocean-conditions and to 
help estimate advective effects at the island. 

A smaller ship, the Shanta Ray, was used 
to launch constant-level balloons (tetroons) to 
tag and follow the movement of air masses in the 
region of interest. High winds and seas, 
however, hampered these operations. Despite the 
adverse conditions, three balloons were launched 
and successfully tracked during an eight hour 
period. 
aircraft was unable to locate the balloons as 
they drifted into military restricted zones. 

During the following day the tracking 

3. AIRCRAFT MEASUREMENTS 

Several aircraft were used during the 
experiment. The UK C-130 and the NCAR Electra 
were used to make turbulence, radiation, cloud 
microphysics, and aerosol measurements in the 
boundary layer. In addition, the NCAR Electra 
was instrumented with a newly-developed lidar 
and with instruments for sampling chemical 
composition. 
gather data at a high rate for the purpose of 
calculating fluxes of energy, moisture, 
momentum, and ozone. Vertical profiles of these 
fluxes will be constructed and entrainment rates 
will be estimated from the fluxes at the base of 
the inversion. The high frequency data will 
also be analyzed using conditional sampling 
techniques. Since the C-130 and the Electra had 
comparable instrumentation and range they were 
used in a number of coordinated missions to 
study the temporal and spatial variability of 
the structure of marine stratocumulus. Most of 
the data collected from these aircraft were 
obtained by flying constant-level legs of 10 to 
20 minute duration at levels below, in and above 
the cloud. 

The NCAR Electra lidar provided a 
detailed description of cloud-top and cloud-base 
structure during many of the flights. Although 
the lidar is still under development, it worked 
well during a large part of the experiment. An 
example of the cloud-tog structure obtained with 
the lidar is shown in Fig. 2 and shows 
considerable cloud-top structure at various 
scales. 

The University of Washington (UW) C-131 
was instrumented to make detailed cloud 
microphysics and radiation measurements and was 
equipped with a sophisticated scanning, spectral 
radiometer. It was principally used for in-cloud 
measurements and flew coordinated radiation 
missions with the C-130 and with the NASA ER-2. 

lidar system, a multispectral cloud radiometer, 
and a Thematic Mapper Simulator, which simulates 
the spectral and spatial characteristics of a 

The C-130 and Electra were used to 

The ER-2 was instrumented with a cloud 
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similar instrument on Landsat-4 and also makes 
measurements in spectral bands similar to those 
of the Advanced Very High Resolution Radiometer 
(AVHRR) instruments on the NOAA-9 and NOAA-IO 
satellites. 
sample a relatively small area relative to that 
viewed by the satellites, a major role of the 
ER-2 was to serve as a bridge between the low- 
level aircraft and the satellites. 
Consequently, it was generally coordinated with 
the flight paths of the low-level aircraft. 

Several coordinated and single-aircraft 
missions were flown during the experiment. They 
were designed to study the downstream evolution, 
diurnal variations and open-ocean structure of 
the cloud-topped boundary layer and to obtain 
measurements that could be compared with 
satellite and island measurements. Overall 
there were relatively few equipment failures on 
thb aircraft and excellent cloud conditions were 
present during most of the experiment. 
Consequently, detailed descriptions of the 
structure of marine stratocumulus were obtained 
for a variety of cloud conditions. 
40 flights were made with the five aircraft 
involved in the experiment and twelve 
coordinated, multi-aircraft missions were flown. 

Since the boundary layer aircraft 

A total of 
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Fig. 2 Backscatter profiles obtained with an 
airborne lidar operating from the NCAR Electra 
for 14:04:53 GMT to 14:00:43 on 18 July. 
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4. SATELLITE MEASUREMENTS 

GOES satellite images were used 
extensively for the planning of the aircraft 
missions. 
real time using a link to the University of 
Wisconsin with a UNIDATA/McIDAS workstation. 
When possible, aircraft operations were closely 
coordinated with the overpasses of various 
polar-orbiting satellites. On nearly every 
flight, the areas of interest were in the field 
of view of either the NOAA-9 or NOAA-10 AVHRR 
instruments. In addition, detailed multiple 
aircraft missions were flown in LANDSAT scenes 
on three different days. There were excellent 
cloud conditions on each of these three days. 
On July 7 a well-defined boundary between a 
clear and cloudy region was centered in the 
LANDSAT scene. 
during the day and the NCAR Electra made 
turbulence measurements across this boundary for 
approximately six hours. 

These images were obtained in near 

This boundary was stationary 

On July 14 and 16 

coordinated missions involving the NCAR Electra, 
UK C-130, the NASA ER-2, and the UW C-131 were 
flown in LANDSAT scenes. Data from the European 
satellite SPOT were also collected for the FIRE 
region. 

the cloud structure on a much larger scale than 
that obtained from the aircraft measurements. 
A sample of the cloud structure information 
inferred from NOM-9 and NOAA-10 AVHRR data 
using techniques described by Coakley and 
Bretherton (1982) is shown in Fig 3 .  These data 
are for a broken cloud field that was observed 
on 18 July for an area near 31.5 N and 122.5 W. 
The characteristic arch structure of the spatial 
variability of the radiances indicates the 
broken nature of the clouds (Coakley and 
Bretherton, 1982). In Fig. 3a each point 
represents a (4kn1)~ portion of the region for a 
(130 km)* area. 
temperature is 286.2 k 0.4 K and the cloud 
brightness temperature is 278.4 0.3 K. The 
mean cloud cover for (30 km)2 mesoscale regions 
is approximately 0.2. 
data from NOAA-10 at 1605 Z (Fig 3b) for a (250 
km)2 area indicates a cloud-free 11 p!n 
brightness temperature of 287.7 & 0.4 K and the 
cloud-top brightness temperature is 280.1 k 0.6 
K. The mean cloud cover at this time for 
(60km) mesoscale regions is approximately 0.35. 
The characteristic arch structure of the spatial 
variability of the radiances indicates the 
broken nature of the clouds (Coakley and 
Bretherton, 1982). The Electra lidar data shown 
in Fig. 2 were obtained in this region at 
approximately 1400 2 (7000 LT). 

The satellites provided a description of 

The cloud-free 11 pm brightness 

A similar analysis of 
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Fig. 3 
and NOAA-10 AVHRR data obtained near 31.5 N and 
122.5 W for a) 1103 Z NOAA-9 pass and b) 1605 2 
NOAA-10 pass. 

Spatial coherence analysis for NOM-9 
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A potential temperature profile (from a 
preliminary data set) obtained in the same area 
is shown in Fig. 4. 
two-layer vertical structure below the inversion 
with a stable layer near cloud base. The mixing 
ratio obtained from this sounding decreased by 
approximately 1 g/kg across the transition zone 
at cloud base and ozone increased across the 
layer. Although these results are preliminary, 
it would appear that the broken cloud structure 
observed in this region is related to the two- 
layered vertical structure. This structure is 
more like that associated with trade-cumuli (eg. 
Augstein et al. 1974) than the well-mixed 
structure assumed in the simple stratocumulus 
models. 

This profile indicates a 
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Fig. 4 Potential temperature profile obtained 
from the NCAR Electra at approximately 14:15:00 
GMT on 18 July 1987. 

The cloud-top temperature obtained from 
this sounding is approximately 279 K, which 
compares well with the cloud-top brightness 
temperatures of 278-280 K corresponding to the 
satellite data shown in Fig. 3. On this 
particular day the ER-2 made lidar and 
radiometer measurements in coordination with the 
NCAR Electra measurements. 
Electra flight was followed by a flight with the 

The early morning 

C-130 in the same region. Satellite 
measurements indicate that the clouds in this 
region became less broken during the 14 hours 
spanned by the Electra, C-130 and ER-2 flights. 
A complete analysis of the data collected during 
this day should provide a very useful 
documentation of the evolution of the mean, 
turbulence and cloud microphysical structure 
associated with variations in the cloud 
structure obtained from satellite observations. 
Several multiple aircraft missions with good 
satellite coverage were carried out during the 
IFO. 
analyses obtained from aircraft and surface- 
based observations with the satellite 
observations. 

A major effort will be made to combine the 

5. CONCLUSIONS 

An unprecedented set of aircraft, 
surface-based, and satellite measurements of the 
mean, turbulent, microphysical, radiative, and 
chemical characteristics of marine stratocumulus 
was obtained during the FIRE marine 
stratocumulus 1987 IFO. In general, the 
operational goals of the experiment were 
satisfied and preliminary 
encouraging. Much of the success of this phase 
of FIRE can be attributed to nearly ideal cloud 
conditions. Significant analysis, however, 
will be required before the full impact of this 
unique data set can be realized. 
challenge will be to integrate and synthesize 
the analyses obtained from a variety of 
instruments and platforms to give the 
understanding needed to improve the 
parameterization of stratocumulus clouds in 
climate models and the methods for retrieving 
cloud properties from satellite observations. 

results are very 

A major 
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CLOUD COVER STATISTICS FROM GOES/VAS 
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Madison. Wisconsin 

W. Paul Menzel 

NOAA/NESDIS Advanced Satellite Products Project 
Madison, Wisconsin 

1. INTRODUCTION 

The frequency of occurrence of cirrus 
clouds usually has been underestimated in cloud 
population studies. Satellite methods of 
analyzing cloud cover often mistake cirrus clouds 
for lower level clouds or completely miss them, 
because their infrared brightness temperatures 
are warmer than the temperature associated with 
their true altitudes. 
hard to identify on visible satellite images 
because they reflect little solar radiation and 
appear as dark or broken cloud fields. 
multi-spectral infrared sensor on the GOES-VAS 
satellite the identification of most cirrus is 
now possible. 

A technique for deriving cloud top alti- 
tudes from the VAS infrared sensor was developed 
by Menzel (1983). It is also applicable to the 
polar orbiting High-resolution Infrared Radio- 
meter Sounder (HIRS). The technique takes 
advantage of infrared channels with partial C02 
absorption where the different channels are 
sensitive to different levels in the atmosphere. 
Thus, clouds appear on each channel in proportion 
to their level in the atmosphere. 
will not appear at all on the high level 
channels, while high clouds appear on all 
channels. 
radiation from the earth atmosphere system in 
several VAS channels simultaneously, it is 
possible to infer the cloud top height indepen- 
dent of radiative transmissivity of the cloud. 
This gives the C02 technique the ability to 
distinguish thin cirrus clouds that would normal- 
ly be missed by other techniques due to the 
transmission of terrestrial radiation through the 
cirrus. 

the Man-compuger Interactive Data Access System 
(McIDAS) at the University of Wisconsin-Madison. 
It has been run operationally using the GOES-VAS 
imagery starting in October 1985. Statistics on 
cloud cover and especially cirrus cloud cover are 
being gathered for the continental United States 
and its bordering oceans. This paper describes 
the techniques and some of the first results of 
this program. 

Thin cirrus are especially 

With the 

Low clouds 

By modelling the upwelling infrared 

The CO technique has been installed on 

2. C02 TECHNIQUE DESCRIPTION 

The VAS radiometer detects infrared 
radiation in twelve spectral bands that lie 
between 3.9 and 15 microns at 7 or 14 km 
resolution in addition to visible reflections at 
1 km resolution. The 15 micron CO band channels 
provide a good sensitivity to the gemperature of 
relatively cold regions of the atmosphere. 
demonstration of the vertical resolution of the 
three relevant CO channels is given by the 
temperature profize weighting functions shown in 
Fig. 1. Each curve in the figure shows the 
sensitivity of the radiance observed in the 
spectral interval of the indicated channel to 
local variations in atmospheric temperature. 
may be seen, only clouds above the 350 mb level 
will have strong contributions to the radiance to 
space observed by the 14.2 micron band (VAS 
channel 3). while the 14.0 micron band (VAS 
channel 4) senses down to 700 mb and the 13.3 
micron band (VAS channel 5) senses down near the 
surface of the earth. 
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Fig. 1. The temperature profile weighting func- 
tion of radiance to space as a function of emit- 
ting level for the VAS CO 
at 14.2, 14.0, and 13.3 mfcrons. 

spectral bands centered 
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To assign a cloud top pressure to a given cloud 
element, the ratio of the deviations in cloud 
produced radiances, I(v), and the corresponding 
clear air radiances, I (u), for two spectral 1 channels of frequency 6, and v2 viewing the same 
field-of-view is written as 

In this equation E is the cloud emittance, Ps the 
surface pressure, P the cloud pressure, ~ ( v ,  p) 
the fractional trangmittance of radiation of 
frequency v emitted from the atmospheric pressure 
level (p) arriving at the top of the atmosphere 
(p = 0), and B[v,T(p)] is the Planck radiance of 
frequency v for temperature T(p). If the frequen- 
cies are close enough together, then 
one has an expression by which the pressure of 
the cloud within the field-of-view (FOV) can be 
specified. The left side of equation ( I )  is 
determined from the VAS observed radiances and 
clear air radiances provided from spatial analy- 
ses of VAS clear-sky radiance observations. The 
right side of equation (1) is calculated from a 
temperature profile and the profiles of atmos- 
pheric transmittance for the spectral channels as 
a function of P , the cloud top pressure (dis- 
crete values atCdO mb intervals spanning 1000 to 
100 mb are used). In this study, global forecast 
temperature and moisture fields from the National 
Meteorological Center (NMC) are used. The 
optimum cloud top pressure is determined when the 
absolute difference lright (v1, v2) - left (vl, 
v2, pC) I is a minimum. 

Once a cloud height has been determined, 
an effective cloud amount can be evaluated from 
the infrared window channel data using the 
relation 

E ~ ,  and 

I(w) - ICl(W> 
NE = 

B[w,  T(Pc)l - ICl(w) 
Here N is the fractional cloud cover within the 
FOV, NE the effective cloud amount, w represents 
the window channel frequency, and B[w, T(pc)] is 
the opaque cloud radiance. 

CO spectral channels, three separate cloud top 
prgssures can be determined (14.2/14.0,  14.01 
13.3, and 14.2/13.3). If (I - IC ) is within the 
noise response of the instrument 1% 1 mW m-' - 
sr-l - cm ') the resulting P is rejected. Using 
the infrared window and the fhree cloud top 
pressures, three effective cloud amount determina- 
tions are made. As described by Menzel (1983), 
the most representative cloud height and amount 
are those that best satisfy the radiative trans- 
fer equation for the three C02 channels. 

calculated because (I - I is within the 
instrument noise level, tfien a cloud top pressure 
is calculated directly from the VAS observed 11.2 
micron infrared-window channel brightness tempera- 
ture and the temperature profile. In this way 
all clouds are assigned a cloud top pressure 
either by CO or infrared-window calculations. 

Using the ratios of radiances of the three 

If no ratio of radiances can be reliably 

2 

The C02 technique is independent of the fractional 
cloud cover; heights and effective cloud amounts 
can be determined for partially cloudy FOVs. 
However, the CO technique sees only the highest 
cloud and cannot resolve multi-layer clouds. 
Because the VAS FOV resolution is coarse (14 km 
for this work), very small element clouds are 
difficult to detect. Also, because the weighting 
functions for the VAS channels are broad, there is 
an inherent lack of vertical resolution in the 
measurements. Nonetheless, reliable cloud statis- 
tics can be calculated with appropriate applica- 
tion of the technique. 

Since October 1985, the VAS instrument on 
board GOES-6 has been programmed to gather sound- 
ing data over the United States at least twice 
daily (near 1200 GMT and 0000 GMT) and as often as 
four times daily (near 00, 0600, 1200, and 1800 
GMT). The CO technique has been applied to these 
data routinely. In this study, radiances for 
three FOVs were averaged for cloud height and 
amount determinations (representing an area of 14 
by 42 km at the satellite subpoint) at roughly 100 
km spacing. 
adjust the global forecast temperature and mois- 
ture fields. No adjustments for topography were 
made. Transmittances were determined from line by 
line calculations with the spectral response 
functions for the appropriate VAS channels. 

2 

Surface observations were used to 

3. VALIDATION 

Quantitative comparisons are shown in 
Fig. 2. The CO (or infrared window where 
necessary for low clouds) cloud top pressures are 
shown with the determinations from radiosondes. 
Cloud-top pressures are estimated from 1200 or 
0000 GMT radiosonde temperature and dew point 
temperature profiles by noting where the dew point 
temperature profile becomes much drier as it 
emerges from the cloud and hence indicates cloud- 
top pressure. 
always definitive, a reliable radiosonde cloud 
height determination is not always available, 
especially in cirrus clouds. VAS observations 
were usually within 30 minutes of the raobs and 
were gathered over a three month period. 
range of VAS cloud top pressures is from the four 
FOVs nearest to the radiosonde location. The VAS 

2 

Since the profile analysis is not 
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Fig. 2. VAS versus radiosonde cloud top pressures 
observed during winter 1985-86. RMS difference is 
40 mb. 
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cloud top pressures compare extremely well with 
the radiosonde determinations; they are within 40 
mb rms of each other. It should be noted that 
most of the height determinations below 600 mb 
are infrared window calculations. Validation of 
the cirrus heights will be accomplished with 
lidar determinations in future work. 

4. EXAMPLE STATISTICS 

Cloud cover is a highly variable phenome- 
non which depends heavily on the storm tracks and 
other weather conditions. Detailed statistics of 
the November 1985 cloud summary for two cities in 
the midwestern United States (shown in Table 1) 
provide an example of how cloud cover can vary 
over short distances. Madison, Wisconsin and 
Chicago, Illinois are separated by approximately 
150 km. The statistics of the satellite cloud 
observations for local noon (1800 GMT) are given 
for ten intervals of cloud top altitude and for 
five intervals of effective cloud amount or 
emissivity. 
of cloud reports by altitude regardless of the 
cloud amount/emissivity. The next five columns 
show the distribution of cloud reports for five 
intervals of cloud amount or emissivity. 
cloud amount/emissivities (center columns) 
indicate cirrus clouds which were partially 
transmitting infrared radiation, while the right 
column summarizes the reports of opaque clouds 
that did not transmit upwelling radiation. 
sum of the five right columns should account for 
all of the cloud reports (100%). 

Both cities experienced many days of deep 
opaque cloud cover. This is evident by the high 
frequency of reports from 400 to 200 mb in the 
left column. 
by the 1000 mb reports, Chicago had 29% clear 
reports, while Madison only had 12%. The frequen- 
CY of cirrus cloud reports that partially trans- 
mitted upwelling infrared radiation (emissivities 
less than .8) were also higher in Madison (27% 
summed over columns 2 through 5) compared to 
Chicago (16%). The thicker opaque cloud cover 
(right column) was also higher at 61X in Madison 
compared to 54% in Chicago. These differences 
reflect the fact that the position of the polar 
front and cyclone tracks were north of Chicago 
during the month. 

The left column gives the frequency 

The low 

The 

Clear sky conditions were indicated 

5. GEOGRAPHICAL COVERAGE 

Statistical results for the entire United 
States plus coastal oceans for 13 months (October 
1985 to October 86) are shown in Table 2 (coverage 
includes 27' to 51"N latitude and 55' to 157'W 
longitude). Cloud height determinations were 
made near 1800 GMT using the VAS radiances (the 
statistics reflect over 984,000 determinations). 
The most immediate finding is that 26% of the 
area was covered with thin or cirrus clouds. 
Approximately 45% of the United States was 
covered with thick opaque clouds and truly clear 
sky conditions occurred about 29% of the time. 
The cloud top pressures were distributed with 10% 
above 300 mb, 21% between 300 and 500 mb, 40% 
between 500 and 900 mb, and 29% at the surface 
(clear sky conditions). The thin clouds were 
mostly above 500 mb. 

The geographical, distribution of cloudy. 
cirrus and clear sky conditions for the year of 
October 1985 thru October 1986, is summarized in 

TABLE 1. Cloud Statistics for Madison, Wisconsin 
-0"W November 1985. 483 Observations in a 
2Ox2' box over 19 days from 1500 to 1800 GMT. 

Cloud Emissivity 
Levelhb) 0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 
100-199 0% 0% 0% 0% 0% 
200-299 0 1 2 2 6 
300-399 0 2 3 4 13 
400-499 0 3 3 2 12 
500-599 0 1 1 1 6 
600-699 0 0 1 1 11 
700-799 0 0 0 0 9 
800-899 0 0 0 0 3 
900-999 0 0 0 0 1 

0 
Total 12% 7% 10% 10% 61% 

- 0 - 0 - 1000-1099 12 0 

61% Cloudy 27% Cirrus 12% Clear 

Cloud Statistics for Chicago, Illinois 42'N 88'W 
November 1985. 408 Observations in a 2'x2" box 
over 19 days from 1500 to 1800 GMT. 

Level (mb) 
100-199 
200-299 
300-399 
400-499 
500-599 
600-699 
700 - 7 99 
800-899 
900-999 

1000-1099 
Total 

0.0-0.2 
0% 
0 
0 
0 
1 
0 
1 
0 
0 

29 
31% 
- 

Cloud Emissivity 
0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0 

0% 0% 0% 0% 
1 1 0 16 
1 2 1 11 
1 3 1 4 
1 1 1 5 
0 0 1 9 
0 0 0 8 
0 0 0 1 
0 0 0 0 

0 0 
4% 7% 4% 54% 

- 0 - 0 - - 
54% Cloudy 17% Cirrus 29% Clear 

TABLE 2. Cloud Statistics for United States, 27' 
to 51'N and 55" to 157"W for October 1985 thru 
October 1986 near 1800 GMT. 

Cloud Emissivity 
Level(mb) 0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.95 0.95-1.0 
100-199 
200-299 
300-399 
400-499 
500-599 
600-699 
700-799 
800-899 
900-999 

1000-1099 
Total 

0% 
2 
1 
1 
0 
0 
0 
0 
0 

27 
31% 

29% Clear 

- 

0% 
2 
3 
2 
0 
0 
0 
0 
0 
0 
7% 
- 

0% 
2 
2 
2 
1 
0 
0 
0 
0 
0 
7% 
- 

26% Cirrus 

0% 
2 
3 
2 
1 
0 
0 
0 
0 
0 
8% 
- 

0% 
2 
3 
3 
3 
6 

13 
10 

5 
0 

45% 

45% Cloudy 

* 
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Fig. 3. All reports inside 2' latitude by 2" 
longitude boxes for each day at 1800 GMT were 
averaged together to produce the cloud 
statistics. 
cloud amounts/ emissivities greater than 0.95 in 
Fig. 3a. Cloud reports with cloud amounts/ 
emissivities less than 0.95 were summarized as 
cirrus in Fig. 3b, and clear sky reports are 
summarized in Fig. 3c. A large change in cloud 
cover with latitude is apparent. The states of 
Arizona and New Mexico in the central southern 
United States has the lowest frequency of cloudy 
conditions and the highest frequency of clear 
conditions. The frequency of clear reports 
reinforces the descriptor "Sun Belt" associated 
with southern states bordering Mexico. 
sive cirrus clouds (Fig. 3b) were found at all 
locations in frequencies of 10 to 30%. The 
highest occurrences were in the northwestern 
mountain states of Utah, Colorado, and Wyoming. 
An increase in cirrus reports with latitude also 
is apparent. 

Cloudy indicates all reports with 

Transmis- 

6 .  CONCLUSIONS 

This is a preliminary report of an ongoing 
study of cloud cover. Definitive conclusions on 
cloud cover statistics must wait until more years 
of data are compiled. However, these statistics 
for one year show results which have been reason- 
ably anticipated. 
this study is the high incidence of thin cirrus 
clouds. 
attention in the past because they do not yield 
precipitation or damaging weather. But they do 
have a large impact on the radiative balance of 
the earth. Thin cirrus allow solar heating yet 
at the same time trap upwelling terrestrial 
infrared radiation. Our cloud statistics 
indicate that thin cirrus (cloud amount/ 
emissivities less than 0.95) occur 15 to 40% of 
the time over the United States. Thus, they are 
very numerous and must have a large effect on the 
heat balance of the earth. 

The most obvious finding of 

Cirrus clouds have been given little 
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8 . 5  
ANNUAL AND INTERANNUAL VARIATIONS I N  THE VERTICAL DISTRIBUI'ION OF COLD CLOUDINESS 

OVER THE EASTERN PKIFIC AND THE AMERICAS 

P h i l l i p  A. Arkin 

Climate Analysis Center 
Washington, D.C. 20233 

1. INTRODUCTION 

Variations i n  the s p a t i a l  and temporal 
d i s t r ibu t ion  of clouds a r e  of g rea t  s ign i f icance  
to d iagnos t ic  and modeling s tudies  of t he  
climate systen.  Monitoring the annual and 
interannual v a r i a b i l i t y  of the  climate requires 
t h e  capac i ty  t o  observe va r i a t ions  i n  cloudiness 
on t i m e  s ca l e s  of weeks and horizontal  space 
sca l e s  of about 200 km, and with sane cu r ren t ly  
unspecifiable degree of v e r t i c a l  resolution. 
Geostationary satellite observations provide the 
po ten t i a l  t o  describe these var ia t ions  i n  
subs t an t i a l ly  g rea t e r  d e t a i l  than has been 
poss ib le  in the  past. *is is, i n  f ac t ,  one of 
t he  goa l s  of the In te rna t iona l  S a t e l l i t e  Cloud 
Climatology Pro jec t  (ISCCP). 

In t h i s  paper we s h a l l  present r e s u l t s  
derived from a more l imited da ta  set than t h a t  
used for the ISCCp. The d e t a i l s  of the da ta  and 
the  processing w i l l  be discussed in Section 2, 
and the annual v a r i a b i l i t y  w i l l  be described i n  
Section 3. In Section 4 we s h a l l  present sane 
K e S U l t S  regarding the interannual v a r i a b i l i t y  
during the period, while the  v e r t i c a l  coherence 
of t he  observed va r i a t ions  w i l l  be discussed i n  
Section 5. 

2. DATA 

As a p a r t  of an e f f o r t  to monitor 
v a r i a b i l i t y  in t rop ica l  r a i n f a l l  (Arkin and 
Meisner, 1987)~  histograms of equivalent 
blackbody br ightness  t enpe ra twe  (EBBT) have 
been canpiled fo r  each month from December 1981- 
November 1986 fo r  2.5' latitude x 2.5' longitude 
a reas  v i s i b l e  to  the  U.S. geostationary 
meteorological satellites. Eight images, spaced 
a t  3-hr i n t e rva l s ,  were used each day, and no 
s p a t i a l  sampling or averaging was performed. 
when two satellites were avai lab le ,  t he  dividing 
l i n e  between then was chosen to be 105%. 

The histograms were constructed by sor t ing  
t h e  E8BTs for  each pixel i n to  the appropriate 
a rea l  bin and incrementing the proper c l a s s  for  
t h a t  image time. me c l a s s  limits used are 
given in  Table 1. The d a t a  a r e  thus capable of 
describing the annual, interannual and d iurna l  
va r i a t ions  in  monthly cloudiness. Due to t h e  
frequent periods when one of t h e  satellites was 
unavailable, the area for  which 5 f u l l  years Of 
da ta  is ava i lab le  is between 50ON-47.5'S and 
about 130%-65%. 

TABLE I .  Limits (in both degrees Kelvin and digital counts) of the 
classes of the histograms derived from GOES data uxd in this study. 

Temperature Digital count 
Class limits (K) limits 

I >270 < I  I9 
2 266-270 119-128 
3 26 1-265 129-138 
4 256-260 139-148 
5 251-255 149-158 
6 246-250 159-168 
I 24 1-245 169-1 77 
8 236-240 L78-I82 
9 231-235 183-187 

10 226-2.h 188- 192 
I I  221-225 193- I97 
I2 2 16-220 198-202 
13 211-215 203-207 
14 201-210 208-2 I7 
I5 191-200 218-227 
16 <I91 >227 

3. ANNUAL VARIABILITY 

The %year average percentage of t he  t o t a l  
p ixe ls  with an EBBT between 230-250 K for each 
of the calendar seasons is shown in f ig s .  1-4. 
Each season has a l a rge  region of very low 
cloudiness in  t h i s  range in the  eas te rn  South 
Pacific.  Other regions of low cloud cover are 
found in the  Caribbean during December-February 
(DJF) ard mrch-my (MAM), and west of Baja, 
Cal i forn ia ,  during June-August ( J J A )  and 
September-November (SON) . 

A maximun, probably associated with the  
In t e r t rop ica l  Convergence Zone (ITCZ) is seen 
between 5'-15'N during each season, although it 
is q u i t e  weak during DJF and s t ronges t  during 
J J A .  An increase with l a t i t u d e  in the 
percentage of cloud cover is seen in a l l  
seasons, and is c l e a r e s t  in the  winter 
henisphere. 

4 .  INTERANNUAL VARIABILITY 

The percentage coverage by cloud with EBBT 
in the  230-250 K range averayed f r an  80°-120% 
fo r  20' l a t i t u d e  bands is shown for the  5-year 
period in f ig .  5. The annual cyc le  is la rger  i n  
the  Northern Hemisphere than in the southern, 
and is near ly  absent in t h e  band f r an  10OS-30'S. 
The annual peak in  the highest l a t i t u d e  band 
occurs during the winter i n  both hemispheres. 
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FIGURE 1. 5-year mean percentage cwerage  in the  
range 236-258 K fo r  the December- 
February season. Solid contours a t  5% 
in t e rva l s ;  dashed contours a t  1% 
in te rva l s  below 5%. 

FIGURE 3.  5-year mean percentage cwerage  in  the 
range 230-250 K fo r  the  June-August 
season. Solid contours a t  5% 
in t e rva l s ;  dashed contours a t  1% 
in te rva l s  below 5%. 

FIGURE 2. 5-year mean percentage coverage in the  
range 230-250 K for the March-May 
season. Solid contours a t  5% 
in te rva ls ;  dashed contours a t  1% 
in te rva l s  below 5%. 

‘ 3  I !:, ... ’... , A ‘ . . .  
7 . .  

FIGURE 4. 5-year mean percentage coverage in the  
range 230-250 K for the September- 
November season. Solid contours a t  5% 
in te rva ls ;  dashed contours a t  1% 
i n t e r v a l s  below 5%. 
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FIGURE 6. Departure from the 5-year mean FIGURE 7. As i n  f ig .  6 except Ior DJF 1982-83. 
percentage coverage of p ixe l s  with 
EBBT from 230-250 K f o r  SON 1982. 
Contour in t e rva l  2% with negative 
contours dashed; no zero contour. 

FIGURE 8. As i n  f i g .  6 except for MAM 1983. 

i 
FitiURE 9. As i n  f ig .  6 except fo r  JJA 1983. 
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FIGURE 10. As in f ig .  6 except for SON 1983. 

FIGURE 12. Linear correlation (multiplic? by 
100) betwen the monthly ananaly i n  
the percentage of pixels  in the 
ratxjes 235-240 K and 230-235 K. 
Contour interval 5 below 90 and 2 
from 90-100. 

FIGURE 11. As in f ig .  7 except for EBBT in the 
range 210-230 K. 
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Of the  interannual changes apparent i n  
these time series, t h e  most impressive a r e  those  
associated with the  1982-83 E l  Nino/Southern 
Osc i l la t ion  (ENSO) warm episode (Rasnusson and 
Wallace, 1983). Near equator ia l  cloudiness was 
nearly double t h a t  observed during t h e  remainder 
of the period, while the percentage coverage 
fran 30'-50'N was subs t an t i a l ly  less than that 
observed during t h e  other winters. The f i r s t  is 
probably associated with the  l a r g e  mounts  of 
r a i n f a l l  observed in the eas te rn  equator ia l  
Pac i f ic  during the  event (Arkin and Misne r ,  
1987), but the decrease in northern mid- 
l a t i t u d e s  is harder t o  urderstand. 

Maps of the  departure of the percentage 
coverage from the  5-year mean fo r  t he  5 seasons 
f r an  SON 1982-SON 1983 ( f ig s .  6-10) show the 
daninance of the  equator ia l  pos i t i ve  anomaly 
during t h i s  period. I t  was elongated zonally, 
with an ax i s  which began near 5ON in  SON 1982, 
was  s l i g h t l y  south of the equator during MAM 
1983, and was back t o  near 7.5'N by SON 1983. 
The l a r g e s t  amplitude was observed during MAM 
1983. Other pos i t i ve  anomalies of note were 
fourd o f f  the e s t  coas t  of the U.S. ard over 
the  Gulf of Mexico during DJF 1982-83 and near 
both coas t s  during MAM 1983. 

The most in tense  negative anomaly ( f ig .  7) 
is t h a t  implied by the  time series of cloud 
cover between 30'-50'N ( f ig .  5). Pixe ls  with 
EBBT between 230-250 K were f a r  below t h e  5-year 
mean over the  north cen t r a l  U.S. Since no 
a t t enp t  was made in t h i s  ana lys i s  to screen out  
the  e f f e c t s  of sur face  temperature, it is 
conceivable t h a t  the warmer than normal 
temperatures observed during t h i s  season 
(Quiroz, 1983) were involved in t h i s  ananaly. 

5. VERTICAL COHERENCE 

A l l  t he  r e s u l t s  shown here have been 
calculated for  p ixe l s  with EBBT in the range 
210-230 K,  a s  well. The v e r t i c a l  coherence 
between the  two layers  is by ard l a rge  

impressive. In f a c t ,  the  only strong d i f fe rence  
tends to confirm t h a t  t h e  negative anomaly in 
the north cen t r a l  U.S .  was indeed associated 
with surface tmperatures ra ther  than 
cloudiness, s ince  no s imi la r  fea ture  is seen in 
the  colder range ( f i g .  11) . 

The cor re l a t ion  between the  ananaly t i m e  
series for two temperature c l a s ses  ( f ig .  12 )  
shows t h a t  very high co r re l a t ions  (>0.9) a r e  
q u i t e  cannon. The cause for the observed 
s p a t i a l  va r i a t ions  in the  co r re l a t ion  is not 
obvious; i t  is c e r t a i n l y  possible t h a t  in sane 
regions the  frequency of cloudiness a t  various 
heights is less v e r t i c a l l y  coherent than in 
others.  ?his question is of s ign i f icance  not  
only for t he  monitoring of var ia t ions  in  
cloudiness,  bu t  fo r  the  appl ica t ion  of s a t e l l i t e  
r a i n f a l l  estimation schemes which are based on 
observations of the  cloud tops (Arkin and 
Meisner, 1987). 
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8.6 Snow and Low-Cloud Discrimination from Multispectral Satellite Measurements 

ROBERT C. ALLEN, PHILIP A. DURKEE AND CARLYLE H. WASH 
Department of Meteorology 
Naval Postgraduate School 

Monterey, CA 93943 

1. Introduction 
A long standing problem in cloud and snow 

analysis from satellites is the discrimination of low 
clouds from snow cover. Middle and high clouds can 
be detected against snow cover due to the thermal 
contrast detectable at infrared wavelengths, but in the 
region of the electromagnetic spectrum used most often 
in satellite analysis, low clouds and snow cover have 
similar radiometric properties. In the visible portion of 
the spectrum both have high albedo, and in the 
infrared portion both have similar thermal properties. 
Thus there is little contrast in images at these spectral 
wavelengths. 

This paper addresses the identification problem 
of low clouds over snow using multispectral imagery 
from the Advanced Very High Resolution Radiometer 
(AVHRR) utilized on the National Oceanic and 
Atmospheric administration (NOAA) polar-orbiting 
Satellites. Specifically, channel 3 imagery centered at 
3.7 pm will be utilized in conjunction with the 
standard visual and infrared channels (channel 1, 
centered at .68 pm and channel 4. centered at 11 .O pm) 
to improve the daylight detection of low clouds over 
snow. 

Bunting et al. (1977) discussed the reflectance 
properties of snow and clouds at visible and near- 
infrared wavelengths, using data from the Earth 
Resources Experiment Package which flew aboard 
Skylab. They analyzed the imagery in pairs: one set in 
the visible spectrum and the other in the near-infrared 
spectrum (1.55 pm to 1.75 pm). The two sets showed 
high reflectance for snow, water clouds and ice clouds 
in the visible spectrum, but in the near-infrared the 
reflectance was high for water clouds, medium for ice 
clouds and very low for snow. They concluded that 
these differences could be the basis for an automated 
routine which makes an analysis decision based on the 
ratio of visible reflectance to near-infrared reflectance. 
Bunting and d'Entremont (1982) tested six automated 
classifiers on data from a special Defense 
Meteorological Satellite Program (DMSP) sensor in the 
wavelength band from 1.51 pm to 1.63 pm, along with 
visual and infrared data. They used the classifiers 
successfully to distinguish water clouds, ice clouds, 
snow cover and other cloud-free surfaces. Their 
technique was so successful that plans are now being 
made to add this sensor as an operational component of 
the DMSP satellite. 

Kidder and Wu (1984) showed that there is a 
contrast in brightness temperature between snow and 
low clouds in daytime imagery of channel 3 (3.7 pm) 
of the National Oceanic and Atmospheric 
Administration (NOAA) polar-orbiting Advanced Very 
High Resolution Radiometer (AVHRR). They related 
this contrast to solar reflection, which is a substantial 
component of the channel 3 radiance measurement 
along with thermal emission. Since low clouds and 
snow have similar emission temperatures, this contrast 

is the result of a difference in their solar reflection at 
3.7 pm which, in theory. is just a few percent for snow 
and about 20 percent for clouds. This results in a 
warmer brightness temperature for clouds (darker 
image) than for snow (whiter image). 

The first objective of this study is to report 
calculations of solar reflectance in AVHRR channel 3 
using a method that estimates the thermal emission 
from channel 4 and removes this portion from the 
channel 3 radiance measurement. Derived values will 
be compared to theoretical 3.7 pm reflectance for snow 
cover, land and clouds. During the 1990's both NOAA 
and the Department of Defense plan to launch satellites 
with a 1.6 pm sensor for daytime snow/cloud 
discrimination, and the NOAA satellite will have a 3.7 
pm sensor for use at night. Even with this change, 
there are good reasons to pursue this work now. First, 
by the time the new sensor flies there will be over 10 
years of archived daytime 3.7 pm imagery. Second, 
since snow and cloud reflectances are similar at 1.6 pm 
and 3.7 pm, a data set of reflectances from channel 3 
would be very useful in testing software for the new 
sensor. 

The second objective is to use calculated 
channel 3 reflectance to develop an automated cloud 
analysis routine that separates snow cover, clouds and 
snow-free land. It will be designed to handle various 
combinations of cloud and surface features, but the 
focus is on the separation of low clouds and snow. 
The routine will rely on basic physical principles of 
radiative transfer in the earth's atmosphere. In addition 
to similar visible reflective properties, low clouds and 
snow have nearly identical infrared thermal properties. 
Because of this and the results of the previously 
mentioned studies, the routine is based primarily on the 
reflective properties of these surfaces in AVHRR 
channel 3. A multispectral technique is developed using 
visible and infrared data along with channel 3 to 
process daytime AVHRR images. The technique is 
verified against the available surface observations using 
the standard categories of clear, scattered, broken and 
overcast. 

2. Development of the Analysis Algorithm 
Although the primary objective is the 

separation of low clouds and snow cover, the 
algorithms are developed to work in the presence of 
high-level clouds including cirrus and for cases when 
snow is not present. The procedure used was to 
calculate AVHRR observed reflectance and thermal 
emission for representative snow. bare land, ice and 
liquid cloud regions from several dependent data cases. 
The dependent data was taken from the 2000-2100 
GMT NOAA 9 passes of 9-10 November 1986 over the 
upper midwestern United States. These passes, taken 
after the first major Midwest snowfall of the 1986-87 
season, have a combination of clouds and clear skies 
over both bare land and over snow cover. 
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Care was taken to insure that all of the surfaces 
to be analyzed were sampled in nearly equal numbers, 
and also that the areas chosen were comprised only of 
either snow, snow-free land, ice clouds or liquid 
clouds. Uniformity of these areas was determined 
subjectively by evaluating the visible and infrared 
images along with plotted surface observations of the 
area. From both passes a total of 300 land pixels, 400 
ice cloud pixels, 300 liquid cloud pixels, and 300 snow 
pixels were sampled and the following information 
calculated 

1. Channel 1 reflectance. 
2. Channel 3 reflectance. 
3. Channel 4 brightness temperature. 

c h a n n u  AVHRR Channel 1 data are preflight 
calibrated in terms of albedo (Lauritson et al., 1979). 
The measured directional reflectance was converted to 
isotropic reflectance by weighting the measurement by 
the cosine of the solar zenith angle and the anisotropic 
reflectance factor as discussed above. This reflectance 
is very similar for snow cover and clouds, but it can be 
used to separate land from clouds and snow cover. 

During daytime the channel 3 
AVHRR radiance measurement is comprised of both 
solar reflection and thermal emission. Bunting (1986, 
personal communication) suggested a method discussed 
here for removing the thermal emission in channel 3. 
There are two major assumptions involved in using this 
technique (Ruff and Gruber, 1983). First, atmospheric 
transmission effects are neglected. The most important 
absorbing constituent in the atmosphere in this portion 
of the spectrum is water vapor and in this study the 
data were taken from high latitude, cold air masses 
where there is little water vapor present. Second, it 
was assumed that the emissivity of a viewed scene is 
1.0. Thermal emission for the scene was then 
determined directly from the channel 4 radiance 
measurement. Error results from this assumption due 
to the fact that the emissivity of any surface is variable 
between channels 3 and 4 and not equal to 1.0. It is 
impractical to try to determine the emissive properties 
of the viewed scene so this effect was not corrected. 
The error resulting from these assumptions should have 
the greatest effect when deriving the reflectance for 
snow cover, land, or ice clouds because the magnitude 
of thermal emission for these surfaces is comparable to 
that of solar reflection. The least effect from the 
resultant error should occur with liquid clouds since for 
these surfaces the magnitude of solar reflection is much 
greater than that of thermal emission. 

A non-linear correction (Lauritson et 
al, 1979) must be added to Channel 4 AVHRR data 
when converting from radiance to temperature. A 
polynomial was fit to the published corrections for 
NOAA-9 for use in the computer program (Gerald and 
Wheatley, 1984). The polynomial derived for the 
NOAA-IO corrections was unstable so linear 
interpolation was used instead. For ease in computer 
processing all channel 4 temperatures were assumed to 
be in the range from 225 K to 275 K so that only one 
central wavenumber need be used in the calculations 
(Lauritson et al, 1979). This range of temperatures 
provides adequate separation of the various features to 
be analyzed. Temperatures less than or greater than 
these were set to 225 K and 275 K respectively. This 
assumption is valid for the images processed in this 
study since they were from the fall and winter. and it 
is unlikely that an emitting surface has a temperature 
outside this range at that time of year. 

Channel 1 and 3 reflectance results are 
summarized by Fig. 1 and 2. These measured values 
agree quite well with those determined from various 
theoretical studies and summarized in Allen (1987). 
The importance of channel in this algorithm is evident 
from the Fig. 1 and 2 results. Whereas snow and liquid 
cloud reflectance overlap for Channel 1, there is a clear 
separation between snow and licluid clouds in the 
channel 3 reflectance (liquid clouds r.10 while snow 
<.04). Thin cirrus still presents a problem as shown by 
the reflectance overlap between snow, land and cirrus. 
Stephens (1981) showed that the channel 3 brightness 
temperature of cirrus is greater than in channel 4 
because cirrus is more transparent to surface radiation 
in channel 3. A temperature factor was derived from 
the brightness temperature difference. and when cirrus 
and snow cover were indistinguishable based on 
channel 3 reflectance, the routine attempted to analyze 
the cirrus based on this factor. 

3. Results 
Six images were analyzed and the total cloud 

cover was verified against a total of 110 conventional 
surface observations using the standard categories of 
clear, scattered, broken and overcast. The algorithm 
was very successful and produced excellent results, 
even at very large solar zenith angles. Its main 
strength was in separating low clouds from snow cover, 
while its weakest point was the analysis of cirrus 
clouds. 

To illustrate the results, one of six cases is 
summarized in this preprint. Allen (1987) discusses all 
six cases in detail. The visual (channel I), Fig. 3, and 
infrared (channel 4), Fig. 4. AVHRR data for 23 
January 1987 (1443 GMT) describes a complex cloud 
snow situation over Kansas and northern Oklahoma. 
The river valley and earth terrain patterns indicate a 
snow field from central Oklahoma northeastward to 
Missouri. Shadows in the visual data indicate several 
areas of low clouds over this snow cover southeastern 
Kansas. A more organized cloud system is present over 
northeast Kansas and northern Missouri while clear 
bare ground conditions are found to the northwest over 
northern Kansas and to the southeast over eastern 
Oklahoma. This is a typical visual image which 
requires manual interpretation of high resolution data 
to properly classify the cloud areas from visual data 
alone. 

The infrared data (channel 4), Fig. 4, IS even 
more difficult to analyze. The most distinct feature is 
the cloud band to the northeast. The low cloud, snow 
and bare ground region of central and northern Kansas 
is difficult to interpret from temperature data alone, 
The warm lakes are apparent but the low cloud areas 
appear actually warmer than the clear snow and bare 
ground areas. 

The channel 3 AVHRR data, Fig. 5, clarifies 
the low cloud-snow classification considerably. Note 
the relatively dark appearance in Fig. 5 of the low 
cloud areas subjectively determined in Fig. 3. In fact, 
channel 3 reveals additional smaller cloud elements 
over snow cover which are difficult to find using the 
normal visual and infrared data alone. These darker 
regions result from the relatively (Itronger solar 
reflection at 3.7 pm from liquid clouds versus snow. 

All three channels are utilized to classify 
objectively picture elements for this scene. The 
resultant analysis is given by Fig. 6. Note that the 
algorithm describes both the low cloud over snow, the 
extent of the snow cover, as well as high clouds such as 
the cirrus at the bottom of the scene. 
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'This case. and five others, were verified using 
surface hourly airways observations. It was assumed 
that the ground observer can see approximately 30 km, 
so reporting stations were located on each image and 
each pixel with 30 km was sampled for cloud cover. 
All the cloud pixels from these samples were then 
tallied for each station and the cloud cover was 
determined by the ratio of the number of cloud pixels 
to the total number of pixels sampled. The percent 
coverage was converted to four categories as follows: 

1. Clear - less than 2 percent coverage 
2. Scattered - 2 to 50 coverage 
3. Broken - 50 to 98 coverage 
4. Overcast - greater than 98 percent coverage 

Table 1 presents the overall evaluation results. 
The analyzed sky cover was within category for 55 
percent of the stations, one category different for 33 
percent, 2 categories different for 9 percent and 3 
categories different for 3 percent of the stations. The 
most significant shortcoming of the algorithm is 
discrimination between snow cover and cirrus clouds 
due to their similar reflective properties in both 
channels 1 and 3. Unfortunately, the temperature 
factor did not improve the analysis significantly 
because in addition to the difference in transmissive 
Properties, solar reflection contributes to the difference 
in brightness temperature. The reflectance was 
variable enough to make unambiguous separation of the 
two surfaces possible only for cirrus with a limited 
range of optical depths. 

5. Summary 

An algorithm is developed and evaluated for 
discriminating among clouds, snow cover and clear 
land. The multispectral technique uses daytime images 
of AVHRR channels I (0.63 pm). 3 (3.7 pm) and 4 
(11.0 pm). Reflectance is derived for channel 3 by 
using the channel 4 emission temperature to estimate 
and remove the channel 3 thermal emission. Separation 
of clouds from snow and land is based primarily on 
this derived channel 3 reflectance. Using this 
technique, observed reflectance in channel 3 is 2 to 4 
Percent for snow, 3 to IO percent for land, 2 to 27 
Percent for ice clouds and 8 to 36 percent for liquid 
clouds. These values overlap for thin cirrus and snow, 
SO the routine then attempts analysis of cirrus based on 
its different transmissive properties between channels 3 
and 4. Six images were analyzed and the total cloud 
cover was verified against a total of 110 conventional 
surface observations using the standard categories of 
clear, scattered, broken and overcast. The routine was 
quite successful, with analyzed sky cover being within 
category for 55 percent of the stations, one category 
different for 33 percent, 3 categories different for 9 
percent and 3 categories different for 3 percent of the 
stations. A major remaining problem is discrimination 
between ice clouds and snow cover due to the great 
similarity of reflective properties of these two surfaces. 
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Table 1 

Verification statistics for all objective 
cloud analyses 

CateaQrV Count P e r m  
Correct 60/l IO 55 

1 category difference 36/110 33 
9 2 category difference 10/110 
3 3 category difference 4/1 IO 

Table I .  Verification statistics for all 
objective cloud analyses. 
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Fig. 1. Summary of NOAA-9 AVHRR 
observed channel 1 reflectance for 900 
land pixels, 1600 ice cloud pixels, 1300 
liquid cloud pixels, and 1000 snow 
pixels. 

Fig. 2. Same as Fig. I except for 
derived channel 3 reflectance. 
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Fig. 3. 23 Jan. 1987 subscene, 1443 
GMT. NOAA-9 AVHRR channel I 
reflectance. 

Fig. 5. 23 Jan. 1987 subscene, 1443 
GMT. NOAA-9 AVHRR channel 3 
brightness temperature. 

Fig. 4. 23 Jan. 1987 subscene, 1443 
GMT. NOAA-9 AVHRR channel 4 
brightness temperature. 

Fig. 6. 23 Jnn. 1987 cloud and snow 
classification. Cloud white, snow gray, 
ground black. 
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AN IMPROVED METHOD FOR THE RETRIEVAL OF CLOUD HEIGHT AND AMOUNT FROM 
SATELLITE RADIANCE MEASUREMENTS 
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1. INTRODUCTION 

Global satellite data products are produced from 
TIROS-N Operational Vertical Sounder (TOVS) radiance 
measurements by NOAAMESDIS. The requirement of 
obtaining reasonably accurate retrievals of cloud height and 
amount was not met by the previous TOVS algorithm which was 
based on a regression scheme and intended more as quality check 
of radiances in partly cloudy areas than as a true estimation of 
cloud parameters. The algorithm was unable to produce cloud 
parameters in totally overcast regions. Interest in retrieving cloud 
amount and cloud height directly from the TOVS radiances has 
resulted in the development of a new algorithm based on a 
modification of the radiance-slope method (McCleese and 
Wilson, 1976). This algorithm utilizes radiances from selected 
channels of the High Resolution Infrared Radiation Sounder 
(HIRSn) and the Microwave Sounding Unit (MSU) to retrieve 
cloud parameters for each field-of-view (FOV). This algorithm 
has been used at NOAA/NESDIS since 1984 to produce global 
cloud products. 

Cloud products are being u t i h d  for various applications 
in both the operational and research environments. 
Operationally, cloud height and amount information is produced 
for sounding areas represented by 9 FOVs each. Cloud top 
temperature and amount at the individual FOVs is utilized by the 
Operational Ozone Processing System (OOPS) at 
NOAAINESDIS in an effort to retrieve global ozone data. 
Another method for retrieval of cloud products from TOVS 
radiances has been developed by Susskind, et al. (1987). Related 
work on this topic has been undertaken by Stowe, et a]. (1984), 
Chahine (1982) and others. 

2. METHODOMGY 

In the new method, the radiances for two channels for 
two or more FOVs which have different cloud amounts are used 
to derive a line. The overcast radiances are calculated prior to 
the retrieval step, during the cloud clearing procedure. This has 
the advantage of allowing some quality control of the radiances 
before the retrieval step is undertaken. The entire calculation of 
cloud amount and cloud top temperature is carried out in a single 
step as follows: The radiance of one channel is plotted versus the 
radiance of a second channel and a curve results which represents 
the locus of all points for which these 2 channel radiances give the 
same brightness temperature. The clear column radiances at 
individual FOVs, droduced by the TOVS cloud-clearing 
procedure, McMillin and Dean (1982), are used with the 
observed radiances for the 2 channels to produce a straight line. 
Figure 1 represents the concept graphically. The point where the 
lower portion of the line intersects the curve is the radiance at the 
cloud top. Due to atmospheric attenuation of the radiances 

above the clouds, the overcast radiance is corrected slightly, 
effectively shifting the line relative lo the curvc. 

AAoWCa V8, R*MAWCE 

0.0 0.4 0.8 1.2 1.8 2.0 2.4 

ChenMl b R.dlanm (HIRS le) 

Figure 1. Graph of Channel a radiance vs. Channel b radiance. 
The curve is the locus of points for which channel a and b 
radiances have the same temperature. The straight line is formed 
by clear and observed radiances for the channels a and b. 

In practice, the equation used to obtain the Intersection 
of the straight line and the curve can be solved iteratively by the 
Newton-Raphson method and is of the form 

where n - 0,1,2,3 ... 
Xo is the initial estimate of the quantity, x 

is the value of x at the nth iteration 
is represented by Af (X,,) %$I - 

axn 
Once cloud top radiance is found, the cloud top 

temperature, cloud height and cloud amount can be easily 
obtained from known quantities as described in Section 3. 

3. APPLICATION OF THE ALGORITHM 

The application of the new algorithm to the TOVS 
radiance data is accomplished by the use of clear and observed 
radiances for a pair of channels to derive the necessary curve and 
straight line. This method assumes that each of the two channels 
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in the pair will sense the same temperature when a cloud is 
present. In practice, 4 distinct pairs of channels are used for 
different conditions of cloud cover, land/sea and dayhight 
consideration. Optimally, radiances for HIRS channels 8 and 18 
would be used for all the clear and observed radiances required to 
derive the curve and the line. Their use is limited, however, to 
partially cloudy FOVs at night due to serious cloud effects in 
totally overcast scenes and solar contamination of channel 18 
during the day. For partly cloudy conditions during the day, 
channel 18 is replaced with channel 6 which senses the lower 
troposphere. In totally overcast conditions, the direct use of 
infrared radiances is precluded, requiring the use of the 3rd 
channel pair over oceans and the 4th over land. Over oceans, the 
sea-surface temperature is available and is converted to radiance 
as an estimate of the infrared channel 8 clear column radiance. 
The radiance from MSU channel 2 scaled to HIRS channel 6 is 
used as the second channel clear radiance. The observed 
radiances are from MSU channel 2 predicted from HIRS 
channels 5. 6,7 and 8 and from regressed MSU channel 2 scaled 
to HIRS channel 6. The final channel pair is for overcast data 
over land where HIRS channel 6 and 7 are regressed from 
stratospheric HIRS channels 1, 2 and 3 and MSU channels 2, 3 
and 4 to obtain the clear radiances required. The actual HIRS 
channels 6 and 7 are used as the observed radiances. Table 1 
summarizes the channels used. 

Table 1 

Partly cloudy/day 
Overcast/sea 
Overcasffland 

Once the channel pairs are selected, the cloud top 
temperature is calculated via the iterative technique described in 
Section 2. The actual computation of cloud top temperature is 
from the following equation and use of the Planck relationship. 

(2) 
TCn+l Tc, - f(Tcn)- m 

where Tc is the cloud top temperature 
f(Tc) is a function given by '(v2)c - '(v2)o 

(3) 
'(q)c - I(v+ 

n is the iteration number 
d is an incremental decrease, e.g. 1.0 
and 
m is the slope of the line I;lr;)eCd~ly;~ 2 Channel 
radiances given by 

(4) 

In equations 3 and 4 

I( Y$c, '(v2)c are the clear radiances for channels 1 
and 2, respectively 

I( V ~ ) O ,  '(U2)o are the overcast radiances for 

'(v1)!(v2) are the observed radiances for 

The initial value of Tc can be any temperature, but in 
Practice, it is the observed temperature for the second channel of 
the pair, chosen to cause the iteration to converge more quickly 
to the solution. 

Cloud height requires an atmospheric profile available in 
a subsequent retrieval step for comparison with cloud top 

channels 1 and 2, respectively 

channels 1 and 2, respectively 

temperature. The cloud amount is directly obtained via use of the 
radiance at the cloud top, the clear radiance, and the observed 
radiance for the given FOV. The quantities are related via the 
following equation: 

where '(v2) is the observed radiance for ch. 2 of the 

I( )c IS the clear radiance for ch. 2 of the pair '(30 is the overcast radiance computed at 

pair 

cloud top 

For operational purposes, the cloud amounts for all the 
FOVs are averaged for a sounding area (roughly 50-100 km) and 
a cloud amount in percent is produced for certain pressure levels 

Figure 2 illustrates a plot of these vertically interpolated 
cloud amounts averaged and plotted for individual sounding 
areas. Values are plotted in percent, with highest values 
representing the cloudiest regions. Only about 20% of the actual 
soundings are plotted for clarity. The large data gap over the 
ocean is due to rain contaminated MSU data which is discarded 
by the TOVS system. 

Figure 2. Cloud amount in percent at sounding locations 

4. DATA VERIFICATION AND CASE STUDY 

Cloud product data are especially difficult to verify as 
little or no quantitative measure of cloud amount or cloud top 
temperatures exists. Though a database can be constructed from 
the TOVS data for cloud top temperature, global statistics for 
this parameter are not readily available, therefore, no 
presentation of this data is attempted here. Comparison of cloud 
fields from visible or infrared satellite imagery with satellite 
derived cloud algorithm output is somewhat subjective, but does 
provide a general perspective of the performance of the 
algorithm. Most of the verification and evaluation of this 
algorithm therefore has taken the form of case study analyses of 
cloud amount, an example of which is presented here. 

Cloud amount information from the TOVS cloud 
algorithm is compared to NOAA-10 AVHRR visible 
photographs over the east coast of the U.S. and a portion of the 
Atlantic ocean. The TOVS data shown represents the vertically 
integrated cloud moun t  for all the soundings in the same area 
presented in Figure 2, analyzed to a 2.5' grid and imaged using 
the Off-Line Evaluation system on a VICOM microprocessor 
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(see Brown et al., 1987, for details of that system). The resulting 
fields are, therefore, somewhat similar to the AVHRR photos 
enabling ease of comparison. 

Figure 3 gives the TOVS retrieved cloud amount data. 
White areas depict a higher percentage of cloudiness. darker 
areas are clearer. Inspection of the figure reveals a large area of 
little or no cloudiness over the Carribean, southern and eastern 
U.S. where cloud amounts routinely are 15% or less. Partly 
cloudy conditions exist in two distinct strips east of the 
southeastern US. with cloud amounts which vary from nearly 0% 
to over 90%. East of these regions lies a large area of mostly 
cloudy conditions with cloud amounts reaching 90% or more 
consistently. Another region of widespread cloudiness is 
retrieved by the algorithm and shown over the Great Lakes 
region of the US. by cloud amounts generally in the 40-70% 
range. This figure represents retrievals made with channel pairs 
2.3  and 4 summarized by Table 1. 

Figure3. Imaged cloud amount in percent from the TOVS 
cloud algorithm. Darker areas are clear, whiter areas are cloudy. 
Scale shows percentage of cloudiness as gray shades. 

Figure 4 gives an AVHRR photo for comparison 
purposes. The actual data shows good agreement, in general, 
with the cloud algorithm retrievals. Inspection shows the 
generally clear area over the eastern US .  and Carribean and two 
distinct lines of broken to scattered clouds feeding into a wide 
frontal zone over the ocean. Notice the heavy convective clouds, 
overshooting tops, and cirrus blow-off in this area. Of special 
note, is the convective area east of Georgia and South Carolina 
which is depicted quite well by the algorithm. Further north, the 
clear area in New England compares favorably with the algorithm 
data as do the large cloud mass over the ocean and the low cloud 
area in the vicinity of the Great Lakes. 

5. SUMMARY AND CONCLUSIONS 

A new operational method of retrieving cloud products 
from satellite radiance measurements has been presented and 
preliminary analysis of results is encouraging. This method has 
the advantage of computing cloud products separately from the 
temperature retrieval step. The retrieved cloud amount compares 
favorably with satellite images for a number of different scenarios 
- over land and ocean, for stratiform cloud, convective cloud and 
mixed cloud types. More quantitative results, however, are 
sought for both cloud top temperature and amount on a global 
scale. These would help discern the accuracy of the algorithm 
more fully and could lead to further improvements. 
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8.8 RESOLUTION DEPENDENCE IN 
$ A T U I T E  IMAGERY; MULWRACTAI, ANALYSIS 
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Physics Depf, 
McGill University, 

3600 University S t ,  
Montreal, Que. H3A 2T8 

Augmenting a satellite's resolution reveals increasingly 
detailed structures that are found to occupy a decreasing fraction of the 
image, while simultaneously brightening to compensate. By 
systematically degrading the resolution of visible and infra red satellite 
cloud and surface data as well as radar rain data we define resolution- 
independent co-dimension functions that describe the spatial distribution 
of image features as well as the resolution dependence of the intensities 
themselves. The scale invariant functions so obtained fit into 
theoretically predicted universality classes. These multifractel 
techniques have implications for our ability to meaningfully estimate 
cloud brightness fraction, total cloud amount, 89 well as other remotely 

Civilian satellite resolution now reaches 10 meters (in the case 
of the Satellite Probatoire dobservation Terrestre- SPOT) making 
possible many new applications for which an understanding of 
resolution dependence is critical. For example, the International 
Satellite Cloud Climatology Project calls for measuring monthly cloud 
cover from satellite radices, with accuracies of a few percent. Other 
studies require the radiation budget of some volume of atmosphere from 
the subcloud scale (Curry et al, 1986) and at the synoptic scale 
(Ramanathan et al. 1983). To do so, a number of fundamental issues, 
such as how to define cloud coverage in a resolution-independent way, 
must be adequately addressed. Studies directed to this end have only 
recently been undertaken (eg. Shih et al. 1986). Below, we build on 
recent work in characterising the resolution dependence of in situ 
measuring networks (Lovejoy Schertzer and Ladoy 1986aJ986b) as 
well as on a series of new developments in scaling and fractals (Lovejoy 
and Schertzer 1986,1987,Schertzer and Lovejoy 1987a for reviews) to 
systematically study the scale dependence of satellite brightness 
fractions. 

If the satellite resolution scale L is less than the smallest scale q 
of the inhomogeneities of the radiation field (R being its average over a 
single image element, Rg over the entire image and T=R& is the 
relative d i e ) ,  then we may define the brightness fraction exceeding 
a given threshold T by: 

sensed quantities. 

(1) Number of resolution elements T'>T 
E.r- Total image elements 

and, as long as LSq , fi  will be independent of L. However, clouds 
are uubulent fields which interact with the radiation field down to scales 
of the order of millimeters- hence, even for SPOT, b 7 q .  More 
precisely, the inhomogeneities of the various atmospheric fields 
introduce specific types of strong scale dependencks ("scaling") which 
are associated with scale invariant quantities (such as fractal dimensions, 
or spectral slopes ...) which typically appear as exponents in power laws 
of scale ratios. Since on the one hand, the complex radiative transfer 
processes involve only the dimensionless optical thickness (i.e. these 
processes do not break the scaling by introducing a charactehtic length 
(Gabriet et al 1986,1987, Lovejoy et al 1987)). and on the other. the 
underlying terrain also involves very small scale inhomogeneities, we 
may also expect the radiance f d d  to have scaling, fractal shuctures. 

We now seek to express FT in resolution independent terms. 
We first introduce the dimensionless ratio k =L& (4) where Lo is the 
image scale. We then characterise the relative radiances by the exponent 
y defined by: 

.y'~W 
log k 

or (R&)-(L/Lo)~. We then use (2) to express T, in terms of y, 
obtaining pV whose scale dependence is in tum described by a simple 
power law: 

'EERWCRMD, Mkleorologie Nationale, 2 ave. Rilpp, Puis 75007, 
FranCe 

(3) 

where we have introduced the completely (scale invariant) codimension 
function c(Y)=>D(Y), where D(Y) is the fractal dimension of the (sparse) 
regions where T exceeds k ' Y .  Note that as the resolution is increased 
( h - > O ) ,  FY(k)->O for all c(Y)>O, while, T-->oo. The multifractal 
field is thus a superposition of singularities of different orders (3, 
distributed over increasingly sparse fractal sets. This is exactly the type 
of behaviour expected from a multiplicative cascade type process. 
Study of such processes shows (Schertzer and Lovejoy 1987bJ987c) 
that c(Y) falls into the the following universality classes (e.g. functional 
forms): 

where a, with the value -2 conespnding to the case of gaussian 
cascade generator, and c(0) and 70 are parameters characterising 
reqwtively the intermittency and smoothness of the process. 

To show that eq. (3) holds, define for a given T (or equivalently 
$, a series of lower resolution images (size L) by covering the high 
resolution image, by disjoint "boxes" (squares here), of size L. This is 
the "functional box counting" described in (Lovejoy,Schertzer and 
Tsonis 1987) which directly estimates F$I) from the number of boxes 
(N (L)) size L needed to cover the regions excecding T 
P&)=N+)L 3). c m  is then obtained as: 

Fig. la,b shows the results when the resolution of GOBS 
(Peostationary sateate) visible and infra tcd imagcs are degradcd from 8 
to 512km on 1024X1024 km image section (The channels cover 
wavelengths 0.4-0.7pm (reflected solar radiation) and 10.5-12.5~ 
(black body emitted radiation) respectively. The raw date (at slightly 
higher rewlution) was resampled on a conical projection with an 8x8 
grid). The straightness of the lines shows that the scaling is very 
accurately followed over this range of scales. As T (or Y) increases, the 
absolute slopes (D(Y)) monotonically decrease: the most intense reglons 
am the most sparse, hence yield the lowest dimensions (flg 2a.2b)). 

el 

+ 0 

X B 
t 
x 

8 t 
0 

8 32 128 512 
L(km) 

A plot of N(L) V.S. L for 11 radiance thresholds with L 
varying from 8 to 512km at visible wavelengths. The different 
symbols, top to bottom, indicate thresholds increasing by intervals of 2 
satellite counts (these are proportional to the square root of the 
measured radiance). The straight lines indicate that over this range, 
scaling is accurately followed. The decreasing (absolute) slopes are 
Do. This image was from the Montreal region, summer, and was 
largely cloud covered. 
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3 2  128 51 2 
L(km) 

8 

The same as la, except for the corresponding infra red 
image. The straight lines are for satellite counts at intervals 
Corresponding to roughly 2K equivalent black body temperature, 
e m s i n g  from top to bottom. Here the lowest radiances (proportional 
to the fourth power of the temperature) comes from the sparsest 
nighest) cloud tops. 

0.5 C A #ov'  

A 

0 0.1 y 0.2 

The functions c('y, for the 10 visible cases analysed in the 
text. 

t 

1- 
0 0  

0 0.05 7 0.1 

Eiezb: same 85 2a, but for the 4 infm red C-. 
Since many empirical algorithms designed to exploit remotely 

Sensed data relate radiances above f led thresholds with specific physical 
features (such as clouds), it is of some interest to establish whether any 
such regions can be defmed inde ndently of the satellite resolution (i.0. 

there value8 of Y for which c g = O  and hence F@)" constant?). If 
any of the radiances used by such an algorithm have c(y)>o, then, the 
algorithm will contain hidden rcsolution dependencies. Accordingly, X2 
mts were used (0 tcst the hypothesis that F r ( " > ~ v - ~  where A, is the 
rcsohtion-independent brightness fraction sought. In each Of the c8scs 
we examined (10 in the visible, 4 in the infra red, spanning nearly cloud 
free to nearly completely cloud covmd situations over Montreal), such 
a hypothesis could be rejected at very high levels of confidence for all 
except the very lowest T values. For these very low thresholds (that 
ty ically exceed only 1-5% of the data), D O  ~ ~ 1 . 9 .  For DCW1.9, 
X with 6 d e w s  of frecdom was typically about 100. This means that 
the hypothesis that DQm2 can be rejecred at very high levels of 
confidence, whereas, for the two parameter fits shown in Fig 1, it was 
always near unity which is easily compatible with the Scaling 
hypothesis with D(T)<2.. The results were similar at both 
wavelengths. For virtually all features of the radimce fieldr, we could 
with high confidence, statistically reject the hypothesis of resolution 
independrnt brightness fractions. 

? 

We now show that the empirical c(y) functions fit into the 
universality classes (eq. 4). This is important theoretically because it 
confirms the predictions of cascade theories (Schertzcr and Lovejoy 
1987b,1987c,Schertzer and Lovejoy 1985a,1985b,1986), and is 
important practically, because it permits determination of the 
fundamental parameters characterising c(3. For the satellite data used 
here, the empirically accessible range of y 's is quite small (the 
maximum is ~10.4). This makes it difficult to accurately estimate a 
since the latter measures the concavity (In Schertzer and Lovejoy 
1987bJ987c it is shown that the concavity of c(9 leads directly to the 
interesting phenomenon of the divergence of high ordcr statistical 
moments.) of c()? which is only pronounced for large 7. The situation 
is only marginally better for the radar rain reflectivities we examined 
(using the same data discussed in (Lovejoy.Schertzer and Tsonis 1987). 
in which a range of Y nearly four times this size was found to be largely 
compensated by correspondingly larger values of YO. To obtain well- 
defined parameter estimates, we thuclore made the plausible assumplion 
that generators were in the gaussian domain of attraction (i.e. -2). and 
for each satellite (and radar) image, we empirically estimated the 
parameter YO via a least squares regression (The standard errors were: 
visible n0.037. infra red n0.063, radar, n0.062 which are all 
comparable to the errors in estimating c(y) from functional box- 
counting which is typically of the order of fl.05.) using the formula: 

where cn(3 is the co-dimension "normalised by c(0) which is the 
empirically determined co-dimension of the field at image averaged 
brightness (since R=RO==>T=l==>'pO). We then plot the curves 
<cn($> V.S. <(l+YPlo)b fig. 3a,b,c, where the angle brackets indicate 
ensemble averaging (hem over all available cascs). As predicted by eq. 
6, the curves all closely follow the line x=y (shown for reference). This 
shows that the main difference between the primarily cloudy, and cloud 
free cases were in the values of thc parameters. which for the visible 
images were on average 0.21f.07 and 0.41f.16, respectively for "(0 
whereas c(0) was nearly constant (~0.21f.04 and 0.27f.04, 
respectively). 

We have shown clear evidence for the scaling of cloud and 
surface features over a wide range of scales, radiance intensities, and at 
several dflemnt wavelengths. By constnrcting scale invariant functions 
c(3, we have shown that many of the statistical properties of the field 
along with their variation with scale, can be described by two-pnrameter 
universality classes. These findings are important not only for 
empirical Whniques such as those designed to estimatc cloud "faction", 
but also in modeling (Gabriel et al 1986) the radiative transfer processes 
in highly variable clouds and over highly variable surfaces. 

2.6 - 
- 

2.2 - 
C(r) - 
C ( 0 )  

1.8 - - 
1.4 - 

- I 
I 

1 I I I I 1 , I 1 

1 1.4 1.8 2.6 

EieL;la; The mean normaliscd co-dimension, <cno+ for visible dab, 
(with one standard deviation m r  bars) plotted against the mean 
<l+(ylyd)>2to test whether the cmpirical c w  functions belong to the 
univvsality class defined by -2 (c(0)) is measured directly. and 70 is 
,determined by regression for each image scperately). A perfect fi t  
corrseponding to p x  is shown for d m c e .  
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8.9 ELXNG SCALE DEPWDENCE OF VISIBLE 
RS BY W I V E  TBBPJSFm IN FRACTAL 
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Physics dept, McGill University, 
3600 University SL. 

Montreal Que., H3A 2T8, 
CANADA. 

lLhlhuh 
Omphysical and astrophysical systems ranging from clouds to 

stars involve radiative transfer through extremely inhomogeneous 
optical media. Structures in both the scattering media and in the 
associated radiation field frequently occur over wide ranges in scale. 
Although the radiative transfer equation implies a- linear radiative 
response with respect to &he incident radiation, the response relative to 
the optical properties of the scattering medium (such as optical density) 
is non-linear. Indeed, from this point of view, we may consider that 
the incident radiation field is non-linearly smoothed by the scattering 
process. As a result of this smoothing -and the difficulty in adequately 
accounting for the variability, their effect is often ignored. Practically 
all geophysical radiitive transfer calculations have been catried out for 
plane parallel (Le. horizontally uniform) media. In clouds, (our prime 
interest here), this assumption has always been ad hoc- lacking both 
empirical and theoretical bases (at least down to scales of a centimeter 
or so). With the advent of modern in situ or m o t e  measuremenls, it 
is untenable, even for the prom-typical plane parallel arctic stratus 
Clouds (e& Tsay and Jayaweera 1983). Real clouds are known to be 
highly chaotic, turbulent structures with large variation of liquid water 
down to the smallest observable scales. 

The problem of relating the cloud and radiation inhomogcndties 
has received little attention (see however Stephens 1986, 1987a,b), in 
PWt because of tho difficulty of theoretically (of even numerically) 
estimating the radiative transfer properties of extremely 
inhomogeneous optically thick media. In this paper we outline some 
recent work (Lovejoy et AI 1987a, Gabriel et AI 1987a) concerning a 
sub-class of rndiative transfer in which the transfer occurs only in 
discrete directions. A physically realisable examplc of such a system 
would be a cloud made up of elements which only scatter along the six 
dh.clions defined by the normals to a cube all sharing a common 
orientation. This continuous system is called thc Discrete Angle RTE 
(or DARTE). 

Empirical (aircraft) energy spectra of cloud liquid water content 
(Lwc) (such as the power law energy spectra obtained by King et A1 
(1981)) are scaling (or scale invariant) in form, Le. the clouds are 
fractals Wvejoy (1982). Schertzer and Lovejoy (1985), Lovejoy and 
Schertzer (1986a,b), Rhys and Waldvogel (1986), Ludwig (1986), 
hvejoy et Al(1987)). These results support the idea that clouds have 
no characteristic length over a wide range, and hence we do not expect 

find one In the radiation field: the radiative transfer equation has no 
characteristic length since radiince depends on the dimensionless,optical 
thickness. Indeed, In a companion paper (Qabriel et AI 1987b), we 
analysed visible and i n h  red geostationary satellite dam, and showed 
that far from being uniform, the radiation field could be modelled as a 
superposition of singularitias of various orders, distributed over 
inCreaSinglY spanre fractal scts. This singular multifractal behaviour 
was shown to give rise to strong resolution dependence in satellite 
Cloud estimates of cloud cover and nlakd cloud quantities. 

Our object here is to simplify the radiative transfer problem 
sufficiently 80 that it becomes analytically and numerically tractable 
without losing the essential feature of optically thick-cloud radiative 
m S f U  with continuous phase functions, In the thick cloud h i t .  the 
scale dependence of the scattering medium is of primary impomce, 
hence we shplify further by studying radiative transfer in scaling, 
uniform or extremely variable (e.g fractal) clouds. For Cxainple, we 
show for clouds of optical thickness 't that as 7900, the transmission 
(p and albedo (R) have the following scaling behaviour: T ET-%, 1-R 
0 r v n  where vR c vT am universal (phase function independent) scaling 
WJonents. Taking the thick cloud limits of the DARTE yields further 
insight since it shows that whoreas y can be obtained from a diffusion 
W d O n  (and hence by considerein8 the photon to "diffuse" through the 
cloud), vR cannot be so obtained: the relevant equations are of higher 
order and can be approximated by boundary layer methods. We also 
show how vR can be analytically estimated in both uniform and fractal 
clouds by using renormalisation techniques. Since the notion of 
diffusion domain only applies to the transmission properties, a more 

approprmc dwnMon of phase function independence is the dynamiail 
systems notion of "universality", justified by the association of the 
thick cloud limit with a fixed point of a scale changing operation. It is 
precisely this universal behaviour that ass- us that the thick cloud 
discrete angle behaviour is a good approximation lo the continuous 
angle behaviour. Using Monte Carlo calculations, we verify this 
quantitatively. 

Consider the intensity (radiance) Isca> which is the photon flux 
per unit area and solid angle at position L direction 8. The Discrete 
Angle, Discrete Space equation is obtained by considering the radiative 
interaction between d-dimensional cells (refered to below as "cubes" 
although they could in principle be any regular covering of the space) in 
a lattice, spacing 1. The optical properties of each cube am such that 
only scattering of light along lattice directions occurs (when the cells 
are cubes, these am taken to be the the usual coordinate axes in both 
positive and negative directions). Isor) is therefore m n - m  only for the 
discrete angles p i  where i represents a unit vector parallel to a 
coordinate axis Iior) can therefore be represented as a vector function of 
position with 2d components. I&/& is the intensity in the i dimction 
associated with the cell centred at Im. By convention we can consider 
this to be the average intensity over an appropriate cell face. 

The lattice structure, combined with the discrete angles imply 
that any individual cube will only be able to interact with the 2d 
neighbouring cubes at positions Ilm-i). The interaction principle, now 
states that the response Ii(/m) must be a linear function of the stimulus, 
hence there exists as 2dX2d matrix qk(/m) such that 

~i~ds>&(lm) I&bl-@)+pi(Id (2.1) 
k 

where the sum is over the 2d orthogonal directions k, and I"i(/d is the 
source at lm (for simplicity, taken as zero below) see fig. 1 for an 
illustration. n (l~,*lI+) 

U 

t 
'F 
$ 2  

Elel: 
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This discrete angle discrete space equation, while not original, 
has. to our knowledge, received little attention. A notable exception is 
Mosher (1979) who referred to it as he "Building Block" model, and 
studied it purely as a numerical approximation to the usual radiative 
transfer equation but did not attempt a formal development of the type 
outlined below. 

The simple examples studied here are lattices with orthogonal 
axes, and with scattering only dependent on the scaUering angle. In 
dimension d= 1,2,3 we obtain respectively: 

T R S S S S  

Qik"(;T) f$y) ti:::: S S R T S S  )(2.21 
S S S S T R  

s s S R T  
where T is the transmission coefficient, R is the reflection coefficient, 
and S represents scattering through xR. We have adopted the 
convention that the columns left to right and rows top to bomm 
correspond to the directions fx, f y ,  fz respectively. Note that 
R+T+qd-l)SSl with the equality holding in conservative scattering. 

In the limit I -+O, DADS becomes continuous in space. To 
obtain the DARTE, however, we need to express e, k in terms of the 
discrete scattering matrix Pk which in d=3. using OrIhOgOMl directions 
and the same conventions as for DADS, may be written: 

(2.3) 

where the lower case symbols tj,s have been used to distinguish the 
scattering elements from the corresponding transfer coefficients (see 
appendix A for more details). If the opticid thickness of the cells is 
small enough, single scattering dominates, and we obtain: 

u=lUr(l)(F-l)+ O(P) 

where 1 is the identity and ~ ( l )  is the optical thickness of the cell: 

(2.5) 

and pO~oi, is the optical density. Dropping the source termin eq. 2.1, 
and expanding 1kb-w in a Taylor series, and using the above 
expression for u we obtain: we obtain for d=3: 

1-1 -r -s -9 -8 -s 

-8 -s -s 4 -r 14 

the discrete angle radiative transfer equation @AWE). 

2- the d i V a s i o n . . . a n d a r y  

In this subsection, we obtain the diffusion equation as a limit of 
the DARTE, and the albedo as a solution to a boundary value problem. 
Consider the DARTE (eq. 2.6). Introduce the notation 

(2.7) 

and similarly for %, &, Furthermore, define p l - t - r  and q=l-t+r and 
for simplicity, we assume that the phase functions are canstant (only 
the optical density varies - this does not fundamentally alter any of the 
results below). Consider the two dimensional case, for which we 
obtain: 

(2.9a) 
(2.9b) 
(2.W 
(2.9d) 

By applying S, and 6~ in the above to a, c respectively, and 
eliminating Ix- and Iy- we obtsin: 

(2. loa) 

(2.10b) 

To completely solve the two dimensional DARTE, find Ix+ and Ix- 
from the above. and then obtain Ix- and Iy- from equations 2.9 a,c 
respectively. Thc fields Ii am obtained by addition and subtraction of 
the appropriate Ix+, Ix-, Iy+ and Iy-. In most applications, the primary 
difficulty with the above is the imposition of boundary conditions 
which are usually specified by the value of ILat bounderies (for 
example, unit intensity on only one side of a unit square cmponds  to 
I+,(O,y)P1, Lx(l,y)gO, I,(x,O)~, and Ly(x,l)4), whereas to solve lhe 
above requires four conditions on the single function I,+ (or Iy+) such 
as the values of the function and derivatives of various orders. In 
practice, it is often easier to solve the DARTE in matrix form (2.6) 
using the DADS approximation and n u m e r i d  methods. 

We see immediately from the above (by adding eqs 3.16a,b and 
using J=Ix++IY+) that when the highest order terms (63; and aY6$ arc 

negligeable, we obtain a diffusion equation with diffusion coeficient: 

2 

(2.1 1) 

This condition holds far from sources, hence the diffusion law 
for thick clouds wiU be governed by the above diffusion quation (this 
is also true of the diffusion through fractal clouds, where down to a 
small inner "cutoff" scale, ~ ( a ) p ( a ,  might be the indicator function of a 
fractal set, or more generally, a fractal measure). However, near souma 
(i.e if we seek the cloud albedo), then we run into the classical boundary 
layer problem, viz.. a differential equation whose highest order tan is 
multiplied by a small parameter, and which therefore cannot generally 
be well approximated everywhere by the solution of a lower order 
differential equation, since the boundary conditions of the high order 
equation will generally overdetermine the solution to the lower order 
one. The scaling of the albedo, must therefore be obtained by studying 
the boundary layer equation associated with eq. 2.10. 

In the previous section, the scaling of he transmitted radiance 
was argued from the diffusion limit and the scaling of the boundary 
conditions. The scaling of 1-R was not propertly justified. In the 
remainder of this paper, we justify this scaling, making use of a 
renormalisation type approach which is very similar to invariant 
embedding. In particular, we obtain approximate doubling relations 
exprcssing the transfer matrix u(2~)  in terms of a(%) (i.e. u(~T)=~(u(T)) 
where f i s  a non-linear function estimated below). The optical 
properties of very thick clouds are then obtained by iterating: 
u(~~s)=&~)(u(T)) (where we have used the notation An) is the n* iterate 
of r). The projmties of r(n) such as fixed points and scaling exponents 
can then be studied using functional iteration methods (e.& Schuster 
1984). As the thickness of the cloud is doubled, the albedo approaches 
1 and near the fixed point. Rsl.T=O, the iteration is approximated by 
matrix multiplication, yielding a power law (scaling) behaviour 
governing the approach of R to 1 and T to 0. This approach is actually 
a type of "real space renormalisation", a method used IO study the large 
scale bchaviour of many non-linear physical systems (pcrhape the 
simplest being the percolation problem, e.g. Stauffer 1985). Although 
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it is only approximate when applied to doubling, we show, by 
comparing it with quadrupling, octupling and hexatupling etc.. that the 
scaling exponents converge. yielding accurate estimates of v ~ .  

3.2 Doubline in two dimensions: 
We illustrate this method in detail with d=2 by calculating the 

radiative transfer properties of the 2x2 square made up of square cells 
with S(z), T(T). R(z) coefficients (see eq. (2.2)). as shown in fig. 2. We 
now M a t e  the square with unit radiation incident on the top face only 
(Le. the boundary conditions are: I-y(x,2z)=1, I+y(x,O)=O for (Kxdz, 
and LX(2z,y)=0, I+,(O,y)=O for (KySZz). Applying eq. 2.1 to the 2x2 
system, interpreting the total +y intensity at the top as R(27), the total 
-y intensity at the bottom as T(2Q and that from the sides as S(2r). wc 
obtain: 

Where: 

(3.la) 

(3.lb) 

When there is absorption, the expression for S(2z) is very 
complicated. However, in the case of interest below, conservative 
scattering, it is obviously given by S (~T)  = $l-T(2z)-R@z)). 1 

fln.1 
b 

Ele?: 

I h l m l a  h a  doublins principlc applicd to tqurra lattice:. The a v c n g d  
U w f O r  owfficicntr in the n Ih iteration u n  be u r d  at thown IO calculate 
tho:e ~n the (nt1)h iteration. 

Tn+l 

Thc system of non-linear equations (3.13.2) can now be regarded 
89 a mapping (T(27),R(2z),S(2z)) = f(T(z),R(z),S(z)) and the functional 
behaviour of (T(z),R(z),S(z)) over the whole range of z can be analy%d 
by iterating to obtain: 

(Tn&psn) 13 ~ n ) ( T ~ . R ~ B ~ )  (3.3) 

Where we have used the notation (T(~%o),R(~%),S(~%O)) ~1 (TnRn&)* 

3 3  Flxed P- 

first determine its fixed points, i.0. those poinu which satisfy: 

(3.4) 

In analysing a non-linear mapping such as q. O . I  we must 

(T+ ,R* ,S*)=f(T* ,R* ,S*) 
where the asterix indicates a fixed point value. Fixed points either 
atmctive or repulsive depending on whether the mapping r e S U h  in 
points in the infinitesimal neighborhood decreasing or increesing their 
distance from the fixed mint. Mathematically, we require that the 
h'gest eigenvalue (A) of the Jacobian off, dcnoted: 

(3.5) af(T,R,Sq 
iJ(Tsc,S) p*R**S* 

evaluated at the fixed point, is respectively less than or greater than 
unity (the Jacobians will be explicitely evaluated in the following 
sections). Continuing our study of the d=2, conservative scattering 
case, we may drop explicit reference to S (which is given by S=(l-R- 
T)/Z). and consider only the points in (T,R) space. Using f defined by 
eq. 3.1 and imposing the condition .&so we obtain the 
following fixed points: 

unstable, infiinitely thin cloud 
stable, infinitely thick cloud 

(LO) 

unstable, unphysical 
(0.1) 
(l/2,-l/Z) 
(-1/9,-4 unstable, unphysical 

Since, R,T must be positive, Sl ,  physically realisable points 
(T,R) must lie in the "physical triangle", fig. 3a. Note that although 
two of the fixed points are unphysical. their existcnce is important in 
understanding the physical regime. In pnr(icular, as we shall sce below, 
they imply that the actual physical regime is only a subset of the 
physical triangle. 

r: T ... O E l e J r :  
Phyriul ~ r i ~ g l e  ettimaled by doubling mothod for ~ d=2. The curvcr lop 

IO bollom are for doubling of t indicaccd .I point: 

10. 20 mrpsclivcly. 

E . I .  .2. .5. 1. 2. 5. 

Sun0 81 5a for d=3. 
5 4  n m - v  fnr 

and 

The analysis of thick cloud behaviour (z---), is more involved 

since the Jacobian aw~,l depends on the direction in (T.R) space 
that the fixed point (0,l) is approached. Standard arguments (see 
Lovejoy et al 198% for details) yield 

when: 

(3.6) 

A ,pj$i27]-2+ 4 12367483-1366816) - 

32 32 2 
(3.7) 

This implies, vp0.450 ... This may be regarded as an estimate 
of the true exponcnt that would bo obtained by direct numcrical 
calculation on an enormous grid. To oblein a belter estimato we should 
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compare this result with quadrupling (v4) octupling (v8) etc. (see fig. 
4a). as calculated numerically. As the scale changing factor increases, 
the value of w increases, sin& (for conservative scattering) w = = 

2s  1+ -= 'L -m. On physical grounds, T must approach zero faster T 
than S so that w-->O hence, v,a, The dominating exponent obtained 
as the limit of the above rescaling procedure is the smaller of the two, 
thus vm=vR To obtain vT, (which = I  in the homogeneous d = 2, 3 
cases) diffusion methods must be used. A similar analysis in d=3, leads 
to figAb and vR=1/2 (see Lovejoy et AI 1987b for more details). 
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in a 

c;Lpudr 
In this section we apply the doubling method o the simplest 

fractal cloud imaginable. shown in its early stages of construction in 
fig. 1. Starting at a small inner scale (below which the cloud has 
different, e.g. homogeneous behaviour), with optical thickness 70, we 
generate thicker and thicker clouds by placing lhree squares obtained at a 
previous iteration in the square pattern shown (this fourth square is 
empty). At each iteration. the mean optical depth increases by a factor 
3/2; from the inner scale up to the resulting outer scale, the cloud is a 
scaling (mono-dimensional) fractal with dimension 
D=log3/log2=1.58 ... Although for the moment. we consider this 
purely as a simple construct. it is in fact a kind of deterministic "p 
model" for turbulence (see next section). 

As described in part I (section 4.3) for the d=2,3 cases, we can 
obtain approximate doubling relations for discrete angle fractal clouds. 
The corresponding doubled transmission and reflection coefficients for 
this fractal cloud are : 

where: +RnSn2) (3.9) 

r= 3 
(I-R 

Ele5: 
Generator for the deterministic fractal cloud discussed in the text wilh d= 
L o 3  = I 5 8  ... showing the fin1 thne stages in its construction (top (o Lorn 
bottom). 

Considering the special case of conservative scattering 
(R+T+2S=I), we obtain the basic physically significant fixed points 
(T*,R*)=(O,l), (1.0). corresponding to thick and thin clouds 
respectively. We also have the following (non-physical but real) fixed 

As we iterate points (&, (0.3416 ..., -0.4472...), (-,-L 
these equations we systematically build up the fractal cloud (dimension 
1.58 ...) as shown in fig. 5. 

Following the above method, we find v2(1.58)=0.146 ... This 
exponent is an estimate of that which would be obtained by direct 
numerical calculation on an enormous grid. To obtain better estimates 
of ~ 4 1 . 5 8 )  (recall that this limiting exponent is equal to v~(1.58)), 

this result should be compared to the results of quadrupling. 
ocwpling, and hexatupling as calculated in (fig 6b). Using DADS, we 
obtain, the estimates v~(1.58)=0.162.., v~(1.58)=0.40 ... which 
indicates that the above analytic doubling result is remarkably accurate. 
K 

1 1  

- 
h 

T 
.5 

Physical triangle estimated by doubling method for d=1.58,.. obtained 
by iterating equation 2.1. I h c  CUNCI top to bottom arc for doubling of t 

indicated as poinu 2 ,  .1. .2, 3, I ,  2. 5,  10, 20 respectively. R 

This analytic result indicates that the albedo of this fractal cloud 
approaches unity much more slowly than a uniform one, two or thrcc 
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-laoh -1 .l 

In fig. 7 the mean and standard deviation of 6 is indicated for 
clouds with co-dimensions (here C=3-D) varying from 0.2 top 0.8, for 
clouds with T-50. For each C calculations were performed on ten 
samples, and means and standard deviations calculated. We used a 323 
grid size, a phase function estimated to correspond to a Deirmendjian 
(1969) C. 1 drop size distribution. at 0.45pn wavelength and performed 

to a Monte Carlo calculation 
estimate both the end of the linear regime (determined to be at T-10). 
and the appropriate R,T,S coefficients. When the cyclical boundary 
conditions are removed, { increases considerably as expected since the 
albedo is reduced (fig 7). As described in 3.1, except in very artificial 
mono-dimensional situations. we expect scaling fields to be 
multifractal, indeed, Gabriel et Al 198phave shown this to be true of 
satellite radiation fields at various wavelengths. Gabriel et al 19814 
shows that the radiation fields here are also multifractal in spite of the 
mono-dimensional nature of the cloud field. 

1U 

Determination of l e  cxponentr Vz, V4, V8, VI6 for di1.58 ..., which 
determine l e  nte of convargcnm to h e  fixed point R-1 for (bottom to 

top) doubling, quidrupling. octupling and hexitupling mrpcclively. X ir i 
t u l e  ratio, X-1 comrpondr to R-O.9.T-0.05. Emphirizsd line hit  the 
l eomt ic i l  vz slops - 0.147. 

3 1  
4 2  dimensional cloud since ~ p 1 ,  -, -respectively. In fact , if we define a 

'pcking factor ' 6 as the ratio of optical thickness of a fractal and plane 
parallel cloud (i.e. one dimensional) with the same albedo, then we 
obtain: 

clearly 6 diverges with T since ~ ( 1 )  > ~ ~ ( 1 . 5 8 ) .  The same is true for 
any cloud (such as a two or three dimensional one) in which VR (d)< 
VR(1). 

This result is imporfant since it shows that even when losses 
h u g h  the sides are taken into account, that the inhomogeneities still 
lead to diverging packing factors (since we have shown w(1)  > VR(2) 
> VR(3) > w(1.58)). Furthermore, inhomogeneities lead to diverging 
e m s  even for the transmitted flux, since VT( l ) = v ~ ( 2 ) ~ ~ ( 3 ) >  
W1.58). 

in r- 
Tur- 

A dynamical approach to the interaction of radiation with 
atmospheric fields has been investigated by Simonin et a1 (19831, 
Schertzer and Simonin (1983) and Coantic (1978). By using Statistical 
Closure techniques (see also Stephens 1987a,b) this approach directly 
studied the scaling behaviour of the radialion field and is limiwl 
primarily by its inability to properly handle intermittency. Since the 
lauer is important in radiative transfer for the reasons outlined below, 
We adopt a phenomenological, rather than a dynamical, turbulent 
amroach, relying on extremely variable (intermittent) stochastic fractal 
models. 

In hydrology, stochastic models of rain have been develom for 
some h e  (see e.g. Gupta and Waymire 1981 for an early review, and 
the special issue of Aug. 1987 for a recent survey). While some 
of these could be used for cloud modelling, we concentrate here on the 
sub-class of fractal models. The simplest of these (Lovejoy and 
h d e l b r o t  1985) involves the addition of a large number of "PulSeS". 
but has the drawback that it lacks physical motivation, and is 
chmcterised by a single fractal dimension. A much more physically 
b e d  fractal model is the passive scalar turbulent modcl outlined.in 
Schemer and Lovejoy 1987a,b. This model has the same SymmetneS 
(e.& Scaling) as the dynamical (partial differential) equations governing 
Passive scalar advection in incompressible turbulence, as well 8s the 

Ilonditinnn 
As we have already seen, a fractal structure of internal 

inhomogeneities leads to: a) an albedo varying as a function of spatial 
reso~ution (see Gabriel et AI 1 9 8 h d  below- this is an impaten1 issue 
that appears to have received little attention in the remote senslng 
literatun) and b) we estimate a packing factor e>l whose mean and 
standard deviation we estimate below. The p model was Used 10 Create 
the cloud model, and the DADS radiation scheme was used to determme 
the resulting radiation fields. 

4 10' 

0 .o 0.2 0.4 0.6 0.8 1 .o 
Elez; C 

Picking ficton (6) ertimitod for i cubic cloud hiving cyclic and non- 
cyclic horilontd boundary conditions @ ~ t m  to top) i t  a function of 
codimen tion. 

We have argued that radiative transfer in clouds depends 
critically on the assumptions that are made about the variability (or lack 
of variability) of the optical medium. To date, most radiative transfer 
calculations have made the totally ad hoc assumption that clouds are 
plane-parallel. The timitation to this exmmely special (and unrealistic) 
case considerably restricts meteorological and climatological 
applications of radiative transfer. Areas where our fmdmgs rn likely to 
be particularly relevant are discussed briefly below. Other areas include 
rainfall and cloud estimation algorithms, theoretical radiative transfer 
calcualtions. stochastic cloud modelling and nuclear winter. 

lmaeep nf clpups: Satellite imagery is widely used to make 
subjective judgements about meteorological featurts on a routine basis. 
The dangers of such naive interpntations of satellite dah were 
underscored in Gabriel et A1 1987 who showed (in conlrwliction with 
the plane parallel assumption) that with a high degree of confidence. for 
virtually every feature of such satellite images at both infra rod and 
visible wavelengths one could statistically reject the hypothesis that the 
measured fields were independent of the intrinsic sen= resolution. 

Theneedto 
relate the spatial and (temporal) variability of clouds to radiation 
processes of interest arises in mnny practical problems in remote 
sensing studies of clouds and precipitation. For example many 
climatological studies and climate models require estimates of the 
radiation budget for various regions of the atmosphere and at a variety 
of scales (e.g Cuny et a1 1986, Ramanathan et al 1983). The solution 
to these problems calls for an understanding of how radiance and albedo 
vary with spatial resolution. 

e) The We have seen that because of the 
very special nature of plane parallel radiative transfer, virtually any non- 
plane parallel system will bo expected to have different thick scaling 
exponents. In terms of the packing factor { this immediately leads to 
the general (conservative scattering) result. 

P The lateroretstinn of 

tim C(T) --> - 
T->m 
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This result has implications for the so-called ”albedo paradox” 
(Wiscombe et al, (1984)). Stated simply, the paradox is that optical 
depths computed from seemingly reasonable liquid water profdes based 
on actual field measurements reach several hundred for even moderately 
thick clouds. However, in order to obtain consistency between the value 
of the planetary albedo -0.30. and the globally averaged cloud cover 
(50%),the latter cannot have a mean albedo greater than 0.5 (Wiscombe 
et al 1984. Paltridge and Platt 1980), a value which for homogeneous 
clouds implies optical depths only of order 10. When plane p a d e l  
models are used to approximate the radiative properties of real clouds, 
(and they usually are), then optical depths exceeding 100 imply visible 
albedoes greater than 0.9, a value rarely observed (Wiscombe et al, 
1984). Satellite observations also deduce smaller-thanexpected optical 
depths (e.& Twomey and Cocks. 1982). As we have seen, the paradox 
vanishes once we leave the very artificial and special case of plane- 
pade l  clouds. 

The major objective of this paper was to study radiative transfer 
on fractal clouds. To make the problem tractable, we studied the special 
case involving discrete angle phase functions, in which scattering only 
occurs along coordinate axes (the DARTE formalism). Furthermore, 
we only studied the simplest fractal cloud models, involving a single 
fractal dimension. By comparing the optical thickness of plane parallel 
and fractal clouds with the same albedoes, we defined a ‘packing factof, 
equal to the ratio of their optical thickness which is a quantitative 
measure of the non-linear effect of inhomogeneities. We demonstrated 
that packing factors generally diverge in the limit 7-w. 

Going beyond doubling, large models employing (323 ) grid 
poinw were used to analyze the inhomogeneities of the radiation fields. 
By applying a series of albedo thresholdsand then estimating the fractal 
dimension of regions exceeding the threshold via a “functional box 
counting“ algorithm, we showed that even when clouds have a single 
fractal dimension (e.g. clouds generated by the p model) the resulting 
radiation fild is multifiactal. 

In the meteorological or remote sensing context, this work 
illustrates that the effects of cloud inhomogeneities can profoundly 
influence the reflected and transmiued intensities or fluxes. In order to 
accurately understand the role that clouds in modulating weather and 
climate, it is necessary to consider non plane-parallel geometries with 
different scaling characteristics. 
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EFFECTS OF DATA RESOLUTION ON MARINE STRATIFORM CLOUD 
DETECTION USING AVHRR AND VISSR SATELLITE DATA 

Chi-Fan Shih, Melanie Wetzel and Thomas H. Vonder Haar 

Cooperative Institute for Research in the Atmosphere (CIRA) 
Colorado State University, Fort Collins, Colorado 80523 

1. INTRODUCTION 

The extensive stratiform cloudiness commonly found 
in the California coastal and offshore regions exerts a 
controlling influence on energy transfer, air motion and 
local meteorological parameters. A clearer understand- 
ing of the evolution and the diurnal fluctuation of this 
stratiform boundary-layer cloud is crucial to the pre- 
diction and numerical modeling of the physical and dy- 
namical processes within cloud-topped boundary layer. 
At CIRA, we are building a regional marine stratiform 
cloud climatology for the California coastal ocean area. 
Since the marine stratiform clouds persist over a large 

only meteorological satellite observation can pro- 
vide us data that covers the oceanic m a  continuously. 
For example, the International Satellite Cloud Climatol- 
ogy Project (ISCCP) has been collecting infrared and 
visible radiance data from meteorological satellites since 
J d y  1983 every three hours (Schiffer and Rossow, 1983). 
Because this I s c c p  data set requires global coverage, 
its spatial resolution has been reduced to make global 
processing possible. Therefore, in order for us to use this 
rich data set to build a satellite climatology of marine 
stratiform clouds, a very important and necessary re- 
quirement is to know the data resolution (including both 
temporal and spatial resolutions) effects on the derived 
cloud amounts. In this study, we used both VISSR data 
from the GOES-6 satellite and AVHRR data from the 
NOAA-7 satellite to study the spatial resolution effects 
of ISCCP sampling procedures. The cloud fractions de- 
rived from visible and infrared channel data from the 
AW!U?.R and VISSR data at full resolution are treated 
88 the “true” fractions. Comparisons of these “true” 
hctions with cloud fractions from the same data at 
reduced resolution are presented. 

2. DATA ANALYSIS 

Figures 1 to 3 are full resolution (1 km at nadir) 
AVHRR channel 1, 3 and 4 images from the NOAA-’7 
Satellite at 23002 on 26 June 1986. Twelve trarget areas 

(boxes A to L) were selected because of their different 
cloud conditions. The same geographical areas were 10- 
cated on the GOES6 satellite images of the same time 
(Figures 4 and 5) .  Figures 4 and 5 are full resolution 
visible and infrared channel pictures from the VISSR 
S w o r n  of the GOES-6 satellite. The sizes of d l  target 

were 30 pixels by 30 pixels on the AVHRR imqes. 
TO estimate the satellite cloud fractions, we have ana- 
lyzed all satellite images subjectively using a threshold 
method. The threshold value of each target area 
chosen while the satellite image was displayed on our 
Interactive Research Imaging System. The spatid con- 

tinuity of threshold values was considered when they 
were determined. Any pixel brighter than the threshold 
value was counted as a cloudy pixel. The cloud fraction 
of each box is the percentage of cloudy pixels divided 
by the total number of pixels in that box. We have ap- 
plied this simple cloud scheme to the satellite images 
of Figures 1, 3, 4, 5 and the degraded images of r’g 4 1  ure 
4 (not shown here). The degradation was done in the 
same way as in Shih, et al., (1986) using the following 
formula: 

Degrade Pixel Count = (E? y ’ ) l ’ Z  

where count is bringhtness count, N is the number of 
pixels averaged. 

1 
t 

! 
! 

i 
I 

c 
i 
4 

i 
Figure 1. Sntcllite image of AVIIRR C11~1nc.l 1 data 

at 23002 of 26 June 1986. Twelve (boxes 
A-L) target areas were chosen because of 
their different cloud conditions. 

3. RESULTS 

The preliminary results shown here used two difler- 
ent spatial resolutions: full and S8/16. The full reso- 
lution used all pixels within the area. The S8/16 res- 
olution utilized only the first pixel within an m a  of 8 
km (longitude) and 16 km (latitude). This latter reso- 
lution reduced the number of pixels of a target area to 
1/128th of the full resolution for all satellite data used 
here except the GOES infrared channel which was re- 
duced to 1/4th of its full resolution size. To find out 
whether the cloud fractions changes when the data res- 
olution changes, we have listed out the current results 
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Figure 2. As in Figure 1, but for channel 3 of AVHRR 
data. 

i 

Figure 3. As in Figure 1, but for channel 4 of AVHRR 
data. 

of our cloud alanysis in Table 1. Cloud fractions of five 
target areas (boxes A, C, D, H and L) are shown in 
Table 1. Seven other target areas were not shown be- 
cause their cloud fractions were 100% despite different 
resolutions used. Thus, sampling or degradation has 
no effect on cloud fractions when the target areas were 
completely cloudy. However, whether the characteris- 
tic spatial scale from cloud brightness texture analysis 
would remain unchanged at different resolutions is not 
yet known. We are working on this subject using dig- 
ital picture processing technique. The results will be 
presented at the conference. 

To illustrate the effects of reduced resolution on cloud 
fraction, we have plotted the results of Table 1 in Fig- 
ures 6 and 7. In Figure 6, the cloud fractions of full 
resolution samples were plotted against those of the 
S8/16 resolution without degradation. Ideally, if the 
sampling has no effects on cloud fraction, the points in 
Figure 6 would be scattered along the diagonal line of 

Figure 4. Visible channel image of GOES VISSR 
data, at the same time as in Figure 1. 

Figure 5. Infrared channel image of GOES VISSR 
data, at the same time as in Figure 1. 

slope one. But the points in Figure 6, except the box 
A, scatter over a very wide range. This indicates the 
sampling does change the cloud fractions of target ar- 
ea8 c, D, H and L. A visual check of the clouds within 
these four target areas (Figures 1 to 5) indicates the 
clouds within these areas were more convective than 
the other areas. The results of box A were almost un- 
changed at S8/16 resolution. Similar conclusions are 
true for Figure 7, which contrasts cloud fractions of full 
resolution data with those. of degraded S8/16 resolution 
data. All these results point out that in the broken cloud 
fields often found between clear, near-shore coastal area 
and completely cloudy, oceanic area, sampling or degra- 
dation of satellite data would produce different cloud 
amount estimates from those generated using full res- 
olution data. Therefore, as we build the marine stat- 
ifonn cloud climatology, different processing strategies 
have to be adopted to assure accurate cloud amount e 5  
timations. This agrees with the results of Hughes and 
Henderson-Sellers (1983) despite the fact that our data 
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Chonnol AVHRR-1 AVHRR-4 GOES-VIS GOES-IR COES-V02 GOES-V04 GOES-V08 GOES-V16 

Rooolution F u l l  S8/16 F u l l  S8/16 F u l l  S8/16 F u l l  S8/16 S8/16 S8/16 58/18 S8/16 

Torgot Cloud Froct ions  (%) 
Aror 

A 88.9 76.0 74.1 76.0 69.6 78.6 79.6 86.7 71.4 86.7 71.4 71.4 
C 96.7 76.0 91.7 76.0 93.7 100.0 90.2 96.2 100.0 100.0 100.0 100.0 
D 60.4 26.0 86.1 87.6 69.2 72.7 29.7 84.8 72.7 72.7 90.9 100. 0 
H 89.7 62.6 27.6 62.6 98.2 88.2 88.2 20.0 100.0 100.0 100.0 100.0 
L 41.0 60.0 84.7 68.0 82.8 00.0 28.7 26.1 62.6 90.0 100.0 80.0 

100 

90 

80 

70 

60 

Sa116 
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10 2 o t /  IH 

O Y '  ' ' ' ' . ' ' ' 

Scatter diagram of cloud fractions of full 
resolution data versus those of S8/16 un- 
degraded data. Each point is lettered with 
channel name (1 for AVHRR-1,4 for AVHRR- 
4, V for GOES visible, I for GOES in- 
frared) and box name (from A to L). 

0 10 20 30 40 50 60 70 80 90 100 

Full ( X )  
Figure 6. 

resolution (1 km) is much higher than theirs (46 km). 
We are currently testing an objective method to sepa- 
rate the uniform (either clear or cloudy with clear holeg) 
zones from the discrete (convective) zones. 

4. SUMMARY - 
Satellite data from both GOES-VISSR and NOAA- 

7 AVHRR wnsom covering the same marine stratiform 
cloud were collected for this study. Twelve target areas 
were chosen for subjective cloud analysis. The results 
of cloud analysis using two lwOlUtiOM were presented, 
and they indicated that cloud fraction varied with data 
resolution if the target area wen located in the discrete 
wne. For target areas located in the uniform zone, the 
cloud fractions from reduced resolution data were con- 
sietent with those from full resolution data. For com- 
pletely cloudy m a  in the uniform zone, whether the 
characteristic spatial scale of its brightness texture stays 
unchanged at reduced data resolution is currently under 
investigation. More results using resolution other than 
S8/16 will be presented at the conference. 
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ANALYSIS OF CLOUD DYNAMICS WITH MULTISPECTRAL TECHNIWES 

Andreas K. Goroch and James R. Clark 

Naval Envirornnental Prediction Research Facility 
Monterey, CA 93943-5006 

1. INTRODUCTION 

The purpose of this article is to describe 
a technique for simultaneous display of satellite 
data from the visible and infrared bands. This 
technique provides a visualization of different 
atmospheric features, such as fronts, convective 
areas, cirrus, and stratus occurrence, which are 
generally inferred from analysis of separate 
satellite pictures. 

2. BACKGROUND 

Conventional satellite imagery has been 
generally provided invisible and infrared bands. 
The visible band measures reflected properties of 
the earth surface and cloud structure above it, 
while the infrared band displays black body and 
emissivity characteristics of the surface. While 
the visible infonnation provides information on 
the density of clouds, the infrared data provides 
information about the temperature of the cloud 
top. A canbination of the two bands provides a 
visual indication of the cloud surface while the 
infrared makes possible the inference of cloud 
height. 

Extensive work has been conducted on the 
developnent of three dimensional images of visual 
and infrared images. These have been very 
powerful, although requiring extensive hardware 
support and software developnent (Von der mar, 
et a1 . , 1987) . The procedure described here is 
an alternate method of displaying multiple 
frequency satellite data, suitable to less 
sophisticated image display hardware. 

The first section outlines the method of 
displaying multiple images on a conventional 
false color image display (NEPRF, 1984). The 
following sections describe some results and 
potential advanced applications of these 
techniques. 

3. METHOD 

NEPRF uses a GENISCO ET-3000 graphic 
display station driven by a Data General Eclipse 
S-250 minicunputer as its image display systen 
(NEPRF, 1984). The systan has 16 refresh manory 
planes with the capability of displaying either 
group of eight planes. The screen display is 
controlled by a video look-up table (VLT) of 256 
entries capable #of displaying 4096 colors. The 
gray shade representation is limited to 16 
values. 

The usual method of display is to load one 
image into an 8 bit byte. Since only 16 gray 
shades are displayed, it is possible to display 
two images simultaneously. This is accanplished 
by loading two images into one display byte and 
changing the VLT accordingly. 

Prior to loading the two images into a 
byte, the pixel values may be transformed with a 
scale and bias to provide a better dynamic 
range in defining desired features. Our normal 
procedure is to define the VLT such that the four 
lower planes drive the green gun, the four upper 
planes drive the red gun and the blue gun is used 
to display values above or below sane threshold. 
The choice of color for each image is, of course, 
arbitrary. 

Table 1 shows the scale and bias for 
visible and infrared GOES VISSR data normally 
used for display. 

Table 1. Typical Image display parameterization. 

Scale Bias 

Visible 0.4 -10 

IR 0.63 -50 

4. RESULTS 

This technique differentiates between 
cloud structures according to elevation and 
liquid water content. Ihe technique is useful in 
the following situations: 

Differentiation of Cirrus and Stratus 

The height difference between cirrus and 
stratus is accentuated using color hgery. A 
frontal region is displayed with cirrus (in red 
on the SPADS system) ahead of the front, and 
stratus (in green) in the cold region behind the 
front. 

Identification of Convection Regions 

!Re depth of a convective region is shown in 
the high reflectivity of visible wavelengths and 
emissivity of the cloud tops at the infrared 
wavelengths. Ihe resulting image accentuates the 
regions in which convective features daninate. 
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5. CONCLUSIONS 

The use of simultaneous display of visible 
and infrared imagery is a useful technique for 
the display of three dimensional atmospheric 
structure. The use of color provides sharp 
delineation of stratus, cirrus and convective 
cloud occurrence. 

Future Applications 

The simultaneous use of images in 
different spectral regions can be applied to 
other frequencies in addition to the mre or less 
conventional visible anti infrared wavelengths. 
Initial developnent has started in using water 
vapor imager ( using the 6.7 micraneter band). 
It is anticipated that information fran the new 
microwave sensors will be integrated with 
conventional imagery as well. 
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9 . 3  

EVALUATION OF 3.7 p m  SPLIT WINDOWS FOR ESTIMATING SURFACE TEMPERATURE 

1. INTRODUCTION 

David S. Crosby* 
Larry M. McMillin 
John C. Alishouse 

National Oceanic and Atmospheric Administration 
National Environmental Satellite, Data, and Information Service 

Satellite Research Laboratory 
Washington, D.C. 20233 

*Permanent affiliation: The American University, Washington, D.C. 

Radiometers carried on satellites have 
been used to provide global estimates of sea 
surface temperature since 1970. The current 
operational technique uses a split window in the 
11 p m  region and a single window in the 3.7 pm 
region. This technique has been applied to a 
wide range of conditions (McClain et al. 1985) 
and is based on an assumption which is valid for 
transmissivities which are close to one (McMillin 
and Crosby 1984). 
nificantly different from nadir, the transmis- 
sitivities of the 1 1 p m  pair drop to less than 
0.7 in moist tropical atmospheres. Because of 
this difficulty with the l l p m  window, a split 
window in the 3.7 p m  region has been suggested 
and will be available on future instruments. 
In this paper we will use simulated data to 
evaluate the potential gains available from using 
a short wave split window pair. 

When viewing angles are sig- 

2. THEORY 

For a general discussion of the multiple 
window sea surface temperature technique see 
McMillin and Crosby (1984, 1985). The split 
window technique requires that T ,  the atmospheric 
transmittance, be close to one. In the 11 p m  
region transmittances considerably leas than 0.7 
have been observed in moist tropical atmospheres 
at viewing angles far from nadir. This occurs 
because the primary absorber in this window is 
water vapor. It is also possible to generate a 
split window in the 3.7 pm region. Compared to 
the 11 pm windows, the 3.7 pm windows have more 
absorption due to the fixed gases but less 
absorption due to water vapor. This gives the 
3.7 p m  window an advantage in the tropics, namely 
a higher overall transmittance. A possible 
disadvantage due to the additional absorption by 
fixed gases is ameliorated by the fact that the 
temperature is relatively constant in the tropics 
and the absorption due to fixed gases tends to 
take the form of a constant. Hence it is easier 
to correct. A disadvantage of the short wave 
windows is that they are sensitive to reflected 
sunlight. 

3. SIGNAL TO NOISE CONSIDERATIONS 

One of the parameters required for an 
evaluation is the instrument noise. Implemen- 
tation of the short wavelength split window 
channels requires analysis to insure that adequate 
signal-to=.noise ratios are obtained and 
that the required components are within the 
"state-of-the-art". 
given in Table 1. 

2551 cm-l and 2611 cm-l provides room for a 
dicroic beamsplitter and also avoids a weak 
atmospheric absorption band of nitrous oxide 
(N20). To estimate signal-to-noise ratios 
(actually NEAT'S) that might be achieved, results 
have been extrapolated from those measured for a 
channel in this spectral region on the Advanced 
Very High Resolution Radiometer (AVHRR). The 
AVHRR channel has its center wavelength at 3.7 p m  
(2703 cm-l) and its halfpower points at 3.56 p m  
(2809 cm-l) and 3.95 p m  (2532 cm-l). 
channel noise equivalent temperature differences 
(NEAT'S) as small as 0.044 K at 300 K have been 
measured. This NEAT was then converted to noise 
equivalent radiance (NEAN) and degraded to allow 
for the smaller spectral bandwidth and reduced 
transmittance of the optical train. It was 
assumed that the AVHRR's NEAN would increase as 
the ratio of the halfpower bandwidths [(277/151) 
and (277/112) respectively] and that an extra 
optical element (a dicroic beamsplitter) would be 
required. It was assumed that the reflectivity 
for channel 1 was 0.8 and the transmissivity for 
channel 2 was also 0.8. NEAT'S were then com- 
puted for the new channels at 300 K, the usually 
specified value, and at 285 K, a more typical 
value encountered in SST determinations. These 
results are given in Table 2. 

AVHRR telescope diameter, angular field of view, 
and a single detector. 
a primary mirror of 20 cm diameter, an angular 
field of view of 1.3 milliradians (1.1 km at 
nadir), and a single InSb detector. The NEAT'S 
given in Table 2 could be reduced by increasing 
the size of the primary mirror, increasing the 
angular field of view, and the use of multiple 
detectors. 
factor of 2 increase in signal-to-noise ratio. 
Increasing the angular field of view will 

One proposed channel pair is 

The gap between the halfpower points of 

For this 

The above NEAT'S were computed for the 

The AVHRR telescope has 

A four element array would provide a 
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increase  the s ignal- to-noise  r a t i o ,  but w i l l  a l s o  
increase  t h e  s i z e  of the f i e l d  of view and hence 
decrease the  s p a t i a l  r e s o l u t i o n .  Increas ing  the  
diameter  of  the primary mir ror  w i l l  a l s o  increase  
t h e  s ignal- to-noise  r a t i o ,  but  a l s o  increases  the 
volume and weight of t h e  radiometer .  

For most of the s imula t ions  the random 
n o i s e  i n  the  1 1 p m  window has  been assigned a 
s tandard d e v i a t i o n  of ,125 degrees .  Given the  
results from the  AVHRR t h i s  value may be too high 
(McClain e t  a l .  1984); I n  any case the  instrument  
n o i s e  is  j u s t  a lower bound on the  measurement 
e r r o r .  The noise  may be reduced by averaging.  

4 .  Simulated Data Se t  

Since no r e a l  d a t a  a r e  p r e s e n t l y  a v a i l a b l e ,  
i n  order  t o  t es t ,  eva lua te  and compare the  3.7 p m  
window p a i r s  it was necessary t o  produce a simu- 
l a t e d  d a t a  set which i n  t u r n  requi red  a set of 
atmospheric temperature and humidity p r o f i l e s .  
The d a t a  set  used was the 1200 atmospheres 
descr ibed  i n  Smith e t  e l .  1974. This  c o n s i s t s  of 
a geographical ly  and seasonal ly  d i v e r s e  c o l l e c t i o n  
o f  atmospheres. 
c l a s s e s :  400 polar ;  400 temperate; 400 t r o p i c a l .  
An atmospheric t ransmi t tance  model (Weinreb and 
H i l l ,  1980) was used t o  generate  s imulated 
upwelling rad iances  which were converted t o  
b r i g h t n e s s  temperatures .  A l l  the  channels except  
t h e  channel centered a t  2518.14 cm-l were simu- 
l a t e d  with the  f i l t e r  shape of the HIRS (High 
Reeolut ion I n f r a r e d  Radiat ion Sounder) channel 19 
s h i f t e d  t o  the  s p e c i f i e d  c e n t e r  (Schwalb 1978). 
For the 2518.14 cm-l channel ,  the  f i l t e r  shape f o r  
t h e  HIRS channel 18 was used. The half-widths  of 
t h e s e  channels a r e  100 cm-l and 35 cm-l reapec- 
t i v e  l y  . 

To each of the  computed br ightness  tem- 
p e r a t u r e s  a pseudo-random noise  was added. These 
were normal random v a r i a b l e s  generated by the SAS 
package (SAS 1982). The s tandard d e v i a t i o n  of 
t h e  noise  used f o r  most of the s imula t ions  were 
0.1 and 0.125 i n  the shortwave and longwave 
reg ions  r e s p e c t i v e l y .  These numbers were compro- 
mises a r r i v e d  a t  using the  ana lyses  of s e c t i o n  3 
and the  experience with the  AVHRR. 

They a r e  divided i n t o  t h r e e  

5. Resul t s  

To e v a l u a t e  the  poss ib le  increase  i n  
accuracy using windows i n  the  3.7 p m  reg ion ,  the  
reg ion  was examined f o r  poss ib le  s p l i t  windows. 
Four p a i r s  of channels were picked: 
(2518.14-2667.8 cm-l, 2487.14-2529.15 cm-l, 
2563.13-2670.52 cm-l, 2813.79-2755.16 cm-l). 
Except f o r  the  channel centered a t  2518.44 cm-l, 
which has  a half-width of 35 cm-l, a l l  of these  
channels  have a half-width of 100 cm-l. I n  each 
p a i r ,  the  f i r s t  is  the  more absorbing. P a i r s  
were picked t o  provide d i f f e r e n t  va lues  of 
absorp t ion  a t  s i m i l a r  wavenumbere. Even though 
the  channels were picked i n  p a i r s ,  each of the 
four  low absorbing channels were pa i red  with the  
four  more absorbing channels ,  r e s u l t i n g  i n  16 
p o s s i b l e  combinations. The f i r s t  p a i r  c o n s i s t s  
of  t h e  c u r r e n t  HIRS channels 18 and 19. Some of 
t h e  p a i r s  may not  be separa ted  f a r  enough i n  
wavenumber t o  be p r a c t i c a l .  
temperatures  were produced using the  technique 
descr ibed  i n  the  previous s e c t i o n .  The br ight -  
ness  temperatures  were used t o  p r e d i c t  sur face  
temperature. Standard mul t ip le  l i n e a r  regreas ion  
wan used t o  d e f i n e  t h e  parameters of the  

Simulated br ightness  

r e l a t i o n a ;  

or  

T, bo + bl*Tl + b2*T2 + b3*T3. 

(1)  

( 2 )  

I n  equat ions 1 and 2 ,  T, i s  the  sur face  temper- 
a t u r e  and T i ,  T2, and T3 a r e  the br ightness  
temperatures  i n  the  t h r e e  windows. RMS e r r o r s  i n  
t h e  pred ic ted  sur face  temperature were computed 
f o r  a p o l a r ,  a mid la t i tude ,  a t r o p i c a l  and a 
g loba l  d a t a  s e t .  Since T,, T I ,  T2 ,  and T 3  a r e  
approximately equal ,  it i s  t o  be expected t h a t  
(bl+b2)  o r  (bl+b2+b3) should be approximately 
one. I f  t h e r e  i s  no s p l i t  window e f f e c t  then 
e r r o r  cons idera t ions  suggest t h a t  b1>0, b2>0 and 
b3>O. That i s ,  the es t imate  of T, i s  a weighted 
average of T1 and T2 o r  T i ,  T2 and T3. 
McMillin and Crosby 1984, 1985). Table 3 g ives  
RMS e r r o r s  (RMSE) f o r  var ious  poss ib le  s p l i t  win- 
dows i n  the  3.7 p m  region.  The noise  was assumed 
t o  have a s tandard d e v i a t i o n  of 0.1 degrees .  

reg ion ,  a l l  the  p a i r s  gave results with an RMSE 
of leas than 0.5. The bes t  r e s u l t s ,  i n  a genera l  
sense ,  were produced by the  p a i r  2487.14 and 
2529.15, which results i n  an RMSE of 0.23 f o r  a 
g loba l  sample. The b e s t  p a i r  f o r  t h e  t r o p i c s  is  
2813.79 and 2529.15, which g ives  a RMSE of 0.146. 
I t  is worth not ing t h a t  the bes t  results were 
obtained when the  r e l a t i o n s h i p  of b l  and bp i s  
t h a t  of a t r u e  s p l i t  window. 

a r e  l e s s  than the  values  of approximately 0.4 K 
RMSE obtained from an equiva len t  s imulat ion f o r  
the 11 p m  window. The noise  assumed f o r  the 11 p m  
window had a s tandard devia t ion  of 0.125. 
Reducing the  s tandard devia t ion  of the  noise  t o  
0.1 would have s l i g h t l y  reduced the RMSE of the 
es t imated  sur face  temperature. However, ins t ru-  
ment no ise  does d i f f e r  i n  the two s p e c t r a l  regions.  

combinations of 3.7 pm and 11 p m  windows. These 
r e s u l t s  show t h a t  the  3.7 p m  windows give t h e  
smal les t  RMSE's f o r  a l l  regions with the l a r g e s t  
d i f f e r e n c e  occurr ing  i n  t h e  t r o p i c s .  A probable 
reason f o r  t h i s  i s  the t h a t  t h e r e  is  a much 
g r e a t e r  absorp t ion  due t o  water vapor i n  the 11 pm 
window. This  i s  shown i n  t a b l e  5 which g ives  the 
a c t u a l  regress ion  c o e f f i c i e n t s  f o r  var ious  
combinations of the  window channels. The windows 
used where those centered a t  907.44, 832.69 and 
2670.52 cm-l. The noise  f a c t o r s  used were 0.125, 
0.125, and 0.10 r e s p e c t i v e l y .  It is  seen t h a t  
the  c o e f f i c i e n t s  f o r  the  11 p m  p a i r  are much 
l a r g e r  than those which include the  3.7 p m  win- 
dow. The l a r g e r  c o e f f i c i e n t s  mul t ip ly  the  
measurement e r r o r s  by l a r g e r  f a c t o r s .  Table 4 
shows t h a t  the  r e s u l t s  obtained by supplementing 
the  11 p m  p a i r  with a s i n g l e  3.7 pm window a r e  
e s s e n t i a l l y  a s  good as those obtained with the 
3.7 pm s p l i t  window. It a l s o  shows t h a t  the com- 
b i n a t i o n s  of one 3.7 pm window with one 11 p m  
window gives  good r e s u l t s .  

Even though t o t a l  atmospheric absorp t ion  
i s  l a r g e r  i n  the  t r o p i c s  than i n  t h e  o ther  reg ions ,  
t h e  3.7 pm s p l i t  window accurac ies  a r e  better i n  
the  t r o p i c s  than i n  o t h e r  regions.  This  i s  
i n c o n s i s t e n t  with both the  s imulated and a c t u a l  
r e s u l t s  w i t h  the  AVHRR i n  t h e  I1 p m  region.  
However, much of the absorp t ion  a t  3.7 p m  i s  due 
t o  the  continuum of n i t r o g e n ,  a f ixed  gas. Hence, 

(See 

Because of the t ransparency of t h i s  window 

The RMSE values  f o r  the s h o r t  wave windows 

Table 4 g ives  RMSE r e s u l t s  f o r  var ious  
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t h e  v a r i a b i l i t y  of t h e  absorp t ion  a t  3.7 pm depends 
more on the  v a r i a b i l i t y  of t h e  temperature p r o f i l e  
and l e s s  on the  changes i n  water  vapor. I n  t h i s  
wavelength reg ion ,  the  primary absorp t ion  is  due t o  
f i x e d  gases  and, a s  a r e s u l t ,  the  uniformity of the  
temperature  i n  the  t r o p i c s  becomes a major f a c t o r .  

6. Conclusions 

The r e s u l t s  of t h i s  s tudy show t h a t  the  
combination of the  two s p l i t  windows provides  a 
complementary set  of measurements which serve the  
intended purpose wel l .  The 11 pm p a i r  provides  
a c c u r a t e  sea sur face  temperatures  i n  polar  and mid- 
l a t i t u d e  reg ions  under a l l  l i g h t i n g  condi t ions .  
However, the  accuracy of t h i s  p a i r  is  s i g n i f i c a n t l y  
diminished a t  t h e  high atmospheric absorp t ion  f r e -  
quent ly  experienced i n  t r o p i c a l  areas. 
while t h e  3.7 pm p a i r  can experience l a r g e  e r r o r s  
due t o  r e f l e c t i o n  i n  s u n l i t  a r e a s ,  it provides  the  
b e s t  r e s u l t s  i n  the  t r o p i c s ,  thus  compensating f o r  
t h e  major l i m i t a t i o n  of  the  1 1 p m  p a i r .  The com- 
b i n a t i o n  of the two p a i r s  can provide accura te  es- 
timates of  sea  sur face  temperature a t  a l l  l a t i t u d e s  
a t  n ight  and accura te  es t imates  of t h e  sea sur face  
temperature  a t  high l a t i t u d e s  with p a r t i a l  coverage 
i n  the  t r o p i c s  under dayl ight  condi t ions .  Although 
a s i n g l e  3.7 prn channel combined with the  11 pm 
p a i r s  g ives  almost as good r e s u l t s  as t h e  3.7 p m  
p a i r ,  the  shortAwave and longwave combination i s  
more s u b j e c t  t o  e r r o r s  due t o  such f a c t o r s  as 
volcanic  a e r o s o l s ,  and i s  not  a s  e f f e c t i v e  i n  
c o r r e c t i n g  f o r  cloud contamination because of t h e  
l a r g e  d i f f e r e n c e s  i n  the  r e l a t i o n s h i p  between t e m -  
p e r a t u r e s  and rad iances  i n  the  widely separa ted  
s p e c t r a l  reg ions .  It i s  a l s o  s u b j e c t  t o  l a r g e r  
e r r o r s  when obta in ing  sur face  temperature over 
a r e a s  such a land where the sur face  temperature 
v a r i e s  over a s i n g l e  f i e l d  of  view. None of these  
e f f e c t s  have been considered i n  t h i s  s imulat ion.  

I n  c o n t r a s t ,  
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Tabla 1. Propomad 3.7 pm window pair .  

Channel Canter frequency (cm-1) H.lfpolmr paint. ("-1) 

1 2688 (3.728') 2611-2762 (3.62-3.83 pm) 

2 2494 (4.01 ,id 2439-2551 (3.92-4.10 pol 

Table 2. Estiratad ~ T ' s  f or  proposed 3.7 p m  window pair .  

NEAT 

Channel e 300 Y e 285 Y 

1 .I2 .20 

2 .08 .15 

Table 3. WSC for surfaca ramperacur. for a.v.ral combination. of short-raw 
'p l i t  window.. 

C.ncr.1 fraouaoc), Laticud. 

- a11 frOPlCll 
2)1(.14 

2661.8 * . 2 1 8  a.227 *.201 .158 

2529.15 ,269 .I02 * . 2 1 3  *.160 

2610.52 * * 2 0 0  *.234 *.285 ,151 

2155.16 *.20I '-238 *.?E4 I I58 

2487.14 
2667.8 *.I41 *.240 *.126 .193 

2529.15 .213 .239 .211 *.110 

2670.52 .I48 *.252 *.135 .191 

2755.16 *.I66 e.247 *.130 .192 

2563.13 - 
2661.8 *.I02 *.232 0.296 ,1115 

2529.15 .210 . I02 .270 *.171 

2610.52 +.I00 *.240 *.101 .101 

2755.16 * . I04  r.239 *.299 ,189 

1(113.19 
2667.8 .I07 . '19 .276 1330 

2529.15 *.269 *.25r( *.272 .146 

2670.52 .I31 .254 .297 .161 

2755.16 .I13 .2b5 . s o  .33b 

Table 4. Iu lSC 'm of murtac. t.mp.r.tura fo r  **Vera1 c a b i a a t i o n a  of 3.7~. 
and l l p m  rimdorm. 

c.ntr.1 h t l t u d a  

vr.qu..ei.. - 811 pol.r mid lac craplc.1 & 
2481,2529 .Z3 .24 

2670,901,832 .21 .22 .22 . I8  .IO, .125, .I25 

a22 . I 1  .IO, .IO 

2610,907,832 .20 .20 .20 -17 .IO, .IO, .lo 

907.832 .49 .IO .42 .56 .IO, .10 

907,012 .59 .I4 .50 .64 .125, -12.5 

2610,901 

2670,832 

.21 .25 .28 .23 . lo,  ,125 

. I 8  .IO, .I25 - 2 2  .23 .22 
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Centre1 lati tude 

rrequenciem - e l l  m i d  lac troplC.L 

901.44 1.15 1.02 1.23 1.30 

831.69 .40 .53 - 5 0  - 1 6  

1610.52 - . 6 3  - . 5 3  - . I 3  - . 5 I  

907.44 3.11 1.68 1 . 7 8  1 - 5 5  

832.69 -2.11 - .66 -1.77 -1.56 

4 09 



9.4 

EOF ANALYSIS OF AVHRR AND CZCS IMAGERY 

Gary S.E. Lagerloef 

Science Applications International Corporation 
13400 Northup Way NE, Suite 36B 

Bellevue, Wa. 98005 

1. INTRODUCTION 

Empirical orthogonal function (EOF) 
analysis, as conventionally applied to 
oceanographic and meteorological data sets, 
is used to decompose space-time distributed 
data into modes ranked by their temporal 
variance. 
sea surface temperature or CZCS ocean color 
images, one might be interested in studying 
the variance associated with frontal, eddy 
and jet structures which are often clearly 
evident. However, unless these features are 
associated with strong temporal variability, 
they will not be manifested in the most 
energetic few modes in an EOF decomposition 
of temporal variance. Because the data are 
distributed over space and time, EOF modes 
can be computed ranked by their spatial 
variance as well as by their temporal 
variance. Persistent spatial patterns with 
the strongest horizontal gradients, such as 
fronts or eddies, will then be evident in the 
dominant modes. In such an analysis, the 
space and time axes are reversed relative to 
the EOF decomposition of temporal variance; 
the amplitude functions become spatial image 
patterns, and the eigenvectors become 
dimensionless time series describing the time 
histories of the modes. 

In the analysis of a set of AVHRR 

In this paper, spatial variance EOF 
decomposition is demonstrated and compared 
with temporal variance ranked modes. 
analyses are applied to the central 
California shelf and the Santa Barbara 
Channel region off oouthern California 
(Figure 1). In these regions offshore 
filaments, fronts and eddies are commonly 
evident in AVHRR and CZCS imagery, and these 
mesoscale features are the subject of 
on-going research in the "Coastal Transition 
Zone". 

The 

2. EOF DECOMPOSITION 

The key difference between spatially 
and temporally ranked EOF modes lies in how 
the data are operated on prior to computing 
the EOF decomposition. If the time means are 
first subtracted from each of the timeseries, 
the resultant mode eigenvalues sum the 
temporal variance. Conversely, if all data 

sampled at the same time have the spatial 
average removed, the modes decompose the 
spatial variance. Subsequently, the analyses 
are generic and involve the 
eigenvalueleigenvector solution to the 
smaller of the two possible covariance 
matrices which can be derived from the 
adjusted data set (Von Storch and 
Hannoschock, 19848 Moore, 1974; Hirose and 
Kutzbach, 1969). This is particularly useful 
to analyzing data sets considerably more 
densely sampled in either space or time, 
relative to the other dimension, such as the 
satellite image data studied here. An 
extensive description of the analysis for 
temporally and spatially ranked modes is 
given by Lagerloef and Bernstein (1987). 

120 w 118 w 125 w 

36 N 

ao N 

Figure 1: 
California coastal region, showing the 
location of the Santa Barbara Channel study 
area, the ,central California coastal 
transition zone study area, and a schematic 
of the California Current and cyclonic 
circulation of the Southern California Bight. 

The southern and central 
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3. EOF ANALYSES OF AVHRR AND CZCS IMAGES 

Two study areas discussed here are 
the Santa Barbara Channel and the central 
California coastal transition zone. The 
Santa Barbara Channel is a semi-enclosed 
coastal oceanic basin along the south-central 
California coast (Figure l), about 100 km 
long by about 50 km wide, and with a central 
basin depth of "500 m. 
to be in a transition region between two 
coastal water masses. Warmer waters from the 
Southern California Bight dominate the 
channel inflow through the eastern boundary 
and extend into the basin along the northern 
perimeter. The western channel is influenced 
by California Current and upwelling waters 
from the west, with cool eastward inflow 
along the southern channel perimeter 
(Lagerloef and Bernstein, 1987; Brink and 
Muench, 1986). In the channel interior, 
there is evidence of eddies on the scale of 
one-half to one-third the channel axis 
length, particularly in the western portion. 
These eddies are commonly evident through 
casual inspection of any large set of AVHRR 
images of the channel region. 
used thirty six cloud-free AVHRR images, 
sampled an average of every 10 days between 
January 1984 and January 1985, with a 50x100 
km section covering Santa Barbara Channel 
(see box i n  Figure 1) extracted from each 
image, and land areas masked. 

The channel appears 

This analysis 

The central California shelf study 
area is dominated by the California Current 
system, characterized by spring-summer 
upwelling and, in winter, northward near 
shore flow commonly referred to as the 
Davidson Current (Hickey, 1979). During 
spring and summer cross-shelf filaments of 
coastal upwelling waters are frequently 
evident in satellite images, often extending 
more than 100 km offshore (Bernstein, et al., 
1977). At sea measurements have shown these 
to be associated with energetic cross-shelf 
current jets 050 cms) and strong temperature 
fronts (Flament, et al., 1985). This 
analysis utilized CZCS data from 1981, in the 
region 35ON-4O0N and 120°W-1250W 
(Figure 1). 
formed from 4-6 week segments in the data to 
remove contamination from clouds. 

Nine composite images were 

3.1 Santa Barbara Channel 

Results for the first two modes of 
both the spatial and temporal variance EOF 
analyses for Santa Barbara Channel are shown 
in Figures 2 and 3. It is clear that the 
spatial and temporal variance approaches 
yield distinctly different results. The 
first spatial variance mode (60% of the 
spatial variance) in Figure 28 shows a 
distinct NW-SE front in the western half of 
the channel which separates two water masses 
dominating the channel circulation. Along 
channel temperature differences are typically 
'"1-3OC (CALCOFI, 1982). This pattern 
closely resembles the mean pattern formed by 
the time average at each grid point (not 
shown), suggesting that the dominant 

temperature pattern represented by this modc 
is  a persistent feature. In contrnst, the 
first temporal variance mode (92% of the 
temporal variance) has very little spatial 
structure (Figure 2b). 

b 

C ! 

Figure 2 :  
spatial patterns: (a) First spatial variance 
mode showing the persistent ("2OC) 
temperature front in the western channel, (b) 
first temporal variance mode showing little 
spatial structure, or a basin-wide process, 
(c) second spatial variance mode resembling 
an eddy like structure, nnd ( a )  second 
temporal variance modc. 

Santa Barbara Channel AVHRR EOF 
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The time variability of these modes 
is shown in Figures 3a and 3b. The first 
spatial mode time series leads the first 
temporal variance mode by “goo, so that two 
distinct, uncoupled, seasonal signals are 
found with these analyses. 
variance mode is seen to increase during the 
summer months and taper off again during the 
winter, indicating a s m e r  strengthening of 
the along-channel temperature gradient and 
front depicted in Figure 2a. This is 
consistent with the along-channel temperature 
difference between moored instruments in the 
eastern and western channel boundaries and 
with flow through the eastern channel 
boundary (Figure 4 ) .  The first temporal 
variance mode (Figure 3b), on the other hand, 
is consistent with the annual cooling and 
warming cycle over the region; minimum 
temperatures in spring, maximum in fall 
(CALCOFI, 1982). The weak spatial structure 
of the mode (Figure 2b) indicates that this 
is a basin-wide signal. A similar first mode 
result, with a spatially uniform, low 
frequency temperature variation, was found by 
Kelly (1986) in a temporal variance EOF 
analysis of AVHRR images over the northern 
California shelf. 

The first spatial 

The image patterns for the second 
modes of spatial variance and temporal 
variance are shown in Figures 2c and’2d. The 
second spatial variance mode (7.7% of the 
variance) depicts an eddy-like, circular form 
in the western channel, consistent with the 
mean cyclonic flow (Lagerloef and Bernstein, 
1987). Eddies have been observed in the west 
central portion of the channel and this mode 
could represent some of the associated 
variability. It likely does not represent a 
permanent warm or cold core eddy mode, but 
instead may suggest the trapping or 
entrainment of either warm or cold water mass 
intrusions in the west-central part of the 
channel, associated with the eddies and the 
mean cyclonic flow pattern. For this reason, 
the eigenvector time series of this mode 
changes sign frequently over the temporal 
record of images (Figure 3c). The second 
temporal variance mode (Figure 2d) has 
considerably more spatial structure than the 
first, but accounts for only 2.5% of the 
temporal variance. The time series of this 
mode (Figure 3d) shows weak variability with 
no distinct periodicity, and it is doubtful 
that this mode has an important physical 
interpretation. 

3.2 California Coastal Transition Region 

The analyses of CZCS images of the 
Central California coastal transition zone 
are shown in Figures 5 and 6. 
spatial mode ( 4 4 %  spatial variance) again 
shows a persistent front (Figure 5a), in this 
case a meandering color front associated with 
the California Current. This has 
implications on the persistent structure of 
the California Current in the region. The 
mode also strongly resembles the mean color 
field (not shown). Zones of off shore 
extending coastal waters adjacent to Pt. 
Arena and Monterey, indicate that this mode 

The first 

captures much of the structure associated 
with the prominent cross shelf filaments or 
jets in those areas. 
mode (Figure 6a) resembles the above Santa 
Barbara Channel results, with a seasonal 
signal peaking in summer. 
0.1, 

The time series of this 

I A 
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Figure 3: 
time series: (a) First spatial variance mode 
showing a seasonal modulation of the frontal 
gradient which peaked in early summer, (b) 
first temporal variance mode indicating 
seasonal basin-wide cooling and warming which 
peaked in early fall, (c) second spatial 
variance mode, and (d) second temporal 
variance mode. 

Santa Barbara Channel AVHRR EOF 
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Figure 4 :  (a) The Santa Barbara Channel 
along-axis temperature gradient time series, 
measured from the moored instruments, was 
stronger in summer than in winter. (b) Flow 
through the eastern boundary was also 
somewhat stronger in summer, indicating a 
response to a strengthening of the steric 
pressure gradient associated with the 
stronger temperature gradients. This agrees 
well with the first spatial variance mode 
(Figure 3a). 

*uy) 

C 
Figure 5: (Facing column) Coastal transition 
zone CZCS EOF spatial patterns: (a) First 
spatial variance mode showing a persistent 
meandering color front in the California 
Current, (b) first temporal variance mode 
showing weak spatial structure, but 
indicative of coastal upwelling, (c) second 
spatial variance mode, and (d) second 
temporal variance mode which resembles the 
first spatial variance mode (a). 

The first temporal mode (52% temporal 
variance) also resembles the Santn Barbara 
results in having weak spatial structure 
(Figure 5b). However, the time series of the 
mode (Figure 6b) lacks the distinct seasonal 
cycle seen in the Santa Barbara analysis. 
Instead, there is a sharp rise in spring, 
followed by a sharp drop, then another broad 
peak in summer, before declining in the fall. 
Given that the CZCS measures phytoplankton 
plant pigment, this scenario is  consistent 
with an interrupted upwelling cycle. 
Sequential upwelling and relaxation episodes 
have been observed in the vicinity of Pt. 
Conception during 1983 (Atkinson, et al., 
1986). 

d 

"- 
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Figure 6: 
time series: (a) First spatial variance mode 
showing a seasonal modulation of the frontal 
gradient which peaked in early summer, (b) 
first temporal variance mode indicating 
episodic upwelling as reflected in the CZCS 
measured phytoplankton pigment, (c) second 
spatial variance mode, and (d) second 
temporal variance mode. 

Coastal transition zone CZCS EOF 

The second spatial variance mode 
(13.6% spatial variance) indicates a patchy 
region of high pigment waters extending 
offshore southwest from Pts. Arena and Reyes 
(Figure 5c), possibly accounting for much of 
the cross shelf filament structure in this 
region not accounted for in the first mode. 
The time series of this mode, however, does 
not offer a straightfomard interpretation 
(Figure 6c). The spatial pattern (Figure 5d) 
of the second temporal variance mode (13.2% 
temporal variance) closely resembles the 
first spatial variance mode. 
for this mode (Figure 6d) also reflects a 
seasonal variation, though not well 
correlated with the first spatial mode early 
in the year, Nevertheless, it appears, in 
this case, that the first spatial mode and 
second temporal mode captured the same basic 
patterns in the space-time variability of the 
CZCS imagery along the central California 
coastal transition region. 

The time series 

4 .  SUMMARY 

The EOF method used here to extract 
the dominant spatial variance modes can be 
very useful for studying quasi-permanent 
patterns such as fronts, eddies or cross 
shelf jets often found in satellite image 
data. Used in conjunction with more 
traditional temporal variance EOF analyses, 
considerably more useful information is 
gained on the modes of spatial and temporal 
variability, than by use of either technique 
alone. 
satellite remote sensing and other spatially 
dense oceanographic data will become 
increasingly more important as future global 
measurement programs progress. EOFs are a 
tool which can decompose either the dominant 
temporal or the dominant spatial modes of a 
data matrix, giving the investigator 
considerable versatility depending on what 
aspects of the data variability are of 
interest. 

The analysis and interpretation of 
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1. INTRODUCTION 

The monitoring of the polar ice caps 
has received considerable attention over 
the last few decades. With many con- 
flicting theories citing that the earth 
is undergoing a climatic change, an 
increase or decrease in the extent of the 
ice at the poles has been targeted as a 
strong indicator of global temperature 
change. The implications of such a 
change in our climate could have cata- 
strophic effects on the world as we know 
it today. Since continuous ground 
monitoring of sea-ice is impractical for 
several reasons, scientists have focused 
their attention on retrieving sea-ice 
information from satellite measurements. 

Aside from those observations 
received from aircraft flights, which are 
primarily used for shipping interests, 
the only reliable real-time measurements 
over the high latitudes come from polar 
orbiting satellites. Visible imagery 
provide excellent details as to the 
structure, movement, and extent of the 
ice during times of polar summer (when 
the melting occurs) and under cloud-free 
conditions. However, the primary 
drawback of visible imagery is their 
unreliability during periods of prolonged 
cloudiness. This is compounded by the 
fact that the region near the ice edge is 
frequently cloud covered due to the 
complex interactions between the ice 
fields, meteorological parameters, and 
the ocean surface. Both passive and 
active microwave measurements have 
demonstrated their ability to retrieve 
ice concentration, extent, and age. The 
primary advantage of using microwave 
measurements to retrieve sea-ice informa- 
tion as opposed to the visible and 
infrared (IR) is that the microwave 
measurements can penetrate the cloud 
cover (especially over the polar regions 

lpresently with Science Systems and 
Applications, Inc. 

where cloud liquid water is relatively 
low), thus providing an all-weather 
capability. In addition, the microwave 
measurements are independent of solar 
illumination. The present disadvantage 
is the poor spatial resolution of micro- 
wave radiometers (25 km versus 1 km) . 
However, future technology will undoubt- 
edly improve the resolution of the micro- 
wave measurements. 

The motivation for this study is to 
develop ice-concentration retrieval 
algorithms for the Advanced Microwave 
Sounding Unit (AMSU) to be flown aboard 
the upcoming NOAA-K,L,M- satellites 
scheduled for launch in the 1990's. Near 
coincident NOAA AVHRR visible and passive 
microwave measurements from the Nimbus-7 
SMMR have been used to develop the 
algorithms. 

2. BACKGROUND 

The use of passive microwave 
measurements to retrieve sea-ice concen- 
tration and ice age is not new, although 
the use on a real-time basis ha6 been 
limited. 

2.1 U c  Microwave T- 

The ratio of the brightness tempera- 
ture of a medium (TB) to it6 physical 
temperature (TS) is called the emissivity 
( E )  of the medium. Simply written, it is 

E = TB/TS 

The emissivity is a highly variable 
quantity and is primarily a function of 
the surface type, microwave frequency, 
view angle, and polarization. For a 
given surface type, second order varia- 
tions of emissivity are caused by surface 
roughness and texture effects, thickness 
of the emitting medium, etc. Since many 
of these controlling variables are known 
when using passive microwave measurement6 
(i.e. , frequency, view angle, and 
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polarization), much of the brightness 
temperature variations measured by 
satellite radiometers are due to changes 
in surf ace type and any perturbations 
within those surfaces. 

- 2.2 m-Microwavee to Sea Ice 

The emissivity of sea-ice is a 
complex parameter which is a function of 
ice type. Much research has been done to 
better understand ice emissivity (Comiso, 
1983; Grenfell and Comiso, 1986; Arcone, 
et al., 1986). The the emissivity of 
sea-ice is partially controlled by the 
salinity, which is directly related to 
the dielectric constant. However, other 
parameters such as ice wetness, ice age, 
and snow thickness contribute signifi- 
cantly to the microwave response measured 
by instrument@ such as SMMR. Basically, 
there are three types of sea-ice: new, 
first-year, and multi-year (Zwally, et 
al., 1983). A fourth ice type, summer 
ice, contains melt ponds on top of the 
standard three ice types. The main 
factor which eeparates new and first-year 
ice from multi-year ice is the presence 
of air pockets in the multi-year ice. 
These are the result of brine drainage 
during the melting and refreeze cycles. 
These air pockets act as a scattering 
medium, lowering the emissivity. 

Although the behavior of sea-ice 
types is well documented, the retrieval 
of such information via passive microwave 
measurements is complicated by the large 
field of view (FOV) of the radiometers. 
This means that the presence of water and 
ice (and different ice types) are likely 
to appear in the FOV of the radiometer. 

Much work has been done to create 
global estimates of sea-ice concentration 
with measurements from the Nimbus-5 and 
-6 Electronic Scanning Microwave Radiom- 
eter (ESMR) . Zwally, et al. (1983) and 
Parkinson, et al. (1987), have produced a 
five-year data set of sea-ice concentra- 
tion over the Antarctic and Arctic, 
respectively. They use the 19.35 GHz 
data from the ESMR-5 to produce sea-ice 
atlases for 1973-1976. 

The Nimbus-7 SMMR has been used 
extensively to produce sea-ice concentra- 
tion and multi-year fraction. Cavalieri, 
et al. (1984) and Gloersen, et al. 
(1984) , summarize the algorithms used. 
The algorithms include the use of dual- 
polarization measurements at 37 GHz to 
produce the total sea-ice concentration 
while dual-frequency measurements at 18 
and 37 GHz are used to compute the multi- 
year fraction. These parameters are 
investigated in this study. 

3. DATA SOURCES 

' The source of microwave data comes 
from measurements from the Scanning 
Multichannel Microwave Radiometer (SMMR) 
aboard the Nimbus-7 satellite. The SMMR 
ha8 been observing earth emitted radia- 
tion at five frequencies (6.6, 10.7, 18, 
21, and 37 GHz) and dual-polarization 
since launch in November 1978 and at this 
writing, is still in limited operation. 
As such, an invaluable data set of nearly 
nine years is available. More details 
about SMMR are presented by Gloersen and 
Barath (1977). In this study, we focus 
our attention on the dual-polarization 
measurements at 18 and 37 GHz, which have 
approximate footprints of 50 and 25 km, 
respectively. 

The Advanced Very High Resolution 
Radiometer (AVHRR) is operated on the 
NOAA series of satellites. The NOAA 
satellites orbit the earth in a nearly 
circular, sun-synchronous, near-polar 
orbit. Approximately 14 orbits are made 
daily at a swath width of 2700 km. Five 
spectral channels (0.58-0.68, 0.725-1.10, 
3.55-3.93, 10.5-11.3, and 11.5-12.5 
microns) are available simultaneously 
over an area. Two types of AVHRR data 
are available: Global Area Coverage 
(GAC), which is a reduced data set with a 
spatial resolution of approximately 4 km, 
and Local Area Coverage (LAC), which is a 
full resolution data set with spatial 
resolution of 1 km. More details on the 
AVHRR instrument and data format are 
given by Kidwell (1985). In this study, 
we have used the 0.725-1.10 micron, or 
channel 2 data in the LAC format. 

4. METHODOLOGY 

The Eltanin Bay region (approxi- 
mately 72.5 S latitude, 82.0 W longitude) 
in the Bellingshausen Sea in the west 
Antarctic has been chosen as a test site 
for the AVHRR and SMMR sea-ice analysis 
(see Figure 1). This region was selected 
since it experiences a seasonal ice 
melting and refreezing. 

Two AVHRR/SMMR scenes of approxi- 
mately 300 km by 300 km have been 
analyzed in this region. The character- 
istics of these data sets are summarized 
in Table 1. The nearest available SMMR 
observations were matched with nearly 
cloud-f ree AVHRR scenes. Exact matchups 
were not available in November due to 
unavailable SMMR data. The two time 
periods selected are representative of 
late spring and mid-summer ice, and as 
such, should yield a wide range of ice 
conditions. 
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Figure 1. 
Bay region of the Bellingshausen Sea 
indicated (from Zwally, et al., 1983). 

Antarctica, with the Eltanin 

Table 1. 
for the Eltanin Bay Region of the 
Bellingshausen Sea 

Times of the data extracted 

SMMR AVHRR 

November 21, 1986 November 25, 1986 

February 16, 1983 February 16, 1983 

18:57 GMT 22:08 GMT 

18:42 GMT 22:33 GMT 

The AVHRR channel 2 data were used 
to compute the ice-concentration using a 

threshold count is determined through 
interactive image analysis for open water 
(0% ice concentration), TW, and 100% ice 
cover, TI. A similar approach was taken 
by Comieo and Zwally (1982) comparing 
Landsat and ESMR-5 data. The algorithm 
for determining sea-ice concentration, 

IC1 (C2-TW) / (TI-TW) 

where C2 is the channel 2 measurement. 
The counts for open water remained 
constant throughout the year (TWm40). 
However, the maximum count for complete 
ice cover varied for the two scenes 
(TIm240 in November: TI1190 in February). 
This difference can be attributed to sun- 
illumination and possibly a wetter (and 
hence, *@darker@@) ice from melting during 
February. 

simple thresholding technique. A 

IC, is 

The ice concentration was computed 
using the above relationship and seasonal 
values of TI for each AVHRR observation 
within the test site. Both the AVHRR 
channel 2 and SMMR 18 and 37 GHz data 
were gridded to the same projection. 
This consisted of a 6 by 6 grid with cell 
size of approximately 50  km. Spatial 
averaging of all the AVHRR derived ice 
concentrations within each grid cell was 
computed. The SMMR 18 and 37 GHz 
measurements were averaged over the same 
grid. In addition to the polarized 
measurements, the vertical and horizontal 
polarizations were averaged to create a 
@*depolarized'@ microwave measurement. 
This was done to simulate the AMSU 
measurements (Grody, 1988) which will not 
separate the vertical and horizontal 
polarizations like the SMMR. The 18 and 
37 GHz channels aboard SMMR wero used to 
simulate the 23.8 and 31.4 GHz channels 
on the AMSU. 

5. RESULTS 

Data sets consisting of SMMR 18 and 
37 GHz depolarized brightness tempera- 
tures and AVHRR derived sea-ice concen- 
trations for NOVemb8r 1986 and February 
1983 were run through various linear 
regression models. In addition to 
matching the ice concentration to each of 
the SMMR channels, two commonly used 
parameters in sea-ice retrieval were used 
(Cavalieri, et al., 1984). Namely, the 
polarization ratio (PR) and gradient 
ratio (GR) defined here as 

PR= (TB (V) -TB (H) ) / (TB (V) +TB (H) ) 

GR=(TB* (18) -TB* (37) ) /  (TB* (18)+TB* (37) ) 

where the V and H represent the vertical 
and horizontal polarizations and the 
asterisk represents the depolarized 
measurements at that frequency. The PR 
was computed for 18 and 37 GHz. 

Table 2 summarizes the results of 
the regression analysis. Several inter- 
esting results were found. The most 
striking was the strong correlations in 
February and correlations for models 
using 18 GHz data. The poorer correla- 
tions in November can most likely be 
attributed to the time differences 
between the AVHRR and SMMR measurements 
(4 days). Although sea-ice concentration 
does not change drastically in a few 
days, the ice does respond rather quickly 
to changes in meteorological conditions 
( i . e . ,  wind). Thus, the weaker correla- 
tions in November are not surprising. 
However, the best model (PR18) still 
yielded a correlation of 0.78 (compared 
to 0.90 in February). Another contrib- 
uting factor to the poorer results in 
November is the narrower range in ice 
concentration (46-100 percent) compared 
to February (16-100%). 
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Table 2. Summary of the regression 
results 

Correlation Coefficient 

November February 
1986 1983 

Model R R2 R R2 

T37 - a ICE + b 0.17 0.03 0.14 0.02 
T18 = a ICE + b 0.56 0.31 0.88 0.78 
PR37 = a ICE + b 0.10 0.01 0.03 0.001 
PR18 - a ICE + b 0.78 0.61 0.90 0.81 
GR = a ICE + b 0.52 0.27 0.92 0.84 

The weakness of 37 GHz measurements 
is somewhat surprising. The poor 
correlations in February may be attrib- 
uted to the near peak melt conditions, 
resulting in a mixture of ice-types, 
including summer ice; those in November 
again may be caused by the AVHRR/SMMR 
time differences. Another contributing 
factor may be the sensitivity of the 37 
GHz measurements to ice type. With a 
rather small sample size, the scatter in 
the measurements at 37 GHz may be 
exaggerated. Finally, the use of the 37 
GHz data in the GR computation improved 
the results slightly in February, but not 
in November. 

Figures 2 and 3 show a plot of the 
18 GHz depolarized brightness tempera- 
tures as a function of ice concentration 
for November 1986 and February 1983, 
respectively. The linear regression fit 
are also indicated. Aside from noting 
the scatter in the data about the least 
squares fit, there is a difference in the 
magnitude of the 18 GHz measurements. 
The temperatures in February are clearly 
lower than those in November. This is 
most likely due to the presence of more 
water ( i . e .  , lower emissivity) in 
February from the summer melting. This 
indicates that seasonal algorithms may be 
necessary to derive ice concentration. 

6 .  SUMMARY 

In this investigation, we have used 
clear scene AVHRR channel 2 measurements 
to derive sea-ice concentrations. A test 
site in the Bellingshaueen Sea in West 
Antarctica, which experiences seasonal 
melting, was selected am a test site. 
The nearest available Nimbus-7 SMMR 18 
and 37 GHz measurements from November and 
February were depolarized and spatially 
matched with the derived sea-ice concen- 
trations. Linear regressions were 
performed to derive relationships between 
the microwave brightness temperatures and 
ice concentrations. 
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Excellent correlations were found 
between the SMMR 18 GHz measurements and 
ice concentration. The 37 GHz data alone 
performed rather poorly, but may add some 
information when used together with the 
18 GHz data. Better results were found 
in February than in November, which is 
probably due to the better data matchups 
in February. 

From our investigation, we have 
shown that the depolarized measurements 
can yield information on sea-ice concen- 
tration. The AMSU 23.8 and 31.4 GHz data 
are expected to respond in a similar 
fashion to sea-ice a5 the SMMR 18 and 37 
GHz measurements. We plan to continue 
our investigations by obtaining 
AVmR/SMMR matchups for other summer 
months. When a large enough data set is 
acquired, more meaningful algorithms can 
be developed and applied. In addition, 
the AVHRR channel 4 measurements will be 
matched with the SMMR data. The possi- 
bility of developing seasonal algorithms 
will also be pursued. The ultimate goal 
of this research is to derive prototype 
operational algorithms for the AMSU. 
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1. INTRODUCTION 

There is a substantial growth in evidence that surface 
waves play a crucial role in air-sea interaction, upper 
ocean and shelf dynamics. The principal driving force 
of regional and largescale ocean circulation models is the 
surface wind stress. Donelan (1982) and recently Geer- 
naert et al. (1986) have shown that the wind stress can- 
not be determined from wind speed measurements alone, 
but must include the presence of waves on the ocean sur- 
face. This implies that the wind stress cannot precisely be 
computed from either scatterometer data or pressure map 
derived winds alone. Hence, scatterometer wind retrieval 
algorithms need to account for the joint consideration of 
radar backscatter and sea state. 

In 1978, the SEASAT satellite provided a %day record 
of scatterometer backscatter and altimeter radar mea- 
surements over the global ocean. Recently, the full 9 6  
day SEASAT scatterometer data set was assimilated into 
the Goddard Laboratory for Atmospheres (GLA) analy- 
eis/forecasting system to construct de-aliased wind and 
wind stress fields (Atlas, et al., 1987). The SEASAT al- 
timeter (ALT) derived wave height and wind speed esti- 
mates have not yet been fully exploited and extensively 
compded to ocean wave model predictions. 

Here we compare monthly averages of ALT wind stress 
and significant wave height estimates with fields com- 
puted from the global hindcast study of the third gen- 
eration ocean wave prediction (WAM) model. We also 
assess the importance of including the sea state in calcu- 
lations of the surface wind stress. 

2. GLOBAL OCEAN WAVE PREDICTIONS 

The deep water version of the WAM model developed 
within the framework of the WAM (Wave Modelling) Pro- 
gram (Hasselmann, et al., 1987) WM used to carry out 
global predictions of the sea state for the entire SEASAT 

period. The evolution of the two-dimensional ocean wave 
spectrum F (  f, e,$, A, t )  with respect to frequency f and 
direction B as a function of latitude lp and longitude X was 
computed from the integration of the transport equation 

where P = FRlcosd and R is the radius of the earth. 
The source terms on the right side of (1) represent atmo- 
spheric input, nonlinear energy transfer and dissipation, 
respectively, and 

4 = v R-'cosO (2) 
i = vsine  cos+)-' (3) 
8 = vsin8.tanq). R-' (4) 

are the equations for a wave group travelling along a great 
circle path and the group velocity in deep water is v = 
g b f .  

The global model was implemented on a 3" x 3" latitude- 
longitude grid. Output of spectral wave parameters was 
obtained for all grid points at noon and midnight each 
day, as well as the detailed two-dimensional wave spec- 
trum at pre-selected locations. The input global wind 
stress fields were derived from the de-aliased GLA data 
set of Atlas, et al. (1987) and the hindcast study was car- 
ried out for the entire SEASAT period, July 7 - October 
10, 1978. An example of the predicted significant wave 
height for the Northeast Pacific and the corresponding 
custer diagram of wind stress on September 15, 1978 is 
shown in Figure 1. 

The mean significant wave height and wind stress fields 
for September/October are displayed in Figures 2 and 
3, respectively. The region of high sea state ( H ~ / s  > 
3 rn) is confined to the Gulf of Alaska. This corresponds 
well with the location of the maximum wind stress ( r  > 
2dynes/cm2). The southern part of the Northeast Pacific 
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shows less variability in the mean stress and wave height 
fields. The variance maps (not shown) illustrate the same 
features. 

WAM-MODEL SIGNIFICANT WAVE HEIGHT AND WIND S " W S  
15 SEPTEMBER 1978 AT W GMT 

Figure 1. Predicted significant wave height and super- 
imposed surface stress field for 16 September 1978 at 
0O:OO GMT. 

WAM-MODEL MEAN SIGNIFICANT WAVE HEIGHT (M), 
SEPTEMBER/OCTOBER 1978 

3. SEASAT ALTIMETER DATA SET 

The usefulness of altimeter observations of the sea sur- 
face has been demonstrated in recent studies of synoptic- 
scale wean processes. Comparisons of buoy measure- 
ments with ALT estimates of significant wave height and 
wind speeds were presented for SEASAT by Fedor and 
Brown (1982) and recently for GEOSAT by Dobson et al. 
(1987). Chelton et al. (1981) provided the first global 
maps of average wind speed and wave height for the 100 
days of SEASAT. Mognard et. al. (1983) constructed 
monthly mean fields of waves and winds for the southern 
oceans. It was found that the monthly mean fields were 
not too different from the 3-month averages obtained by 
Chelton et al. (1981). 

The coarse spatial resolution of altimeter data during 
September/October (3-day repeat cycle) was not suitable 
for direct comparison with the evenly gridded model pre- 
dictions. Therefore, the ALT data waa averaged within 
3" x 3" bins centered around the WAM model grid points. 
Altimeter wind speeds were adjusted to 10 m height winds 
and then converted to surface stress, r = p Clo Uto, using 
a wind speed dependent drag coefficient according to Wu 
(1982) 

Maps of the monthly mean surface stress and significant 
wave height fields for September/October are shown in 
Figures 4 and 5. 

clo = (0.8 + 0.065u10) X lo-' . (5) 

ALT M E M  SIGNIFICANT WAVE HEIGHT (M), 
SEPTEMBER/OCTOBER 1978 

Figure 2. Isolines of computed significant wave height, 
averaged over the period September/October 1978. 

WAM-MODEL MEAN WIND STRE95 (DYNES/CM), 
SEPTEMBER/OCTOBER 1978 

Figure 4. Isolines of ALT significant wave height, aver- 
aged over the period September/October 1978. 

Figure 3. Isolines of surface stress derived from SEASAT 
scatterometer data, averaged over the period Septem- 
ber/October 1978. 

The largest stresses and waves are confined to a band 
around the roaring forties and extend into the Gulf of 
Alaska. These results agree well with the monthly maps 
from the WAM model hindcast study (Fig. 2 and 3) and 
with the featurea seen in Chelton et al. (1981). However, 
two features are noteworthy. First, the band of 3 m wave 
heights occurs in the Gulf of Alaska for both model and 
ALT. An aera containing wavea greater than 2 m is seen 
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ALT MEAN WIND STRESS (DYNESICW), 
SEPTEMBER/OCTOBER 1978 

ALT-BUOY Avg. Obs. Bias rme Error S. I. 
H l p  (m) 1.35 0.38 0.37 27 % 
u. m s 0.22 0.003 0.10 48 % ' 

MODEL-BUOY Avg. Obs. Bias rrne Error S. I. 
(m) 1.54 0.60 0.53 34 % (I. (m/s) 0.22 0.06 0.13 59*% 

184 iao 

Figure 5. Isolines of ALT surface stress, averaged over 
the period September/October 1978. 

off the California/Mexico border in the ALT averages, but 
is absent in the WAM model results. Second, the region 
of maximum wind stress coincides with the area of high 
waves, but the intensification of stress as exhibited by the 
model (i.e., scatterometer) winds is absent in the ALT 
measurements. The coarse across-track spatial resolution 
of the altimeter could contribute to missing entire storms. 
However, a closer look of the daily dynamics is needed to 
determine the cause of this discrepancy. 

4. ALT-BUOY AND MODEL-BUOY COMPARISONS 

Comparisons of ALT measured oceanic variables with 
buoy observations are never without uncertainties which 
are primarily related to temporal and spatial separation, 
time and area averaging and instrument related errors. 
Monaldo (1986) investigated the expected differences in 
wind speed and wave height made by radar altimeters 
due to the above uncertainties. For the SEASAT hindcast 
study we calculated the following statistical properties for 
 HI/^ and u. from altimeter and model colocated buoy 
estimates: the bias, defined as the mean of ALT or model 
minus obaerved; the rme error or standard deviation; and 
the scatter index, defined as the ratio of the standard 
deviation and mean observed value. The sample size of 
wave and wind strees pairs was 43 and 372 for the ALT- 
buoy and the model-buoy comparisons, respectively. The 
results are summarized in Table 1. 

Table 1. Summary of statistics between ALT-BUOY and 
MODEL-BUOY estimated significant wave heights and 
friction velocities. 

From these results we can conclude that the mean er- 
rors (bias) in the ALT-buoy and model-buoy comparisons 
of significant wave height are 0.4 and 0.6 m, respectively. 
Similarly, the r m ~  wave height differences are 0.4 and 0.5 
m, respectively. For the friction Velocities we compute 
mean and rme deviations of 0.003 and 0.10 m/s for ALT- 
buoy comparisons, and 0.06 and 0.12 m/s for model-buoy 
pairs. The ALT-buoy values of wave height and wind 
stress are comparable to the statistics found by Fedor 
and Brown (1982) and Dobson et al. (1987) in their vali- 
dation studies of SEASAT and GEOSAT altimeter mea- 
surements, respectively. The larger mean error in friction 
velocity for the model is partially due to spatial separa- 
tion between model grid point and buoy location, which 
for some buoys exceeded 100 km. A more appropriate 
weighted averaging may reduce the mean error and scat- 
ter index. 

At  first glance the above statistics are only slightly bet- 
ter than what can be expected from a finely tuned ocean 
wave model (Cardone, et al., 1987). However, the spatial 
resolution for the global hindcast of 3" x 3" is too coarse 
at present to investigate meso-scale features in both the 
wind and wave fields. Regional models with spatial res- 
olution of 100 or 50 km will be better suited to study 
discrepancies in the observed and predicted wave fields 
and to evaluate the contribution of errors in the wind 
field which generated the waves. 

5. SEA STATE DEPENDENT WIND STRESS 

The roughness of the sea surface is strongly coupled to 
the waves present at the atmosphere-ocean interface. De- 
scribing the roughness length characteristic of the sea sur- 
face is further complicated by the fact that waves are not 
fixed in space and time, but continually undergo changes 
in height, speed, and direction. Donelan (1982) proposed 
a model for determining the aerodynamic drag over water 
which accounts for the mobility of the waves as well as in- 
cluding contributions from skin friction (capillary waves) 
and form drag (gravity waves). However, this model re- 
quires knowledge of the two-dimensional ocean wave spec- 
trum, which is not routinely available from conventional 
measurement techniques and cannot be determined from 
radar altimeters. 

Therefore, we chose a model proposed by Hsu (1974) 
which incorporates the effect of waves through integral 
properties of the wave field. Specifically, we need to know 
the wave height and the mean frequency of the wave en- 
ergy spectrum to compute the roughness length as a func- 
tion of sea state. These variables are typically available 
from conventional as well as remotely sensed measure- 
ments of ocean waves. 

In order to demonstrate the importance of sea state 
on the surface wind stress, we computed the stress fields 
from a wind speed-dependent drag coefficient as given in 
(5) and directly from the logarithmic profile for winds at 
height z, 

U. = - In- , (6) 
u* a 
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where n is von Khrmhn’s constant and the roughness 
length z, is expressed according to Hsu (1974) 

z, = 4%- (c,/u,)-* . 
(2)mr (7) 

In deep water the mean phase speed can simply be ex- 
premed as e, = g/2af, where f denotes the mean f r e  
quency. 

WIND STRESS DIFFERENCES (%), 
15 SEPTEMBER 1978 AT 00 GMT 

Figure 6. Isolines of differences (%) in surface stress com- 
puted from r(sea state) - .r(wind speed) for 15 Septem- 
ber 1978 at 0O:OO GMT. 

Figure 6 displays the percentage difference in stress 
when the sea state is taken into coneideration over the 
stress one computes from a wind speed- dependent for- 
mula only. Differences in excess of 20 % and more are 
anticipated in the Gulf of Alaska, where most of the wave 
action occurs. However, it is surprising to find large areas 
with subtantial deviations in wind stress in the aouthwest- 
ern part of the Northeast Pacific. These differences are 
primarily caused by the non-local wave field (swell) which 
cannot be described by the local wind field. 
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1. INTRODUCTION 

A knowledge of the wind stress and wind stress 
curl fields is essential to understanding the wind-driven 
response of ocean circulation. Previous analyses of these 
fields have been hampered by the poor spatial resolu- 
tion of conventional wind and pressure measurements. In 
1978 the SEASAT-A Satellite Scatterometer (SASS) pro- 
duced a 96-day record of radar backscatter measurements 
on an approximately 50 km grid. However, the SASS 
data were not analyzed extensively because it proved dif- 
ficult to extract a unique wind vector from the backscat- 
ter values. A 14-day segment of that record was pro- 
cessed into unique wind vectors at  Jet Propulsion Labo- 
ratory (JPL) using the method described by Wurtele et 
al. (1982); this segment has been analyzed and used in 
model assimilations by the European Center for Medium- 
range Weather Forecasting (ECMWF). In 1986 tlie entire 
96-day record was processed into wind vectors on a 100 
km grid at Goddard Space Flight Center to use in data 
assimilation studies (Atlas, et al., 1987). The scatterome- 
ter data can provide maps of wind stress and wind stress 
curl with significantly more spatial detail than conven- 
tional measurements or most current numerical models; 
however an accurate knowledge of the spatial and tem- 
poral scales of the wind field is needed to convert the 
nearly-instantaneous measurements on an uneven grid to 
maps with regular temporal and spatial sampling. The 
NASA scatterometer (NSCAT) on NROSS will provide 
similar longer data sets in the future. We describe here 
a technique we are developing to generate maps of the 
wind stress and wind stress curl fields from the 96-day 
SASS record. This same technique will be used to gen- 
erate maps from NSCAT data. 

2. DEVELOPING A SYNTHETIC DATA SET 

To test the procedure for making maps from satel- 
lite scatterometer data, we need a synthetic data set 
with the wavenuniber-frequency spectrum we would ex- 
pect from scatterometer data. The available inforniation 
from which to obtain this spectrum includes analyses of 
the wind vectors from conventional sources and analy- 
ses of SASS data. Our synthetic set consists of output 
from the ECMWF model on a 1.875 degree grid for an 11- 
day period in September 1978 with information added on 
smaller scales. We first determine the component spectra 
of the wind velocity vectors in the zonal and meridional 
directions for the ECMWF data and our best estimate of 

the spectra for the actual wind field. The difference be- 
tween the best estimate of the actual velocity spectra and 
the spectra of the ECMWF output is what we have to 
add to make a realistic synthetic data set. The ECMWF 
data are re-gridded with a spacing of 25 km and %ioise” 
with the residual spectrum is added. 

The analysis of the ECMWF field is somewhat 
complicated by the use of a grid evenly spaced in de- 
grees so that data resolution is poorer near the equa- 
tor. The meridional spectra were computed from the 
two-dimensional Fourier transform of the field, integrated 
in the zonal direction. The zonal spectra were coni- 
puted from one-dimensional Fourier transforms of the 
data, which were re-gridded to constant wavenumbers 
in units of rad/km and then averaged. The zonal and 
meridional spectra of the zonal component (u) are shown 
i n  Figure 1 and the same spectra for the meridional com- 
ponent (v) are shown in Figure 2. 
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Figure I .  Spectra of the zonal component of tlie wind 
for the North Pacific. Solid line is the spectrum in the 
nieridional direction, dashed line is in the zonal direction 
and dotted line is the power law approximation to the re- 
sults of Freilicli and Chelton (1986). There is less energy 
in  the largest scales for zonal wavenunibers. 
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4. SAMPLING THE DATA WITH NSCAT 

The re-gridded synthetic data are then sampled 
using the sampling scheme of the NSCAT and the orbit 
of SEASAT for a three-day repeat cycle (the orbit for 
NROSS has not yet been finalized). The vector closest 
to the center of each of the instrument’s cells is selected. 
The sampling pattern for a 24-hour period is shown in 
Figure 3. 
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Figure 2. Same as Figure 1, except for the meridional 
component. 

Note that the spectral density falls off somewhat abruptly 
above k = 4 x rad/km, corresponding to a wave- 
length of about 1600 km, but that there is significant 
energy down to scales of about 600 km. 

3. COVARIANCE FUNCTION FOR MAPPING 

For an objective mapping technique it is easi- 
est to use a simple analytic functioii for the covariance 
(Bretherton, et al., 1976). We use a simple function of 
time and two spatial dimensions for each coinpoilent, 

C(m, y, t )  = Vemp( -ot - am - by) cos(7z + by). Figure 3. Sampling pattern for NSCAT for a 24-hour 
period. The gaps of constant width correspond to the 
“nadir gap” of the instrument. Between consecutive or- 
bits are wedge-shaped gaps which decrease with increas- 
ing latitude. 

(1) 
The exponential functions reflect the decorrelation scales 
in space and time. The cosine function, which moves the 
spectral peak away from the wavenumber origin, reflects 
the maximum finite length scale possible in the atmo- 
sphere, which decreases with latitude. The zonal and 
meridional components of the wind vector are assumed 
to be uncorrelated as noted by Willebrand (1978). We 
may be able to obtain a better map by modifying this 
covariance function to include the effects of the predomi- 
nately eastward propagation of the wind field €or periods 
of 10 days or less as observed by Willebrand (1978). 

In each covariance function and the correspond- 
ing spectrum there are five parameters which must be 
determined. The five parameters can be determined for 
the ECMWF data by fitting analytic spectra to the com- 
puted spectra. The meridional components, /3 and 6, of 
the SASS data can be found by fitting an analytic func- 
tion to the results of Freilich and Chelton (1986); these 
spectra are well-represented by simple power laws which 
are also shown on Figures 1 and 2. The zonal spectra 
could not be obtained from the SASS data because of 
the narrowness of the swath. We estimate the zonal pa- 
rameters from the  SASS data itself because it has a spa- 
tial resolution of 100 km, and we estimate the temporal 
parameter, 7, from the ECMWF data because it has a 
temporal resolution of six hours. 

NSCAT has a swath width of about 1575 km 
with a 375 km “nadir gap”, the region directly below 
the satellite in which no vector wind information will be 
available. Consecutive (parallel) subtracks are separated 
by about 2300 km at mid-latitudes, so that the gap be- 
tween adjacent swaths is about 700 km, about double 
the size of the “nadir gap”. Intersecting subtracks are 
separated in time by about 12 hours and have the same 
separations between parallel tracks. SASS had a similar 
sampling pattern, but with a slightly wider nadir gap and 
a larger cell size. 

5. OBJECTIVE MAPPING WITH CONSTRAINTS 

The expected errors in the maps can be min- 
imized by removing a spatially-varying mean from the 
data, interpolating the residual and then adding the mean 
back to form the interpolated map (Bretherton, et al., 
1976). The 11-day record is so short that the means and 
variances may be substantially different from the means 
and variances of the wind field for the entire month of 
September or for the rest of the SEASAT period. To 
check this we compared the 11-day means and variances 
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Figure 4. Variance of the zonal component of the wind 
for 6-17 September 1978 in ma/.?. The regions of largest 
variance are near the coast, particularly in the Gulf of 
Alaska. 

Figure 5. Same as for Figure 4, except the meridional 
component. There is an additional region of large vari- 
ance near the Canada-United States border. 

with the monthly means and variances on a three-degree 
grid. The 11-day mean fields (not shown) and the vari- 
ance fields (Figures 4 and 5) were not substantially differ- 
ent froin the monthly fields. The regions of large variance 
in  both the u and v components in the Gulf of Alaska are 
due to a series of storms which came in from the North 
Pacific. The regions of large variance in the v compo- 
nent near the Canada-United States border is due to the 
alongshore motion of the divergence of alongshore winds. 
In the absence of storms a large region of high pressure 
in the Northeast Pacific produces equatorward winds all 
along the coast. As it approaches tlie coast each storm 
breaks up this high pressure region and creates poleward 
winds; after the storm passes the high pressure region is 
re-established. 

The spatial gnps in a 24-hOiU sample are large 
compared with the decorrelation scales of the ECMWF 
data, so that the error estimates associated wit11 objec- 
tive mapping are quite large. To attempt to decrease 
the errors, particularly in the gaps, we add physical con- 
straints to the mapping equations. The first and most 
obvious constraint to apply is a minimum horizontal di- 
vergence. Because there is not a straightforward way to 
compute the new expected error with the constraints, es- 
timates of the errors are computed directly from synthetic 
examples. 

G. CONVERSION TO WIND STRESS 

The wind velocity vectors are first interpolated 
onto an even grid and then these vectors are converted 
to wind stress using a sea state-dependent drag coeffi- 
cient. For the SASS wind stress maps, measurements of 
the sea state are available from a wave model run for 
tlie SEASAT period ( s e e  Graber, et al., this issue). For 
NSCAT stress maps we will be examining the possibility 
of using the sea state as specified by altimeter measure- 
ments. 
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ABSTRACTS 

5.1 THE COMBINING OF METEOROLOGICAL RADAR AND SATELLITE 

SEVEKE WEATHER. G. L. Austin," A. Bellon and  A. Kilarnbi, McGill 
R a d a r  Weather  Obse rva to ry ,  Quebec ,  C a n a d a  

LJATA FOR T H E  SHORT-TERM PREDICTION OF RAINFALL ANI3 

The relative advantages of radar and satellite remote sensing 
Statistical and physical techniques for now casting are compared. 

techniques are presented for combining the two data sets. Problems 
associated with short range forecasting wintertime maritime systems and 

tropical convection are contrasted. The possibilities of making the 
image processing approach interact with mesoscale models are reviewed. 

5.19 SATELLITE-L)ETEKMINED SYMOPTIC A N D  MESOSCALE VARIATIONS 
OF LOW CLOUDS AND RADIO PROPAGATION CONDITIONS OVER THE 
OCEAN.  J. S.  Rosenthal,* S teven  W. Lyons, Alan D. Fox  and Roger  A. 
f-lelvey, Pacific Missile T e s t  C e n t e r ,  Po in t  Mugu, Cal i f .  

S y n o p t i c  and m e s o s c a l e  f l u c t u a t i o n s  i n  c loud-top h e i g h t  and r a d i o  

p r o p a g a t i o n  ( d u c t )  c o n d i t i o n s  o v e r  t h e  open ocean a re  i n t e r a c t i v e l y  

d e t e r m i n e d  on a n  i n t e r a c t i v e  s a t e l l i t e  d a t a  p r o c e s s i n g  and d i s p l a y  s y s t e m  

o r i g i n a l l y  deve loped  by t h e  Naval Env i ronmen ta l  P r e d i c t i o n  Resea rch  F a c i l i t y  

u s i n g  a l p o r i  thms developed and implemented by Lyons (1985). 

Using a b u i l t - i n  c a p a b i l i t v  of t h i s  d i s p l a y  s v s t e m  t o  access F lee t  Numerical  

Oceanographv C e n t e r  (FNOC) p r o d u c t s ,  a n a l v s e s  and f o r e c a s t  f i e l d s  n e a r l y  

c o n c u r r e n t  i n  t ime t o  t h e  p r o c e s s e d  s a t e l l i t e  d a t a  are  superimposed i n  o r d e r  t o  

c h a r a c t e r i z e  t h e  m e s o s c a l e  c l o u d  v a r i a b i l i t y  a c c o r d i n g  t o  t y p e s  of s y n o p t i c  

r eg imes .  S e v e r a l  c h a r a c t e r i s t i c  p a t t e r n s  have been obse rved ,  a s s o c i a t e d  w i t h  

s t r o n g  s u b s i d e n c e  from h i g h s ,  p re - t rough  convergence,  and c o a s t a l  and 

l a t i t u d i n a l  e f fec ts .  The t e c h n i q u e  a l l o w s  mapping of m e t e o r o l o g i c a l  c o n d i t i o n s  

v i t a l  t o  Naval  o p e r a t i o n s  o v e r  v a s t  open-ocean r e g i o n s  vo id  of c o n v e n t i o n a l  

d a t a ,  and w i l l  be u s e f u l  i n  p r e d i c t i v e  t e c h n i q u e s  c u r r e n t l y  unde r  development.  
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6.6 THE EARTH AS A SYSTEM: STUDYING THE HYDROLOGIC CYCLE 
WITH THE POLAR-ORBITING, EARTH OBSERVING SYSTEM. J a m e s  C. 
Dodge," NASA Headquar te rs ,  Washington, D.C. 

In the decade beginning about 1995, NASA is planning a canprehensive, 
coordinated program of remte sensing based upon collections of 
state-of-the-art sensors located on polar-orbiting platforms. 
three platforms are currently under consideratim, and all involve 
participation fran several international remote sensing partners. 
concept is to select sensors which can be used together in a synergistic 
study of interaction problems within the Earth sciences. 
the necessary observations can be made remtely, a crucial part of the 
concept is to have a massive data system which allows m e  to retrieve and 
relate all near-simultaneous data that has been collected by other 
satellites, aircraft, balloons, surface observations, etc. The total 
available data will then be scrutinized in numerical physical d e l s  to 
estimate unobservable parameters, supplement missing time and space data, 
then evaluate the physical processes involved and, eventually, forecast 
global change in a credible way. 

A t  least 

The 

bhile not all of 

The whole Earth System Science co?cept involves study of the hydrologic, 
biogeochemical, and climatic cycles, and involves interrelationships 
between the atmosphere, the biosphere, the hydrosphere, the cryosphere, and 
the solid Earth. 

lhis paper will describe the anticipated available sensors and the 
coordinated remte sensing which can be focused on one aspect of Earth 
System Science: The Hydrologic Cycle. The mst important canponents of the 
hydrologic cycle involve variations in soil misture, evapotranspiration, 
precipitation, and snow cover area, depth, and water equivralznt. It will 
be shown how remte sensing of the atmsphere and the land/ocean surface 
layer can help to extend scientific understanding of this critical 
interdisciplinary problem. 

6.8 THE GLOBAL BACKSCATTER EX PERIMEN T (GLOBE) MEASUR EM ENT 
AND MODELING PROGRAM. David A. Bowdle,* NASA/MSFC, 
Huntsville, Ala. 

The centerpiece of NASA's new GLObal Backscatter Experiment 

(GLOBE) program is a series of global-scale flights in 1988/1989 

over the Pacific Ocean with pulsed C02 and Nd:YAG lidars and sup- 

porting aerosol optical and microphysical measurements. Also in- 

cluded are backscatter climatologies obtained from a network of 

ground-based pulsed C02 lidars, and global aerosol climatologies 

obtained from satellite imagery, limb sounding, and surface-based 

aerosol microphysical measurements. The GLOBE data base is being 
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used to develop a global-scale model of the typical magnitudes 

and the spatial / temporal variability of aerosol backscatter. 

Current model results show a global-scale aerosol background with 

a volume backscatter coefficient of about l o o L o  n-1 sr-1 at C O ~  

wavelengths. The mod81 is being used in .design and simulation 

studies for NASA'6 Laser Atmospheric Wind Sounder (LAWS). The 

work can be applied to the design of other lidar-basad sensors 

that use atmospheric aerosols  as s c a t t e r i n g  targets  for the 

measurement of primary atmospheric variables. 

8.1 2 DUAL-IMAGE PROCESSING TO ENHANCE LOW CLOUDS AND 
DELINEATE PRECIPITATION. A. D. Fox,* S. W. Lyons and G. W. R a h e y ,  
P a c i f i c  Missile T e s t  C e n t e r ,  Point Mugu, Calif. 

By process ing  v i s u a l  and i n f r a r e d  images t o g e t h e r  on a sa te l l i t e  image d i ep lay  

sys tem,  enhancements have been developed which d e l i n e a t e  convect ive,  rain- 

producing c louds ,  and which on a s i n g l e  image, also s e p a r a t e l y  d e l i n e a t e  

c o a s t a l  C a l i f o r n i a  low s t r a t u s  and fog from h ighe r  s t ra tocumulus.  The 

technique  a p p l i e s  a b r i g h t n e s s  c o r r e c t i o n  t o  v i s u a l  image p i x e l s ,  then 

t h r e s h o l d s  both v i s u a l  and i n f r a r e d  Images t o  d i s t i n g u i s h  between o p e r a t i o n a l l y  

s i g n i f i c a n t  c a t e g o r i e s  of r a i n  or low cloud types. The technique  ie being 

t e s t e d  f o r  u s e  I n  a n  o p e r a t i o n a l  f o r e c a s t i n g  environment. 

9.1 WIDE SWATH RADAR ALTIMETRY: TOPOGRAPHIC MAPPING 
SYSTEMS OF THE FUTURE. C h e s t e r  Parsons ,  NASA/CSFC, G r e e n b e l t ,  
Md. (Invi ted P a p e r )  

Satellite microwave altimetry is an established remote sensing 
discipline having a history dating back t o  the S - 1 9 3  instrument on 
SKYLAB. The family of successful radar altimeter missions also 
includes systems on GEOS-3, SEASAT, and GEOSAT. In the next few years, 
additional instruments based on this technological heritage will be 
placed in earth orbit through the TOPEX/POSEIDON and ERS-1 satellite 
missions. These altimeters all are capable of profiling the ocean's 
topography along a narrow ground-track at the satellite's nadir. 
Following TOPEX/POSEIDON, advanced altimeters are being studied that 
will produce topographic profiles over an extended swath width. In 
this paper, the characteristics of an aircraft multibeam radar 
altimeter under development are reviewed. A l s o ,  some scientific and 
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engineering justifications for the new wide swath measurement 
capability are discussed. The enhanced spatial-temporal resolution 
resulting from surface topography measurements over an area 100- 200 kin 
wide enables the accurate tracking with time of the growth, 
translation, and decay of mesoscale features such as eddies, major 
current meanders, and fronts. If the instantaneous field-of-view of 
the new altimeters includes a surface area in advance of the 
satellite's ground position, then changes in the surface topography 
ahead of the nadir spot can be detected and adaptive tracking 
techniques can be employed to optimize the radar's tracking 
performance, and knowing the topography over an extended area enables 
the measurement of the curvature of the surface rather than its slope. 
The curvature information is shown to be related to the vorticity of 
the ocean, a parameter of unique importance to physical oceanography. 
Knowledge of the vorticity is crucial to the inference of momentum and 
energy sources and sinks within an ocean circulation. And, the 
curvature measurement diminishes the importance of orbital and 
platform attitude uncertainties. Hence, a wide swath altimeter is an 
attractive instrument system for deployment on some of the large space 
platforms of the future, such as the Earth Observing Systein. 

9.2 TIROS-N MULTICHANNEL SEA SURFACE TEMPERATURE ANALYSES 
FIELLX FOR THE F C G E  PERIOD. Ziauddin Ahmad,* J o r d a n  L. Sutton 
a n d  Alan St rong ,  ST Systems Corp., Lanham,  Md. 

Satellite data from the TIROS-N AVHRR instrument was reprocessed 

for the FGGE period using a multichannel (dual window) sea 

surface temperature (SST) algorithm. Noise filters were 

developed to reduce noise in the 3.7 pn window channel (channel 

3) and separate retrieval algorithms were used for the daytime 

(solar zenith angle 75 degrees) and the nighttime (solar zenith 

angle > 75 degrees) measurements. Following the initial data 

reduction, a monthly mean SST analysis was obtained by grouping 

the data into 2.5 degree latitude by 2.5 degree longitude grids 

for each month of 1979. Monthly mean difference fields of 

Satellite SST vs. climatology, multichannel SST vs. GOSSTCOMP 

SST, and the standard deviation of the multichannel measurements 

within each grid were examined. In addition, month-to-month 

changes in satellite and climatological SST as well as daytime 

vs. nighttime retrievals were also studied. 
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One of the most notable improvements of the multichannel fields 

is more accurate and defined coverage in high gradient areas such 

as the Gulf Stream, Somali current, Falkland current, and Kuro 

shio current. In the western Atlantic, multichannel SST 

comparisons to climatology are much more realistic than the 

GOSSTCOMP vs. climatology. 

53.12 A SYSTEM FOR GOES RECEPTION AND PROCESSING IN PERU,  P. D. E r i c k s o n ,  
L .  Laba and L. W. D i e h l ,  MacDonald Dettwiler and A s s o c i ' a t e s  L t d . ,  
Richmond, B .  C . ,  Canada 

Peruvian agencies ace interested i n  economic means of oxparding 
their current environmental data collection network, The data are for UKC in 
a variety of applications euch as oceanography, meteorology, hydcology, 
geophysical studies, land reeourcee manhgement and the fisheries industry. To 
meet Peru's requirement for frequent and timely coverage over large geographic 
areas, a real-time satellite data reception and proccsslng system has recently 
been installed at the Ancon Observatory o€ the Geophysical Institute of Peru. 
The system can receive, process and etore complete AAA GOES images and data 
collection platform information. Using a powerful PC-compatible workstation 
with an edvenced man-machine interface, operatore can schedule satellite 
reception6 and control all aspects of product generation. Additional 
interactive processing for  multi-channel monochrome end color Lmge dieplay, 
image enhancement, zoom, pan, and ~croll, latitude/longitude cursor location, 
basemap overhy, ar.lmtion seguenclng and data collection platform reporting 
is available.  
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Publiehed in  the Preprint Vo le . ,  Jo in t  Seesion of the 
4th I n t l .  Conf. on Interac t ive  and Information 
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Hydrology end the 3rd Conf. on S a t e l l i t e  Meteorology 
and Oceanography, Feh.1-5, 1988, Anaheim, C a l i f . ,  by 
the American Meteorological Soc ie ty ,  Boston, Mass. 

4 PC-BASED 

SATELLITE-DERIVED OCEANOGRAPHIC THERMAL ANALYSIS 

1NTERACT:VE GRAPHICS SYSTEM T O  PERFORM 

M a r c i a  Weaks, K i m  R u t t l e m a n  and W .  R .  Campbel l  

N a t i o n a l  E n v i r o n m e n t a l  S a t e l l i t e ,  D a t a  and I n f o r m a t i o n  S e r v i c e  
S a t e l l i t e  S e r v i c e s  D i v i s i o n  

Camp S p r i n g s ]  M a r y l a n d  20766 

1. INTRODUCTION 

Oceanographers  i n  t h e  S a t e l l i t e  
S e r v i c e s  D i v i s i o n  ( 5 S D ) l  w i t h i n  t h e  
N a t  i ona I Env i ronmen ta  I S a t e  I I i , te and D a t a  
I n t o r m a t i o n  S e r v i c e  (NESDIS), have  begun 
a p r o j e c t  t o  improve upon manual methods  
ot ocean f e a t u r e  and i s o t h e r m  d e l i n e a t i o n  
b y  u s i n 9  a c n m b i n a t i o n  o f  au tomated  and 
i n t e r a c t i v e  compu te r  t e c h n i q u e s .  T h i s  
pnper  w i l l  d e s c r i b e  t h e  e v o l u t i o n  0.1 t h e  
PC-based sys tem w h i c h  was chosen t o r  t h e  
p r o j e c t >  and t h e  deve lopmen t  o f  i n t e r -  
a c t i v e  me thodo logy  f o r  o c e a n o g r a p h i c  
a n a l  y s  i 5 .  

2. 

2. 

N a t  
N a t  
N a t  

BACKGROUND 

C u r r e n t  Techno I o q y  

P r e s e n t l y ,  oceanographers  i n  t h e  
n n a l  Ocean S e r v i c e  (NOS) and t h e  
a n a l  Weather S e r v i c e  (NWS) w i t h i n  t h e  
o n a l  Ocean ic  and A t m o s p h e r i c  Admin- 

i s t r a t i o n  (NOAA) d e r i v e  o c e a n o g r a p h i c  
i n f o r m a t i o n  t o r  o p e r a t i o n a l  a n a l y s e s  O S  
t h e  Gulf St ream and t h e  Gult at M e x i c o  
u s i n g  manual me thods .  These methods have  
been I n  p l a c e  s i n c e  1975. An example  at 
one o f  t h e  a n a l y s e s  I s  shown i n  F i g u r e  1. 
I n p u t  t o  t h e  p r o c e s s  a r e  unmapped h a r d  
C O P Y  channe l  t o u r  (10.5 - 11.5 m i c r o -  
m e t e r s )  imagery  o f  t h e  Pldvanced V e r y  H i g h  
R e s o l u t i o n  R a d i o m e t e r  (AVHRR) on  t h e  
NOAA-N s e r i e s  o f  p o l a r  o r b i t i n g  space- 
c r a t t  (Schwa lb ,  1962). 'These images 
p r o v i d e  c o v e r a g e  ot an a p p r o x i m a t e l y  2000 
x 2000 k m  a r e a  a t  a p p r o x i m a t e l y  one k i l o -  
me te r  s p a t i a l  r e s o l u t i o n  a t  n a d i r .  A 
g r e y  scale enhancement c u r v e  i s  used  t o  
p o r t r a y   cloud^ l a n d  and w a t e r  t e a t u r e s .  
Due t o  p e r i o d i c  changes i n  t h e  AVHRR 
c a l i b r a t i o n ,  t h i s  c u r v e  i s  u s u a l l y  mod- 
i f i e d  s e a s o n a l l y .  The o u t p u t  p r o c e s s  
used  i n  SSD p r o v i d e s  a l b  g r e y  shade 
d i  s p  I a y .  

The a n a l y s t  i d e n t i t i e s  oclTan 
f e a t u r e s  b y  l o c a t i n 3  s r a d i e n t s  i n  t h e  
 ray s c a l e  images. A i d e d  b y  t h e  e x i s -  
t e n c e  of v i s u a l  l a n d m a r k s ]  p l a s t i c  y r i d  
o v e r  lab's a r e  used  'tu g e o l o c a t e  t h e  ocean 
t e a t u r e  I o c a t  i one, w h i c h  a r e  t h e n  t r a n s -  
f e r r e d  v i r j u a l l y  t o  a M e r c a t o r  base c h a r t .  
L o c a t i o n  of ocean f e a t u r e s  a r e  c o m p i l e d  
f r o m  many images, some t r a m  more t h a n  
t o u r  days p r i o r  t u  t h e  a n a l y s i s .  The 
c o m p l e t e  a n a l y s i s  i s  p r e p a r e d  u s i n g  a 
" b e s t  guess" p o s i t i o n )  w h i c h  i s  based  on 
a n a l y s t  e x p e r i e n c e .  SQa s u r f a c e  temp- 
e r a t u r e  (SST) i n t o r m a t i o n  t r a m  s a t e l l i t e  
r e t r i e v a l s ,  d r i f t i n g  buoys  and e x p e n d a b l e  
b a t h y t h e r m o g r a p h s  (XBTs) a r e  p l o t t e d  as  
wa te r  mass t e m p e r a t u r e s  ( C l a r k ,  p e r s o n a l  
commuri i c a t  i o n )  . 

Con tou r  c h a r t s  o f  G r e a t  L a k e s  
s u r f a c e  t e m p e r a t u r e s  a r e  p r o d u c e d  u s i n g  
a t m o s p h e r i c a l l y  c o r r e c t e d  SST i n t o r m a t i o n  
o u t p u t  i n  a l p h a n u m e r i c  computer  p r i n t -  
o u t s .  These d a t a  a r e  g r i d d e d ,  b u t  n o t  
mapped] end must be hand c o n t o u r e d .  The 
c o n t o u r  i n f o r m a t i o n  i s  v i s u a l l y  t r a n s -  
f e r r e d  t o  a base  map. O f t e n  t h e  c o n t o u r  
c h a r t s  a r e  p r o d u c e d  u s i n g  o n l y  one d a t a  
set ,  ( i m a g e ) .  

T h e s e  manual methods a r e  s u b j e c t  
t o  a number a t  s o u r c e s  at e r r o r . .  Geo- 
I ocat i o n  i natc;. :>ac i e s  ~a), r e s i ~  I i 1 r o m  
s a t e l l i t e  n a v i g a t i o n a l  e r r o r s ,  g e o m e t r i c  
d i s t u r t i o n  n t  . t h e  imagery ,  and l a c k  o t  
v i s i b i e  geurj:.qphic r e f e r e n c e  m u i n t s  due 
t o  C l a u d  c n v e r  rJr b o u n d a r i e s  o t  t h e  a r e a  
a n a l y z e d .  Cloud c o v e r  nay  ai50 mask 
i a r g e  a r e a s  o i  n c e a n )  and o t h e r  atn'us- 

p h e r i c  e t t e c t s  may s u b s t a n t i a l l y  e f t e c t  
t h e  i n t e r p r e t a t i o n  o f  g r a d i e n t  i n t o r -  
m a t i o n .  The a n a l y s i s  i s  s u b j e c t  t o  the 
d e g r e e  o f  e x p e r i e n c e  0 1  a p a r t i c u l a r  
a n a l y s t ,  as w e i l  as h i s  t a m i l i a r i t y  w i t h  
t h e  r e c e n t  h i s t o r y  o f  t h e  a r e a .  The 
p r o c e d u r e s  a r e  a l s o  t e d i o u s  and t i m e  
c o n s u m p t i v e .  C l e a r l y ,  t h e r e  was a need 
t o  s t a n d a r d i z e  and o p t i m i z e  t h e  a n a l y s i s  
f u n c t  i o n ,  
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Fig. 1. Manually-derived Oceanographic Analysis for the 
northwest Atlantic region, August 24, 1987. Positions of the 
Gulf Stream current, shelf/slope front, and warm and cold eddies 
are shown. Except for water mass temperatures, positional 
information is derived primarily from A V H R R  HRPT channel four 
imagery. 

2.2 Project Philosophy 

Automated computer techniques 
offer the ability t o  standardize many of 
the ana I ys i s f unct i on5 wh i c h  a r e  subject 
t o  error, particularly reyarding the 
preparation of satellite data for use in 
oceanographic analysis. In addition, 
interactive computer techniques offer t h e  
analyst a powerful set of tools for man- 
ipulation o f  satellite image data in 
deriving oceanographic information. With 
.thi5 goal in mind, SSD oceanographers 
surveyed the available hardware and 
software for application to this project. 

Several computer systems already 
in place within NOAA and others commer- 
cially available were considered for the 
baseline configuration. T h e  IBM Personal 
Computer (FC) was chosen i o r  development 
o f  t h e  interactive portion of t h e  system 
because it is a relatively inexpensive 
and widely available system) it is well 
supported, and many relatively cheap and 
high quality peripherals and software 
packages a r e  available f o r  it. T h e  PC 
c a n  be thought o f  a s  a Nworkstation,JJ 
where an image is interactively analyzed, 
collated with other images, and t h e  final 
analysis prepared. 

S i n c e  the PC-AT version is pre- 
sently incapable o f  many o f  the satellite 
image proces5 i ng funct i on5 requ i red in 
the project, and it has a limited storage 
capac i t y ,  t h e  NOAA ”mainframe” computer 
s e r v e d  a s  the JJpreprocessorJJ and data 
storage device. Only High Resolution 
Picture Transmission (HRPT) and Local 
Area Coverage (LAC) AVHRR digital data 
was used in t h e  project although incor- 
poration o t  GOES digital data and s e a  
truth data sets has begun. Figure 2 
illustrates t h e  present configuration o f  
the PC/mainframe s y s t e m >  including dis- 
semination capabilities. 

Although the project emphasizes 
development of interactive techniques for 
oceanographic analysis, another important 
aspect has been t h e  definition of the 
hardware and software configuration for 
an operat i o n a I oceanographic ana I ys i fi 
system. The operational configuration 
will include many feature of the system 
described above, and will eventually r e -  
s i d e  in t h e  NOS/NWS/NESDIS Ocean Products 
Center, located in Camp Springs, Mary- 
I and. 
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Fig. 2. Communications and product dissemination with the PC 
image display and analysis system. Processed scenes are received 
from the NWS/NESDIS computer via up to 56 kbs binary file 
transfer. Product distribution as shown has been tested for 
local users only. 

3 .  PC HARDWARE 

Hardware  components o f  t h e  PC 
sys tem i n c l u d e  a PC A T  w i t h  640 KB o f  
RAM, a 20 MB h a r d  d i s k ,  1 . 2  MB and 360 KB 
f l o p p y  d i s k  d r i v e s ,  a.Number N i n e  Com- 
p u t e r  C o r p o r a t i o n  R e v o l u t i o n  512x32 b i t  
g r a p h i c s  b o a r d ,  a h igh  r e s o l u t i o n  c o l o r  
m o n i t o r ,  and a c o l o r  m o n i t o r  e q u i p p e d  
w i t h  a c o l o r  g r a p h i c s  a d a p t e r  (CGA). The 
Number N i n e  g r a p h i c s  b o a r d  c u r s o r  i s  con-  
t r o l l e d  t h r o u g h  a M i c r o s o f t  mouse o r  key -  
b o a r d  a r r o w  k e y s .  H a r d  copy  o u t p u t  i s  
p r o v i d e d  b y  an  Epson F X I O O  d o t  m a t r i x  
p r i n t e r  o r  an HP 747% p l o t t e r .  Fac-  
s i m i l e  o u t p u t  i s  a v a i l a b l e  u s i n g  a Gamma- 
l i n k  b o a r d .  Communica t ions  c a p a b i l i t i e s  
a r e  p r o v i d e d  b y  a Hayes 2.400 b p s  modem as  
we1 I as a n  I R M A  3278 e m u l a t o r  b o a r d .  

4 .  PREPROCESSING COMPONENTS 

4 . 1  Image P r e p a r a t i o n  

The s a t e l l i t e  d a t a  used  i n  t h i s  
p r o j e c t  was o b t a i n e d  f r o m  t h e  AVHRR d a t a  
base w h i c h  r e s i d e s  an  t h e  NOAA ma in f rame 
compu te r .  T h i s  d a t a  base I s  o r g a n i z e d  a5 
a f i x e d - s i z e d  queue w h i c h  i s  c o n t i n u a l l y  
upda ted ,  a l l o w i n g  s e l e c t i o n  f r o m  among 
a p p r o x i m a t e l y  f o r t y  i n d i v i d u a l  HRPT and 
L A C  d a t a  s e t s .  Each d a t a  s e t  have  a r e s -  
i d e n c e  t i  me o f  a p p r o x i m a t e  I y 21 h o u r s .  

a u t o m a t i c a l l y  s e l e c t  a HRPT/LAC scene 
f r o m  t h e  d a t a  base ,  based on t h e  d e s i r e d  
a r e a  o f  c o v e r a g e ;  o r ,  a l l o w  t o r  u s e r  se-  
l e c t a b l e  s p a t i a l  r e s o l u t i o n  and c e n t e r  
p o i n t  o f  t h e  d e s i r e d  ocean a r e a .  These 
r o u t i n e s  c a l c u l a t e  b l a c k  body tempera-  
t u r e s  f o r  t h e  t h e r m a l  c h a n n e l s ,  arid 
c o u n t s  f o r  t h e  v i s i b l e  c h a n n e l s .  Sea 
s u r f a c e  t e m p e r a t u r e s  a r e  c a l c u l a t e d  u s i n g  
t h e  m u l t i c h a n n e l  a t m o s p h e r i c  c o r r e c t i o n s  
d e v e l o p e d  b y  M c C i a i n  (1901).  O t h e r  op- 
t i o n s  a r e  a v a i  l a b l e  t o  map each c h a n n e l  
i n t o  s t a n d a r d  p r o j e c t i o n s  such  as Merca- 

A s e t  p rograms was w r i t t e n  to 

t o r  and t o  c o m p o s i t e  images w i t h  p r e v i o u s  
ones (mapped d a t a  o n l y ) .  The mapp ing  
r o u t i n e  i n c l u d e s  an ave rage  o r  a d j a c e n t  
p i  xe I " f  i I I JJ p r o c e d u r e .  

The p r o c e s s e d  t h e r m a l ,  v i s i b l e  and 
SST i n f o r m a t i o n  i s  p roduced  i n  a s p e c i f i c  
image f i l e  f o r m a t  - 512x512 b y t e  x 16 
b i t s .  Image i n f o r m a t i o n  i s  p r e s e r v e d  i n  
e l e v e n  b i t s ,  w h i l e  c o a s t l i n e s ,  l a t i t u d e  
and l o n g i t u d e  g r i d s  and o t h e r  g r a p h i c  i n -  
f o r m a t i o n  i s  a v a i l a b l e  i n  t h e  r e m a i n i n g  
f i v e  b i t s .  A l s o  a v a i l a b l e  i s  housekeep-  
i n g  ( h e a d e r )  i n t o r m a t i o n  f o r  t h e  image 
f i l e s  and s a t e l l i t e  i l l u m i n a t i o n  a n g l e  
i n f o r m a t i o n  f o r  each p i x e l .  More i n f o -  
mat i o n  on  t h e  p r e p r o c e s s  i ng ("SSTMAP") 
s o f t w a r e  i s  a v a i l a b l e  f r o m  T a d e p a l l i  
(1986). 

4.2 lmaqe QC 

A f t e r  t h e  p r e p r o c e s s i n g  i s  com- 
p l e t e d ,  t h e  q u a l i t y  o f  each  image f i l e  
c a n  be checked  b y  u 5 i n g  a p rog ram u h i c h  
t r a n s f e r s  t h e  c e n t e r  p o r t i o n  o f s t h e  image 
f i le of i n t e r e s t  as a l p h a n u m e r i c  cha rac - -  
t e r s  t o  a CRT s c r e e n  o r  h i q h  speed p r i n t -  
e r .  S t a t i s t i c s  a r e  c a l c u l a t e d  w h i c h  i n -  
d i c a t e  t h e  a v e r a g e ,  m i n i m u m  and maximum 
image ualue, and t h e  f r e q u e n c y  o f  o c c u r -  
r e n c e  o f  a p a r t i c u l , a r  value. The com- 
p l e t e  image f i l e ,  w i t h  embedded g r i d s  and 
c o a s t 1  i n e s ,  c a n  a l s o  be t r a n s f e r r e d  t o  a 
p r  i n t e r  a5 a I phanumer i I: c h a r a c t e r s  . fo r  
subsequen t  i s0t.het.m a n a l  ys  i s i .  

5. TRANSFER TO THE PC 

To t r a n s f e r  t h e  image and g r a p h i c  
f i l e s  t o  t h e  PC h a r d  d i s k ,  t w o  modes a r e  
a v a i i a b l e s  one u s i n g  b i n a r y  f i l e  t r a n s f e r  
v i a  c o m m e r c i a l l y  a v a i l a b l e  commun ica t i ons  
( I R M A )  s o f t w e r e ,  and t h e  o t h e r  u s i n g  
ASCII c h a r a c t e r  t r a n s f e r  v i a  a n  asyn-  
c h r o n o u s  modern. A t  9600 bps ,  t h e  b i n a r y  
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f i l e  t r a n s f e r  p rocess  o f  a f i l e  c o n t a i n -  
i n g  one p rocessed  image and t h e  c o r r e -  
sponding g r a p h i c a l  i n f o r m a t i o n  t a k e s  
a p p r o x i m a t e l y  20 m i n u t e s  t a  t r a n s f e r ;  a t  
56 kbs, t h e  t r a n s f e r  r a t e  i s  reduced t o  
about  10 m i n u t e s .  I n  compar ison,  t h e  
ASCII c h a r a c t e r  t r a n s f e r ,  a t  1200 bps, 
t a k e s  about  two h o u r s .  The housekeeping 
f i l e  i s  appended t o  each o u t p u t  f i l e  
p r i o r  t o  t r a n s + e r .  

6 .  DISPLAY AND ANALYSIS SOFTWARE 

6.1 Imase D i s p l a y  

A l i b r a r y  o f  FORTRAN c a l l a b l e  
s u b r o u t i n e s  f o r  c o n t r o l l  i n 9  t h e  Number 
N i n e  g r a p h i c s  c a r d  has been w r i t t e n  
e i t h e r  i n  assembly language o r  C .  F ro -  
9rams i n  t h i s  l i b r a r y  are used t o  p e r f o r m  
s e v e r a l  image d i s p l a y  and i n t e r a c t i v e  
a n a l y s i s  f u n c t i o n s  on t h e  PC. To d i s p l a y  
an image on t h e  h i g h  r e s o l u t i o n  c a l o r  
m o n i t o r ,  t h e  use r  loads t h e  image d a t a  
f rom d j s k  t o  t h e  Number N i n e  g r a p h i c s  
c a r d  t h r o u g h  an 1 1 - b i t - i n ,  8 - b i t - o u t  

46 N 
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42 N 

40 N 
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l i n e a r  lookup t a b l e ,  which has use r -  
s p e c i f i e d  tempera tu re  bounds. The temp- 
e r a t u r e  range t h u s  s p e c i f i e d  determines 
t h e  the rma l  r e 5 o l u t i o n  a v a i l a b l e  f o r  
image d i s p l a y .  Fa r  example, 0.1C t h e r -  
mal r e s o l u t i o n  i s  d i s p l a y e d  by s p e c i f y i n g  
tempera tu re  boundar ies  o f  5.0 - 30.6C. 

P r i o r  t o  image a n a l y s i 5 ,  t h e  use r  
may p e r f o r m  h i s t o g r a m  e q u a l i z a t i o n  on t h e  
image. T h i s  program e f f e c t s  t h e  d i s -  
p l a y e d  image o n l y ,  l e a v i n g  t h e  a c t u a l  
t empera tu re  d a t a  unrhansed. 

D u r i n g  image a n a l y s i s ,  t h e  low 
r e s o l u t i o n  c o l o r  m o n i t o r  d i s p l a y s  two 
”windows.”  One shows a menu o f  o p t i o n s  
a v a i l a b l e  w i t h  t h e  a n a l y s i s  program. 
These i n t e r a c t i v e  t u n c t i a n s  i n c l u d e  image 
zoom and roam, pseudocoIor  t empera tu re  
S I  i c i n g  o r  N c o n t o u r i n 5 ” ,  g r a p h i c s  and 
c o l o r  t o g g i i n g ~  and mouse c o n t r o l l e d  
d r a w i n g  i n  any o f  t h e  e i g h t  o v e r l a y  g r a -  
p h i c s  p l a n e s .  A s i m p l e  a lphanumer ic  p a l -  
l e t  i s  a l s o  a v a i l a b l e  f o r  image annota- 
t i o n .  W i t h i n  t h e  tempera tu re  s l i c i n s  

I 

Fig. 3 .  P lo t ter  output of SST contours i n  the G u l f  of Maine, 
September 4 ,  1987. Contours are derived from drawings along 
individual co lor  temperature ” s l i c e s f f  a s  displayed on a high 
resolution monitor. Because the ana lys i s  was composed of several 
drawing f i l e s  from d i f f erent  dates ,  the contours do not extend to  
the boundaries of the c o a s t l i n e .  

r 
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o p t i o n ,  t h e  use r  may s e l e c t  t h e  number o f  
t empera tu re  s l i c e s ~  t h e  tempera tu re  range 
o f  each s l i c e ,  and t h e  tempera tu re  a t  t h e  
warm end o f  t h e  enhanced s l i c e .  

S i m u l t a n e o u s l y  d i s p l a y e d  w i t h  t h e  
a n a l y z e  window i s  a " s t a t u s "  window, 
which d e s c r i b e s  t h e  o v e r a l l  t empera tu re  
range and t h e  the rma l  r e s o l u t i o n  o f  t h e  
d i s p l a y e d  image; t h e  number o f  c o n t o u r s  
and t h e i r  I n d i v i d u a l  and o v e r a l l  range; 
and i n f o r m a t i o n  a t  t h e  c u r s o r  l o c a t i o n ,  
I n c l u d i n g  tempera tu re ,  image l i n e  and 
e lement ,  and l a t i t u d e  and l o n g i t u d e  coo r -  
d i n a t e s .  

6 .2  Jmase A n a l y s i s  

The a n a l y s t  I d e n t i f i e s  ocean fea- 
t u r e s  o r  i so the rms  u f  i n t e r e s t  by h i g h -  
l i g h t i n g  them i n t e r a c t i v e l y  u s i n g  a 
s i n g l e  o r  s e r i e s  o f  t empera tu re  s l i c e s .  
Because t h e  c o n t o u r  parameters can be 
a d j u s t e d ,  t h e  a n a l y s t  has f l e x i b i l i t y  i n  
i d e n t i f y i n g  f e a t u r e s  o f  v a r i o u s  tempera- 
t u r e  ranges w i t h i n  t h e  same image. To 
a s s i s t  i n  t h e  - n a l y s i s  procedure,  c o l o r  
c o n t o u r s  and g r a p h i c s  p l a n e s  can be 
g l e d  o f f  and on.  

Drawings a l o n g  t h e  c o l o r  con 
a r e  made u s i n g  t h e  mouse and s t o r e d  
m a t i c a l l y  i n  f i l e s  as l a t i t u d e  and 
i t u d e  c o o r d i n a t e s .  Severa l  d r a w i n g  
can be p l a c e d  i n  d i f f e r e n t  g r a p h i c s  
p l a n e s  and s i m u l t a n e o u s l y  o r  s e l e c t  
d i s p l a y e J  t o  a l l o w  i n t e r c o m p a r i s o n  

t o g -  

o u r s  
a u t o -  
ong- 
f i  le5 

v e i y  
see 

c o l o r  p l a t e ,  n e x t  page) .  Because these  
f i i e s  a r e  s t o r e d  as l a t i t u d e  and l o n g i -  
t ude  c o o r d i n a t e  p a i r s ,  t h e y  a r e  t r a n s -  
p o r t a b l e  among images o f  d i f f e r e n t  r e s -  
o l u t i o n s ,  b o u n d a r i e s  o r  t l m e s  o f  a c q u i -  
s i t i o n .  A few examples o f  t h i s  c a p a b l l -  
i t y  i n c l u d e  a t i m e  s e r i e s  d i s p l a y  o f  
d raw ings  o r  a c o m b i n a t i o n  o f  s e u e r a l  
h i g h e r  r e s o l u t i o n  ana lyses  i n t o  one low 
r e s o l u t i o n  compos i te  a n a l y s i s .  Oceano- 
g r a p h i c  ana lyses  a r e  t h e n  p r e p a r e d  f o r  
d i s s e m i n a t i o n  by u s i n g  t h e  a n n i t a t i o n  
c a p a b i l i t y .  

7 .  PRODUCT DISTRIBUTION 

D i s s e m i n a t i o n  o f  t h e  completed 
ana lyses  has been t e s t e d  u s i n g  s e v e r a l  
methods. Graph ic  d r a w i n g  f i l e s  can be 
t r a n s f e r r e d  t o  o t h e r  computers v i a  modem 
o r  f l o p p y  d i s k ,  and o u t p u t  as a l i s t  o f  
l a t i t u d e  and l o n g i t u d e  c o o r d i n a t e s .  The 
d raw ings  may be ser l t  t o  a p l o t t e r  and 
drawn o n t o  one o f  s e v e r a l  s t a n d a r d  map 
p r o j e c t i o n s  w i t h  use r  s p e c i f i e d  l a t i t u d e  
and l o n g i t u d e  b o u n d a r i e s .  Thus s e v e r a l  
d raw ings  may be o v e r l a i n  o n t o  t h e  same 
c h a r t .  An example o f  t h e  p l o t t e d  o u t p u t  
i s  shown I n  F i g u r e  3. Graph ic  f i l e s  may 
be t r a n s m i t t e d  t o  f a c s i m i l e  r e c o r d e r s  
w i t h  t h e  a i d  o f  t h e  Gammalink boa rd .  
A l s o  a v a i l a b l e  i s  a g r a y  s c a l e  d o t - m a t r i x  
p r i n t e r  o u t p u t  o f  t h e  image and /o r  gra-  
p h i c s  as d i s p l a y e d  on t h e  Number N i n e  
board,  F i g u r e  4 .  

8 .  DISCUSSION 

T h i s  PC-based i n t e r a c t i v e  g r a p h i c s  
system i s  s t i l l  under development .  Many 
o f  t h e  r e q u i r e d  hardware and s o f t w a r e  
programs e x i s t  I b u t  f u r t h e r  t e s t i n g  and 
i n t e g r a t i o n  i 5  r e q u i r e d  b e t o r e  t h e  system 
can be c o n s i d e r e d  o p e r a t i o n a l .  Some o f  
t h e  o u t s t a n d i n s  i ssues  i n c l u d e :  

A )  M o d i f i c a t i o n  o f  t h e  p r e p r o c e s s i n g  
programs, 

The o p e r a t i o n a l  v e r s i o n  o f  t h i s  menu- 
d r i v e n  program i s  e n v i s i o n e d  to i n c l u d e  
d e f a u l t  values and automated f e a t u r e s  
such as a u t o m a t i c  o r b i t / a r e e  and a l g o -  
r i t h m  s e l e c t i o n ,  a u t o m a t i c  mapping and 
p o s s i b l y ,  a u t o m a t i c  c o m p o s i t i n g .  

E )  I n t e g r a t i o n  o f  p r e p r o c e s s i n g  
p rocedures  and PC t r a n s f e r  
i n t o  an o p e r a t i o n .  

C u r r e n t l y ,  a user  must i n i t i a t e  t h e  p r e -  
p r o c e s s i n g  p rocedures  s e p a r a t e l y  f r o m  t h e  
t r a n s f e r  o f  t h e  processed image to t h e  
PC. The c u r r e n t  c o n f i g u r a t i o n  does n o t  
s u p p o r t  t r a n s t e r  o f  more t h a n  one image 
a t  a t i m e ,  and t h e  o v e r a l l  t i m e  f o r  p ro -  
c e s e i n y  and t r a n s f e r  o f  one SST image may 
t a k e  up t o  two hours  a t  9600 bps o r  about 
h a l f  t h a t  a t  56 kbs .  I n  an o p e r a t i o n a l  
env i ronmen t ,  t h e  two processes w i l l  be 
i n t e g r a t e d  and automated.  

C) I m p l e m e n t a t i o n  o f  c l o u d / d a t a  
f i l t e r i n g  a l g o r i t h m s .  

A n a l y s l s  o f  SST Images on t h e  PC has 
shown t h a t  c l o u d  and/or  d a t a  f i l t e r i n g  
a l g o r i t h m s  a r e  necessary,  e s p e c i a l l y  when 
c o m p o s i t i n g .   everd dale^ 1985, c o n t a i n s  a 
complete d i s c u s s i o n  o f  AVHRR d i g i t a l  d a t a  
c h a r a c t e r i s t i c s  r e g a r d i n g  use i n  oceano- 
g r a p h i c  a n a l y s i s . )  These a l g o r i t h m s  may 
be a p p l i e d  a u t o m a t i c a l l y  o r  i n t e r a c t -  
i v e l y ,  o r  by u s i n g  a c o m b i n a t i o n  o f  b o t h  
t e c h n i q u e s .  SSD has begun a development 
e f f o r t  t o  d e t e r m i n e , a p p r o p r i a t e  c l o u d  
. f i l t e r i n g  p r o c e d u r e s .  

0 )  D e t e r m i n a t i o n  o f  a p p r o p r i a t e  
c o m p o s i t i n g  t e c h n i q u e s .  

T o  a s s i s t  I n  s t r e a m l i n i n g  t h e  a n a l y s i s  
o p e r a t i o n ,  c o m p o s i t i n g  p rocedures  may be 
a p p r o p r i a t e .  S i n c e  COmpOGiting tends  t o  
smear ephemeral and smal 1 s c a l e  dynamic 
f e a t u r e s ,  I t  may n o t  be a p p r o p r i a t e  f o r  
sma l l  s c a l e  f e a t u r e  i d e n t i t i c a t i n n  over 
l onger  t i m e  s c a l e s .  However., i d e n t i f i -  
c a t i o n  o f  s m a l l  scale dynamic f e a t u r e s  i s  
i m p o r t a n t  t o  many use r  g roups .  To r e t a i n  
t h e  i m p o r t a n t  f e a t u r e s  o f  i n t e r e s t  t o  t h e  
use r  community, s e v e r a l  c o m p o s i t i n g  OP-  
t i o n s  a r e  under c o n s i d e r a t i o n .  
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A partial sea surface temperature contour analysis of a September 
4 ,  1987, A V H R R  sea surface temperature (SST) image as performed 
on a IBM PC-AT. The interactive color enhancement program is 
used to select; appropriate temperature ffslicesff, the boundaries 
of which are &raced using the drawing capability. For example, 
the 22,5-23.2 C temperature range is "paintedff in red and 
outlined in yellow-green. Representing different temperature 
ranges, three other contours are drawn in white, yellow and pink. 
The pink vertical line shown east of Cape Cod is an error in the 
coastline file. Patterns of isotherm locations are apparent when 
contours are displayed simultaneously, 

J6 



F i g .  4. 
from a May 10-12, 1987, c o m p o s i t e  SST i m a g e .  I n  ( a ) ,  a g r e y  
s c a l e  i m a g e  o f  t h e  G u l f  Stream, warm a n d  c o l d  e d d i e s  a n d  
s h e l f / s l o p e  f r o n t a l  f e a t u r e s  is s h o w n ,  w h i l e  i n  ( b ) ,  d r a w i n g s  of  
t h e s e  o c e a n  f e a t u r e  l o c a t i o n s  a r e  s h o w n  i n  g r a p h i c a l  form. B o t h  
e x a m p l e s  a r e  d e r i v e d  d i r e c t l y  from t h e  h i g h  r e s o l u t i o n  d i s p l a y  of  
t h e  c o m p o s i t e  i m a g e .  

Dot m a t r i x  p r i n t e r  o u t p u t  of  t h e  n o r t h e r n  G u l f  Stream, 
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E)  C o n s i s t e n t  i d e n t i f i c a t i o n  o f  
ocean f e a t u r e s .  

One o f  t h e  p r i m a r y  g o a l s  i n  implementa- 
t i o n  o f  i n t e r a c t i v e  a n a l y s i s  p rocedures  
i s  f o r  c o n s i s t e n t  i d e n t i f i c a t i o n  o f  t h e  
same f e a t u r e  D P  i s o t h e r m  f rom one image 
t o  t h e  n e x t .  To accomp l i sh  t h i s  g o a l ,  a 
g r a d i e n t  t e s t  f o r  i d e n t i f i c a t i o n  o f  t h e  
landward edge ( N o r t h  W a l l )  o f  t h e  G u l f  
Stream i s  one method under COns ide ra t iDn .  

F )  I n t e g r a t i o n  o f  image and 
a n a l y s i s  s o f t w a r e  i n t o  an 
o p e r a t i o n a l  package. 

To make t h e  a n a l y s i s  p rocedures  more 
”user f r  i end I y”, mod i f i c a t  i ons t o  t h e  
e x i s t i n g  programs a r e  r e q u i r e d .  I n  a d d i -  
t i o n ,  s e v e r a l  programs need t o  be added 
t o  t h e  system. These i n c l u d e  t h e  capa- 
b i l i t y  t o  f l i c k e r  between two images and 
t o  f i l t e r  or enhance images i n  v a r i o u s  
ways. The a u t h o r s  have been w o r k i n g  w i t h  
o p e r a t i o n a l  pe rsonne l  d u r i n g  t e s t i n g  and 
e v a l u a t i o n  o f  t h i s  s o f t w a r e ,  which i n -  
c l u d e s  i n t e g r a t i o n  i n t o  an o p e r a t i o n a l  . 
package. To accommodate t h e  a d d i t i o n a l  
s o f t w a r e  c a p a b i l i t i e s ,  more hardware may 
be r e q u i r e d .  D e t e r m i n a t i o n  o f  appro-  
p r i a t e  s o f t w a r e  c a p a b i l i t i e s  w i l l  h e l p  
d i c t a t e  t h e  hardware c o n f i g u r a t i o n  o f  t he  
o p e r a t i o n a l  system. 

G) D e t e r m i n a t i o n  o f  a p p r o p r i a t e  
d i s s e m i n a t i o n  p r o c e d u r e s .  

Several o u t p u t  o p t i o n s  have been d e v e l -  
oped for t h e  PC system, many o f  which a r e  
n o t  t h e  t r a d i t i o n a l  forms o f  d i ssemina -  
t i o n  ( i . e . ~  m a i l ,  t e l e c o p i e r ) .  The OPC 
i s  p l a n n i n g  f o r  an o p e r a t i o n a l  system 
c o n f i g u r a t i o n  wh ich  m in im i2es  t h e  impact  
o f  new t e c h n o l o g y  on users. User i n p u t  
w i l l  be s o l i c i t e d  p r i o r  t o  o p e r a t i o n a l  
r e a d i n e s s  o f  t h e  new system. 

9. SUMMARY 

The pu rpose  o f  t h i s  development 
p r o j e c t  i s  t o  improve upon t h e  manual 
methods o f  s a t e l l i t e - b a s e d  oceanographic  
a n a l y s i s  u s i n g  a c o m b i n a t i o n  o f  i n t e r -  
a c t i v e  and automated computer t e c h n i q u e s .  
T h i s  a n a l y s i s  system i s  des igned  t o  max- 
i m i z e  t h e  c a p a b i l i t i e s  of each p rocedure  

i n  o r d e r  t o  o b t a i n  t h e  b e s t  p 0 5 s i b l e  
oceanographic  a n a l y s i s .  A s u i t a b l e  sys-  
tem c o n f i g u r a t i o n  c o n t a i n 5  a mainframe 
computer t o  p e r f o r m  p r e p r o c e s s  i n g  func -  
t i o n s ,  and a PC-class micro-computer t o  
p e r f o r m  image a n a l y s i s  and p r o d u c t  gen- 
e n a t i o n .  A l t h o u g h  a b a s i c  system ha5 
been developed,  much t e s t i n g  and eva lua -  
t i o n  remains b e f o r e  t h e  system can be 
c o n s i d e r e d  o p e r a t i o n a l .  
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VISSR SENSOR INTRODUCED MODIFICATIONS IN THE PRESENCE OF 
LARGE TEMPERATURE GRADIENTS. 

E. V. Cherna, G. L. Austin, A. Bellon and A. Kilambi 

McGill Radar Weather Observatory. 
Box 241,  MacDonald College 

Ste. Anne de Bellevue, Quebeo, 
Canada. HgX 1CO. 

1 .  INTRODUCTION 

Since the launch of the meteorological 
satellite SMS/GOES in 1974 ,  a succession 
of geostationary satellites have provided 
a quasi-continuous coverage of the earth 
disk in both the visible (0.66-0.7bm) and 
the thermal infrared (IR, 1 0 . 6 - 1 2 . 6 ~ m )  
channels. Cloud top temperature fields, 
derived from GOES IR images have found 
applications, alone, or in oonjunction 
with radiances from other spectral 
regions, in climatology, rainfall 
estimates and severe storm studies. 

Problems peculiar to geostationary 
satellites arise from the high orbit and 
the rapid scanning rate. These are 
manifested by the large field of view 
(FOV) and by the smoothing of temperature 
gradients by the finite response time of 
the IR sensor. 

temperatures, due to partly filled FOV’s 
have been well documented; local minimum 
temperatures for example, measured from 
geostationary altitude, are seriously 
overestimated (Adler et al., 1983). The 
unknown cloud filled fractions also 
account, in part, for the range of 
temperatures associated with extended 
features. A number of techniques, 
summarized by Rossow et el., ( l Q 8 6 )  have 
been developed to retrieve cloud type and 
fractional cloud cover from high orbit 
measurements. With the exception of 
spatial coherence method (Coakley and 
Bretherton, 1982)  all these techniques are 
based on the distribution of radiances in 
the spectral domain, tacitly assuming that 
radiances associated with geographic 
neighbours are essentially independent. 
Unexplained by FOV considerations alone 
are the large warm bias found on the 
upwind anvil edge (Negri and Maok, 1982) 
and the 30-40K temperature overestimate 
for small growing storms (Adler et al., 
1 9 8 2 ) .  Our thunderstorm studies, from 
radar, satellite and lightning records, 
found the spread of IR brightness 
temperatures associated with thunderstorms 

The uncertainties in cloud top 

excessive, even allowing for the size of 
the FOV and the viewing angle of the 
satellite (Wexler, 1 9 8 9 ) .  

Interdependence of neighbouring pixels 
comes from diffraction, along as well a5 
across scan lines, overlapping FOV’s 
(oversampling) and the finite response 
time of the IR sensor. Parker et al., 
(1986) briefly consider response time in 
conjunction with Landsat data but most 
texts on remote sensing (Chen, 1985 and 
Norwood and Lansing, 1983,  for example) 
discuss sensor characteristics under 
steady state (equilibrium) conditions 
only. 

rate from high orbit the transient 
response of the IR sensor becomes 
important in the presence of large 
temperature gradients. The present study 
investigates the temperature field 
retrieved from GOES measurements for 
evidence of sensor introduced 
modifications and estimates the response 
time in the thermal IR channel. 

In view of the rapid data acquisition 

2 .  THE GOES IR SENSOR 

The imaging instrument in early GOES 
models was a 16 inoh aperture scanning 
telescope, the Visible and Infrared Spin 
Scan Radiomater (VISSR). The ourrent 
multichannel Atmospheric Sounder (VAS) 
has, in the VISSR mode, retained the same 
imaging characteristics. Sensors for all 
channels are located in the focal plane of 
the telescope and view a west to east 
swath of the earth as the satellite spins 
at 100 rpm. The IR sensor is a tiny 
HgCdTe thermistor, radiativey cooled to 
about 1OOK. Its area corresponds to an 
instantaneous FOV of 192 fir by 192 clr 
(microradians) or 6.9 km by 6.9 km at the 
satellite subpoint. The IFOV advances at 
the rate of about 10 clr/(ws)-l. or by 
84 )rr between successive samplings to give 
the nominal pixel size of 192 clr by 84 clr. 
Adjacent scan lines are contiguous with no 
overlap. 
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A sensor absorbs radiant energy in a 
wavelength interval determined by its 
spectral response function and by external 
filters. Electron-hole pairs are created 
by the absorbed photons and depleted by 
their recombination. As the recombination 
rate is proportional to the number of 
electrons in the conduction band (free 
electrons), equilibrium concentration, in 
response to a sudden change in 
irradiation, is reached along a negative 
exponential, exp(-t/f). 

24C 
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20 

Fig. 1. Pixel by pixel temperatures near 
the eastern limb. 

In the earth-atmosphere system the 
largest temperature gradients are at the 
edge of the earth disk, Fig. 1 shows the 
pixel by pixel variation of the satellite 
observed temperature Ts along a scan line 
at 30"N near the eastern limb. In the 
transition region, between say 250K and 
235K, space gradually replaces the 
atmosphere in the FOV; beyond, TB decays 
exponentially with a time constant of 
about 30 cls. The time constant of the 
thermistor is, however, likely smaller 
than the time constant of the system, as 
estimated from Fig. 1. 

3 .  PARTLY FILLED FOV's 

If fi is the fraction of the FOV filled 
with cloud at a temperature Ti and 
emissivity e i ,  radiant energy is absorbed 
by the sensor atdhe rate: 

Ei OC fiei/E(h,Ti )K(A)dh 
0 

where E(X,T) is the Planck function and 
K(X) the spectral response of the sensor. 
By definition, energy and equivalent black 
body temperature TBB are related by: 

E = L Ei "/IJE(h,TBB)K(h)dh 0 

In the 200K to 300K range the peak of 
the Planck function shifts across the 
absoption band given by K(h) and numerical 
evaluation of the convolution integral 
E(h,T)K(h)dX in the interval 
10.5 rr < X < 12 clr finds that its value 
is proportional to T5. 8 ,  that i5 

ei fi Ti 5. 6 = ~ T E I B ~ .  6 
c 
If all Ti's in the FOV are, within say, 

20°, the departure from a linear relation 
is small and 

5 fiTi5.6 (fiTi ) 5 * 6  
L 

and TBB = fi Ti , the area (and 
emissivity) weighted mean temperature in 
the FOV. In the presence of large 
temperature gradients TBB is strongly 
weighted by the warmest temperature in the 
FOV. This effect is different f o r  
positive end negative gradients; in 
scanning from warm to cold TBB lags, 
scanning from cold to warm TBB leads the 
mean temperature in the FOV. 

In the wavelength interval given by 
K ( h )  the frequency distribution of photon 
energies is practically independent of 
temperature hence the T5-6 relation 
applies to the number of incident photons 
and, with a correction factor for quantum 
efficiency, to the number of free 
electrons as well. 

Using a conservative estimate of 20 P S  
for the time constant and the postulated 
relation between TBB and the number of 
free electrons we have calculated 
detector response to an ideal, infinite 
temperature gradient, a change from 280 K 
to 220 K, along the scan line with the 
assumption that the gradient extends over 
the entire width of the scan line. 

Fig. 2a showsthe variations of the 
mean temperature T and of TBB with time as 
the FOV sweeps eastwards. The transition 
region is 192 rr wide for the infinite 
gradient, and is wider for more realistic 
cases. Fig. 2b shows the percent 
variation of the number of free electrons 
with time, calculated in time steps of 
1 r s ;  100% corresponds to the equilibrium 
concentration at 280 K, and 26% 
corresponds to the equilibrium 
concentration at 220 K. Fig. 2c i s  the 
variation of the satellite measured 
temperature as calculated from Fig. 2b. 
Pixel by pixel temperatures are retrieved 
stepwise from Fig. 2c, while these depend 
on the relative position of the gradient 
and pixel boundaries they agree well with 
Fig. 1.. 

We note that the convex part of the 
temperature graph corresponds to partly 
filled FOV's and its width depends on the 
width of the transition region, the point 
of inflexion of the graph occurs as TCOLD 
just fills the FOV. 

Sensor introduced modifications of the 
temperature field occur near cloud 
boundaries; the fraction of affected 
pixels depends on the size of the feature 
considered and may be disregarded for 
larger systems (Bellon et al., 1980). For 
small features, broken clouds or 
developing thunderstorms for example, the 
mean temperature in the FOV increases long 
before the concentration of free electrons 
has reached its TCOLD equilibrium value. 
In such cases cloud top temperatures may 
be overestimated by 20-40" even if the 
cold top is large enough to fill the FOV 
for a short time. 
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Fig. 2. Sensor response calculated 
relative to a 60 K gradient: 

a) Mean and equivalent black body 
temparatures. 

b) The fraction of free electrons. 
c) The corresponding, sensor- 

indicated, temperature. 

Figs. 1 and 2c also indicate that the 
lowest observed temperature may be offset 
by 5 to 10 pixels from its geographical 
location. An analogous, but much smaller 
offset of 1 to 3 pixels is also found in 
the visible channel. The different 
offsets introduce registration problems in 
the bispectral data and may contribute 
significantly to the breadth of 
multispectral histograms. 

4 .  INTERDEPENDENCE OF NEARBY P I X E L S  

Instrument response is usually 
evaluated relative to a known, and ideally 
a square wave input. In the earth- 
atmosphere system neither the temperature 
gradients nor their exact location is 
certain. Sensor response to large 
gradients must be found indirectly from 
the observed temperature differences 
between neighbouring pixels. The 
statistics are based on the premise that 
the largest observed differences 
correspond to the largest actual 
gradients, located, fortuitously, near 
pixel boundaries. 

( C )  

We have calculated the temperature 
differences between neighbouring pixels, 
both along a scan line and across 
successive scan lines on 26 GOES IR maps 
of 512 pixels by 120 scan lines each; a 
window between 3 8 ' N  and 4 8 " N  latitude, 
extending from the Great Lakes to the 
Atlantic Ocean. All data come from two 
thunderstorm days, May 29, 1986 and June 
16, 1986. In each instance the warmest 
and the coldest temperatures were within 
two degrees of 298 K and 211 K. 

I f  P j , i  is one of the pixels with an 
equivalent black body temperature T ,  and 
if 

Tn is the T B B  of pixel P( j + n ,  i )  and 

Tk is the T B B  of pixel P( j ,  i t k )  

ATn T - T n ,  associated with T along 

ATk = T - T k ,  associated with T 

we set 

a scan line and 

across k scan lines. 
I f  TnAX and T n x ~  are the warmest and 

the coldest temperatures on a map, then 

are the largest possible positive and 
negative A T ' S  associated with T .  

In a statistically significant sample 
of independent pixels we expect that for 
nearly every temperature T ,  the largest of 
all observed A T ' S ,  ( A T n ) n A x  along or 
across scan lines, will equal A T n a x  and 
the smallest (the largest negative) of all 
observed AT'S (ATn )nI N will equal to 
ATnIN; at least for a range of temperature 
differences that represent physioally 
likely gradients. Over this range the 
plot of ( A T n ) n A x  vs. ATnAx or of ( A T n ) n x ~  
vs. ATnx N will have unit slope for any "n" 
or "k". In fact, the departure from unit 
slope is a reasonable measure of the 
interdependence of neighbouring pixels. 

ATHAX = TnAx - T and 
ATHXN = THIN - T 

t v 

Fig. 3 .  The largest observed negative 
temperature difference between 
adjacent pixels in subsequent scan 
lines plotted against its possible 
largest value for every T .  
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For quantitative comparisons we define 
the slope of the plot as the slope of the 
regr ssion line fitted to points 
10 cCjaTI < 40. 
albeit reasonable range; it disregards 
small differences where interdependence 
would fail to modify the temperatures and 
it omits unreasonably large, unlikely 
AT’s. 

In Fig. 3 the largest negative ATk’s 
are plotted against the corresponding 
A T n I N ’ s  for k = 1. The slope of the plot 
is 0.84 indicating that the largest 
observed negative north to south gradients 
are about 16% smaller than possible. As 
observations in successive scan lines are 
separated by one revolution of the 
satellite and as there is no evidence of 
oversampling across scan lines, we 
attribute this modifications of the 
gradients to diffraction effects; to 
contributions of radiant energy from 
outside the pixel. A similar plot, but 
for k = 2, has a slope of 0 .98  indicating 
that pixels separated by one scan line 
represent independent data. 

This is an arbitrary, 

Fig. 4. Same as Fig. 3, but for adjacent 
pixels along the same scan line. 

The above two slopes serve as reference 
values for analogous Slope8 along the scan 
line (n > l), where the significant 
temperature modifications take plaoe. 
Fig. 4 is similar to Fig. 3, but is for 
the largest negative A T ’ S  found between 
adjacent pixels (n = 1) in the same scan 
line. The difference between the two 
figures is evident and substantial. The 
regression line fitted to Fig. 4 has a 
slope of 0.36, a value interpreted as an 
indication that the largest west-to-east 
temperature gradients reach only 36% of 
their possible value. 

(increasing values of n) the slopes of the 
regression lines increase rapidly. The 
variation of the slope with n is plotted 
in Fig. 5 for both positive and negative 
A T ’ S .  The initial rapid increase reflects 
the decreasing importance of the large 
IFOV; data for every third pixel comes 
from independent FOV’s. For n > 3 Fig. 5 
shows that the finite sensor response 
extends the effective FOV over about seven 
pixels (22 km) with a weighting that 
varies inversely with distance. 

For increasing pixel separation 

0.8 i 
/ 7 

I / 

---- + V E  A T ’ s  I ’  
- VE AT‘S 

I 1 I I I I 1 

I 2 3 4 5 6 7  

PIXEL SEPARATION 

Fig. 5. Variation of the slope with 
increasing pixel separation. 

Positive and negative temperature 
gradients are similarly rendered by the 
sensor for small n’s; for larger 
separations however the positive gradients 
tend to a lower limiting value. In our 
interpretation this is a physical rather 
than an instrumental difference. The 
largest gradients most probably occur at 
the boundaries of thunderstorm anvils; the 
negative gradients, on the upwind side, 
are usually the greater. 

5. Conclusions 

Examination of GOES East IR data 
indicates that the response time of the IR 
sensor is about 20 P S ,  large compared to 
the 8 P S  sampling interval. In 
consequence large temperature gradient5 
are stretched over several IR pixels 
modifying the brightness temperature of 
these pixels and affecting the 
registration of diverse spectral bands. 
Fig. 2 indicates that the equivalent black 
body temperature may be overestimated by 
40” for features of a size comparable to 
the IFOV. Considering a pixel in the 
context of neighbouring temperature 
gradients gives the best estimate of 
sensor introduced temperature 
modifications. While small gradients do 
not necessarily indicate the absence of 
modifications as FOV effects tend to 
smooth gradients large gradients point to 
the sensor operating far from equilibrium 
conditions. The most severe modifications 
occur in cases of small local minima or 
maxima where the gradients along the scan 
line are large on both sides of the pixel. 
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OPERATIONAC CALIRRATION OF ?HE t4!3EDSAT I R  CHANNEL 
USING SEA S U W X E  T E N F ‘ E R A ~  OBSERVATIONS 

Volker Gaertner 

~uropean space operations Centre (-1 
Darmstadt, West Germany 

1. INTROt)UC!FIoN 

A t  the European Space Operations Centre 
(Esoc) i n  hrmstadt the MeLeosat Operational Pro- 
gramne (mp) is condubed. One importan t aspect 
of this progrm is the derivation of operation- 
a l  meteorological products fran Meteosat image 
data. The products are: 

Sea Surface Temperatures 
Cloud Analysis 
Cloud Top Height Maps 
Clad m i o n  V e c t o r s  
wr Tropospheric Humidities 

The quantitative exploitation of the 
Meteosat images is being performed in the Meteo- 
rological Information Extraction centre (m). 
For this purpose a l l  three spectral channels are 
used. The channels are: 

Visible channel (VIS / 0.5 - 0.9 pm) 
Water Vapur channel (WV / 5.7 - 7.1 pm) 
Infrared channel ( I R  /lo. 5 -12.5 pm) 

To derive meteorological products fran 
these image data an operatima1 calibration has 
to be performed for the water vapour and the 
infrared channel. Because Meteogat is a spinning 
satellite, no absolute calibration using a ref- 
erence black boay is feasible. The calibration 
has to be d t o r e d  on a day by day basis as the 
variation in the internal temperatures of the 
detectors and the optics within the satellite 
my vary on this scale and on the longer time 
scales the contamination of the I R  and WV detec- 
tors by the ice crystals also contribute to a 
loss of sensitivity for the received radian-. 
Therefore a t  ES0c the Meteosat t e a m  has devel- 
oped methods which a l lm  to nomitor and cali- 
brate the WV and the I R  channels. The m&.hd of 
the WV calibration is described in a paper of 
Schmetz/’lhrpeinen (1988) while the calibration of 
the I R  channel is the scope of this article. 

2. OPERATIONAL DERNATION OF METEDSAT SEA 
SJREXcE TEMPERATURE 

To operationally exploit the Meteosat 
images the whole image is divided in to  image 
segments which m i s t  of 32 x 32 image pixels 
where a pixel is the smallest resolvable image 
unit ( 5  x 5 d a t  the region of the subsatel- 
lite point). To identify dif€erent physical 
sources of radiation within an image segrrent a 
tCJ0 dimensional histogram analysis is perfonnad 
for all  segmants w i t h i n  the 55 degree great 
circle arc around the subsatellite p i n t  (a-t 
3500 segmnts). AL1 pixels, which are assigned 
to the same source of radiatian, are grouped 
together to form a so called ‘cluster’ for which 
an average radiance and the standard deviation 

is specified. For the product derivation the IR 
radiances are mt important and i n  its basic 
firm the sea surface temperature (Sm) prdmt  
is a direct output of the segment processing 
amlysis . 

For any cluster identified as sea it is 
only necessary to correct the rrreasured radiance 
for atmsspheric absorption before converting the 
radiance to a temperature using the Planck rela- 
tionship. These results are produced every three 
hours for each seqmmt where the sea is visisble 
fran geostationary orbit although the results 
are only mde available to the user twice per 
day. The data distributed to the user are a 
weighted msan of the results over the last 36 
hours and the end result of an autarwtic and 
mual quality control scheme applied to the 
data. 

For atm3spheric correction an operational 
fast radiative transfer scheme has been devel- 
oped a t  ESOC (schmetz, 1996) which uses the 
input data fran the European Centre for Medium 
Range Weather Forecast (ECEWF) to determine for 
every segment the m u n t  of correction which has 
to be added to the derived tgnperatures. In  
figure 1 for the 6th of October 1987 the atmr 
spheric corrections for the 22 z SST product are 
plotted against l a t i t u d e .  It can be seen that the 
average atmspheric correction varies between 2 
and 12 K where the highest values are found for 
mist tropical regions. 

6 .  OCTOBER 1987 S L O T %  114 

E 

Fig. 1. 
for SST segmnts for 6 October 1987 at  22 Z. 

Ampheric correction against latitude 

15. 
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"he operationally derived SST results for 
the same date for the Atlantic sector are dis- 
played in figure 2. lhis plot is a typical exam- 
ple of Meteosat SST. results and it sham that for 
quite a large area of the ocean Meteosat provides 
SST data. 

H E T E O S R T  S S T  PLOT i 795 VRLUESI MEPIMET E m  O R R H S T  

6 OCTOBEA 1987 2200 2 

10.0 11.0 12.0 13.0 

wavelcngth(~m) 

Fig. 3. 
the Meteasat-2 IR-1 channel and the six spectral 
bands of the radiation scheme for atmspheric 
correction calculation. 

Relative spectral response function of 

After having transfonned the NC sea sur- 
face observations into radiances they are plotted 
against the corrected Meteosat SST counts. The 
mlibration slope is determined from that plot to 
the line which connects the so called 'space 
count' and the centre of gravity of all displayed 
points in that scatter plot (see  figure 4). The 
space count is obtained when the radianeter is 
viewing space (since the beginning of ~eteosat-2 
lifetime equal to 5). 

Fig. 2. Meteusat SST results for the Atlantic 
sector for 6 Octchr 1987 at 22 Z. 

3. CALIBRATION OF METIDSAT IR CHANNEL 

To calibrate the Meteosat infrared chan- 
nel the results of the SST derivation for two 
representative slots close to midday (slot 22) 
and close to midnight (slot 46) are taken to 
ampre the sea surface tanperature readings 
w i t h  mnventional SSl' observations. For these 
representative slots for all those segments, 
where sea has been identified and where the 
total cloud cover is less than a certain thresh- 
old, the Meteosat radiances (given in units of 
digital count rates) are corrected for the 
effect of attenuatin due to atnrwpheric absorp 
tion. The conventional set of S.q observations 
is operationally received fran the National 
Meteorological Centre (W) , Washington, via 
KWF'. These tempratures are converted to radi- 
ances using Planck's law and taking into account 
the filter function for the Metmat IR channel: 

R(T,A) = i B ( T , h )  s(x) dk 

R(T,X) - Radiance at temperature T 
B(T,X) - Black Body radiance according to 
s(X) 

*ere X -wive length 

Planck's law 

sat IR channel 
- spectral response of the ~ e c -  

In figure 3 the relative spectral re- 
spnse function s ( a  for the IR channel is sham. 

7 .  

6 .  

5 .  

4. 

3 .  

2 .  

I .  
I / .  . . : .  . . : .  . . . cc 

15. 45. 1 5 .  105. 135. 165. 195. 225  
HCICOSAI 5SI I C O U N l l  

Fig. 4. Calibration relation for Meteosat-2 IR 
channel for 6 October 1987 (slot 44). lhe 
straight line connects the space cwnt and the 
centre of gravity of the points. 

determined from figure 4 was 0.0462 W/(d st at). 
tb account is taken for the so called 'skin 
effect' in radianetric temperature retrieval. 
This effect results on average in a slightly 
colder surface temperature derived radianetrical- 
ly when canpared with ccllventional measurmts .  
An average value of 0.2 degree mn be quoted 
(Grass1 (19761, ScNuessel (1987)). If this 
effect had been taken into account, it would have 
resulted in a calibration coefficient of 0.0461 
\~/n-? st cnt) for the above example. m e r  p- 
sible erm of the s m  order of magnitude auld 
result f r a n  systmtical under- QT overestimation 
of the atmspneric absorption due to the selected 
parameterization. m v e r ,  to put the meaning of 
these deviations in the right perspective, they 
should be mnpared with the average R I S  error of 

The calibration figure on 6 Octcber 1987 
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abaut 0.9 degrees which is achieved by the oa~lpa- 
rison of the Meteosat SST with axwentima1 SST 
observations, or with the &bit digitisation 
wkich corresponds to jupllFe of about 0.5 degrees 
in the tenperature range relevant for sea surface 
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In figure 5 the history of the derived MIEC IR 
calibration coefficient for the year 1987 until 
October 6th is shmn. It can be seen that in the 
beginning of 1987 a dramatic increase in the 
MIEC calibration coefficient is found which is a 
result of the contamination of the IR detedar. 
(3-1 January 19th the gain setting of the electro- 
nics for the IR detector was changed f r a n  a 
value of 9 to a value of 10, wh ich  can be clear- 
ly seen by the jump on that day. In April 1987, 
f r a n  21st to 23rd, the detectors wre decontami- 
mted which allowed to set the gain aftemmda 
back to a value of 7 fran April 23rd (day 113) 
and later on to a value of 6 (day 132). 'Lhe 
decontamination exercise took place imnediately 
after the spring eclipse, and the Calibrati.cn 
has since been relatively stable. The calibra- 
tion coefficient is mxitored twice daily, and 
when the statistical canplrison of m a t  apd 
cGnventioM1 SST observations shm a bias which 
exceeds 0.5 ckgrees an update of the operaticn- 
ally used value is envisaged. T h e  displayed 
coefficients of figure 5 are just those which 
wuld have had to be used to always reduce the 
bias to zero. 
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HIEC CRLlERRllON COEFFICIENTS 1987 

Fig. 5. 
a d  have reduced the bias betwen Meteosat and 
W ssp obsenmtians to zero during 1987. 

MIEC IR calibratim coefficients which 

4. SUtwmY 

The operationally applied method of cali- 
kating the Meteosat IR channel provides calibra- 
tion information on a daily basis. One of the 
main plrposes of retrieving sea surface tempera- 
tures fran geostationary orbit is just to have 
the psibility to absolutely calibrate the IR 
channel of the radianeta. By determining the 
calibration relation from the tvm pints (space 
cmmtt/centre of gravity) a fairly stable coeffi- 
dent can be determined which results k.1 reliable 
Ssp results fran Meteogat. 
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AUTOMATIC NAVIGATION FOR METEOROLOGICAL SATELLITES 

Robert Pyzalski, David A. Santek, J. T. Young 

Space Science and Engineering Center 
University of Wisconsin 
Madison, Wisconsin 

1. INTRODUCTION 

Navigation of satellite images is accom- 
plished using a set of transformation functions 
for computing the Earth coordinates (latitude and 
longitude) from image coordinates (line and 
element) as well the image coordinates from given 
Earth coordinates. This set of functions is 
supplemented by a set of navigation parameters 
which are common for all points on a given image. 
Depending on satellite, they include orbital, 
attitude, camera geometry, and some other 
parameters. 

Precision of the coordinate transformation 
determines the quality of navigation. 
mainly on two factors; first, on the correctness 
of the model of satellite motion which is 
implemented into the transformation functions, 
and second, on the correctness and precision of 
the navigation parameters. 
satellite motion is independent of a specific 
satellite, However, most navigation parameters 
are satellite dependent and many have to be 
determined every day. 
logical satellite images are provided with the 
navigation Parameters in the data stream. 

It depends 

The model of the 

Most users of the meteoro- 

At the Space Science and Engineering 
Center (SSEC) a method for manually correcting 
navigation has been used for years on the Man- 
computer Interactive Data Access System (McIDAS). 
The McIDAS manual navigation upgrade procedure is 
highly interactive relying on the operator for 
many decisions. It consists of several time- 
consuming steps and it is based on landmark 
measurement on images. Landmark selection, 
measurement, storing, and interpreting the 
results are all done by an operator. 
procedure was applied mainly to geostationary 
satellite images: SMS, GOES, Meteosat, and GMS. 

The 

2. AUTOMATIC NAVIGATION 

The intention of the automatic navigation 
procedure is to implement the decision making 
mechanism into software. The navigation upgrading 
will become much faster and available in real-time 
mode. 
at SSEC on the McIDAS system consists of two 
major elements: 

- collection of landmark data for every 
- upgrading of the navigation parameters. 

The automatic navigation scheme developed 

visible image 

2 . 1  Landmark Data Collection 

The landmark locations were selected 
according to the number of cloud-free days over 
a given area. Collection of landmark data is 
currently done routinely for three locations. 
Sample images having the templates of landmarks 
are matched to a satellite image in areas where 
the landmarks are expected. 
correlation is calculated for each position of 
template on a 60 line by 60 element sector of an 
image. If the maximum of the correlation 
exceeds a threshold value, the landmark is 
assumed to be found, 
is stored in the navigation file as a part of 
navigation for a given day. 
process is done totally by computer. 
cross-correlation does not reach the threshold 
value, it means the landmark position cannot be 
found. 

The cross- 

Its position on an image 

The matching 
If the 

Cloudiness is usually the reason. 

The landmark collection can be done in 
real-time mode or for archive data. In the 
first case the event scheduler calls the match- 
ing routine as an image arrives. Currently, on 
a typical day we collect 20 to 30 landmark 
measurements for two to three landmark 
positions. 

2.2 Upgrading of Navigation Parameters 

Upgrading the navigation parameters from 
landmarks is done by optimization of the param- 
eters to get minimum residuals for all landmarks 
measured during the period under consideration. 
Residuals are the differences between the 
observed landmark position and the computed 
position obtained from the navigation functions 
and current parameters. Two residuals for each 
landmark are computed for each landmark measure- 
ment - line residual and element residual. For 
the perfect navigation both should be equal to 
zero for all landmarks during the period under 
consideration. 

The optimization is made by the MINPACK 
package written at Argonne National Laboratory. 
MINPACK is a set of routines for unconstrained 
minimization of nonlinear functions. Line and 
element residuals for each landmark are input 
for MINPACK. As an output we get the set of 
navigation parameters for which the absolute 
values of all residuals are the smallest. 
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The structure of the automatic naviga- 
tion described above can be applied to upgrade 
the navigation for images of an arbitrary 
satellite. The only satellite-dependent element 
is the transformation function which defines the 
navigation. 

Our tests were performed on images of the 
GOES 7 satellite. Navigation is based on the 
algorithms designed by Phillips (Hambrick and 
Phillips, 1980; Mottershead and Phillips, 1976). 
The navigation upgrade process can be used in two 
different ways. 
given day it is sufficient to take landmarks for 
only that day. It is assumed that at least five 
measurements are made for each landmark location. 
The parameters to be upgraded can be chosen by 
the operator. They may include semimajor axis. 
eccentricity, right ascension of ascending node, 
argument of perigee, orbit inclination, eccentric 
anomaly, attitude declination and right ascension, 
picture center line, and camera misalignment 
angles viz. pitch, yaw, and roll. 

For the best navigation for a 

In order to predict the navigation 
parameters for a future day, it is necessary to 
include landmarks for a few previous days (usually 
three). Using data from the specified previous 
days, the best orbital parameters are computed. 
Usually these orbital parameters can be used for 
about a week into the future. Next, the best 
attitude is computed for each of the specified 
previous days from which the orbit has been just 
computed. 
in our model: declination, right ascension and 
roll. 
camera misalignment angles, it can be used to 
describe the third attitude parameter because 
they are additive in the navigation model. 
Prediction of the attitude declination and right 
ascension is obtained by extrapolation using a 
cubic spline function. Extrapolaton of the roll 
is made by the parabolic function. 

Three parameters describe the attitude 

Although the last parameter is one of the 

Using test data from the period 24 
September 1987 to 22 October 1987 for GOES 7, the 
upgraded parameters each day have produced an RMS 
error of 0.927 lines and 0.981 elements for the 
landmarks of that day. The predicted parameters 
for the next day produced an RMS error of 1.59 
lines and 1.67 elements. 

Figures 1 and 2 show the RMS error for 
line and element as a function of time for the 
upgraded navigation (1) and predict ( 2 )  in 
comparison with the navigation obtained using the 
parameters from the GOES data stream ( 3 )  and 
using that set of parameters as a predict for the 
next day (4). 

4. SUMMARY 

The automatic navigation system being 
developed at SSEC shows very promising results. 
The system provides for the automatic upgrading 
of navigation parameters for a day to 1.0 pixel 
accuracy. 
of navigation parameters to 1.6 pixels. 
tests have been made on GOES images, however, the 
system can easily modified to work with any 
satellite. 

It also can be used to make a predict 
The 

Mottershead, T. and D. R. Phillips, 1976: Image 
Navigation for Geosynchronous Meteorological 
Satellites, VI1 Conference on Aerospace and 
Aeronautical Meteorology and Symposium on Remote 
Sensing from Satellites, Florida Institute of 
Technology, Melbourne, FL, 1976. 
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A SYSTEM FOR MANAGEMENT, DISPLAY AND ANALYSIS OF 
OCEANOGRAPHIC TIME SERIES AND HYDROGRAPHIC DATA 

N.N. Soreide and S.P. Hayes 

NOAA/Pacific Marine Environmental Laboratory 
7600 Sand Point Way N.E. 
Seattle, WA 98115-0070 

1. INTRODUCTION 

The advent of large-scale, multi- 
disciplinary ocean climate studies has lead to 
the requirement for advanced data archival, 
retrieval, display and analysis systems. EPIC 
was developed to meet this requirement for the 
time series and hydrographic data collected as 
part of NOAA's climate research programs (e.g., 
EPOCS and TOGA). The system incorporates an 
easy-to-use, interactive user interface with 
sophisticated data management techniques, an 
efficient data file format, a suite of analysis 
and display programs, and procedures for 
maintenance and updating the data base. 
written in VAX/VMS DCL and in FORTRAN 77 on a VAX 
Cluster. 

EPIC is 

2. DESIGN CRITERIA AND SYSTEM OVERVIEW 

The primary objectives in developing the 
EPIC system were to provide any user with 
immediate, interactive access to the available 
data sets (with graphical summarizations of the 
data sets meeting the selection criteria) and to 
provide easy and interactive graphics display and 
data analysis utilities. It should also be 
flexible in terms of allowing for addition of new 
data types and easy to maintain and update. 

To accomplish these goals, the system 
includes the following elements: the data sets, 
a data index (which includes descriptions of the 
data sets), graphics display and analysis 
routines, documentation, and maintenance 
utilities. Figure 1 is a schematic of the 
system. The data sets and the data index are on- 
line. 
specifying data type, geographic location, depth 
and time in answer to questions. 
listings can be made to summarize the space-time 
characteristics of the selected data. The data 
selection process need not be repeated when 
plotting and analysis is performed, and unwanted 
data sets are easily eliminated from the selected 
data. Each data selection can be identified by a 
name of the users choice (the "EPIC file" in 
Figure 1). 

Data selection is made interactively by 

Plots and 

Once the data selection has been made, 
any plotting or analysis program can be be 
started by typing the program name in response to 
the VAX/VMS prompt. Data display and analysis 
can be performed interactively, although batch 
mode operation is available for use when large 
numbers of data sets have been selected. All 
plotting and analysis functions are readily 
accessed without computer sophistication on the 
part of the user. However, the "layered" nature 
of the system allows a user to customize many 
parts of the system. 

Fig. 1. Flow chart of interactive access to data 
index and data sets. 

Documentation of the EPIC system is 
extensive and available interactively. All 
system aspects are included in this 
documentation. For example, the first-time user 
can use this on-line "help" €or guidance with the 
data selection process as well as graphics 
display and analysis programs, and programmers 
can find detailed descriptions of the data 
format, utility subroutines, and data management 
details. The EPIC data sets are documented in 
two ways: the data file format includes at least 
one header containing documentation, and the data 
index which also contains documentation for each 
data set. Both the data headers and the data 
index are readily available interactively. 

System maintenance and upgrade is 
accomplished with utilities and is simplified by 
the fact that each system element functions 
independently. 

3 .  SYSTEM DESCRIPTION 

3.1 The Data Index 

The data index, which contains 
descriptions of the data sets and is used in the 
data selection process, is based on the RIM 
relational data base (Ref I). Each "relation" in 
this RIM data base contains information about all 
data sets of a specific data type. In each 
relation, there is an entry for each data set 
consisting of descriptive "attributes". For 
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example, there is a relation for CTD data which 
contains an entry f o r  each CTD cast. 
"attributes" for the CTD relation (Table 1) 
include parameters such as oceanographic cruise 
identification, cast identification, date, 
latitude, longitude, and instrument type and 
serial number. 
controlled by a program which uses RIM to search 
the data index. 

The 

The data selection process is 

The data selection process leaves the 
user with an "EPIC file", which is an ASCII disk 
file summarizing the characteristics of the data 
sets which meet the criteria. Optionally, there 
are also graphical representations of these 
characteristics. The EPIC file includes the VAX 
file specifications and is used by all display 
and analysis programs to locate the desired data 
sets. This file is easily edited with the 
standard VAX editor to eliminate unwanted data 
sets. It can be given any descriptive name the 
user chooses. Each EPIC element (data selection, 
use of a graphics display o r  analysis program) 
functions independently. Since the data 
selection process is independent of using the 
graphics display or analysis programs, it need 
not be repeated. 

3.2 The Data Sets 

Each data set is an unformatted, variable 
length record, binary, sequential disk file. 
These characteristics conserve space on the disk, 
reduce read/write time, provide flexibility in 
number of variables which can be included in a 
data file, and simplify user access to the 
data. Each data file includes at least one 
header which contains descriptive information. 
Analysis programs which manipulate the data and 
output new data files read these headers for 
information necessary to process the data and 
then update the headers to reflect the data 
treatment. Much of the primary header is fixed 
format, however, there can be any number of 
headers following this primary header, allowing 
ample space for comments. For time series data 
which is a composite of data from several mooring 
deployments, there is a secondary header which 
includes station history information for each 
series making up the composite. The information 
in the data file headers for any EPIC file is 
easily accessed by the user with the EPIC command 
HEADER. In this way, each data file is self- 
documenting. 

The data files are organized in 
directories on the disk by data type, experiment 
identification, and other distinguishing 
characteristics, utilizing the VAX/VMS 
hierarchical directory structure. For example, 
hydrographic data are organized by cruise or 
experiment, and time series data are organized by 
data type and geographic location. The data file 
name incorporates similar identifying 
information, and is a unique identifier for the 
data set in the RIM data index. 

3 . 3  Graphics 

EPIC graphics includes data plots, 
contour plots, and plots of the results of data 
analysis such as spectra, coherences, and EOF 
decomposition. Although plotting parameters can 
be specified, defaults are always available, and 

T U U  1. 

TYPE - N M K  

CRUISE TEXT 
CAST INTLCLR 
21 INTECCP 
Z I  INnCCR 
DL INTCCCR 
U T I  RKAL 
Loffir R W  
rrnr R U L  
MTKXT TU? 
INSIYP TUT 
DIRECT TUT 
TlLCMyAnC TUT 
MlUlIC T U T  
TM??fS TCK7 
IuPl.4 T U T  
W l L C  T U T  

NVM IMCChU 
V M I  IMLCbn 
V M Z  INTCCCU 
V U 3  INrCCCR 
V M I  INTKCCU 
V M 5  IMKCCl 
V M 6  I M C C U  

- 

r11.cam TUT 

v u 1  INncca 
V M O  umcca 
V M 9  1MCCr.R 
V M I O  IHICCCR 
V M I I  INTCCCR 
V M I 1  IMKCCR 
V M l l  1NTLCCI 
V M I 4  INnCCR 
V M l l  IMLCER 
V M 1 6  INTCCCR 
VMI7 INTCCLR 
VMIE INTLCEP 
v u 1 9  imccca 
V M 2 0  INTLCCR 
UTINDK TEXT 
LOWIND TEXT 
DATE TLXT 

cruise ID. e . 9 . .  C 1 3 - E 1 - W  
Casc o r  Drop N Y b w  
Inici.1 dapch (db) 
r i n d  depth (db) 
Incramncai dmpch (db) 
Laticud. North - positive. I naiativa (dairaaa) 
Longicuda UamC poaitiw. &at - Ib0-l~situde (dStrM) 
T i m  in houri linea #Car1 of Ceacury 
Data 1TP.. e . 9 . .  CID 
Init~..nt cyp. 
VAX diraccory n ~ .  *.v., [MTA.K?lU.Cml 
VAX I l l a  n~ (vichout directory). *.v., Kl38lCOO1.Cml 
Daca orisin 
l1.s LO indicat. If cbara 1. aood trp.ratura daCA 
l l .8 co indicac. if c h a m  i s  soad salinicy data 
F l a t  eo indicac. if there ii sood velocit). data 
Fila creation data 
Nu.b.C of vaciab1.a in each scan 
Coda tor variabl. I 
Coda for vari.bla 1 
Cod. f o r  variable 3 
Cod. for  variable 4 
Coda for variabla J 
Coda for variablm 6 
Coda for variable 1 
Cod. for variabla 8 
Coda f o r  v.ri.bla 9 
Coda for variabla IO 
Cod. for variabla I 1  
Coda Lor variable I1 
Cad. tar variabh 13 

Code for variable 15 
Coda tor varhbla 16 
Cod. for variable 11 
Coda to r  variable I8 
Cod. (01 vari.bla 19 
Coda for variable 20 
L.cicuda. e.9. .  10 10.1 I 
Lon(icud., ..I.. 110 01.1 Y 
Data. eIq.. ODD0 14 JIN I1 

Cod. for VAriabl. 14 

be made interactively or obtained the plots can 
in hardcopy. The major EPIC plotting package 
(PLOT PLUS, Ref 2 )  is powerful and flexible. 
recognizes EPIC data formats, automatically 
locates the desired data types within the data 
file, and extracts graph titles and axis labels 
from the data file headers. Plots are usually 
generated using the EPIC data plotting interface, 
without direct user interaction with PLOT PLUS. 
However, PLOT PLUS can be used interactively in 
command mode or it can be driven by a PLOT PLUS 
command file, which is automatically generated by 
the EPIC plotting interface. 
command file, a user can tailor a plot or combine 
several plots to produce a composite such as the 
one in Figure 2 .  
almost any VAX file format (e.g., an ASCII file, 
a binary unformatted file, etc) can be included 
with EPIC data on a plot using this package, and 
the plots are of publishable quality. 

It 

By editing this 

Plots of non-EPIC data in 

3 . 4  Analysis Programs 

EPIC includes routines for computing 
standard oceanographic parameters such as dynamic 
height, geostrophic velocity, and Brunt-Vaisala 
frequency. There are also programs for 
performing analysis such as cross correlation, 
spectra, and eof decomposition. 
there are programs for  listing data, and creating 
ASCII cr EBCDIC capes €or transferring data 
outside our organization. 
been generated during the data selection process, 
any of these programs can be initiated 
interactively from the VAX/VMS prompt. 
input is obtained from the user in answer to 
questions, and defaults are always available. 
Program use requires very little computer 
sophistication on the part of the user. Programs 
can be run either interactively or in batch 
mode. Furthermore, since each program runs 
independently, individual programs can be easily 
modified and new programs can be added. 
feature gives the system great flexibility. 

In addition, 

Once an EPIC file has 

Program 

This 
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Fig. 2. Composite plot of several EPIC data 
sets. 

3.5 Documentation 

Full documentation for all aspects of the 
system are available interactively with the 
VAX/VMS help library utility. 
includes an introduction to the system, a 
description of the data selection process, 
descriptions of the systems graphic's functions, 
and a description of each hydrographic and time 
series display and analysis program. 
includes detailed descriptions of the data file- 
naming conventions, the data file formats, the 
utility subroutines used by programmers to write 
EPIC software, and the updating and maintenance 
procedures. 

This on-line help 

It also 

3 .6  Maintenance 

Adding new data sets to the system is a 
two-step process. First, the new data files are 
created in the correct directories on the disk, 
and then the data index is updated to include the 
new data sets. The new data files are created by 
utility programs. After their accuracy has been 
verified, another utility program reads the data 
files, extracts the needed information from the 
data file headers, and updates a copy of the data 
index. The data index is a RIM data base 
consisting of a set of RIM data base tables. 
These are updated using RIM'S FORTRAN 
interface. If corrections must be made once the 
data has been "loaded" into EPIC, these RIM 
tables can be edited using RIM'S interactive 
editor. 

maintained, and updated by different individuals 
to all be made available during the data 
selection process. 

4. Conclusion 

NOAA's participation in major multi- 
disciplinary climate study programs such as EPOCS 
and TOGA necessitated the development of a data 
management, display and analysis system which can 
accommodate large numbers of hydrographic and 
time series data sets. EPIC was designed to meet 
this need. Features include interactive data 
selection, efficient and flexible data file 
storage, standard hydrographic and time series 
analysis and display routines, extensive on-line 
documentation and ease of maintenance. Over 
13,000 data sets are available through EPIC at 
present, and it is expected to accommodate the 
data sets collected by PMEL oceanographers during 
the intense global ocean circulation studies 
planned as part of the WOCE and global climate 
change research programs. It is already proving 
to be a useful tool for oceanographic research. 
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Due to the modular nature of the system, 
it is possible for several different collections 
of data, residing on different disks on the VAX, 

J 22 
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1.0 INTRODUCTION 

Within the evolution of the Earth sciences two important 
trends are presently taking place. One, the traditional, 
discipline-oriented approach to studying earth components is 
slowly giving way to more comprehensive, interdisciplinary 
methods that consider the earth and atmosphere as a dynamic 
and integrated system. Two, space observations, or more 
precisely, satellite remote sensing is becoming a standard 
research tool among the Earth science disciplines: oceano- 
graphy, meteorology, biology, geology, and geophysics. 

In view of these trends, the California Space Institute (Cal 
Space) has been developing a satellite data processing and 
analysis software system to support its interdisciplinary and 
integrated research programs. The system, named OASIS 
(Oceanic and Atmospheric Satellite Imaging System), is 
geared towards both research and teaching activities dealing 
with the earth's atmosphere and surface (land and ocean). 

1.1 Background 

Initially, Cal Space implemented a processing and analysis 
system based on the original version of the Man computer 
Interactive Data Access S stem (McIDAS), developed by the 
University of Wisconsin &r handling imagery from geosta- 
tionary satellites. Over the last few years capabilities were 
added to ingest and manipulate polar orbiting satellite data 
from NIMBUS-7 (CZCS, and SMMR) and the NOAA series 
(HRPT, AVHRR, and TOVS). More recently, processing 
packages were acquired from NASA labs (LAS and SEA- 
PAK), which have provided increased capabilities (e.g.. 
LANDSAT data, CZCS and AVHRR) and more sophis- 
ticated image manipulation methods. 

Taken together, these software packages provided a diverse 
and complementary set of applications. The overall system, 
however, still lacked flexibility and integrated structure. In 
particular, the system lacked uniformity among data set 
formats and user-interface methods. Thus, it was desired that 
the system incorporate a minimum mount of facility and 
unified structure, such as: 

o consistant and friendly user interface 
o modular design for flexible modifications and additions 
o transportable software components 
o easy integration of software from other sources 

With this in mind, Cal Space decided to integrate the sys- 
tem's software applications under a common executive, 
namely NASA's Transportable Application Executive (TAE). 
TAE, developed by NASA, provides an excellent framework 
for such an integration. 

In the remainder of this paper we first we give a more de- 
tailed description of TAE and the software system. Second, 

we briefly describe the system hardware. Third,we present 
specific techniques used for ingesting, processing, analyz- 
ing, and graphically displaying data from many of the 
sensors presently being flown. Lastly, we describe scientific 
uses of these capabilities that are, or will shortly be, running 
under TAE at Cal Space. 

2.0 SOFTWARE 

2.1 Selection of the TAE Shell. 

The Transportable Application Executive was selected as the 
user interface system because of its applications software, 
good documentation, ease of expansion, and growing pop- 
ularity among both scientists and progammers. 

Developed by NASA and its contractors, TAE is a well doc- 
umented and tested set of software that modularizes user 
interaction requests and provides on-line help facilities ns 
well as screen management. Its menu capabllity and trans- 
parent library search facilities make integration of dissimilar 
packages easy to accomplish, and it is available for both the 
VMS and UNIX environments. 

The low cost in acquiring TAE and the low level of manage- 
ment required to run the system were major factors in our 
decision to implement it. Another factor in our decision was 
the present work at NASA's Goddard Space Flight Center on 
TAE's networking, window management, and graphics 
conml. 

2.2 Selection of a Baseline Design 

In 0rde.r to integrate diverse software packages in an efficient 
and cost-effective manner, we desired to implement a core of 
existing generic software. This was done to reduce the 
amount of software rewriting and conversion. We chose the 
Land Analysis System (LAS) for several reasons. 

The foremost reason for selecting the LAS design was that, 
having been developed under TAE, it is a well documented 
and comprehensive set of generic image processing tools. In 
addition, LAS was specifically designed to handle multi- 
banded satellite imagery and the ancillary files often 
associated with such data, such as orbital parameters and 
geometric positioning data. The LAS Command line syntax 
supports easy selection of image sub-windows and channel 
subsets. The programming tools also make possible 
inclusion of system "niceties" in new functions for even the 
most hurried scientist or programmer. 

As a NASA-developed product, LAS benefits from active 
support and is currently experiencing a substantial increase in 
its user base. Moveover, he system is being upgraded to 
support both the UNIX and VMS operating systems. 
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2.3 Subsystems Conversion to the LASRAE Environment. 

Conversion of software components to TAE is a fairly 
straightforward operation, involving isolation of user 
interaction and replacement with TAE parameter retreival 
calls and on line help files. The modular nature of functions 
under TAE allows for easy software configuration practices. 
Hierarchical library searchs for functions at runtime are 
essentially transparent to the user (unless this information is 
desired). The tree-type menu facility in TAE allows a group 
of logically interco~e~ted functions to be portrayed in that 
relationship to the inexperienced system user. 

Conversion of the various subsystems to the LAS package 
design requires a more thorough examination and reworking 
of the software due to the differences usually encountered in 
image formats and label fields and ancillary data handling. 
Since ancillary files and label information records are 
essentially self-descriptive types of files, the flexibility exists 
to alter these files and add records or create additional 
ancillary-associated data sets. This is particularly important 
given the numerous data sets which are processed at Cal 
Space, each having a potentialIy different method of 
geo-positioning, calibration, and, therefore, different needs 
for label storage. 

2 4  Graphics Interface 

There is a subsystem of TAE called the Display Management 
Subsystem (DMS). This is a layered approach to raster 
display management. DMS provides inclusion of new raster 
devices into the TAE environment with a minimum of 
recoding of graphics applications. The raster display is 
interfaced by drivers which perform primitive graphics 
operations. The higher level of DMS routines uses these 
drivers while shielding the applications routines from device 
dependent routine calls. Although this approach is correct, 
the available applications at the time of our implementation 
were not sufficient to warrant integration into our system. 
This, in addition to some design considerations which were 
not optimal for our particular configuration, led us to provide 
devicespecific graphics as an interim solution. DMS 
implementation is a future goal in furthering the transport- 
ability of the Cal Space software system. 

The present graphics subsystem permits manipulation of 
image data and color look up tables as well as merging of 
vector graphics from the NCAR graphics software. 
Functions such as interactive geodetic navigation of an image 
and feature tracking, both of which use a trackball and 
display, are also available. In order to work efficiently, these 
types of graphics functions require a tight coupling of data 
sets, ancillary information, and the display software. 

2.5 costs 

Acquisition of TAE and LAS through COSMIC, the 
distribution agent for NASA-developed software, is fairly 
inexpensive. TAE and LAS together cost under $5000 for 
the VMS or UNE (when completed) version and includes 
considerable documentation and a user support office located 
at the Goddard Space Flight Center. This represents a 
substantial decrease in cost for similar capability. 

3.0 HARDWARESYSTEM 

3.1 Computer Resources 

Cal Space's computer configuration i s  composed of a VAX 
11-750 with 800 MB of local storage, and two MicroVAX 
IIs with approximately 600 MB local storage each. These 
computers are interconnected through DECNET. The 

systems can also communicate with other computer systems 
through the University Local Area Network and NASA's 
Space Physics and Analysis Network (SPAN). 

3.2 Display Systems 

There are currently two microprocessor-based image display 
devices: a Raster Technologies Model 180 and a Jupiter 
Systems Model 7 Plus. The Raster 180 is a 32 bit per pixel 
device with a considerable library of FORTRAN callable 
routines for accessing the image memory and various 
coordinate and value registers. Similarly, the Jupiter 7 has a 
library of callable FORTRAN routines. The Jupiter, 
however, is limited to eight bits per pixel, which restricts 
some applications. 

Both devices are driven with Direct Memory Access (DMA) 
boards which greatly increase data transfer rates. Since we 
only have one DMA board per machine, data on other 
machines is transferred to the display through DECNET 
using in-house developed software. Hardcopies from the 
image display devices are provided with a DUNN camera, 
capable of producing both 35mm and 8 x 10 Polaroid 
pictures, and a Seiko Color Thermal Printer. 

3.3 Other Peripherals 

Other peripherals that reside on the system include: a printer, 
a laser printer, an HP pen plotter, and approximately two 
dozen terminals connected through a terminal server. 
Archival needs are met with a Perceptics 1 GB Write Once 
Read Many (WORM) optical disk system as well as two 9 
track magnetic tape drives. 

4.0 PROCESSING 

4.1 Radiative Transfer Modeling 

An important area of satellite-based research is the radiative 
transfer in the atmosphere. Whether it is for determining 
atmospheric corrections, developing algorithms to retrieve 
surface parameters, or designing new instruments, one must 
be able to simulate adequately the signal measured at the 
satellite. In this perspective, we have implemented a 
hierarchy of radiative transfer routines adapted to various 
applications. Among those are the line-by-line Fast 
Atmospheric Signature Code (Clough et aL, 1980), the more 
moderate spectral resolution Lowtran-6 code (Kneizys et al., 
1983). wide-band codes currently used in global circulation 
models (Fouquart and Bonnel. 1978, and Morcrette et al., 
1986), and an analytical code (Tanre et al., 1985). This 
ensemble of d e s ,  allowing for the calculation of radiance 
and transmittance in the visible, infrared, and microwave 
regions of the electromagnetic spectrum under most 
atmospheric conditions, constitutes a powerful research tool 
that the system provides in a particularly friendly user mode. 

4.2 TOVS-TIROS Operational Vertical Sounder 

Two complete processing packages are available for produc- 
ing estimates of atmospheric temperature and moisture pro- 
files from TOVS data. These packages are the Simultaneous 
Retrieval Export package (referred to as export 3) from the 
University of Wisconsin, described by Smith et al. (1985), 
and the Improved Initialization Inversion method (referred to 
as 31), described by Chedin et al. (1985). Each package has 
strengths and weaknesses but both have proven superior to 
operational retrievals. Export 3 is a simultaneous physical 
retrieval method that uses all information on temperature and 
moisture (as well as surface data if available) in the solution 
of the radiative transfer equation to derive estimates of the 
temperature and moisture profiles. The package can be 
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executed on individual fields of view or on a climatological 
or user-supplied initial guess profile. The 31 method differs 
from Export 3 in the use of a pattern recognition technique 
for determining the most appropriate initial guess profile 
based upon the observed brightness temperatures before 
solving the radiative transfer equation. Separate retrievals are 
made for the temperature and moisture retrievals using a 
physically-based method. Retrievals are made for 100 km 
square boxes. Profiles can be plotted and compared to in-situ 
profiles. Horizontal fields of temperature and moisture can 
also be plotted and contoured. 

4.3 AVHRR-Advanced Very High Resolution Radiometer 

Software for processing AVHRR data includes routines for 
ingesting both High Resolution Picture Transmission 
(HRFT) direct-readout data and Local Area Coverage (LAC) 
data, orbital prediction for the NOAA polar-orbiting satel- 
lites, raw data calibration and earth location, renavigation 
based on observed landmarks, and various applications 
routines. All five channels of AVHRR data are usually pro- 
cessed as a subsection of an individual pass and stored as 
calibrated radiances for visible channels 1 and 2 and as 
calibrated brightness temperatures for infrared channels 3,4, 
and 5. Applications programs include routines to extract any 
channel in image form for viewing or to produce derived 
image products. One derived product is a composite sea 
surface temperature (SST)/cloud image that is produced in a 
form similar to that described by Bates et al. (1987) for 
SST/cloud images from the geostationary satellite multi- 
channel data. The user can select which combination of 
channels (split window, dual window, or triple window 
from McClain et al., 1985) is to be used and which cloud 
detection tests may be appropriate. Other derived image 
products include estimates of trace chemicals (eg.. phos- 
phate) and calculations of statistical quantities such as typical 
shape functions. 

4.4 SMMR--Scanning Multichannel Microwave Radiometer 

Several algorithms have been developed for processing 
SMMR cell data, provided by the National Space Science 
Data Center and the National Geophysical Data Center 
(NOAA). These data are brightness temperatures in the 6.6, 
10.7, 18,21 and 37 GHz channels with dual polarization. 
Developed for precipitation retrievals (Gautier and Anderson, 
1987), the original algorithm i s  able to handle any user- 
requested grid, including a polar grid and the original orbital 
grid. In the latter case, one should use caution for super- 
imposed orbits. In all other cases, the procedure computes 
space (user's grid) and time averages of the orbits passing 
over the requested area. The user must choose the channels 
according to the physical parameter being remeved and the 
lowest spatial resolution of all the sensors used in remeving 
this parameter, One can also choose to use night, day, 
twilight, or all orbits. This choice, however, is not 
independent of the parameter being remeved. Finally one has 
the option to use either oceanic or continental data, or a 
combination. In the first case the continents are defined on 
she user's grid by the SMMR data themselves. 

The basic retrievable physical parameters are sea surface 
temperature, wind speed, total water vapor amount, total 
liquid water content (Wilheit and Chang, 1979). and precip- 
itation amount (Spencer, 1986). lnterpretation of time 
averaged precipitation amounts is difficult due to the lack of 
knowledge a b u t  precipitation time dismbutions, The num- 
ber of data on the user's grid is also retrieved by the algo- 
rithm as well as the number of precipitating SMMR cells, in 
the case of precipitation retrieval. 

Additional utilities have been implemented, namely rescaling 
of sea surface temperatures and wind speed and spatial 
smoothing to reduce noise contamination. Sea surface 
temperature images may be converted into surface saturation 
humidity images, and total water vapor images may be 
converted into surface air humidity images, according to 
Lids statistical relationship (Liu, 1986). Finally, latent heat 
flux (evaporation) images may be obtained through a 
combination of humidity images and wind speed images. 
Other utilities include: 1) using total water vapor amount and 
liquid water content to derive net shortwave radiative flux 
images, and 2) another version of the SMMR retrieval 
algorithm that allows one to obtain qualitative information 
about the size of ice roughness elements on the permanent 
ice-shelves in the polar regions. 

4.5 CZCS--Cmtal Zone Color Scanner 

The CZCS Calibrated Radiance Tapes (CRT), provided by 
Goddad Space Flight Center, are being used to estimate 
concentrations of vnrious chemical and detrital deposits in the 
oceans. We have adapted a software package, SEAPAK, 
developed under VAXNMS and TAE at Goddard. This 
package has the ability to ingest and remap CZCS CRT 
tapes. In addition, it enables the user to select various 
algorithms for retrieving physical and biological parameters 
from CZCS data. 

A good CZCS processing algorithm must extract oceanic 
information from the overwhelming atmospheric contribution 
to the signal. The user is given options for multiple or single 
scattering methods for approximating the Rayleigh 
component of the CZCS signal. One also has the oppor- 
tunity to select Angstrom coefficients, for atmospheric 
aerosol correction, in an automated or interactive mode, 
using an integrated display function that approximates the 
effects of changing the Angstrom coefficients on the 
chlorophyll concentrations. Available CZCS products 
include: sub-surface radiances for channels 1-3, chlorophyll 
concentration, and aerosol and water radiances. While this is 
not a complete implementation of the Goddard SEAPAK 
system, our conversion effort is ongoing. 

4.6 VISSR-Visible and Infhred Spin Scan Radiometer 

VISSR data processing on the system follows several steps. 
First, the system's ingest routines arc capable of reading not 
only VISSR data and navigation from the NESDIS archives, 
but also SAVE and PUT tape formats from the University of 
Wisconsin and the International Satellite Cloud Climatology 
Project (ISCCP). Second, it is important that quality control 
checks be performed. These include visual inspection to 
detect missing or bad data lines as well as navigational 
consistency, which sometimes changes as a nsult of orbital 
manuevers. Third, a two point calibration of the visible 
sensor is performed. The calibrated data is then used as 
input to our shortwave program, a physical model that uses 
parameterizations for quantities such as scattering, absorp- 
tion, and aerosols, and calculates net shortwave downward 
radiance at the surface. Another by-product is an equivalent 
cloud measure which is an estimate of fractional cloud and 
optical cloud thickness. 

5.0 SCIENTIFIC APPLICATIONS 

5.1 Satellite Sensor Calibration 

The system allows one to routinely calibrate satellite sensors 
while they operate in orbit. This is done by using arcas on 
the earth's surface as calibration targets. Spectral radiances 
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at satellite altitude are computed from the relevant atmos- 
pheric and surface characteristics at the moment of satellite 
overpass. The calibration data are ingested either from mag- 
netic tape or through a telephone link with the University of 
Wisconsin, Madison. This link is particularly useful for 
real-time operations. Such a procedure is currently per- 
formed for the AVHRR and VISSR sensors in support of 
NASA field experiments (Frouin and Gautier, 1987) and will 
be extended to upcoming satellite programs. 

5.2 Primary Productivity 

A relatively new project within the remote sensing group of 
Cal Space is the study of biological primary productivity. 
Primary productivity is the rate of fixation of carbon dioxide 
from the atmosphere by plants, mainly phytoplankton in the 
ocean, to form organic biomass and oxygen. This first step 
in the carbon cycle is critical to the study of biological, chem- 
ical, and geological (sedimentary) processes within the ocean 
system. A knowledge of the patterns of phytoplankton 
growth, which attracts zooplankton and larger predators, aids 
fishermen in predicting where and when fish may appear 
within a region. 

We are developing a method for estimation of marine primary 
productivity from space using satellite measurements of 
environmentally forcing parameters. Both empirical and 
physically-based algorithms are being developed (e.g., 
Eppley, et al, 1985; Platt, 1986; Collins, et al., 1986; 
LaFontaine and Peters, 1986) which relate productivity to 
parameters such as chlorophyll concentration, incident 
photosynthetically available irradiance and its attentuation 
with depth, temperature, the depth of the mixed layer, 
pigment absorption coefficients, and others. Our satellite 
method incorporates 1) plant biomass, as inferred from 
CZCS chlorophyll images from the Nimbus-7 satellite; 2) 
sea-surface temperature, from NOMAVHRR scenes; and 
3) incident photosynthetically available solar radiation, 
measured by the VISSR sensor on the GOES satellite series. 
Other parameters may be added l a m  as predictive algorithms 
and satellite sensors develop. Each of these parameters is 
depth dependent so models must be developed which infer 
depth profiles from surface measurements and typical 
situations for each particular region. 

The image processing tasks for such a program are complex. 
For example, it is necessary to obtain from GOES not only 
the irradiance at the time of interest, but also the recent 
irradiance history of the region, to provide an estimate of the 
photoadaptive state of the plants there. The images from the 
three different sensors on satellites having different orbits 
and resolution then must be geographically corrected and 
interpolated in time and space to a common grid and 
combined to form the final product which will be the 
productivity image. 

5.3 Cloud Classification and Feature Tracking 

Satellite images, whether visible, infrared, or microwave in 
origin, contain a wealth of information about the atmosphere 
and ocean. This information, however, is often incompletely 
extracted because satellite data are voluminous and require 
extensive processing. To make fuller and more efficient use 
of satellite data, we are developing a capability to automatic- 
ally analyze satellite observations by extracting and tracking 
recognizable patterns within images. 

We have developed, for instance, a technique to automatic- 
ally classify cloud fields into different cloud situations and 
cloud types. This method is based on a three-step procedure: 

First pairs of visible and infrared cloud images are character- 
ized by a number of specific parameters describing the 
image's spectral and textural features. The spectral para- 
meters chosen are the mean, minimum and maximum of the 
radiances, and the textural parameters are the moments of the 
radiance distribution (mean, contrast, entropy, and second 
angular momentum). In the second step, the images are 
classified as a function of these parameters, using the Typical 
Shape Function (TSF) analysis procedure of Jalickee and 
Ropolevski (1978). This provides sets of TSFs for each 
image pair, which are each associated with different classes. 
Once each image pair of an entire data set has been analyzed 
following this procedure, all the TSFs are regrouped 
according to a similarity criterion (i.e., correlation) and all the 
pairs are reclassified over this new TSF basis. 

5.4 Radiative Fluxes 

Over the last few years we have developed capabilities for 
computing the net shortwave and downward longwave 
components of the net surface radiation flux. The shortwave 
computations are based on combinations of visible data from 
geostationary satellites (GOES, METEOSAT. and GMS). 
The algorithm used is that described in Gautier et al. (1980) 
and later refined by Gautier and Frouin (1985). The 
downward longwave computations are based on radiative . 
transfer modeling of the longwave radiation in the 
atmosphere following Morcrette (1984). The necessary input 
parameters to run this model are obtained from satellite 
observations. These parameters are: cloud top altitude, cloud 
optical thickness and emissivity, and atmospheric 
temperature and moisture profiles. Several approaches have 
been implemented (see Frouin et al., 1988), the most 
sophisticated one being updated on a continuous basis. 

5.5 Hydrology Cycle 

Comprehensive satellite studies are presently underway to 
better understand the atmospheric hydrological cycle. These 
studies use satellite-derived estimates of the cycle's principle 
components. Firstly, estimates of atmospheric total water 
vapor amounts and liquid water content are derived from 
SMMR data (Wilheit and Chang, 1979). Verrical moisture 
profiles are obtained in general from TOVS operational 
retrievals and more accurately using algorithms of Smith et 
al. (1985) and Chedin et al. (1985). 

Secondly, techniques have been developed to sense oceanic 
evaporation using SMMR data (Liu, 1986), by relating 
SMMR total water vapor amount to air surface moisture. In 
this process SMMR-retrieved SSTs may be replaced soon by 
TOVS-retrieved SSTs. In the future, SMMR-retrieved wind 
speed may be replaced by winds estimated from scattero- 
meter equiped satellites. 

Thirdly, precipitation estimates can be retrieved from both 
GOES-VISSR and SMMR data (Gautier and Anderson, 
1987). By comparing the time evolution of total water vapor 
amount and liquid water content with evaporation minus 
precipitation estimates, one can calculate the horizontal 
divergence or convergence of atmospheric water content due 
to atmospheric transport. Information about time statistics of 
precipitative activity can also be obtained by comparing 
SMMR- and GOES-retrieved precipitations. 

Lastly, one can achieve a better understanding of the cloud 
and hydrological cycle interaction when comparing GOES- 
VISSR-retrieved cloud factors (shortwave equivalent 
cloudiness) and SMMR-retrieved total liquid water content. 
These studies are also being conducted in the framework of 
understanding the Indian Monsoon cycle. 
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5.6 Air-Sea Interactions 

The studies of air-sea interactions have been an important 
area of research at Cal Space. Included in these studies is the 
net heat flux at the ocean-atmosphere interface. The net heat 
flux consists of four components: net shortwave flux, net 
longwave flux, latent heat flux, and sensible heat flux. 

The net shortwave radiation flux is derived from GOES- 
VISSR data and the downward longwave radiation flux 
estimated from GOES-VISSR and TOVS atmospheric 
profiles (section 5.4). TOVS/AVHRR SST data are utilized 
to obtain the upwelling longwave radiation flux, while the 
latent heat flux due to evaporation can be computed using 
SMMR data and bulk parameterizations (Liu 1987, Simonot 
1987). Finally, through a combination of SMMR or TOVS 
SSTs and TOVS air temperature profiles, together with 
SMMR wind speeds, it is possible to estimate the sensible 
heat flux. This last technique employs a simple boundary 
layer model developed by Liu et al. (1979). 

The oceanic surface net heat flux is calculated from the sum 
of these four components. In the tropical oceans, however, 
sensible heat and net longwave fluxes are an order of 
magnitude less and can be considered constant in a first 
approximation. 

To complement the study of the net surface heat flux, 
investigations are being conducted of the net water flux at the 
ocean-atmosphere interface (evaporation minus precipita- 
tion). Evaporation can be obtained using SMMR data and 
precipitation estimates using GOES-VISSR data (section 
5.5). Together, estimates of the net heat and water fluxes 
provide a comprehensive understanding of oceanic surface 
temperature and salinity changes and, as a result, of surface 
oceanic density changes. Moreover, they can be used as 
input forcing parameters for oceanic numerical models 
(mixed-layer or general circulation models) and for validating 
atmospheric general circulation numerical models. These 
studies are taking place in support of the Tropical Ocean and 
Global Atmosphere program (TOGA), as well as to study the 
Indian Monsoon onset. 

Although the acquisition of all the net surface heat budget 
components is desirable, it is not a necessary condition for a 
comprehensive understanding of air-sea interaction 
processes. The statistical pattern correlation approach has 
been used by Bates and Gautier (1988) to demonstrate that 
cloud effects on the net shortwave flux acted as a positive 
feedback on the SST field during the Frontal Air-Sea 
INteraction EXperimment (FASINEX). Also, Gautier 
(1987) has conjectured that feedback mechanisms occurred 
among net radiative flux diurnal cycles, phytoplankton 
concentration, and generation of turbulent mixing in the 
upper Ocean during the Tropic Heat experiment. 
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1 .  INTRODUCTION 

Prior to 1985, the Natlonal Weather Servlce (NWS), the 
A i r  Weather Servlce (AWS), the National Envlronmental Satellite, 
Data and Information Service (NESDIS), and the Naval 
Oceanography Command ( NAVOCEANCOMFAC) generally undertook 
applied weather/oceanography satellite traintng independently. I n  
addltion, NESDIS' internatlonal satelllte trainlng activitles were 
largely addressed apart from those done domestlcally. 

the Fall 1985 National Weather Association (NWAPAnnual Meeting. 
At that time, two special trainlng focus sssstons opened 
opportunities to explore multi-agency tralnlngdevelopment, 
p a r t l p h r l y  In the areaof satelllte imagery interpretation. 
Budgetary and personnel cutbacks, the imminent arr ival  of satellite 
imagery-in-motion display systems at both NWS and AWS sites, 
and a more realistlc determinatton of training needs sparked the 
f i rs t  lnterqency Tralning Coordination Working Oroup ( ITCWG) 
meeting at Scott A i r  Force Bese (AFB), IL on February 24-25. 
1986. Attendess included members of the operational meteorologlcal 
community'sworklna level trplnacs. Thus, insteadof policy 
making, the attendees focused on actually making the tralnlng 
happen. 

Subsequent meetings of the ITCWG were held In Kansas 
Clty, MO in 1986 and In Camp Springs, MD and Houston, TX in 
1987. Each meeting further enhanced establlshrnent and 
maintenance of a more fully coordlnated training development 
program. Additionally, the AWS estimated tralnlngdevelopment 
savings of more than $20K and over an 18 month manpower 
savings due t o U  training coordination ectlvitles alone (Ouard, 
1986). Slmllar swlngs and/or creation of addittonal training 
materlals resulted wlthtn NESDIS and NWSdue to non-dupllcation 
of effort. 

The situatlon was recognlzed by agency r e  resentatives at 

2. THE TRAINING UNIVERSE 

Tralnlng, no matter good, doesn't just happen. I t  requlres a 
multi-faceted approach (flgure 1 )  and the involvement of larw 
numbers of people, Including agency management, operational 
forecasters, lml weather offlce management, and training 
developers. Fortunately, such a team exists In the setelllte trainlng 
area. 

NESDIS has assumed the leadership andmrdinatlon role In 
setelllte tralnlngdevelopment actlvltles. This has tnvolved 
extenslve dtscussions with the users of traintng materlals, as well 
as the creation of a large, albeit ad hoc, force of training 
developers. Whereas in past years, NESDlScreated itsown tralnlng 
materlals, there is now a coordinated program Involving NWS, 
AWS, and Navy forecasters, contract support, andapplled NESDlS 
resserch scientists. 

The program relies heavily on ensuring that tralnlng 
development activities meet training needs and that dupllclty of 
efforts is mintmized. Further, NESDIS ensure that setelllte 
training materials recelveacrltical, multt-agency evaluation 
pr io r  to being released for use. 

Treinlng workshops, a u d i o - m t t e  tape-sl tde programs, 
vldeotape and videodisk production, trelning laboratory exercises, 
and creation of a satellite technical reference handbook and 
correspondence coursa round out the overall satellite training 
program. 

Once developed, dtstribution of training materlals remalns 
a problem. The materlals are sent to remote sltes where they are 
added to existing tralnlng aids. There may not be a person designated 
as a training coordinator. Hence, materials may not reach the 
people Intended, they may not be usedcorrectly, or they may be 
misplaced. Efforts are being made to Overcome this. Wtthin the 
NWS, serious consideration is being given to creating a trainlng 
position at forecast offlcesas part of the proposed NWS 
reorpanization. Thls person would create and administer training in  
a broad range of programs, not Just satelllte imagery 
Interpretation. 

There are other shortfalls In interagency training 
coordlnation activities, especially as personnel involved In the 
program change. Budgetary constraints have Impacted training 
efforts, e$ well. International actlvlties have been especially hard 
hl t  due to compounding of constratnts by a larger number of 
organizations and nations. 

3. NEEDS ASSESSMENT 

3.1 

Besides formal ITCWO meetings, ITCWO members routinely 
dtscuss tralnlng needsandactivities. I n  1986, eerly in the ITCWGs 
history, the Navy and A i r  Force learned about the development of 
Forecasting Handbook No. 6 - 
Forecesters. Thls compendium of alectedoperatlonal articles, 
technlcal memoranda, and other publlcatlons provlded an 
unparalleled technical reference resource for field forecasters. 
Many of the articles tncluded In the Handbook would not have been 
available at remote weather sttes. The handbook w m  orpartized by 
topics (e.g., tropical weather, convectton, avlatton) and was 
printed In loose-leaf format for later updatlng. TheAir Forceand 
Navy both Joined In the Init ial and subseqyent reprintlngs of the 
Handbook. 

In eddltion, NESDIS' Traintngand Information Services 
Branch (TISB) coordinatescloselywith two NOAA International 
Relations Offices (NWS and NESDIS). Recently NWS' international 
Relatlons Office determ tned, through discusstons with southeast 
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Figure 1 .  Conceptual model of the ”training universe”. A l l  SIX arm must be successfully 
addressed to have an effective training program. 

Asian Nations, that there was a need for aspecializedSatellite 
Interpretation Handbook on tropical meteorology (not just tropical 
cyclones). NESDIS and NWS have already begun exploring options 
for preparing such a Handbook. 

NESDIS isalso i n  touch with various International 
organlzatlons. The World Meteorological Organlzatlon (WHO) is 
very interested i n  training, but lacks sufficient fiscal resources to 
implement a major worldwide training program throughout dl 
meteorologlcal , hydrologlcal, and oceanographic disciplines. 
However, they do provide insight into internatlonal training needs, 
sponsor or co-sponsor numerous workshops and courses, and help 
distribute some training materials. Other groups, such as the 
International Civil Aviation Organization (ICAO), have tralning 
offices thcoughout the world and encourage training and/or 
dintributn o r  markat training materials. 

NESDIS also undertakes a major training workshop 
program. In addition to effecting training, these workshops provide 
unparalleled opportunities for NESDIS instructors to interact with 
practlclng meteorologlsts and oceanographers. Thus, tralnlng 
development, as well as applled projects, can be more tailored to 
meet operational needs. 

training materials were needed in  late 1987 included: 
Someof the topics for which satellite interpretation 

moisture channel imagsry 
imagery-In-motion 
technlques for essessing numerical model 
initial analysis accuracy 
oceanic cyclogenesis 
mesumle analysis 
sea surface temperature analysis techniques 

Although training materials, once developed, could be used 
throughout the world, there Is always the need to tallor materials, 
especially cas$ study laboratory exercises, to speciflc geographical 
areas. 

3.2 P r o f e s s l m U d d y  I n v o l v e W  

training activlties. In 1986, they republished a satellite imagery 
interpretation handbook (NWS Forecasting Handbook No. 6 - 

roretation For Forecasters), and made i t  
available, at low cost, throughout the meteorological community 
(figure 2). At least three universities have used the reprinted 
handbook as a textbook (selected readings) as part of various 
courses in  instruments and/or synoptic meteorology. The NWA has 
also included two tralnlng focus sesslons at eech of thelr last three 
annual meetings, and in  1987 hosted the annual ITCWG meetlng. Due 
to thiscommitment to training, the ITCWGagreed to tieall of Its 
future meetings to the NWA Annual Conference and invite the 
Executive Dlrector of NWA to particlpate. 

more active role i n  tralnlng. As part of the 1987 Annual AMS 
Weathercasters Conference, a special full-day forecasting 
workshop was held, More than 100 weethercasters attended. And 
dozens of weathercasters, and others, have benefitted from a 
videotape/workbaok program derived from the workshop. The AMS 
plans another such weathercasters workshop in  1988 focusing on 
satellite and radar applications. 

The NWA has been an active supporter of meteorologlcal 

The American Meteorological Society (AMs) Is also taking a 

3.3 

NESDIS carries out an extensive tralnlng workshop 
program in  support of both domestlc and international users of 
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F igure 2. Covers of NWS and NWA versions of Forecsstlng Handbook No. 6. The NWA version Is 
available by contacting the NWA Executlve Offlces, 4400 Stamp Road, Room 404, Temple Hil ls, 
MD 20748 (301 - 899-3784). 

satellite Imagery. Internationally, NESDIS has provlded Instructors 
andlor training support to workshops on tropical cyclones, 
Precipltatlon, and agricultural essessments. Numerous sclentists 
from other Nations have visited NESDlS laboratories to learn 
firsthand about satellite research and operatlonal appllcatlons. 
However, due to personnel cutbacks, the one-on-one vlsltation 
program is being downplayed 8s a viable training option. 

Domestlcally, NESDlS Instructors teach workshops at NWS 
Foremit Offices, NWS National Centers, A i r  Force and Navy Bases, 
and at other selected sites. They also participate i n  teaching the 
flash flood course at the NWS Training Center. 

During the three-year period 1985-1987, NESDIS 
Instructors conducted nearly 90 tralnlng workshops In the US. and 
abroad, training almost 2400 peaple (figure 3 l  These workshops 
have addressed severe weather, mesoscele and synoptlc scale 
meteorology, eviation and oceanography appllcatlons, and h w  
rainfall. Figure 4 shows some of the workshops conducted during 
the perlodOctober 1986 - September 1987 (FY87). 

conduct workshops at many overseas sites i n  various weather 
topics, Including satellite imagery interpretation. NESDIS has 
begun providing vldeotapes, slides, and trensperencles to Chanute 
In support of these efforts. Recently,Alr Weather Service 
Headquarters provided indlvidual Instructor copies of Forecasting 
Handbook No. 6 to Chanute Weather School. Workshops taught by 
Chanute Weather School instructors were 
workshop totels llsted above. 

In & t i t i on ,  instructors at the Chanute AFB Weather School 

included in the 

4. CREATION AND PRODUCTION 

Interne1 NESDIS coordination is p r imar i l y  with the 
Physical Sclences and Reglonal and Mesoscale Meteorology Branches 
(both wlthin the Office of Research and Applications). Additionally 
there is clw cooperation between TlSB and the Satellite Services 
Dlvlslon, part of the operatlonal arm of NESDIS. Scientists and 
forecasters i n  these offlcesdevelop satellite Interpretation 
appl lcations, conduct training workshops end develop training 
materlals or courseware. 

29 WORKSHOPS ; I  D 

1985 1986 1987 
The creation pracsss involves coordlnatlng with 

eovernmental developers, monitorlng non-government contractor 
development, and pooling wrca governmental finances for tralnlng 
contracts. NESDIS' Tralnlng and lnformatlon Servlces Branch 
(TISB) has taken the lead In thlsareedurlng the past twoyears. 

F lgure 3. Training workshop summary for fiscal years (FYs) 
1985-1987. The increasing number of workshops and people 
trained occurred during 8 period of decreasing staff rmrm 
within NESDIS. 
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Navy T r a i n i n g  Course 

Figure 4. Representatlve sampling of tralnlng workshops conducted by NESDIS Instructors durlng 
FY87. Workshops range from a half-day to 8 days in length. 

program because i t  is the easiest to produce and modify, and because 
instructors can moreeasily use materials In slide format. Once 
completed, the program wi l l  be transformed into videotape, with 
abdition of Imagery in  motion, where appropriate. From this step, 
interactive videodisk production follows, ,,relativelyt, easily, 

Wherever possible, tralnlng, regardless of whlch step Is 
being used, wi l l  be interactiveand/or wl l l  Involve hands-on 
laboratory experiences, and Handbook No. 4 as a reference source 
and correspondence course. This is based on extensive workshop 
evaluatlons and discussions with forecasters. 

TlSB routinely mrdinates with NWS Natlonal and Reglonal 
Headquarters, as well as with the Natlonal Meteorological Center 
(Hurricane, Severe Storms, andoperations Divislons), and the 
NWS Training Center. There is also frequent mrdlnation wlth AWS 
Headquarters, The A l r  Force's Training Center at Chanute AFB , IL  , 
and with varlous A i r  Force sites (e.g., Kennedy Space Center). Navy 
coordination isdone prlmarlly through the Naval Oceanography 
Command Faclllty at Bay St. Louis, MS. 

There isalsomrdination, albeit Ilmlted, between TlSB and 
the FMAcademy In OklahomaCltyand wlth theCanadian 
Atmospheric Envlronment Service. These groups are belng brought 
Into the training effort more fully due to thelr growing involvement 
in the ITCWQ. 

While government employees and contractors create the 
tralnlng materlals, 11 Is prlmarlly government personnel who are 
preparing the flnal products at thls time. NWS and NESDIS worked 
together to organize, reconstruct, and publlsh NWS Forecasting 
Handbook No. 6 and its associated correspondence course. NESDIS 
rewrote and reorganized several contractor-developed training 
packages and laboratory exercises and is preparing final 
photography and layout/&sign. NESDIS has begun working with the 

to vldaodlnk. NWS and AWS Brn both nxplorlng vldoodlsk systems 
for use In remote slte, self-stuw tralning. 

that materlals will be suited for videodisk use In  future years 
(figure 5). Step one currently involves creation of a script-slide 

5. REVIEW PROCESS 

It's one thlng to produce a tralnlng package; It's qulte 
another to complete It. Durlng the development phase, several 
reviews of a tralnlng package are often undertaken. In additlon to 
verifying technical content and training effectiveness, revlews 
center on ensuring proper annotating, satelllte Image clarlty and 
photographic contrast, and other aUdlWlSU8l aspects. 

Once the product Is completed, a more formal review, 
Involving as many as a dozen different groups, Is in  order. For 
example, a recently completed training program on bask polar 

Headquarters, the Navy, the NWSAlaska Region HBadquarters, 
Chanute AFB, the FAAAcademy, Johnson S p m  Center's Space Fllght 
Meteorolo(N Group, and at least three NESDIS Branches not involved 
In the program's orlginal development. The goal Is to ensure the 
most complete, most accurate training package as possible. This 
w l l l  speed transformation to videotape/vldeodlsk formats. 

Aws to transform audio-cassstte and videotape programs orbiter imege interpretation was sen[ to NWS and AWS 

The tralnlng development effort Is being directed to ensure 
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SCRIPT-SLIDE VIDEOTAPE VIDEODISK 

0 I N S T R U C T O R  USE 

0 R E V I E W  

0 F I N A L I Z E  

W I D E S P R E A D  DISTRIBUTION W I D E S P R E A D  DISTRIBUTION 

e SELF STUDY USE e SELF STUDY USE 
@ I N T E R A C T I V E  

LABORATORIES - USE SEPARATELY OR WITH A/V ABOVE 
AND/OR FORECASTING HANDBOOK #6 

CORRESPONDENCE COURSE 

Flgure 5. Developmental self-study training development approach wlthln NESDIS. Script-slide 
programs provide the easlest and lowest cost method of development, but are the least effective 
tralnlng technlque. 

6. COORDINATION 

Cardination never really ceases. There are always 
opportunltles to reass8ss training needs, formats, andcourseware 
content. ITCWG members discuss these and other topics routinely. 
Again, workshops provide opportunltles for courseware to be 
"fleld-tssted". Besed on thls feedback, materlals may be changed 
pr lo r  to final productlon or they may be updated once in  use. 

7. FOLLOW UP ACTIVITIES 

Operational forecasters (meteorologists and 
oceanographers) eventually deflne the s u m  of the tralnlng 
materials. They may alert thelr agency and/or ITCWG member 
about a newly developed technique or  procedure, or a modiflcation 
to an exlstlng one. Perhaps, they'll experlence a significant weather 
even! which provides valuable tralnlng Information. I n  the case of 
NWS Forecastlng Handbook No. 6, routlne updatlng Is planned, wlth 
removal of certain papers and addltlon of others. Thls w i l l  requlre 
changes to the satellite interpretation correspondence course. 
Regardless, the ITCWO members fully support updating to ensure 
the latest, most accurate information is  available. I t  is recognized 
that updating is  far superior than recreation. 

8. PRODUCTION AND DISTRIBUTION 

Distribution of training materials must also be considered. 
In some cases, i t  msy be desirable to house copies of materials at a 
central site(s) and loan them to interested users, as needed. 
NESDIS' Training and Information Services Branch (5200 Auth 
Road, Room 601, Camp Springs, MD 20746 - 301-763-8204) 
does this for intra-governmental loan of f i lms and videotapes. 
NESDIS' Satellite Data Services Division (5200 Auth Road, Rmm 
101,CampSprings,MD20746- 301-763-81 11)providesfi lm 
rental service for non-pernmental users. The Air  Force and Navy 
also have central distribution sites for videotape loan within their 
respective agenctes. However, the preferred approach is  to have 
copies of training materials resident at etch forecast site for use by 
operational staff whenever they can find the time to use them. 

Each agency currently maintains i t s  own distribution l ists 
and basically pr ints and/or reproduces i t s  own training materials. 
However, due to coordination efforts, it i s  becoming rarer for one 
agency to produce and/or distribute a training program without 
others knowing about and being involved in it. 

Distribution of technical reports and technical memoranda 
are needed to ensure proper interagency development of training 
materials. The ITCWG r m n t l y  agreed to undertake a review of the 
present distribution l ists for i t s  technicel and scientific 
publications. Each agency has agreed to update these lists. 

9. OTHER TRAININQASPECTS Once developed, training materials must be produced and 
distributed by the various agencies. To date, each agency has paid 
for i t s  own materials. However, through mrdinated purchasing, 
agencies have saved large amounts of money Over whet individual 

There are s t i l l  a great number of unsolved training issues 
before the ITCWG These include: 

printing costs would have been. --determining methods for purging old and outdeted 
training materials 
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--ennrrlngmmpatlbillty of tralnlng systems (e.g., 
videotape, videodlsk, computer) 

--providlng the n&xkIstafflngend flml rmurm to keep 
developing end Improving training materlals. 

--edmlnistering tralnlng programs at remote sites to 
ensure mmpllshment of tralnlng. 

--essesslng the tralnlng requirements m l a t e d  wlth new 
technology well-before implementatlon, and ensuring that trainlng 
Is avallable prior to operatlonal use.of the systems. 

--determinlng ways to publish and provide government- 
developed tralnlng materlals to non-government users at a tlme 
when "glve-aways" are no longer permltted. 

state of tralning in yews to come. 
How theseandslmllar lssuesareaddressedwlll define the 

Finally, let me restate that tralnlng doesn't just happen. It 
requires Involvement, commitment and resources. Although the 
emphasfs In thfs paper was on the governmental sector's 
Involvement, Merk Shulman, past Ni3tiOnel Weather Asscciatlon 
presldent , put It this way i n  his outgoing presidential address 
(1987). "..it is through education and training at the unlverslty end 
elsewhere the! w0 ( the metmrolqiml, hydrol~lml, and 
oceanographiccommunity) w l l l  beable to meet thechallengeof 
servlce to the public. The rigor of a thorough ... educstlon ... must be 
melntaln ed... with an indepth comprehension of the physical 
prlnclples underlying the professlon,..the forecaster must be 
retralned to understand the capabilltles and limitations of new 
observlngsystemsand,..beabletouse the (newandgrowlng) 
wealth of data ..." 

Through the ITCWO and its own agency's representatives, 
NESDIS, NWS, the Air Weather Service, the Navy, and the FA4 have 
begun to realize thls tralnlnggoal, Further lnvolvement and 
cooperation of others, such 8s the unlverslties, professlonal 
society's, andother agencies, wl l l  certainly keep training in  the 
spotllght and ensure that 11 Serves the operational needs of 
forecasters throughout the world. 
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INTEGRATED SATELLITE APT AND WEATHER RADIO BROADCAST PROCESSOR 

Kenneth W. Ruggies 

Systems West Incorporated 
27880 Dorris Drive, Carmei, California, 93923 (408-625-691 1) 

1. BACKGROUND DISCUSSION 

I n  t h e  p a s t  25  y e a r s ,  n u m e r i c a l  
w e a t h e r  p r e d i c t i o n ,  r e m o t e  sens ing  and 
c o l l e c t i o n  o f  data by sa te l l i t es  and high- 
speed, global  communications networks have 
revolut ion ized the weather services Industry. 
Unfortunately, only the largest and wealthiest 
countr ies and/or commercial enterprises have 
had the resources to  take full advantage of  
these technological advances. Smaller or less- 
developed nat ions and the more remote end 
u s e r s  o f  w e a t h e r  i n f o r m a t i o n  h a v e  n o t  
benefited commensurately for several reasons: 

0 The equipments to receive and process 
t h e  d a t a  a r e  t o o  l a r g e  and  t o o  
comp I ex. 

0 The costs of  the systems are too high. 

0 The technology is beyond the capabiii- 
t i e s  o f  o p e r a t i n g  and  maintenance 
personnel. 

A number o f  the larger  nations now 
operate reg ional  or global  forecast  centers 
wh i c  h rout1 ne I y rece i  ve/process conventional 
observat ions as wel l  as the  l a tes t  sate l l i te  
data and prepare s t a t e - o f - a r t  analyses and 
p rognoses  us ing  a d v a n c e d  mathemat i ca l / -  
phys ica l  models. The World Meteorological 
O r g a n i z a t i o n  ( W M O )  d i s t r l b u t e s  g l o b a l  
c o l l e c t i o n s  o f  o b s e r v a t l o n s  and  f i n i s h e d  
p r o d u c t s  ( n u m e r i c a l  f i e l d s ,  messages o r  
graphics) t o  major hubs through t h e  Global 
Telecommunications System (GTS) and local or 
reg ional  co l l ec t i ves  and products to smaller, 
more remote users through radio broadcasts In 
e i t he r  voice, t e le t ype  or facsimile mode. A 
number o f  countr ies t ransmi t  s a t e l l i t e  data 
f o r  l o c a l  app l i ca t l ons ,  such as Automat ic 
P i c tu re  Transmission (APT)  and other image 
broadcasts from their spacecraft. 

A s u b s t a n t i a l  amount  o f  d a t a  a r e  
ava i l ab le  to  the  smal ler  forecast  o f f i c e  or 
other user of  weather data. What is needed 
t o  use these data a t  remote stat ions Is an 
i n t e g r a t e d  system which I s  a f fo rdab le  and 
semi-portable.  The system should be capable 
o f  r e c e l v l n g ,  p r o c e s s i n g  and  d i s p l a y i n g  
s a t e l l i t e  data (such as APT data), rad io-  
t e l e t y p e  broadcast data and rad io facs lm l le  
broadcast data simultaneously. It must be easy 
t o  o p e r a t e  and  m a i n t a i n ,  shou ld  possess 
enough cen t ra l  processor capaci ty  fo r  t he  
user to  run special-purpose software modules 

and should be capable of serving as a vehicle 
f o r  f u r t h e r  technologica l  advances a t  the 
local level. 

2. THE TECHNICAL OPPORTUNITY 

The explosive growth in the speed and 
capaci ty of  Personal Computers (PCs) coupled 
w i t h  the  a v a i l a b l l l t y  o f  powerfu l  but  t i ny  
microchips prov ide a unique oppor tun i ty  t o  
assemble a t ru ly low-cost integrated Satellite 
A P T  and Weather Radio Broadcast Processor. 
The wide acceptance and use of PCs means 
t h a t  smal ler  users can now obtain computing 
s y s t e m s  c a p a b l e  o f  s u p p o r t i n g  m u l t i p l e  
functions such as data receipt, Image proces- 
s i n g / d i s p l a y  a n d  a l g o r i t h m  s o l u t i o n  a t  
reasonable costs. Systems West's approach to  
an In tegrated system Is to  use a standard 
microcomputer of  the IBM PC/AT class as a 
Central Processor, augment It wlth proprietary 
c o m m u n i c a t i o n s  a n d  d i s p l a y  boards  a n d  
combine I t  wi th a small but sensitive satell i te 
receiver  to  r e a l i z e  an af fordable,  desk-top 
s y s t e m  w h i c h  c a n  simultaneously receive,  
process and display s a t e l l l t e  images, radio- 
teletype messages and radlofacslmlle graphics. 

3. DESIGN REQUIREMENTS FROM THE 
USER VIEWPOINT 

Remote users of  weather data include 
f i s h i n g  vessels,  m e r c h a n t  ships,  s m a l l e r  
d e t a c h e d  wea t he r se r v I ce  cen ters /of f  Ices, 
remote airport  forecast offices, local govern- 
m e n t  e n t i t l e s  such as t r a n s p o r t a t i o n  and 
harbor master of f ices,  f i e l d  m i l i t a r y  units, 
etc. A l l  of  these require that the system be 
a t  least  seml-portable,  but  t he  marine and 
m i l i t a r y  users also requi re a more rugged 
version which can withstand the shocks o f  
sh ip  mot ion and/or f requent  moves t o  new 
locat ions.  The special  requirements of  the 
marine and m i l i t a r y  user d i c ta te  t h a t  tape 
c a p s u l e s  a n d  "H I -G I '  d i s k s  r a t h e r  t h a n  
standard disks be consldered as the main data 
storage devlce(s) In the Central Processor. 

Since very few o f  the projected users 
now have VHF rad io  receivers capable o f  
handl ing A P T  signals from NOAA or foreign 
satellites equipped for this type of  broadcast, 
the system design must include a computer- 
t u n a b l e  V H F  r a d i o ,  an o m n l - d i r e c t i o n a l  
(monopole) VHF antenna and a low-noise VHF 
a m p l l f l e r .  A t  t h e  same time, s ince many 
potential users already have H/F receivers to 
c o p y  r a d i o t e l e t y p e  and /or rad iofacs lml le  
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broadcas ts ,  t he  system deslgn should also 
conta in  provisions to connect t o  existing H/F 
r a d i o s  ( o r  t o  i n c l u d e  h l g h - q u a l l t y  H / F  
recelvers I f  not already available). 

Some o f  the p ro jec ted  users already 
h a v e  g r a p h l c s  p r i n t e r s  a n d / o r  f a c s i m i l e  
recorders:  t he  system design should p e r m i t  
them t o  make use of  exlsting output devlces. 
Some users also o r ig ina te  l oca l  landline or 
rad  lo- t e i  e t y  pe/rad lo- facsl  rnl le broadcasts; the 
system should be able to functlon as a driver 
for these outgoing broadcasts. 

Many o f  t he  prospect lve users have 
r i g id  operating schedules and must be able to 
rece ive  and process sate l l i te ,  rad iote le type 
and rad io facs im i le  data slmultaneously. The 
s y s t e m  d e s i g n  needs t o  accommodate th i s  
specia l  requirement fo r  t ime ly  r e c e l p t  and 
processing . 

Convent lonal  weather data terminals  
have focused on display I n  s t ra igh t  black/- 
w h i t e  or I n  shades o f  grey ( t y p i c a l l y  f o r  
satellite Images only) .  To ob ta in  maxlmum 
d e f i n i t i o n  o f  t he  d e t a l l  ava l l ab le  I n  A P T  
broadcasts, it Is deslrable to have a display 
system which Is also capable o f  handling an 
extended palette of  colors. The system design 
should p rov ide  for display In multiple shades 
o f  grey AND In high-resolution color. 

Finally, many users have expressed an 
In terest  I n  a system with enough capacity to 
p e r m i t  t h e  running o f  local/reglonal analysis 
and forecast  models and/or special-purpose 
appl icat ions algor l thms. The system design 
should recognlze thls requirement even to  the 
e x t e n t  o f  i n c l u d i n g  o p t l o n a i  h ighe r - l eve l  
( f a s t e r )  c h i p s  o r  ma th  c o - p r o c e s s o r s  t o  
accelerate special problem solvlng. 

Table 1 conta lns a summary o f  t he  
design requirements which have been con- 
s lde red  i n  Systems West's approach t o  an 
integrated system. 

4. SYSTEM CHARACTERISTICS 

F igu re  1 presents an artist 's concept 
o f  the Systems West Integrated Satell i te APT 
and Weather Radio Broadcast Processor. This 
u n i t  has been designed i n  response to  the  
user requlrements l l s t e d  In Sectlon 3. The 
Model 1000 meets the requlrements for marine 
and m l i l t a r y  users who want a more rugged 
system, wh i l e  the  Model 2000 Is a desk-top 
vers ion su i tab le for  use by weather services 
c e n t e r s / o f f  ices and land-based commerc la i  
users. The p r lmary  d i f ferences In the two 
models are the  data storage components and 
overai I portabil ity. 

4.1 The Central Processor 

The Central Processor selected for thls 
system i s  a fu l l y - compa t lb le  P C / A T  mlcro- 
computer which i s  capable o f  running any 
e x i s t i n g  sof tware aval lable for this class o f  
computer. The general  speclflcations for the 
Central Processor are given In Table 2; notice 

t h a t  t h e  o n l y  d i f f e r e n c e  i n  t h e  C e n t r a l  
Processors for the Model 1000 and Model 2000 
are the use of  a tape drive versus hard dlsk 
fo r  data storage. The system is  augmented 
with an 80287 math coprocessor and additional 
R A M  memory t o  Improve I t s  ove ra l l  pe r -  
formance. 

4.2 The Data Manager System 

Figure 2 Is a schematlc layout of  the 
Data Manager Board (Card) showlng how It 
connects to the Satell l te APT (VHF) recelver, 
the HF/SSB (Single Side Band) recelver(s) for 
r a d  lo- t e  lety pe and/or radio-facsl mi le Intercept 
and t o  output devlces or broadcast channels. 
Some o f  the key features of  this proprietary 
b o a r d  a re  shown a t  t he  r l g h t  side o f  the 
F i g u r e .  T h e  b o a r d  has s e l f - c o n t a i n e d  
computers to process a l l  Incoming data on the 
f l y ,  and s t o r e  the  data i n  loca l  memory. 
When a local memory buffer Is full, data are 
transferred to the main computer using direct  
memory- to-memory t ransfer  independent o f  
t he  processor. It Is thls unique assembly of  
f o u r  m l n l a t u r e  processors (CPUs), a D M A  
C o n t r o l l e r  and  a L a r g e  Memory  Bu' f fer  
(Cache) on the  Data Manager Board whlch 
permits the simultaneous handling of  a l l  these 
data streams. 

T a b l e  1 .  User Requirements Which Were 
Considered In  Systems West's Design o f  an 
In tegrated S a t e l l i t e  APT and Weather Radlo 
Broadcast Processor. 

Affordable and Semi- Portable. 

Easy to Operate and Maintain. 
Rugged Verslon fo r  Mar ine and M i l i t a r y  
Users. 

Desk-Top Version for All Other Users, 
Slmultaneous Receipt  and Processlng o f  
S a t e l l i t e  APT, Radio-Teletype and Radio- 
Facsimile Broadcasts. 

I BM PC/AT-Compatlble Central Processor. 

Integrated VHF Satell l te Receiver lncludlng 
Antenna and Low-Noise Amplifier, 

O p t i o n a l  Use o f  E x i s t i n g  H / F  Rad io  
Receivers, Facs imi le  Recorders, Graphlcs 
Pr i  nters. 

C a p a b l l l t y  t o  D r l v e  Local  Landi ine or  
Radio- Teletype/  Rad io-  Facsi  mi le Broadcast 
Networks. 
Display In Multiple Grey Shades and Hlgh- 
Resol utlon Color. 
S u f f l c l e n t  Central  Processor Capacity and 
F l e x l b l l l t y  to Run Local Analysls/Forecast 
Models ,  User A l g o r i t h m s  a n d  E x l s t l n g  
General-Purpose PC Software. 

Optlons to  Add Higher-Speed Chips and/or 
Math Co-Processors. 
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SATELLITE AN0 WEATHER 
INFORMATION PROCESSOR 

Figure 1. Systems West Integrated Satell i te APT and Weather Radio Broadcast Processor 
(Artist 's Concept) 

Table 2. Characteristics of  the Central Processor In the Systems West 
Integrated Satell i te APT and Weather Radio Broadcast Processor 

Fully P W A T  Compatible 
80287 Math Coprocessor 
30M B Addressable Tape (Model 1000) 
30MB Ruggedized Disk (Model 2000) 
1.2MB Floppy Disk Dr ive 
2MB Maln Memory 
Special Data Manager Board 
(see Section 4.2) 

0 Special Vldeo Dlsplay Board (see Section 4.3) 
0 Serial Port 
0 Parallel Port 
0 Keyboard 
0 Mouse or Joystick 
0 Analog Multlsync Monitor 
0 Conventional and Special Systems West 

Software 

The Video Dlsplay System 4.4 Software 

The video display system provldes very 
q u a i l t y  imagery uslng standard v ideo 

monitors. Table 3 presents a summary of the 
capabi l  i t les  which are achievable through the 
Vldeo Dlsplay Board which Systems West has 
added to  the  Cen t ra l  Processor. This very 
advanced display board and i ts accompanying 
sof tware g ive the user a varlety of  optlons 
c o n c e r n i n g  t h e  number o f  g r e y  shades, 
number o f  co lors  and/or resolut ion o f  the 
Image he/she wishes to use for the particular 
product to be dlsplayed. The system supports 
a fu l l  64 shades o f  grey,  wh i l e  the  co lo r  
s l l c l ng  which can b e  done on cloud or Sea 
Surface Temperatures is vlrtuaily unlimited. 

4 . 4 . 1  S y s t e m  S o f t w a r e .  The computer 
operates two operating systems simultaneously. 
Foreground processing for user appllcatlons is 
per formed by standard DOS 3.X, wh i le  the 
rea l - t lme  background processlng Is performed 
b y  t h e  Systems West rea l - t ime  execut lve.  
Thls approach permi ts  the  user t o  use the  
computer fo r  standard appllcations processing 
in the DOS environment, while data collectlon 
and transmission Is proceeding unattended by 
the  operator .  This a l lows the  user to run 
spec ia l  appl icat ions models uslng the data 
bases or  t o  run any other standard personal 
computer software. 
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TO HF/SSB RADIO TO F A C S I M I L E  
RECEIVERS FOR RECORDER OR 
FSK FAX OR TTY LANDL I N E S  

LI 

SATELLITE DATA v 
CONVERTOR 

RADIOFACSIMILE F A C S I M I L E  OR 
OR TTY INPUT TTY OUTPUT 

I 1 I 

CARD BUS SYSTEM 

LARGE MEMORY CARD CONTROL 1 BUFFER 1 1 ~ ~ ~ ~ ~ L ~ ~ ~ E s s  1 1 PROCESSOR 

0 SIMULTANEOUSLY RECEIVES 
SATELLITE DATA 
RADIOTELETYPE DATA 
RADIOFACSIMILE DATA 

0 SIMULTANEOUSLY SENDS 
FACSIMILE SIGNAL 
TONE-MODULATED TTY 

0 SUBSTANTIAL PROCESSING POWER 
4 CPU 
1 DMA 
CACHE MEMORY 

0 INDEPENDENT OPERATION 

0 EXPANDABLE 

TO M A I N  COMPUTER 

Figure 2. Schematlc Layout o f  the Systems West Data Manager Board 

Table 3. Video Display Board Capabilities 

0 960 x 350 x 16 Color 
0 640 x 480 x 16 Color 

[For Graphics, F;icsimlle & Text] 

0 4 8 0  x 3 5 0  x 256  C o l o r  (22,000 Color  
Pa I e tte) 

x 64 Grey Shades 

[For Pictures] 

0 Mode Switching in Image 
- Pop-up Windows 

0 Software Controlled 
- Mouse Wlndows, Graphics 

F igure 3 shows the  overv iew o f  the 
Sys tems  West s o f t w a r e  f rom a user per-  
s p e c t i v e .  Those modules I n  the  "systems 
a r e a "  on the  f igure are whol ly  under the 
c o n t r o l  o f  t h e  Sys tems  West r e a l - t i m e  
e x e c u t l v e ,  w h i l e  those  modules I n  t h e  
appl lcatlons area are standard DOS programs. 
In  considerat ion o f  the user interface issues, 
t h e  In ter faces between programs running in 
t h e  r e a l - t l m e  e n v i r o n m e n t  and  t h e  DOS 
e n v i r o n m e n t  a r e  t h r o u g h  s t a n d a r d  DOS 
functions. The entire real-time executlve is  
def ined as a standard DOS device, allowing 
appi i ca t i ons  programmers to access the real- 
t ime  execu t i ve  through standard Interfaces. 
T h i s  g i v e s  a p p l i c a t i o n s  programmers fu l l  
access to  system con t ro l  functions and data 
bases through hlgh-level languages. 

4.4.2 S a t e l l i t e  Data Processing. Satell i te 
Imagery are collected, calibrated, and placed 
into Imagery fl ies for display. The diglt lzing 
approaches and data storage algorithms are 
designed t o  e x t r a c t  t he  maxlmum amount of  
usable data f rom the  signal and organize it 
Into a rational data base. 

T h e  d a t a  base i s  o r g a n i z e d  i n t o  
c o h e r e n t  v i s u a l  and  t e m p e r a t u r e  p i x e l s ,  
a l l o w i n g  f u l l  o v e r l a y  o f  t h e  v i s u a l  and 
temperature data. The data are located and a 
50 lat-Ion grid is placed on the Image. The 
l a t - I o n  g r i d  c a n  b e  any  c o l o r  t h e  user 
chooses. The IR  data are corrected using a 
secant curve correction for limb darkenlng. 

The user has a wlde variety of  vlsuai 
processing capab i l l t l es  Inc lud ing pan, zoom, 
densi ty s l ic ing,  fa lse coloring, and tempera- 
tu re  reca l i b ra t i on .  The user can locate his 
own posi t ion on the screen, and can overlay 
other  graphics and images i f  he wishes. A 
pop-up window can be retrieved at  any time 
t o  show s ta t i s t i cs  about the cursor location, 
or  t o  execute commands. Again, the system 
prov ides wlde f l e x i b i l i t y  for  user program- 
mability for his own applications. 

5.0 PLANNED AT-SEA EVALUATION 

In  the past several years, the Amer- 
ican Troplcal Tuna Fleet, operating mostly out 
o f  San Dlego, has been flshlng In a newly- 
opened Albacore Tuna fishery in the western 
South Paclfic Ocean. These vessels typical ly 
follow the eastward migratlon of  the Albacore 
toward  the coast of  South America and have 
found that this species of  tuna has the same 
preference for environmental conditions as do 
t h e i r  cousins In  the  Nor thern Hemisphere. 
That is, the Albacore prefer waters where the 
Sea Surface Temperature (SST) Is between 
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58F and 64F and tend to  congregate wlthln 
th is  SST band at  locations where there Is a 
loca l  convergence.1 These convergences are 
t yp i ca l l y  correlated wlth ocean color bounda- 
r l e s  and /o r  l o c a l  c u r r e n t  boundar les  as 
ind icated by stronger horizontal gradients In  
the SST.* 

Since the satell i te data whlch wll l  be 
copied by the in tegrated Sateil l te APT and 
Weather Radio Broadcast Processor system 
receives both cloud images and SST values for 
c loud- f ree areas, Systems West has proposed 
a n  a t - s e a  e v a l u a t i o n  o f  t h e  s y s t e m  t o  
demonstrate I t s  u t l l l t y  I n  l oca t l ng  optimum 
f i s h i n g  a reas  f o r  t h i s  new South Pac l f l c  
f l s h e r i e s .  I t  has been  proposed t h a t  t he  
demonstration be jo int ly sponsored and funded 
b y  t h e  N a t i o n a l  Mar lne F lsher les Serv ice 
( N M F S ) ,  t h e  W e s t e r n  F i s h b o a t  Owners  
A s s o c l a t l o n  and Systems West. Mr. A r t  
H a w o r t h ,  t h e  owner  a n d  C a p t a i n  o f  the 
A m e r i c a n  tuna c l i ppe r  B A R B A R A  H., has 
volunteered to make space aval lable on his 
vessel f o r  the equipment and an operator/- 
e v a l u a t o r .  D r .  Wl l l lam Hubert  o f  Systems 
West, a r e c o g n i z e d  author i ty  on f isher ies 
appi icat lons,  w l l l  conduct t he  experiment I f  
approved. The vessel w i l l  operate as far  
south as 40 degrees South latitude. 

IBM is  a reglstered trademark and PC/AT Is a 
trademark o f  lnternatlonai Buslness Machines, 
Inc. 

The area t o  be f ished by the BAR- 
B A R A  H. Is qul te  remote and no t  charac- 
t e r l z e d  by good observat ional  coverage 
p a r t  I c u I a r I y good weather forecast services; 
therefore,  the proposed demonstration project 
also provldes a good opportunity to assess the 
v a l u e  o f  t h e  sys tem f o r  general weather 
forecast ing fo r  day-by-day safety of  opera- 
t i o n s ,  The cloud images (and rad lo- te le-  
t y p e / r a d i o - f a c s i m l l e  I n f o r m a t i o n  I f  t h a t  
processlng software Is ready In tlme) w l l l  be 
used by Dr. Huber t  t o  monltor the synoptic 
s i tuat ion and t o  prepare tallored operatlonai 
forecasts for the vessel's Captain. 

The at-sea evaluation w i l l  be used by 
Systems West to determine ways In whlch the 
system can be Improved to: 

0 L o c a t e  op t lmum f l s h l n g  a reas  f o r  
speclflc specles of  fish (Albacore tuna 
In this case). 

0 M a x l m l z e  s a f e t y  o f  o p e r a t l o n s  I n  
remote flshlng areas. 

6.0 REFERENCES 

1. Jet Propulsion Laboratory, Users Gulde: 
An  Ex per I menta I Sa t e l  I I te-  Or tented Observa- 
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AB8TRACT8 SESSION 33: OCEAN APPLICATIONS 

53.4 4 R FAL-TIME INTERACTIVE SYSTE.M TO P R O C E S S  TIROS ASVHKR, 
TOVS, AND ARCOS DATA FOR USE I N  METEOROLOGY, 
OCEANOGRAPHY, AND OTHER APPLICATIONS. Char l e s  H. Vermillion 
and F. S te t ina ,  NASA/GSFC, Greenbe l t ,  Vd.: 3. Hill, Louisiana State I h iv . .  
Raton Rouge, La.: G. Shaffer, Science Systems and  Applications, Inc., !\pi tsvi l le ,  2 V .  

NASA Goddard Space F l i g h t  C e n t e r  h a s  developed a HRPT r e a l - t i m e  ground 
s t a t i o n  based on a program t r a c k i n g  a n t e n n a ,  MicroVAX 11, and 12s IVAS image 
p r o c e s s o r .  The system r e c e i v e s  i n  r ea l  time and p r o c e s s e s  t h e  e n t i r e  HRPT 
d a t a  stream i n c l u d i n g  AVHRR imagery, t he  TOVS v e r t i c a l  sounder ,  and the ARGOS 
d a t a  c o l l e c t i o n  p l a t f o r m  d a t a .  Data p r o c e s s i n g  s o f t w a r e  and image p r o c e s s i n g  
s o f t w a r e  h a s  been developed f o r  a p p l i c a t i o n s  i n  me teo ro logy ,  oceanography and 
hydro logy .  The d a t a  p r o c e s s i n g  system produces i n f o r m a t i o n  t o  h e l p  i n  t h e  
a n a l y s i s  of s e v e r e  s torm d e t e c t i o n ,  c loud  t o p  t e m p e r a t u r e s ,  v e g e t a t i o n  
i n d e x i n g ,  a tmosphe r i c  s t a b i l i t y ,  sea s u r f a c e  t e m p e r a t u r e s ,  water t u r b i d i t y ,  
and r i v e r  f l o o d  s t a g e s .  A l l  imagery and d a t a  p r o d u c t s  a r e  f u l l y  r e g i s t e r e d  
t o  a l l o w  o v e r l a y  of a l a t  i t u d e l l o n g i t u d e  g r i d  and geograph ic  i n € o n n a t i o n .  
Data p r o d u c t s  such  a s  TOVS and ARGOS a r e  o v e r l a y e d  on AVHRR images a l o n g  w i t h  
a n n o t a t i o n  and d a t a  f i e l d  c o n t o u r i n g .  The TOVS a n a l y s i s  i n c l u d e s  d i s p l a y s  of 
t e m p e r a t u r e  and dew point: v e r t i c a l  p r o f i l e s  on a skew-t l log-p thermodynamic 
diagram. O t h e r  d a t a  p r o d u c t s  (LANDSAT, IEMIS, e t c . )  may be b rough t  i n t o  t h e  
system t o  be combined w i t h  t h e  HRPT d a t a  p r o d u c t s  f o r  f u r t h e r  a n a l y s i s  such 
as s to rm s u r g e  p r e d i c t i o n .  
s t a t i o n  i s  i n t e r a c t i v e ,  user f r i e n d l y ,  and menu d r i v e n .  

53.8 

The s o f t w a r e  package deve loped  f o r  t h e  ground ' 

A SOFTWARE SYSTEM FOR PROCESSING TOVS ON A PERSONAL 
COMPUTER. W. L. Smith,  R. G. Redecker ,  H. M. Woolf, H, R. Howell, 
W. P. Menzel  and  Q u  Wanni, Coopera t ive  Inst. fo r  Meteoro logica l  Sa te l l i t e  
Studies  (CIMSS), Univ. of Wisconsin, Vadison, Wis. 

A s o f t w a r e  system h a s  been deve loped  f o r  i n g e s t i n g ,  c a l i b r a t i n g ,  and e a r t h  
l o c a t i n g  TOVS (TIROS O p e r a t i o n a l  V e r t i c a l  Sounder)  r a d i a n c e  d a t a  and t h e n  
p roduc ing  sound ings  and image lg raph ic  p r o d u c t s  f o r  r e a l - t i m e  wea the r  
a n a l y s i s l f o r e c a s t  a p p l i c a t i o n s .  The system r u n s  on I B M ,  o r  c o m p a t i b l e ,  AT 
p e r s o n a l  computers .  I n  a d d i t i o n  t o  a m a n u s c r i p t  d e s c r i b i n g  t h e  s o f t w a r e  and 
a s s o c i a t e d  hardware r e q u i r e m e n t s  f o r  runn ing  i t ,  a real-time d e m o n s t r a t i o n  of  
t h e  system w i l l  b e  g i v e n  a t  t h e  c o n f e r e n c e .  

53.9 A N  OVERVIEW OF INTERAGENCY TRAINER COORDINATEI3 WORKING 
GROUP ACTIVITIES. Michael  F. Squires, Dept .  of t h e  Air Fo rce  (DNTN), 
Scott  AFB, 111. 

?lie Interagent;! T r a i n i n g  Coordination bJ9rking Groci,o ( ITCbJG! is a 
rocK#erat;  ./rs 5f . f  a r t  timanq severa l  g o v e r n m e n t a l  aqencies t o  cr-uss:.+eed 
Irl e I: ear 0 1 t=. ,; 1 c 3 i 
incls-tdes ,~~?.r;Sers f r o m  the  A i r  Force, F A A ,  Navv. r.JESPIS, and NWS. TO 
d a t e  there rc3.v~ been f o u r  coordination con+ereflce5. 

t r 8.1 n i n g m 2 . t  et- i a I 5 an d i n f o r  m a  I I on . T h e I 7 CWG 

Under t h e  1-CWG, agencies can i n d i c a t e  t h e i r  % r a i n i n a  p r i o r i t i e s .  
:,jhF;rc, r t i ~ ~ . ~ ~ ! , a l  i n t e r e s t  e:ris.ts, jG1n.t. p r o d u c t i o n  becomes ~0551 b l e .  The 
m o s t  siqr-!;;irant e f . f c r r t  has i n v o l v e d  t h e  r e p r 1 n t ~ r i g  n,f Id1115 
F o r e , c ~ ~ t ? -  '''3 Hzt.ndbCrc~L: # 4  - " Satel  I i %e l m a ( 3 e r y  I n t e r p r e t a t i o n  f o r  
F o r e c a s t e r s '  . R a t h e r  t han  have each agency d e v e l  O ~ I  a si m i  I. ar' 
a u k 1 1  t ca t1  on, t h e  same pub1 i cati on was shared arnang many ayenci PS. 

T h e  a u r p o s s  04 t h i s  p a p e r  is to describe t h e  evcjl.i.!l:ion, 
scronplishments, and plans o f  the ITCWG. Specific a t t e n t i o n  will be 
focused a? s h a r i n g  o f  information to m i n i m i z e  dupLication of 
t r i i , i n i n y  d e v e l a p m e n t  e.f iortrs. The p r e s e n t a . t i o n  b y  Mike II(x~i1 w i l l  
d e s c r i b e ,  i r .  d e t a i l .  t r a i n i n g  mater ia l s  which have been d e v e l o p e d  
a.nd/or are under d e v e l o p m e n t .  
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X-BAND SCATTEROMETER MEASUREMENTS AT LOW WINDS IN A WAVETANK 

Mary R. Keller and William J. Plant 

Space Sensing Branch 
Space Systems Technology Department 
Naval Center for Space Technology 

Naval Research Laboratory 
Washington, DC 20375-5000 

1. INTRODUCTION 

For intermediate incidence angles, Bragg 
scattering of microwave signals from the ocean 
surface is the accepted explanation for radar 
returns from wind-generated waves. Recently, two 
models using Bragg scattering to relate wind 
waves and scatterometer measurements, both based 
on field results, have been published (Plant, 
1986, and Donelan and Pierson, 1987). The models 
predict similar X-band backscatter values at 
high winds, for low winds, however, the model of 
Donelan and Pierson predicts a sharp drop-off to 
-50 dB while the model of Plant predicts a 
gentle roll-off to about -30 dB. While 
concentrating on the low wind speed range, we 
report experimental results, from a wavetank, 
for radar backscatter at X-band and compare them 
with the two models. Future work will expand 
comparisons to other models, such as those of 
Wentz (1984) and of Durden and Vesecky (1985). 

2. EXPERIMENTAL CONDITIONS 

The wavetank used to obtain these data 
is 30.5 m long, 2.4 m wide, and filled to a 
depth of 0.5 m. Winds are generated with a fixed 
speed, variable vane blower 29 m away from the 
measurement site. The upwind fetch was 16.5 m. 
Long waves are generated by a paddle 19.5 m 
upwind of the radar. The paddle is driven by a 
HP3325A synthesizer/function generator and a 
HP6824A DC power supply amplifier. Waves are 
damped at a beach at the far end of the tank, 10 
m downwind of the measurement site. The antenna 
for the CW, 10 GHz radar is mounted 2.9 m above 
the water level and can be rotated for incidence 
angles from 2O to 8 7 O .  Wind speeds are measured 
by a pitot tube mounted 0.5 m away from the side 
of the tank and 23 cm above the water level. Hot 
film crossed wire anemometers mounted next to 
the pitot tube are used, when functional, to 
calculate wind stress and friction velocity. 

The outputs, in voltages, from the 
radar, pitot tube, and hot film anemometers were 
sampled every eighth of a second for 2.1 minutes 
with-. a DEC MINC-11CA computer. Means and 
standard deviations were calculated for the 

radar cross-section and wind speed. Means only 
were calculated for the wind stress and friction 
velocity. Air and water temperatures were 
measured periodically using mercury thermometers 
suspended in the air channel and the water. Long 
wave amplitudes were set with the function 
generator and checked with a meter stick. The 
averaged values were stored on hard disk and 
transferred to a MICROVAX I1 for further 
analysis. 

While operating at 48O incidence angle, 
the water in the tank was heated and cooled to 
measure temperature effects predicted by the 
Donelan and Pierson model. The tank was drained 
and refilled with heated (38OC) water and 
measurements were collected as the water cooled. 
Later, by adding dry ice to the tank, the 
temperature dropped to 14OC and measurements 
were collected as the water warmed. The lowest 
wind speeds the blower can generate, with the 
vanes completely closed, is 4 m/s (all wind 
speeds reported are for 19.5 meter neutral 
winds, which yield equivalent stresses under 
neutral conditions to those measured in the 
tank), well above the fall-off predicted by the 
Donelan and Pierson model. For winds below 4 
m/s, the blower output was partially blocked at 
the point the air enters the fetch channel with 
plastic stretched over a screen. The plastic 
panel was removed for high winds and reinserted 
to generate the low winds at all incidence 
angles. 

3. RESULTS 

Vertical polarization backscatter 
measurements were made at 48O, 68@, and 28' 
incidence angles. Wind speed ranged from 1 m/s 
to 22 m/s. The temperature of the water and air, 
other than when the water temperature was 
deliberately varied, drifted with ambient 
conditions. Long wave effects were measured only 
for the 28O incidence angle. With a constant 
frequency of 1 Hz, long wave amplitudes of 4.5 
cm, 2.5 cm, 0.5 cm, and 0.25 cm were generated 
to observe the effect of varying amplitude on 
low wind speed backscatter measurements. The 
experimental results are plotted vorsus wind 
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speed in Figures 1-5 against calculated values 
from the Donelan and Pierson and Plant models. 
The data show about a 3 dB scatter in cross- 
section and about 0.2 m/s in wind speed. The 
water temperature was varied from 14OC to 36OC 
and the winds from 4 m/s to 22 m/s while at 48' 
incidence angle. As shown in Figure 1, within 
the data scatter, no dependence on temperature 
was found. No further temperature dependence was 
examined, although the air and water 
temperatures were carefully monitored. 
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Figure 1. Cross section as a function of 19.5 
meter winds at 48O incidence angle showing the 
effects of water temperature on the backscatter. 
Model calculations are for 50° incidence angle. 

4. COMPARISON WITH MODEL CALCULATIONS 

In the absence of long waves, the 
Donelan and Pierson model predictions compared 
well to the experimental data. At 48' incidence 
angle (Figure 2), both models predicted lower 
values than the measurements for wind speeds 
above 11 m/s. At the 68O incidence angle (Figure 
3), the distributions of the wavetank cross 
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Figure 2. Cross section as a function of 19.3 
meter winds at 48O incidence angle across the 
entire wind range. Model calculations are for 
50' incidence angle. 

sections with wind speed have the same slope as 
the 48' data above 4 m/s, but are about 9 dB 
lower. Neither model agrees with the data in 
this wind speed range for 68O incidence angle. 
At the 2 8 O  incidence angle (Figure 4), the data 
follow the predictions of the Donelan and 
Pierson model up to 16 m/s, where the cross 
sections increase faster at low winds than 
Plant's predictions. Above 16 m/s, the data 
follow the Plant model, which crosses over the 
Donelan and Pierson model and predicts higher 
values. 
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Figure 3 .  Cross section as a function of 19.5 
meter winds at 68' incidence angle across the 
entire wind range. Model calculations are for 
70° incidence angle. 
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Figure 4. Cross section as a function of 19.5 
meter winds at 2 8 O  incidence angle across the 
entire wind range. Model calculations are for 
30° incidence angle. 

The addition of long waves to wind- 
generated waves effectively eliminated the sharp 
drop-dff in mean cross-section at low winds 
(Figure 5). A long wave amplitude of 4 . 5  cm 
allowed only 3 dB variation in backscatter as 
the wind was varied from 1.5 m/s to 5.5 m/s. 
Over this same range, the backscatter with no 
long waves present had shown a 40 dB varlrition. 
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Figure 5. Cross section as a function of 19.5 
meter winds and long wave height at 28O 
incidence angle. Model calculations are for 30° 
incidence angle. 

As the long wave amplitude decreased, the 
variation in backscatter increased, from 3 dB at 
4.5 cm amplitude to 5 dB at 2.5 cm amplitude, 6 
dB at 0.5 cm amplitude, and 10 dB at 0.25 cm 
amplitude. In the presence of long waves, the 
cross sections never fall much below the higher 
calculations of the Plant model, which has a 
wind-speed dependence at low winds similar to 
that of the measurements generated in the 
presence of the 0.5 cm amplitude long wave. 

5. CONCLUSION 

The results of this study, when compared 
with the calculations of the Donelan and Pierson 
and Plant models, show strengths and weaknesses 
for both. Although the Donelan and Pierson model 
predicted the observed sharp drop-off in cross 
section at low winds, no temperature dependence 
was observed. The Plant model, although not 
predicting this sharp roll-off, yielded good 
results at high winds and at low winds when 
small-amplitude, low frequency long waves were 
present. Wind-generated waves in the tank have 
characteristically steeper slopes than those 
encountered in the field, which may explain some 
of the discrepancies between the Plant model and 
the wavetank data. Based on these results, 
further refinements are called for in both 
models. Our future work will look into other 
models, polarization and frequency effects, 
backscatter at other azimuth angles, and 
scattering effects which may be specifically 
related to the wavetank. 
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5 9 . 2  

USING SATELLITE SCATTEHOMETER DETERMINED WINDFIELDS TO 
OBTAIN SYNOPTIC-SCALE SURFACE PRESSURE FIELDS 

R. A. Brown 
U n i v e r s i t y  o f  Washington 

Seat t  1 e, Washington 

The success fu l  d e r i v a t i o n  o f  su r face  
pressure  maps f rom a s a t e l  1 i t e  microwave 
sca t te rometer  p l u s  a s i n g l e  su r face  pres-  
su re  da ta  p o i n t  was demonstrated by Brown 
and Levy (1986). The i m p l i c a t i o n s  o f  t h e  
agreement between these pressure  f i e l d s  
and those produced w i t h  t h e  Na t iona l  
Weather Se rv i ce  a n a l y s i s  a re  s i g n i f i c a n t .  

Thus, t h e  well-known caveats t o  t h e  
r e l a t i o n  between microwave s c a l e  water 
waves and su r face  winds o r  s t r e s s  (e.g. 
Brown, 1986) a r e  n o t  enough t o  d ismiss  
t h e  c o r r e l a t i o n .  The sca t te rometer  
winds, i n c l u d i n g  d i r e c t i o n ,  m u s t  be accu- 
r a t e  t o  about 2 2 m / s  and 20" i n  o rder  t o  
have produced t h e  agreement w i t h  t h e  NWS 
maps, which were determined f o r  reg ions  
us ing  r e l a t i v e l y  dense ( a t  l e a s t  one mea- 
surement per  200-400 k m )  sur face  pressure  
measurements accura te  t o  5 2 mb. T h i s  i s  
t h e  agreement accuracy found i n  t h e  
SEASAT scat te rometer  (SASS) v e r i f i c a t i o n  
procedure, f o r  w i n d f i e l d s  w i t h  good h o r i -  
z o n t a l  u n i f o r m i t y  (Brown, 1985) .  

I n  a d d i t i o n ,  t h e  P lane ta ry  Boundary 
Layer (PBL) model which wa5 used t o  
r e l a t e  t h e  su r face  winds t o  g r a d i e n t  
winds and thereby  p ressu re  g rad ien t  
f i e l d s ,  m u s t  n o t  have in t roduced  s i g n i f i -  
can t  e r r o r ,  O u r  i n i t i a l  comparisons 
covered two r e g i o n s  i n  t h e  n o r t h  P a c i f i c ,  
one i n  t h e  A t l a n t i c .  The P a c i f i c  areas 
were w e l l  covered by s h i p s  and buoys, 
w h i l e  t h e  A t l a n t i c  case ( t h e  QE I 1  s torm) 
f e a t u r e d  a c a r e f u l l y  reworked 6UrfaCR 
pressure  ana lys i s .  I n  s e n s i t i v i t y  s tud-  
i e s  w i t h  t h i s  model, we found t h a t  t h e  
e f f e c t s  of PBL s t r a t i f i c a t i o n ,  when 
inc luded  i n  bo th  t h e  su r face  l a y e r  and 
t h e  Ekman l a y e r  ( v i a  organized l a r g e -  
edd ies ) ,  produced changes commensurate 
w i t h  t h e  d i f f e r e n c e s  between s a t e l  1 i t o  
de r i ved  and NWS analyzed f i e l d s .  S ince  
t h e  i n c l u s i o n  of these e f f e c t s  g e n e r a l l y  
l e d  t o  sma l le r  d i f f e r e n c e s  between t h e  
f i e l d s ,  i t  was assumed t h a t  t h e  op t ima l  
model must i n c l u d e  them. 

F i n a l l y ,  i t  i s  ev iden t  t h a t  t h e  NWS 
smoothed pressure  f i e l d s  e l i m i n a t e d  any 
pressure  v a r i a t i o n s  on sca les  l e s s  than 
about 400 km. S ince t h e  sca t te rometer  
can produce 100 wind measurements i n  a 
square t h i s  s i ze ,  t h e r e  i s  p o s s i b l y  more 
i n f o r m a t i o n  on pressure  f i e l d  v a r i a b i l i t y  
i n  t h e  s a t e l l i t e  d e r i v e d  f i e l d s .  The 
comparison f i e l d s  i n  f i g u r e  1 show i n -  
creased v a r i a b i l i t y  i n  t h e  s a t e l l i t e - P B L  

F i g u r e  1. Convent ional  ( s o l i d )  and Model 
(dashed, f rom SASS) de r i ved  pressure  
f i e l d s  f o r  A t l a n t i c  storm, 1200 GMT, 9 
Sep 1978. Bold  l i n e s  mark sca t te rometer  
da ta  swath, t r i a n g l e  is pressure  data. 

model f i e l d s .  A p r i o r i ,  i t  i s  d i f f i c u l t  
t o  determine whether these v a r i a t i o n s  W e  
geophysica l  o r  a r t i f a c t s  produced by our 
process ing,  which i n c l u d e s  smoothing. 
T h i s  ques t i on  cannot be reso lved  by com- 
p a r i s o n  w i t h  su r face  observat ions,  s i n c e  
they  a r e  n o t  s u f f i c i e n t l y  accura te  o r  
dense. However, we have checked OUT 
p r e d i c t e d  pressure  f i e l d s  aga ins t  a l l  
a v a i l a b l e  su r face  pressure  i n fo rma t ion ,  
and t h e r e  a r e  no incons is tenc ies .  More 
i n f o r m a t i o n  can be gained f rom s t a t i s t i c .  
ob ta ined f rom numerous comparison f i s l d s ,  
and we have begun t h i s  process. 

There a r e  100 days o f  g l o b a l  cover- 
age f rom SEASAT. We have found t h a t  a 
combinat ion of  SASS and SMMK works w e l l  
t o  l o c a t e  s i g n i f i c a n t  mesoscale weather 
p a t t e r n s  (genera l l y ,  cyc lon8s) .  The 
sca t te rometer  p a t t e r n  i n  i t s  m u l t i p l e  
vec to r  fo rm (ch icken t r a c k s )  serves w e l l  
t o  l o c a t e  s torms and f r o n t s ,  as discussed 
by Brown (1983) .  The SMMR water conten t  
i n f o r m a t i o n  a l s o  ha. a c h a r a c t e r i s t i c  
f r o n t a l  s ignature ,  as d i  scussed by  
McMurdie, Levy and Katsaros  ( 1 9 8 7 ) ,  
a l though t h i s  is n o t  as ev iden t  i n  south- 
e r n  hemisphere s torms ao i n  t h e  n o r t h e r n  
hemisphere. Once t h e  s to rm center  and 
any f r o n t s  a r e  loca ted ,  t h e  SASS wind- 
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S i e l d  can be uniquely  determined, ~iming 
c h a r a c t e r i s t i c  pa t te rns  f o r  cyc lon ic  
storms. The SASS data is then s u f f i c i e n t  
t o  produce surfaca pressure f i e l d s  f o r  a 
n e u t r a l l y  s t r a t i f i e d  PEL, given a s i n g l e  
surface pressure measurement. I n  the  ab- 
sence of  t h e  su r f  ace pressure meaeure- 
ment, an a r b i t r a r y  value can be assigned 
w i t h  no in format ion lomt on the  dynamics 
of  t h e  system. 

When a system i 5  found t h a t  i s  we l l  
covered by SASS and/or SMMR, co r rec t i ons  
f o r  PBL s t r a t i f i c a t i o n ,  and poss ib l y  
thermal wind at-@ merited. The model pre- 
d i c t s  t h a t  major changes i n  the  speed 
r a t i o  of  surface t o  geos'trophic wind6 and 
i n  t h e  t u r n i n g  angl~e occur very near the  
neu t ra l  m t r a t i f  i c a t i o n  po in t .  Therefore, 
t he  l a r g e  va r ia t i ons ,  as shown i n  f i q u r e  
2. can be incorporated by simply denoting 
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F igure 2. Model ( s o l i d )  and NWS (dashed) 
der ived pressure f i e l d s  f o r  t h e  n o r t h  
P a c i f i c ,  17 Sep 1978. 

unstably and s t a b l y  s t r a t i f i e d  ragimram. 
These repimrs can be taken from charac- 
t e r i s t i c s  o f  such cyc lon i c  I ~ t o r m s  as 
discussed by Bond and F l e a g l e  (1985)  and 
NUBS and Brown (1987). When s a t e l l i t e  
der ived SST are available, they prov ide 
p a r t  of  t he  in format ion needed t o  evalu- 
ate s t r a t i f i c a t i o n .  However, the a i r  
tmmperature i s  genera l l y  n o t  a v a i l a b l e  
from s a t e l l i t e  data. Current ly ,  f a r  t he  
purpose of  ob ta in ing  the  best poss ib le  
pressure + ie lda ,  we rsisiort t o  a n c i l l a r y  
temperature data when a v a i l a b l e  t o  quan- 
t i f y  t h e  s t r a t i f i c a t i o n .  I n  a s i m i l a r  
fashion, we can evaluate t h e  e f f e c t  o f  
b a r o c l i n i c i t y ,  which genera l ly  (Barvem t o  
enhance t h e  e f f e c t s  o f  s t r a t i f i c a t i o n  
(Levy, 1987). 

We have i d e n t i f i e d  ten  c a s m  of 
Southern Hemisphere storm systems i d e n t i -  
f i e d  i n  quick-look ssiurvceys of SASS and 
SMMR swath data. The analys is  of  these 

systems form t h e  bas is  f o r  determining 
pressure f i e l d  d e t a i l s ,  lain evaluat ion of 
microwave remote sensing capabi 1 i t y  i n  
e:tamining mesoscale storm systems, and an 
assessment of  c h a r a c t e r i s t i c s  of these 
s t o r  ma.  
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Determining Equivalent Depths of the Atmospheric 
Boundary Layer Over the Oceans 

Tsann-wang YU 
National Meteorological Center 

NWS/NOAA, Washington, D. C., 20233 

1. INTRODUCTION 

In a previous study, the writer 
proposed a technique to deduce wind 
directions from the SEASAT altimeter and 
scatterometer wind speed measurements 
(Yu, 1987a). This technique is based on 
simple vertically integrated Ekman 
boundary layer dynamics and uses the 
sea level pressure analyses together 
with satellite measured wind speeds. 
Implied in this technique is a 
parameter, hereafter referred to as 
"the atmospheric boundary layer 
equivalent depth", 2 . The equivalent 
depth is defined as 4% J b A d 3 / A 0  9 

where 4 is the height of the 
atmospheric boundary layer above which 
the effect of the surface stress becomes 
negligible, and Ao refers to surface 
value of quantity A , Thus the 
equivalent depth is a characteristic 
length scale which, together with the 
surface value of any quantity 
enables one to estimate the integral 
value of that quantity within the 
atmospheric boundary layer. 

This study presents a method for 
determining the equivalent depths of the 
atmospheric boundary layer over the 
oceans. However, it should be pointed 
out that the method may be equally 
applicable over land. Section 2 
discusses the computational procedure 
which may apply to all sources of wind 
speed data including reports from ships 
and buoys over the oceans and surface 
reports over land. But for this study, 
we shall deal exclusively with the space 
borne wind speed measurements. Section 3 
presents results calculated by using 
three days of the altimeter wind speed 
data taken from SEASAT. It will be 
shown that the equivalent depths thus 
computed are generally of the same order 
of magnitude as the height of the 
atmospheric boundary layer in mid- 
latitude regions. Further, the $ 
values are quite realistic and remain 
bounded in the tropics. In view of the 
fact that, CEOSAT now operationally 
provides altimeter wind speed 

measurements over the global oceans, the 
method discussed here permits one to 
routinely compute the equivalent depths 
of the atmospheric boundary layer. 
These equivalent depths should be 
particularly useful for initialization 
of atmospheric mixed layer models over 
the oceans (e.g., Suarez et al, 1983, 
and Yu, 1986). 

2 .  THE ANALYSIS PROCEDURE 

The method is based on Ekman 
boundary layer dynamics which 
assume a balance between the pressure 
gradient, Coriolis, and frictional 
forces in the atmospheric boundary 
layer. The reader is referred to Yu 
(1987b) for a more detailed description 
of the analysis technique. Here we 
shall briefly summarize the analysis 
procedure. If we integrate the Ekman 
boundary layer dynamics from surface to 
the top the boundary layer where the 
momentum fluxes are assumed to be zero, 
and assume that the surface momentum 
fluxes can be represented by a quadratic 
law in terms of surface drag 
coefficient, , and surface wind 
speeds, one can derive the equations of 
motion valid over the ocean surface, 
i.e. , 

where 'p is atmospheric pressure, f is 
Coriolis parameter, is density of 
the air, u and v are wind components 
in the east-west and north-south 
directions respectively, and S, is the 
surface win: speed, i.e. , 5. 
Note that c, is an effective surface 
drag coefficient. It is defined as, 

, It follows from (I), 

(ua+ yti4 

c z  % / 2  

From equation (2), one can uniquely 
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determine the effective surface drag surface wind speed, the equivalent depth 
coefficient from given pressure gradient 
and wind speed measurements and does not 
require any a priori specification of 
the surface drag coefficient. From 
( 2 ) ,  one can write, contribution of the wind fields. 

is proportional to the cubic power of 
wind speed at low latitudes. In higher 
latitudes, it depends on the square of 
the wind speed and the ageostrophic 

Equation ( 3 )  establishes a relationship 
between the equivalent depth of the 
boundary layer and wind speed, surface 
pressure gradient, and a chosen value of 
the surface drag coefficient. 
Therefore, if we know the pressure 
gradient from any conventional 
meteorological analysis, the wind speed 
from conventional or space borne 
measurements, we can compute the 
equivalent depth from ( 3 )  once a value 
of surface drag coefficient is 
specified. Moreover, it is seen from 
( 3 )  that the equivalent depth of the 
boundary layer is well defined at the 
equator where f = 0. An important point 
to note in connection with equation ( 3 )  
is that if the wind speed is provided 
from a measurement, the other v,ariable 
that is required to determine c( is the 
surface pressure field. The latter is 
an integral of the mass through the 
depth of an atmospheric column, and is 
not influenced by the details of 
boundary layer physics. Hence the 
surface pressure is probably the most 
reliable analysis field available on a 
global basis as compared to other 
meteorological variables from routine 
numerical weather prediction models. 

From equation ( 3 ) ,  we see that in 
order to compute the equivalent depth 
,one needs to specify the surface drag 
coefficient. Garrat (1977) has recently 
made a thorough review of previously 
reported values of surface drag 
coefficients in relation to the ocean 
surface winds. He compiled 
observations of wind stress and wind 
profiles reported in the literature, 
and found them to be consistent with the 
Charnock’s (1955) relation between 
aerodynamic roughness ( z o )  and 
friction velocity (u* ) ;  that is, 
z o =  du; / g , with 01 = 0.0144, and 

B = 9.8 m / sec? He further argues that 
for practical purposes, Charnock’s 
relation may be closely approximated 
(in the range of wind speed between 4 
m/sec and 21 m/sec) by a neutral drag 
coefficient (referred to 10 meters above 
the ocean surface) varying with the 10 m 
wind speed in a linear form, 

-3 C, ( 0.75 t 0.67 S o )  x 10 (4) 

In this study, we shall adapt this 
formulation for surface drag coefficient 
over the oceans. Based on equations 
( 3 )  and ( 4 ) ,  we see that if the surface 
drag coefficient is a linear function of 

According to Blackadar and Tennekes 
(1968), the height of the boundary layer 
may be estimated by a relationship 
between surface friction velocity and 
Coriolis parameter. Since the surface 
friction velocity U* is related to the 
surface wind speed and drag coefficient 
by the relationship, i.e., U+=. r ~ s ~  
(e.g., Hasse and Dunkel, 1974) , we 
shall also calculate heights of the 
atmospheric boundary layer using the 
altimeter wind speeds according to the 
formulation, i.e., 

4 = tu, / Jfl ; E 0.25 (5) 

The formulation for the atmospheric 
boundary layer according to equation (5) 
is reasonable in mid-latitudes, but is 
not valid in the tropics, where the 
height becomes unbounded as one 
approaches the equator. In order to 
apply equation (51, we shall make use of 
the beta plane approximation for the 
tropical region, that is If I> f,= @U 
= 2.5 x 10’s sec-’, where p 
m-I sec-1, and y = 1200 km are used in 
this study. This is equivalent to 
limiting values of the Coriolis 
parameter to be no less than the value 
at 10 degrees north latitude. 

= 2.2 x 10”’ 

3 .  RESULTS FROM SEASAT WIND SPEED DATA 

For this study, wind speeds were 
taken from the altimeter wind speed 
measurements from SEASAT, and the 
corresponding surface pressure gradients 
from the National Meteorological Center 
(NMC) analyses. These three days 
altimeter data from SEASAT are identical 
to those used in a previous study o f  
vector retrievals from the altimeter 
wind speeds reported in Yu (1987a). 
Further, the altimeter wind speed 
measurements were taken at all points 
along the satellite tracks that fall 
within one and half hours before and 
after the surface pressure analysis 
time. On the average, the altimeter 
measures ocean surface winds every 
second or so, which can in principle 
result in nearly a maximum of ten 
thousand data points for a three hour 
window. Since the computational 
procedure laid out in equations (6), (7) 
and (11) depends on the use of NMC’s 
sea level pressure fields which are 
analyzed on a 2.5 by 2.5 degrees 
longitude-latitude grid, we also applied 
an averaging procedure in this study as 
discussed in Yu (19878) to obtain the 
satellite altimeter wind speeds on the 

J 47 



same grid. The averaging procedure is coefficient and the effective surface 
such that the weighting of each data drag coefficient and their dependency on 
point is inversely proportional to the wind speeds and latitudes shown in Table 
distance between the data and the grid 1. The mean value of the surface drag 
point to which the average will be 
assigned. Typically about 4 0  data 
points are used to generate an average 
grid point value. The total number of 
altimeter data after the averaging is 
about 300 for the SEASAT period ( N=276 
for September 17, N =279 for September 
18, and N = 317 for September 19, 1978) 
during the three hour window. 

Following the previous discussions, 
we see that equivalent depths and 
effective surface drag coefficients are 
functions of three variables, that is, 
surface pressure gradient, wind speed, 
and latitude. Since the surface wind 
speed is somewhat correlated with the 
surface pressure gradient, we shall 
group the results into two independent 
categories, namely, latitude 4 , and 
surface wind speed, S . Further, we 
shall classify the wind speed into two 
ranges: light wind speed range for S < 
5 m/sec , and medium wind speed range 
for 15 m/sec > S > 5 m/sec. During the 
two three day periods, there were only 
few observations with wind speeds 
greater than 15 m/sec and these were 
ignored. Similarly, we shall classify 
the latitudinal dependency into three 
regions: polar region for i 4 i  > 60: 
mid-latitude region for 60°> > 20: 
and the tropics for It$l< 20”. From 
Table 1, one can see that during the 
three days period, the wind speeds do 
not show a large variability within the 
two speed ranges. The mean SEASAT 
altimeter wind speed for the light wind 
speed range is about 2 m/sec in the 
polar region, and about 3-4 m/aec in the 
mid-latitudes and tropics; and for the 
medium wind speed range, the means are 
about 8-9 m/sec from the polar region to 
the tropics. On the other hand, for 
each wind speed range, the analyzed 
NMC’a sea surface pressure gradients 
show a large variability, being much 
larger in the polar region than are at 
the tropics. Further, the standard 
errors ( the bracketed values in Table 
1) for the NMC’s pressure gradients are 
about 10% of the means, which is much 
larger than those for the altimeter wind 
speeds. This relatively large 
uncertainly about the means in the NMC’s 
pressure gradient term clearly indicates 
a large variability within the three 
latitude categories used for this study, 
and will undoubtedly contribute to 
larger variances in the other derived 
quantities. 

Before discussing the calculated 
results of equivalent depths, and 
heights of the atmospheric boundary 
layer, it is instructive to examine the 
calculated values of the surface drag 

coefficient is nearly constant ( C, = 
0.0013 ) in the wind speed range of 15 
m/sec > S > 5 m/sec. For wind speeds 
less than 5 m/sec, the values of the 
surface drag coefficient decrease to 
about 0.0008-0.0010. These mean values 
with very small standard errors, as 
expected, compare favorably with the 
values of surface drag coefficient 
reparted in the literature ( e.g., 
Garrat, 1977). 

From equation (2), the values of the 
effective surface drag coefficient are 
directly proportional to the departure 
of surface wind speeds Prom geostrophy, 
and inversely proportional to the square 
of surface wind speeds. Hence the 
calculated values of the effective 
surface drag coefficient are larger in 
the light wind category than they are in 
the medium wind speed range. Moreover, 
values of the effective surface drag 
coefficients are calculated to vary 
between 2.02 x 10-6 meter” in the 
tropics to 8 .87  x lo-& meters*’in the 
polar region ( see Table 1) . The large 
values in the polar region may be 
explained by much larger values of the 
NMC’s surface pressure gradient term as 
discussed earlier. It may be pointed 
out that the NMC’s surface pressure 
analysis is produced by updating the 
forecast model’s first guess by surface 
ship observations of winds and pressures 
over the oceans through a multivariate 
optimum interpolation analysis scheme 
(Dey and Morone, 1984). If the observed 
altimeter wind speeds represent the true 
state over the ocean surface, the large 
values o f  the effective surface drag 
coefficient which is indicative of large 
departure from the geostrophy in the 
polar region, would seem to suggest that 
the first guess of surface pressure from 
the NMC’s forecast model is far from 
being in geostrophic equilibrium with 
the observed altimeter surface winds. 
To a lesser degree the same 
consideration may also be applied in the 
tropics. On the other hand, one can 
similarly postulate that in mid- 
latitudes where there are more surface 
observations to update the model first 
guess of surface pressure, and 
therefore, the observed altimeter wind 
speeds are in a closer balance with the 
analyzed NMC’s surface pressure fields. 

The equivalent depths calculated 
for the mid-latitude region are found to 
be comparable but slightly less than 
heights of the atmospheric boundary 
layer. That is, the values of 
equivalent depths are about 700-800 
meters in the range of surface wind 
speeds between 5 m/s and 15 m/s for the 
SEASAT period ( Table 1). These values 
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should be compared with heights of the 
boundary layer, which are about 800 - 
900 meters. When the surface wind 
speed is less than 5 m/sec, the 
equivalent depths decrease to about 300 - 500 meters, which are quite comparable 
to the values of about 300 -400 meters 
for boundary layer . Note that in each 
category, the standard errors for both 
the equivalent depths and the 
atmospheric boundary layer heights are 
calculated to amount to about 15-20 % of 
the mean values. 

The equivalent depths calculated 
for the polar region are smaller than 
those in mid-latitudes and tropics. 
Similarly, the heights of the 
atmospheric boundary layer calculated 
according to equation (6) exhibit their 
minimum values in the polar region. In 
the light wind category, ( i.e., S < 
5 m/sec) the calculated equivalent 
depths are quite comparable to those 
calculated by the conventional scale 
height formulation, and the values are 
found to vary between 100 and 200 
meters. In the medium wind speed range 
( i.e., 15 m/sec > s > 5 m/sec), 
the equivalent depths are found to vary 
between 200 and 600 meters whereas the 
heights of the atmospheric boundary 
layer are about 600 meters for all 
cases. This large variation in the 
values of equivalent depths calculated 
for the polar region is clearly caused 
by the large values of the effective 
surface drag coefficients as explained 
previously. 

The main advantage of using the 
equivalent depth as a scale height is 
that at the equator it is well defined, 
and the values in the tropics in general 
are about 650 - 900 meters in the wind 
speed between 5 m/sec and 15 me/sec 
( Table 1 ) .  These values are quite 
realistic over the tropical oceans where 
the height of the boundary layer should 
be expected to correspond to 
approximately the top of lifting 
condensation level, or the cloud base 
corresponding to the top of the tropical 
atmospheric mixed layer. This is 
consistent with the results reported in 
Betts (1976) which based on the BOMEX 
tropical data show that the top of the 
mixed layer occurred at a height between 
600 and 1500 meters. On the other 
hand, the use of equation (13) for the 
boundary layer depths leads to 
unacceptable values, which can be as 
large as about 2600 meters even with the 
tropical beta- plane approximation. 

4 .  SUMMARY 

This study discusses a method by 
which the equivalent depths of the 
atmospheric boundary layer may be 
computed from sea level pressure 
analyses and ocean surface wind speed 
measurements. An explicit 
representation for the equivalent depth 
has been given in terms of the sea level 
pressure gradient, wind speed and the 
surface drag coefficient. The equivalent 
depths were calculated from a three-days 
periods of altimeter wind speed data 
taken from SEASAT. For comparison, a 
conventional scale height formula is 
used to calculate the heights of the 
atmospheric boundary layer. This study 
shows that: over the mid-latitudes and 
in the range of wind speeds between 5 
m/sec and 15 m/sec, the equivalent 
depths, calculated to vary between 700 
and 800 meters, are found to be quite 
comparable to the heights of the 
atmospheric boundary layer which are 
calculated to vary between 800 and 900 
meters. When the surface wind speeds 
decrease to less than 5 m/sec, both the 
equivalent depths and the atmospheric 
boundary layer decrease to about 300-500 
meters in the mid-latitudes. In the 
polar region, both scale heights are 
found to be smaller and quite comparable 
in values, ranging between 200 and 600 
meters. In the tropics, however, use of 
the conventional scale height for the 
atmospheric boundary layer gives 
unreasonably large values whereas the 
equivalent depths are calculated to be 
about 600-1000 meters. Theee values 
compare favorably with the observed 
heights of the atmospheric mixed layer 
over the tropical oceans. It is 
therefore argued that the equivalent 
depths may be more appropriately used as 
scale heights over the tropical 
atmospheric boundary layer, and can be 
used for initialization of tropical 
mixed layer models. 
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Table 1: Means and standard errors of the means (values inside 
the brackets) calculated for equivalent depth 8 (meters), 
atmospheric boundary layer depth A ( meters), surface 
drag coefficiznt 6 ( 10'3 ) ,  effective surface drag 
coefficient 5 ( 10-S meters-, ) ,  NMC's sea level 
pressure gradient Alop( ( 10- meter/sec& ) ,and altimeter 
wind speed S (m/scc) for three days of altimeter data 
from SEASAT satellite. --------------- 

Dates 

Wind speeds (m/ 
--------------- 
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( 3 2 )  
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1 .118 2.466 
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----- -__-----_ 
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1 4 . 6 8 0  17.665 
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28  119 
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Marine Boundary Layer Depth and Humidity Estimation From Satellite Measured Optical 

Depth and Total Water Content 
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1. Introduction 

Knowledge of the characteristics of the marine 
atmospheric boundary layer (MABL) is critical to large 
scale investigations of the interactions between the 
oceans and atmosphere. Conventional means of in situ 
observation are necessarily limited in horizontal extent. 
Therefore the development of satellite-based MABL 
characterization methods would be valuable for regional 
and global scale investigations. Direct methods related 
to atmospheric sounding techniques are limited by 
broad weighting functions resulting in poor resolution 
of the sharp temperature and moisture gradients at the 
top of the MABL. This paper describes an indirect 
method of MABL characterization by balancing 
estimates of aerosol optical depth (7,) and total water 
vapor (W) with the relationship between relative 
humidity (RH) and radiative extinction (ptxT)to 
estimate MABL depth and RH. We present ere a 
brief description of the technique and a study of the 
effects of measurement errors. A more detailed 
description of the the technique and . the initial 
performance has been presented by Kren (1987). 

2. Physical Basis of the Technique 

The method described here relies on previously 
developed techniques for estimating aerosol optical 
depth and total column water vapor. Aerosol optical 
depth techniques have been developed by several 
investigators (Griggs, 1982; Durkee et  al., 1986). This 
study uses red-visible radiance measurements of the 
NOAA AVHRR (channel 1) and the direct relation to 
rA (Durkee et al., 1986). Also, several techniques have 
been developed to detect atmospheric water vapor 
variations from satellite measurements (Prabhakara 
et al., 1979; D a h ,  1986). The method used here 
follows D a h  (1986) which relates total column water 
vapor to the difference between split window 
brightness temperatures from the NOAA AVHRR 
sensor (channels 4 and 5). Since both estimates are 
derived from the same sensor the boundary layer 
estimates described below can be derived from a single 
data source. 

Two assumptions about the vertical profile of 
extinction and water vapor are needed to relate rA and 
W to MABL depth and humidity. First, the only 
significant contribution to rA results from extinction by 
aerosols in the MABL. The validity of this assumption 
rests on the moisture profile above the MABL and 
sources of mid-tropospheric aerosols (mostly 
continental). Second, the only significant contribution 
to W results from water vapor in the MABL. As 
above, the upper level moisture profile is important for 
this assumption. 

Values of rA and W are given by vertical 
integration of BE,, and p,: 

w = .I" P, dz sj Hpw(MABL) 

Where H is the depth of the MABL. From these 
relations, rA and W are related to the boundary layer 
values of PEXT and p, through the MABL depth. 
Further, p can be related to relative humidity as 
can p, f3fzwing assumptions about the temperature 
profile. Therefore, the measured r and W values 
provide information about MABL depffi and RH. 

The relation between pFXT and R H  is taken 
from Durkee et  al. (1986) for this study and it is noted 
that the extent to which this or any other relation is 
representative must still be determined. The form of 
the relation however is understood (Fitzgerald et al., 
1982) and we proceed on the assumption that 
representative relationships between pEXT and RH 
exist. 

Following these assumptions, MABL depth is 
related to measurements of rA and W by: 

AB-[AB-ARH(O)]exp(-rAC)-ARH(0) 
H =  (3) 

AC 

and 

RH(0)tJRH(0)2t200CW/pw,(T,) 
H = -  (4) 

C 

where A and B are coefficients from BEZT(RH), C is 
the coefficient describing the vertical variation of RH 
from its surface value, RH(O), and is consistent with 
well mixed potential temperature and specific 
humidity, and p,, is saturation vapor density here 
evaluated at  the average layer temperature, T,. The 
temperature of the layer is derived from an estimate of 
the sea surface temperature (SST) and varies vertically 
according to the well mixed assumption. 

Finally, these two relations can be used to solve 
for the two unknowns H and RH(0). Eq. (3) is 
quadratic in RH(0) so two solutions exist. One solution 
matches a very dry boundary layer but of sufficient 
thickness to match rA and W. This solution is 
discarded and the solution corresponding to a moist 
boundary layer is accepted as the estimation of Rk(0). 

Since the vertical profile of R H  depends on the 
MABL thickness and the thickness is not initially 
known, an iterative approach is needed and proceeds as 
follows. The estimation is first run assuming constant 
RH within the MABL. The resulting MABL depth is 
used to specify the vertical variation of RH and the 
estimation is rerun. The iteration on MABL depth 
continues until convergence occurs. 

3. Sensitivity of the Estimation to Measurement Error 

The estimation scheme was initially tested on a 
model atmosphere that matched the assumptions 
discussed above. The inputs necessary (rA, W. and 
SST) are assumed to be known for what we call the 
"model values". The estimation was run at  1000 m 
MABL depth, 70 and 80 % RH(O), and 20 and 25°C 
SST. The maximum R H  within the MABL was set at  
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97% to avoid saturation. Avoidance of saturation is 
appropriate since rA cannot be determined the for 
cloudy conditions. A test of changing to 96% for a 
max RH was also run. 

Table 1 lists the results of the estimation. The 
model value of RH(0) and MABL depth for each case 
is within about 2% of the correct value. Kren (1987) 
showed results for depths of 500 and 1500 m as well as 
1000 m and found that errors increase slightly as depth 
increases. 

A statistical analysis was performed to assess 
the cumulative effects of errors in the measurement of 
the three parameters, SST. rA and W. The input values 
were varied within a normal distribution around the 
correct value with standard deviations of 20% for rA, 
0.2 g/ma for W and 1K for SST. Histograms were 
generated based on 30 random combinations of inputs 
and are presented in Figs I and 2. 

A t-test was run on all cases and the results are 
presented in the Table 1. The minimum and maximum 
values represent the range of possibilities for the mean 
at  the 90% confidence level. All of the model values 
fall within the 90% confidence range. For RH, the 
spread is approximately 3% to 10% of the value. 
Considering the present ability to accurately measure 
RH, these are very reasonable results. For MABL 
depth, the spread is approximately 10% to 18% of the 
value. 

The difference between the 96% and 97% cap is 
evident in both the relative humidity and boundary 
layer results. Since a cap at  96% would mean 
significantly less extinction in the upper portion of the 
layer, a decrease in both relative humidity and 
boundary layer depth is found when compared to the 
97% cap case. 

4. Conclusions 
A technique has been developed to estimate 

MABL depth and R H  from satellite-based estimates of 
aerosol optical depth, total column water vapor and sea 
surface temperature. For an atmosphere that matches 
the assumptions applied to the technique, estimations 
are within a few percent of the correct values. 
Naturally as the atmosphere deviates from the applied 
assumptions, the accuracy of the estimations will 
decrease. 

The sensitivity of the estimation to errors in the 
input variables was presented. Given random 
occurance of expected errors, the estimations are 
within IO-20% of the correct value. These results 
represent significant success and should directly apply 
to cases when the atmosphere fits the assumptions of 
the method. As application of the technique develops, 
methods to identify cases that match the assumptions 
must also be developed. In addition, the relationship 
between BEXT and R H  and its effects on the estimation 
technique must be more fully examined. 
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SST Sfc. Relative Humidity 
20 70 
25 70 
20 80 96% cap 
20 80 97% cap 
25 85 

RELATIVE 20 70 
HUM1 DI TY 25 70 

(%I  20 80 
20 80 
25 80 

The 96% cap represents the highest possible relative humidity value within th t  
layer. The comparison between 96% and 97% capping was made to asses the model's 
treatment of the effect of extinction on relative humidity. In all other cases, the cap 
was 97Y0. The histograms are presented on the following pages. 

65.4 68.6 71.8 69.2 
66.7 69.5 72.3 70.7 
79.0 80.2 81.4 80.3 
78.4 79.5 80.6 78.8 (cap 96%) 
77.7 78.9 80.1 78.8 

Whilc the histograms present a graphical view of the effect of measurement errors, 
they do not identify the specific mean values and ranges expected from the model. A t -  

test was run on all cases and the results are presented in the table below 

BOUNDARY 20 70 
LAYER 25 70 
HE I GHT 20 80 

25 80 
(m) 20 80 

SST RH I Mln. Mean Max. I Model Value 

908.9 995.3 1081.7 991.1 
951.2 999.9 1048.5 994.0 
961.2 1024.0 1086.8 1014.7 

980.6 1032.3 1084.0 1018.7 
932.8 982.6 1032.3 101 1.8 (cap 96%) 

Table 1. Relative humidity and MABL depth model 
values and t-test results from error sensitivity analysis. 

554 



4 -  Mean-985.3 

a- 168.6 

8 -  

i ;  w 4  

: .  
2 -  

780 800  840 880 920 980 1000 1 0 4 0 1 0 8 0 1 1 2 0 1 1 8 0 1 2 0 0  1240 

Boundary Layer Helpht (m) 
RH(O)=TOX SSTmZS d.0. C 

8 
Model Value-994.0 

Mean-998.9 

a- 94.9 

0 - .  . . . . 

8 -  

8 -  

4 
F 4 -  
8 ,  - 
I) 

Boundary Layer Helght (m) 

RH(0)dOX SSTdO dmg. C 
8 

Model Value.tO1l.B 

Modal Value-80.3 

Maan-80.2 
a-  2.4 

0 . 4 . .  . . . . 

780 800 840 880 920 980 1000 1040 1080 1120 1180 1200 1240 1280 

Boundary Layer Hdghl (m) 

RH(O)dOK SST-20 dmg. C RH 1xp.O6% 

10 

8 -  

c 
91 : 4 -  

2 -  

0 .  

I M ~ I  value-1014.7 I 

Model Value-1018.7 

Mean-1032.3 

a -  100.9 

. . . 

5 -  Mean-1024.0 

a- 122.5 
4 -  

760 800 840 BE0 920 980 10001040l0801l20118012001240128~ 

RH(0)sTOW SST.20 W. C 

5. 

Model Value-69.2 

M a a n 4 . 6  4 -  

a - 8.3 

i3 w 
8 2  

1  

83 84  85 88 87 88 89 70 71 72 73 7 4  75 76 7 7  78 

R.htlw Humldlly (X) 

RH(O)=70% SST-25 dmg. C 

- 1  Model Value - 70.7 I 
I 

'1 

" .  . . . 
83 84 8 5  116 

Mean-69.5 

a -  5.4 

88 6 0  70 71 7 2  73 74 75 7 6  7 7  7 8  

Rolallw Humldlty (X) 

RH(O).BOK SST.20 d.g. C 
10, 1 

70  
c_ 

74 
. .  

75 7 0  7 7  
ll 78 70 

Mwel Value-78.8 

MOLln-79.5 

0 -  2.1 

8 0  81 82  83 0 4  0 5  86 

Model Value-78.8 

Moan-78.9 
a- 1 2  

_ . . _ . .  
7 2  73 7 4  75  78 7 7  78 70 80 8 1  82  83 84 8 5  86 

Fig. 1. Histogram of MABL depth estimates from 
cases listed in Table 1. 

Fig. 2. Histogram of MABL relative humidity 
estimates from cases listed in Table 1. 
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MESOSCALE SATELLITE DERIVED 
TEMPERATURE AND HUMIDITY PROFILES FOR 
THE FASINEX CAMPAIGN. COMPARISONS WITH 
CONVENTIONAL PRODUCTS. 

C.L&vy, F.M.BrBon, A.ChBdin, N.A.Scott 

Lab. de M6tCorologie Dynamique, FRANCE 

1. INTRODUCTION 

During February and March 
1986,the FASINEX (Frontal Air-Sea 
INteraction Experiment) experiment was 
in its intensive phase. It was 
designed to study the response of the 
upper ocean to atmospheric forcing, 
the response of the atmosphere in the 
vicinity to the oceanic front, and the 
associated two ways interaction 
between ocean and atmosphere. During 
the same period of February 1986, The 
GALE experiment (Genesis of Atlantic 
Lows Experiment) went on over the same 
area, on a somewhat larger scale. This 
experiment intended to study the 
atmospheric cyclogenesis over the 
american East coast. February, 24th 
was seen as the biggest cyclogenesis 
day. TOVS data have been analyzed 
using the "31" method (Improved 
Initialisation Inversion) for days 
February 22 and 24th. Preliminary 
results for satellite retrieved 
atmospheric parameters are presented 
here and compared to conventional 
analyses and radiosondes data. 

2. THE 31 RETRIEVAL METHOD 

The "31" procedure (Improved 
Initialisation Inversion) is a 
physico-statistical type method for 
retrievals of atmospheric parameters 
from satellite data. It is a physical 
type method since it requires a 
theoretical simulation of atmospheric 
transmittances which directly enter 
the inversion process itself. It is a 
statistical type method since it 
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 knowledge is 
contained in a large dataset, the TIGR 
(Tovs Initial Guess Retrieval) data 
set, precomputed once and for all. 
Provided the observed brightness 
temperatures correspond to clear 
areas, or have been properly "cleared" 
(decontaminated from clouds) using the 
so called y-method (Chedin and Scott 
1984), the 31 procedure follows two 
principal steps: search of the "best" 
initial guess solution using the TIGR 
dataset, and retrieval of the "exact" 

solution by a maximum probability 
estimation procedure using the 
jacobian associated with the initial 
guess, in the TIGR data set. 

At present, the spatial 
resolution of the 31 algorithm is a 
compromise between the spatial 
resolutions of the two major sounders 
of TOVS: HIRS2 and MSU. Retrievals are 
made for fields of ,view -or boxes- of 
3 HIRS-2 spots along the sub-orbital 
track by 4 to 2 HIRS-2 spots along the 
scan line according to the viewing 
angle. Such boxes approximately 
represent a surface of 100x100 km2. 

The physical parameters retrieved 
by the "31" method over the area 
covered by the satellite passes are: 
air mass types (see P.Moine et al.) 
temperatures profiles, geopotential 
thicknesses, thermal winds, cloud 
heights, cloud amounts (equivalent of 
black clouds) , total water vapor 
content, and three layers relative 
humidities . 
3. RESULTS 

On Feb. 22, geopotential 
thicknesses from 1000 to 500 HPa 
deduced from satellite data (Fig. 1) 
show a strong north-south gradient 
associated with zonal oscillations 
over of the FASINEX area. East of this 
area, a cyclonic structure can be seen 
and confirmed by the associated 
thermal wind structure. The wind 
speeds are quite intense (from 25m/s 
west of FASINEX area, to 50m/s at the 
centre of the cyclonic structure. 

On Feb. 24, results of the cloud 
detection algorithm are presented on 
Fig 2a. The scene appears very cloudy, 
especially on the FASINEX area. On the 
west, a clear area is detected over 
Florida. Those results are in 
reasonable agreement with the AVHRR 
image (Fig 2b). 
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Fig 1: Geopotential thicknesses 
1000-500HPa (top, contours i n  
decameters), and associated thermal 
winds (bottom) retrieved from N O M 9  
orbit number 6162 (Feb. 22, 1986, 
6.46a.m). 

Fig 2a: Cloud detection in “31 boxes” 
for NOAA9 orbit 6198 (Feb. 24, 1986, 
7.32p.m). Full dots are cloud free 
boxes as seen by the “31“ method. 
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4. COMPARISON OF SATELLITE DATA WITH 
CONVENTIONAL ANALYSES AND RADIOSONDES 
DATA 

Fig 3 shows comparisons between 
,I 3 1 ,I temperature and dew-point 
temperature profiles; and radiosondes 
data. Although the space and time 
coincidence of satellite retrieval and 
in situ measurements are not complete, 
the comparison shows very little 
differences in temperatures (less than 
2K nearly everywhere). Dew-point 
temperature profile, when retrieved, 
is in good agreement with radiosonde 
data. 
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Fig 3: Comparison between radiosondes 
data and nearest (in space and time) 
"31-retrieved" temperature and 
dew-point temperature profiles. The 
thick lines are for "31" retrievals. 
Top: FASINEX FL31 (22/2/86, 28.18N, 
69.20W, 7 . 1 9 ~  .m) compared to orbit 
6169 at 6.10p.m. Bottom: FASINEX FL37 
(24/2/86, 27.53N, 69.47W, 6.32p.m) 
compared to orbit 6198 at 7.32p.m 
(dew-point temperature not retrieved). 

Fig 4 shows the geopotential 
thicknesses produced by the analysis 
from ECMWF(Reading1, which may be 
directly compared with Fig 1. Although 
the general pattern are in agreement, 
the satellite derived field shows 
stronger gradients and steeper ridges 
and troughs. 

I '6 .. . . .. . .@ 
&% "2% b b  

Fig 4 :  Geopotential thickness for the 
layer 1000-500HPa. Analysis from 
European Center for Medium Range 
Weather Forecast on Feb. 22, 1986 at 
6a .m. 

5. PRELIMINARY CONCLUSIONS 

The agreement between 31 results 
and conventional data shows the 
robustness of this method in its 
present form against the known 
perturbing factors in remote sounding 
of the atmosphere, in particular the 
presence of clouds. More specific work 
concerning the effect of the oceanic 
front is going on and will be 
presented jointly with results 
involving additional satellite 
observations. 
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ABSTRACT 

Scales of variability in ocean current and temperature 
observations were studied in the vicinity o f  the Sargasso Sea 
subtropical front during and following the passage of Hurricanes 
Josephine (1984) and Gloria (1985). Data were obtained from 30 
Airborne Expendable Current Probes (AXCP's) deployed from a N O A A  
WP-3D research aircraft and 8 air-deployed drifting buoys (four 
deployed from the N O A A  WP-3D) .  These mixed layer and surface 
observations indicated a complex mixed layer flow pattern in the 
two storms consisting of a storm-induced divergent, cyclonic 'vortex 
superimposed on a pre-existing couplet of  cyclonic and anticyclonic 
eddies associated with the front. The strength and orientation of 
these background eddies was different for the two cases. Mean eddy 
diameters were on the order of  150-200 km and mean eddy currents 
of order 20 cm s-I. The storm induced vortex, which travelled with 
the storm, wfs about 200 km in diameter and had a mean swirl velocity 
of160 - cm s- . Maximum mixed layer velocities in excess of 150 cm 
s were observed just beyond the radius of maximum winds in the 
right-rear quadrant of the storm. Downward propagating, near-inertial 
oscillations were also observed from thermistor chain data and buoy 
trajectories. They decayed t o  negligable amplitudes within seven 
days of storm passage. Interpretation of these data were aided by 
enhanced, water vapor corrected infrared satellite images from NOAA 
polar orbiting satellites. 
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1. INTRODUCTION 

Most of t h e  earlier s t u d i e s  on ITCZ were 
based on br ightness  values  der ived from ESSA 
series of s a t e l l i t e s .  The ITCZ p o s i t i o n  over t h e  
oceans were determined by following the  locus of 
t h e  b r i g h t e s t  zone i n  t h e  monthly mean br ightness  
d a t a  which was mapped on a 5'x5' la t - long g r i d  
( s e e  Gruber, 1972). Over t h e  land i t  was 
d i f f i c u l t  t o  d i s t i n g u i s h  between cloud br ightness  
and t h e  br ightness  of t h e  underlying s u r f a c e s  
whose albedos were large.  These s t u d i e s  were not  
a b l e  t o  determine t h e  i n t e n s i t y  of t h e  ITCZ. 
Since June 1974 outgoing longwave r a d i a t i o n  (OLR) 
d a t a  der ived from measurements made by t h e  NOAA 
polar  o r b i t i n g  satel l i tes  became a v a i l a b l e .  The 
OLR is s e n s i t i v e  t o  cloud top  temperatures. In  
t h e  t roposphere t h e  deeper t h e  clouds t h e  co lder  
t h e  cloud tops ,  and hence, OLR i s  a good 
i n d i c a t o r  of the  depth of convective clouds. 
These d a t a  a r e  measured twice d a i l y  and mapped on 
2.5Ox2.5' la t - long gr id .  By u t i l i z i n g  these  d a t a  
i t  is p o s s i b l e  t o  estimate t h e  p o s i t i o n  and 
i n t e n s i t y  of the  ITCZ. 

The purpose of t h e  present  s tudy is t o  
u t i l i z e  OLR d a t a  t o  determine the  intra-annual  
and inter-annual  v a r i a b i l i t y  of the  ITCZ p o s i t i o n  
and i n t e n s i t y  and t h e i r  r e l a t i o n s h i p  with t h e  
SST. 

2. DATA AND ANALYSIS 

The OLR d a t a  were obtained from t h e  
Nat ional  Environmental S a t e l l i t e ,  Data and 
Information Serv ice  (NESDIS). These d a t a  have 
been der ived from twice d a i l y  measurements made 
by radiometers  aboard the  NOAA polar  o r b i t i n g  
s a t e l l i t e  series s i n c e  June 1974 with a gap from 
March 1978 t o  December 1978 due t o  s a t e l l i t e  
f a i l u r e .  Gruber and Krueger (1984) provide t h e  
algori thm f o r  convert ing window measurements t o  
t o t a l  f lux .  

For t h i s  s tudy ,  monthly mean OLR d a t a  on 
2.5Ox2.5' la t - long g r i d  are used. The monthly 
mean OLR f o r  t h e  per iod June 1974 t o  Apr i l  1984, 
with except ion of missing d a t a  per iod,  March 1978 - December 1978, were computed from t h e  d a i l y  
mean values .  

The sea s u r f a c e  temperature (SST) d a t a  
were obtained from the  C l i m a t e  Analysis Center. 
The monthly mean sea s u r f a c e  temperature  f i e l d s  
were a v a i l a b l e  f o r  the  per iod January 1970 - June 
1984 (See Reynolds and G e m m i l ,  1984). For t h i s  

s tudy a SST cl imatology based on t h e  per iod June 
1974 - Apri l  1984 is computed. A l l  SST anomalies 
presented i n  t h i s  paper are devia t ions  from t h i s  
climatology. 

The monthly mean p o s i t i o n  and i n t e n s i t y  
of ITCZ was determined by following the  locus of 
minimum OLR i n  t h e  t rop ics .  
any meridian was computed by taking a smooth 
d e r i v a t i v e  ( s e e  Lanczos, 1961) with respec t  t o  
l a t i t u d e  of each meridional  OLR p r o f i l e  from 45'N 
t o  45'5. The minimum of t h e  OLR p r o f i l e  was 
determined by not ing where t h i s  d e r i v a t i v e  
changes s ign.  
the  p o s i t i o n  of ITCZ f o r  the  month and t h e  
magnitude of the  minimum value g i v e s  t h e  
i n t e n s i t y  of ITCZ f o r  t h e  month. The mean 
p o s i t i o n  and i n t e n s i t y  based on approximately a 
10 year per iod were computed by averaging over 
t h e  appropr ia te  number of years. 

The minimum value at  

The l a t i t u d e  of minimum OLR g i v e s  

3. INTRA-ANNUAL VARIATIONS OF ITCZ 

The means and s tandard devia t ions  of t h e  
ITCZ p o s i t i o n  and i n t e n s i t y  f o r  January and J u l y  
are shown in Mgs. 1 and 2 respec t ive ly .  The 
p o s i t i o n  of the  ITCZ shown i n  the  lower panel of 
t h e  f i g u r e s  v a r i e s  more with longi tude  i n  January 
than i n  July. 
January t o  J u l y  i s  l a r g e s t  over cont inents ,  
exceeding 20' l a t i t u d e ,  whereas i n  the  mid- 
P a c i f i c  and mid-Atlantic Oceans i t  i s  about 5' 
l a t i t u d e .  The ITCZ p o s i t i o n  over land and ocean 
fol low the seasonal  march of t h e  sun. The 
standard devia t ion  of the  p o s i t i o n  i n  January is 
l a r g e  compared t o  J u l y  exceeding 3" l a t i t u d e  i n  
s e v e r a l  regions. 
P a c i f i c  Ocean is due t o  e f f e c t s  of two E1 Nitlo's, 
1976-77 and 1982-83 i n  t h e  d a t a  period. In J u l y  
t h e  s tandard  d e v i a t i o n  exceeds 3' l a t i t u d e  only 
over Monsoon region and i n  t h e  e a s t e r n  P a c i f i c  
Ocean. The zonal ly  averaged p o s i t i o n  is 5'5 of 
the  equator  i n  January and 10°N in  July. 
i n t e n s i t y  of t h e  ITCZ shown i n  t h e  middle panel  
ranges from 250 W/m2 (low i n t e n s i t y )  t o  190 W/m2 
(h igh  i n t e n s i t y ) .  The i n t e n s i t y  i s  higher  over 
land than over ocean. A l i n e a r  r e l a t i o n s h i p  
between OLR and p r e c i p i t a t i o n  der ived by Arkin 
(1984) y i e l d e  -7.5 mm/day o r  -2"CIday heating in 
t h e  atmospheric column f o r  250 W/m2 OLR and 
-19 mm/day o r  -4.5'Cfday hea t ing  i n  t h e  
atmospheric  column f o r  190 W/m2 OLR. 
case of t h e  p o s i t i o n  the s tandard d e v i a t i o n  of 
t h e  i n t e n s i t y  i s  higher  i n  January than i n  
July. As t h e  p o s i t i o n  of the  ITCZ f o l l o w  t h e  
seasonal  march t h e  sun from January t o  J u l y  t h e  
i n t e n s e  c e n t e r s  i n  the  ITCZ, e s p e c i a l l y  over t h e  

The d i f f e r e n c e  i n  p o s i t i o n  from 

The l a r g e  v a r i a b i l i t y  i n  mid 

The 

As i n  t h e  
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During Ju ly  there  is ascent over Central America, 
Central Africa, Ind ia ,  and the western Pac i f i c  
Ocean and subsidence over the eas te rn  Pac i f i c ,  
north At lan t ic ,  and western Indian Ocean. These 

110 170 extended views of the  Walker Circulations which 
1 0 0  lmo have been derived from OLR da ta  a re  cons is ten t  

110- with those derived from wind observations ( see  ? I 110 

i zao aao ? Newel1 et  a1  1972; Kidson (1975)). 
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Pig. 1. Lower panel: January pos i t ion  of ITCZ 
( so l id  l i n e )  and SPCZ (dashed l i ne ) .  The 
v e r t i c a l  bars ind ica te  the magnitude of one 
standard devia t ion  (SD) of pos i t ion  (un i t  is 
shown i n  top r i g h t  hand corner). The SD f o r  SPCZ 
is indicated with v e r t i c a l  bar with IT' .  Middle 
panel: 
and SPCZ (dashed l i ne ) .  
t he  magnitude of one SD of i n t e n s i t y  ( u n i t  is 
shown in top r i g h t  hand corner). The SD fo r  SPCZ 
is indicated with 'T1. Top panel: Schematic 
east-west c i r cu la t ion  implied by the i n t e n s i t y  of 
ITCZ. 

January i n t e n s i t y  of ITCZ ( s o l i d  l i n e )  
The v e r t i c a l  bars give 
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Fig. 2. Same a s  Fig. 1 but fo r  Jury. 

cont inents ,  moves toward the west by about 20" 
longitude. The top panels of the f igu res  show 
sketches of the zonal c i r cu la t ion  c e l l s  o r  the 
so-called Walker Ci rcu la t ions  implied by the  
i n t e n s i t y  of the ITCZ. Although the Walker 
Ci rcu la t ion  was described by Bjerknes (1969) i n  
r e l a t i o n  t o  the zonal c i r cu la t ion  c e l l  over the  
Pac i f i c  Ocean, it may be applied t o  the  east-west 
c i r cu la t ion  around the equator ia l  be l t .  A s t rong  
seasonal va r i a t ion  is apparent i n  the  i n t e n s i t y  
and posit ion of the ascending and descending 
branches of the Walker Ci rcu la t ion  cells. During 
January the Walker Ci rcu la t ion  appears t o  be best  
developed with ascent over Braz i l ,  Central  
Africa,  and Indonesia-western Pac i f i c  and 
subsidence over the eas te rn  Pac i f i c ,  ea s t e rn  
south At lan t ic ,  and the cen t r a l  Indian Ocean. 

To assess  the influence of mean sea 
surface temperature var ia t ions  during the year on 
the  i n t e n s i t y  and pos i t ion  of the  I T C Z  we present 
Pigs. 3a and b which represent the sec to r  
averages of 150°E-170"E, and 1OOoW-12O0W i n  the 
Pac i f ic  Ocean respectively.  The annual va r i a t ion  
of the ITCZ pos i t ion  i n  the western Pac i f i c  Ocean 
(Pig. 3a) is t o  some extent i n  phase with the 
va r i a t ion  of maximum temperature but it does not 
coincide with the maximum temperature. In July 
the  l a t i t u d e  of maximum temperature is 3"s 
whereas the l a t i t u d e  of ITCZ is 6"N. During the 
year t he  maximum temperature is almost constant,  
varying only 0.5'C, whereas the in t ens i ty  of the 
ITCZ is high i n  January and low i n  July. In  the 
eas te rn  Pac i f i c  Ocean both the pos i t ion  and the 
i n t e n s i t y  show a good r e l a t ion  with l a t i t u d e  and 
magnitude of the maximum temperature there. 

Fig. 3. ( a )  Upper panel: l a t i t u d e  of ITCZ 
pos i t ion  ( so l id  l i n e )  and l a t i t u d e  of maximum 
temperature (dashed l i ne ) .  Lower panel: 
i n t e n s i t y  of ITCZ ( s o l i d  l i n e )  and magnitude of 
maximum temperature (dashed l i n e )  average of 
s ec to r  150°E-170"E. (b )  Same as 3a but f o r  
s ec to r ,  100°W-1200W. 

In the  mid-Atlantic Ocean ( f igu re  not 
shown) the posit ion of the ITCZ and the l a t i t u d e  
of maximum SST a r e  p re t ty  much i n  phase even 
though they do not coincide. The i n t e n s i t y  of 
t he  ITCZ, however, shows no r e l a t i o n  with the 
magnitude of maximum SST. 

I f  the ITCZ pos i t ion  and i n t e n s i t y  were 
mainly controlled by the sea surface temperature 
then the  pos i t ion  should coincide with the ax i s  
of maximum temperature and the magnitude of 
maximum temperature should have a per fec t  

J 62 



c o r r e l a t i o n  wi th  t h e  i n t e n s i t y  of ITCZ. With t h e  
excep t ion  of i n t e n s i t y  v a r i a t i o n s  i n  t h e  e a s t e r n  
P a c i f i c ,  t h e r e  is no evidence t o  suppor t  t h e  
hypo thes i s  t h a t  t h e  p o s i t i o n  of t he  ITCZ 
c o i n c i d e s  wi th  t h e  l a t i t u d e  of maximum SST o r  
t h a t  t h e  i n t e n s i t y  i n c r e a s e s  wi th  the SST. 

4. INTER-ANNUAL VARIATIONS OF I T C Z  

While the  r e s u l t s  on t h e  annual  
v a r i a t i o n s  of I T C Z  i n t e n s i t y  and p o s i t i o n  
p resen ted  i n  t h e  previous s e c t i o n  do no t  f u l l y  
suppor t  t h e  claim t h a t  t h e  ITCZ is maintained by 
t h e  SST, t h e r e  is abundance of o b s e r v a t i o n a l  
evidence t o  sugges t  t h a t  t h e  warm (co ld )  
anomalies  i n  SST i n c r e a s e  (dec rease )  convect ion 
ove r  s h o r t e r  t i m e  scales ( s e e  Bjerkness ,  1966). 
Recent ly ,  Gadgil  e t  a1 (1984) show t h a t  con- 
v e c t i o n  i n c r e a s e s  w i t h  t h e  SST, bu t  t h e  deep 
p e r s i s t e n t  convect ion,  as i n  ITCZ, occur s  on ly  
when SST is equa l  t o  o r  exceeds 28'C. Hence, i t  
is t h e  magnitude of t he  SST r a t h e r  than t h e  
magnitude of t h e  anomaly t h a t  ma in ta ins  t h e  deep 
convection. 

To s tudy  t h e  year-to-year v a r i a b i l i t y  of 
SST we d e f i n e  a "key region" which r e p r e s e n t s  t h e  
temporal  v a r i a b i l i t y  o f - the  e n t i r 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  Ocean. 
cen te red  a t  2 ' S ,  130'W ex tend ing  l a t i t u d i n a l l y  
from 6'N t o  10's and l o n g i t u d i n a l l y  from 120'W 
140'W. Figure 4 a  shows the t i m e  series of SST 
anomaly f o r  t h e  key region. The in t e r - annua l  
v a r i a b i l i t y  is mainly dominated by t h e  two 
E l  Niflo pe r iods  (1976-77) and (1982-83), and 
non-El NiPLo per iods.  Time series of ITCZ 
i n t e n s i t y  anomaly f o r  t h e  c e n t r a l  P a c i f i c  

The key r eg ion  is 

t o  

(165'E-l65'W), the A t l a n t i c  (50'W-lO"E) and t h e  
maritime c o n t i n e n t  of Indones i a  (100'E-120'E) are 
shown i n  Flgs. 4b, 4 c  and 4d r e s p e c t i v e l y .  Over 
t h e  c e n t r a l  P a c i f i c  t h e  ITCZ time series e x h i b i t s  
two d i s t i n c t  modes of v a r i a t i o n  - one r e l a t e d  t o  
a 2-3 month o s c i l l a t i o n  i n  t r o p i c a l  c l o u d i n e s s  
and one r e l a t e d  t o  a clear in t e r - annua l  v a r i a t i o n  
r ep resen ted  by s h i f t s  from a less i n t e n s e  ITCZ t o  
a more i n t e n s e  ITCZ dur ing  pe r iods  when e a s t e r n  
P a c i f i c  sea s u r f a c e  temperatures  become 
anomalously warm. This  is e s p e c i a l l y  appa ren t  
du r ing  t h e  1982/1983 warming event  where OLR 
anomalies  approached -50 Wfm2 ove r  the c e n t r a l  
P a c i f i c .  S i m i l a r  s h i f t s  i n  ITCZ i n t e n s i t y  are 
s e e n  t o  occur  ove r  t h e  mari t ime c o n t i n e n t  
(Fig.  4d) ,  bu t  w i th  oppos i t e  s i g n  t o  t h a t  ove r  
t h e  c e n t r a l  P a c i f i c .  The i n v e r s e  r e l a t i o n s h i p  
between t h e  two t i m e  series i n  t h e  monthly 
o s c i l l a t i o n  i s  an i n d i c a t i o n  of a s t r o n g  Walker- 
t ype  c i r c u l a t i o n  connect ing t h e  two regions.  The 
i n t e n s i t y  of A t l a n t i c  ITCZ (Fig.  4b) is a l s o  
i n v e r s e l y  r e l a t e d  t o  the  ITCZ i n t e n s i t y  over  t h e  
c e n t r a l  P a c i f i c .  S i m i l a r  r e s u l t s  were ob ta ined  
by Lau and Chan (1983) and Ramage (1973). Hence 
t h e  Fig. 4 s u g g e s t s  t h a t  t h e  in t e r - annua l  v a r i a -  
b i l i t y  of SST i n  t h e  e a s t e r n  P a c i f i c  Ocean 
i n f l u e n c e s  t h e  i n t e n s i t y  of I T C Z  i n  t h e  P a c i f i c  
Ocean, A t l a n t i c  Ocean and over  t h e  mari t ime 
c o n t i n e n t  of Indonesia .  

The second warming pe r iod  i n  ou r  d a t a  
r eco rd ,  1982/83, was by f a r  a s s o c i a t e d  wi th  t h e  
s t r o n g e s t  g loba l - sca l e  climatic f l u c t u a t i o n s  on 
record.  Fig. 5 shows t h e  t i m e  e v o l u t i o n  of 
P a c i f i c  sea s u r f a c e  temperature  anomalies  and t h e  
ITCZ i n t e n s i t y  f o r  t he  pe r iod  January 1982 - 
A p r i l  1984. The I T C Z  i n t e n s i t y  shows inc reased  

convec t ive  a c t i v i t y  j u s t  east of t h e  d a t e l i n e  a t  
n e a r l y  t h e  same time sea s u r f a c e  temperatures  
began r i s i n g .  Enhanced convect ive a c t i v i t y  
a s s o c i a t e d  with the  ITCZ was seen  t o  be pro- 
pagat ing eastward,  developing s lowly a t  f i r s t  
till October 1982, even though sea s u r f a c e  
t empera tu res  were con t inu ing  t o  rise r a p i d l y  and 
were approaching 2'C above normal. 
time t h e  ITCZ a c r o s s  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  was a t  its normal pos i t i on .  Suddenly, in 
October 1982 a n  exp los ive  growth of t h e  ITCZ 

During t h i s  

u 

... 

Fig. 4. (a)  Time series of monthly mean SST 
anomaly f o r  t h e  key r eg ion  (see t e x t ) .  
(b )  Time of P a c i f i c  ITCZ i n t e n s i t y  anomaly 
averaged between 165'E-l65'W. ( c )  Time series 
of Indonesian r eg ion  ITCZ i n t e n s i t y  anomaly 
averaged between 100'E-120'E. The smooth l i n e s  
were ob ta ined  by applying a 15-point Gaussian- 
t ype  f i l t e r .  

became e v i d e n t  and qu ick ly  spread west and east 
till i t  engulfed n e a r l y  t h e  e n t i r e  P a c i f i c  from 
16O0E-8O0W dur ing  FebruaryfMarch 1983. OLR 
anomalies approached -70 W/m2 along t h e  ITCZ. 
t h e  western P a c i f i c ,  west of 160'E t h e  ITCZ is 
weakened west of 160'E. During t h i s  t i m e  t h e  
ITCZ a c r o s e  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  moved 
qu ick ly  equatorward and a t t a i n e d  a h igh ly  
anomalous southward p o s i t i o n  between 17OOW and 
13S'W reach ing  7.5's i n  March 1983. It is 
i n t e r e s t i n g  t o  n o t e  t h a t  m a x i m u m  ITCZ i n t e n s i t y  
d i d  not  occur  where sea s u r f a c e  temperature  
anomalies  were l a r g e s t ,  bu t  west of t h e  sea 
s u r f a c e  temperature  anomaly maximum.  This 
s u g g e s t s  t h e  i n t e n s i t y  depends on t h e  magnitude 
of t h e  SST. Also t h e  ITCZ d i d  not  r each  m a x i m u m  
i n t e n s i t y  u n t i l  n e a r l y  two months a f t e r  t h e  
m a x i m u m  i n  SSTA. 
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Fig. 5. Left panel: time-longitude cross- 
section of Pacific Ocean SST anomalies averaged 
between 6'N-IO"S. Contour interval 0.5'C values 
greater than 0.5 are hatched. Right panel: 
time-longitude cross-section for ITCZ intensity 
anomaly for the period January 1982 - April 
1984. Contour interval: 10 W/m2. 

5. SUMMARY 

The OLR data derived from measurements 
made by the polar orbiting satellites are 
utilized to estimate inter- and intra-annual 
variations of monthly mean position and intensity 
of ITCZ. These variations are compared with 
corresponding variations of SST to assess the 
influence of SST in maintaining the position and 
intensity of ITCZ. 

The range of ITCZ position is a maximum 
over land and a minimum over mid-ocean. The 
poaition follows the annual march of the sun. 
The intensity of ITCZ is a maximum over land or 
in the vicinity of land masses and a minimum over 
mid-ocean. The annual variation of ITCZ position 
is in phase with maximum temperature but it does 
not coincide with the latitude of maximum 
temperature. The annual variations of intensity 
does not show any relationship with the magnitude 
of SST except in the eastern Pacific Ocean. 

The inter-annual variability-of ITCZ 
intensity in all oceans is dominated by the SST 
anomalies associated with El NIPLO. 
El Nina the ITCZ intensity increases in the 
Pacific Ocean but decreases in the Atlantic Ocean 
as well as in Indian Ocean. The ITCZ variations 
due to local SST variation in the Atlantic Ocean 
do not appear to be significant. In the Pacific 
Ocean the convection is intense to the west of 
the maximum SST anomaly where the SST is 
higher. The maximum ITCZ intensity lags the SST 
anomaly maximum by 2 months. 

During 
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Cnrrtpendittrn 01 Lxcture Notes on Meteorological Instruments for naining Class 111 and Class I V  Meteorological Personnel, 
1986 (Vol. I $39.00; Vol. I I  $37.00) 

Vol. I Part I Meteorological Instrunrents 

Vol. I I  Part 3 Basic Electronics for the Meteorologist 
Part 2 Meteorological lnstrurrtent Maintenance Workshops, Calibration Laboratories and Routines 

The Analysis ojData Collected Front International Experiments on Lucerne, T.N. 182; 1986 ($21.00) 

"Lucerne, known also as alralh, widely adopted for i ts  high productivity and nutrient value, i s  an important fornge crop 
for livestock and poultry. However, the agrometeorology of this crop, with a perennial cycle of development and multiple 
cuttings during a single vegetation season, i s  l i t t le  known. Study was therefore initiated, resulting in the present report by 
the Working Group on International Experiments for the Acquisition of Lucerne/Weather Data." 
"1 he international experiments are described in Chapter 2. Chapter 3 deals with microclimatological aspects of this crop; 
and the growth and development of lucerne, including its productivity for individual cuttings, are presented in Chapter 5. 
Analysis of t l ie results for the experiments on the growth, development and yield i s  contained in Chapter 8. Lucernc- 
weather models are presented in Chapter 9, and Chapter IO contains recommendations on the cultivation and adoption of 
this forage crop. An extensive bibliography i s  given at the end of the report." (WMO) 

Land Use and Agrosysrem Management Under Severe Cllmatic Conditions, T.N. 184; 1986 ($25.00) 

"Each type of crop or livestock has its own particular climatic requirements and tolerances for growth, development and 
yield. I h e  requirements and tolerances vary according to the species and the various stages in their life cycle. l h e  sensitivity 
to environmental deterioration also varies greatly among diKerent types of agriculture and climatic regime. I l i e  climatic 
severity Tor agricultural purposes i s  therefore complex to understand and can only be defined in a very general way." 

" l h e  validity of criteria for specifying climatic severity for agriculture depends on the extent to which (within each region 
defined by them) the biomes, the ecosystems and agrosystems. and the most suitable management practices are uniform, 
well defined, characteristic and distinct from those of other regions." 
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Sn*es for Inremarimml Air Nabri*.lim. 1974 
I34 ~ Guide fa A g ~ l f l a a l  Mrreordgkal  RadKes. 2nd Edition. In1 
I66 - cvidr fa lipiralogkal Practices - 

Vol. I Dara Arpisitia and Rmessi~. 1981 
Vd. II Analysis. Fowasiing and a r k r  Arplicarinna I983 

305 - Guide m rk C/o&/ Data-Processing Syarrm. I982 
471 - Guide la  Marim Mraorolagual Srmker. 2nd Edition. I982 
488 - Guide a r k  G h l  Oblming Sysrrm. 1977 
623 - cvidr IO ihe ICOSS Dara-Praesiq md Smices Spim. 1983 
634 - Guidelines for Camprm'zd L h f a  Raesaing in Opeintima1 H@dogy and Land a d  Warn Mnwgrnunr. 1985 
636 - Gridr a r k  Auhm~a~ian ofLhra-Raceu'n# Cninz 1985 

240 - CampmdIw o/ Tmining Fociliries for hknaro1q.v and opmriaal H ~ d r a b g y .  6th Edition. 1982 
258 - Guidrlinrr for * a r i a  and Training OJ Pnwnvvl in Melemdagy cnd O p a l i a m l  l l ~ d ~ ~ .  kd Edition. 1984 
266 - Cmnp-ndimn of k t u r e  Norrr for Tminiq Cbrs IV  M r r d a g i c a l  Pnronnl 

Tralnlng Manuals 

Vd. 1 horrh Scifme. 1970 
Vd. I t  hkreorol~y .  2nd Edition. 1984 

Vd. I Part I D p m u  Mereordagy. 1973 
Pan 2 Physical Merardqy,  1973 
Pan 3 Spoprir Alerrmolqr. 1978 

Pan 2 Arrowurical Merrordqj. 1978 
h n  3 Marinr Mrirmdqy. 1979 
Pan 4 Troptcal Mefeordogy. 1979 

P I N  6 Air Chrmisrry and Air Pollurim Mcirordmy. I985 

364 - Canpndrw of Mereardory Jor u x  by Chu I and II Meirorabgkal Persaw1 

Vd. II Pan I Goural lljdrolqy. 1977 

Pan 5 l l J d r ~ l e a r o l o g y .  191s 

432 ~ Prorrcd~ngr of r k  W,4iO/lAMAP Spnpriwn on Lfucalion and mining I# Melearalogy ond Melroralqicd A ~ p c r r  
nJ Fnnrnnmrnral Problems (Carwas. F i b w y  19?SJr. 1975 

489 - Camprnd~rrm # Traming f a d w i t s  in En.iranmral Robknu Rebred w Meuorobgy ad w a r i a a l  ?I@+,. 
1977 

493 - P r a d i n g s  of r k  Mcrring on F h o r i m  and Traimng in Mrreomlagical Asperrs o f l r m a p k r k  Pal fmia  ad 
RebrlEn.ironnrnialProbkms. Resurch Trimngk h r k .  USA. .  hnusry-February 19n. I977 
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Tralnlng Manuals (mllnued) 
593 - k r u m  Norrs/or Training Cbss IV Agriculruml Mrrrordogical Rrsonnrl. 1982 
622 - Compndivm 4 LrNm N o w  on Mrrrodogiml h s r m n r s  for Ihtining Chui III a d  CIau IV  McreoroIogicul 

firmnnrl. 1986 
Vol. I Rrt I M r n o r a ~ i r a l  Insrruwnu 

Rrt 2 hfrfrom&mI hsrruwnr Mainmmnrc Workshops. Gdibraria lnbomtoncs and Routines 
Vol. If Rrt 3 &sic Urrrranirs fa rhc Mrrwmlogisr 

669 ~ WO&OO& on Numrrieal Warher Itcdirrion for the * p i a  for rhr 7hrinirg of Gku I end C b  II Mrrcordogirol 
krswuel1966 

Operallonel Hydrology Rcporls 
332 ~ Manual for Dtimarion ofFro&bk .Maximum Ruip~rol io)1 O.H.R. I: 1986 
341 ~ &nr/ir and CoSl AIIOIwiS of Hydrologid Fomasrs. A Srorr-of-thr-Arr Rrprr .  O.H.R. 3: 1973 
419 - Akrrordogiral and Ilniroloxical Dora Rrquirni in Flanniq and Drulopmmr of R b m  Rrsoums, O.H.R. S; 1975 
425 - Ilwfrological f o m r r i n g  hrlirrs. O.H.R. 6: 1975 
433 - Hpfdogieal hkmvrk Drsign and Information Trm$'r. Aar&ngs of,& hrrnmrional Seminar. Nrwscasrlr upon 

qnr. U.K.. Ayrusit l9?4. O.H.R. 8: 1976 
461 - Carrbook of&Iampirs of Organization and Oprrariton of H~ddogiral Srmnr. O.H.R. 9: 1977 
476 - H).mocoSiral Arplicarion ofAImosphrrir Vapovr Fhrx Ana1)ses. O.H.R. 1 1 ;  1977 
513 - Applirarions of Rrmorc Srnsing IO H)~irdogy. O.H.R. 12: 1979 
519 - Maw1 on Strram Gauging ( 2  Vd. OCI in one binder). O.H.R. 13: 1980 
559 - H)ddogiral I k r a  Transmission. O.H.R. 14; 1981 
XQ - SrIrrrcliM of Dirrriburion Opes for E.wrmrs of Pmipilorion, O.H.R. IS; 1981 
MI - Mcaswrmrnr d R i w  Snhmrnrr. O.H.R. 16: 1981 
576 - Casr Sruhcs o/ Narionul Hpiri%gicul Daia Bonks (finning. Ikwlopmnit and Organizaritm). O.H.R. 17: 1981 
577 - Fhd~ Flood Fomsrirpl. O.H.R. 18: 1981 
580 ~ Conrrprs and Trrhnitpws in H)dndoxieal Nrnvrk &sign. O.H.R. 19: 1982 
587 - Lm~-Rangr Hbrrr-Supply Forrmsring. O.H.R. m. 1982 
589 - Milhods 6 Cmtion for Sysfrmatir Errw in Point PhripiMtia Mm~lmnr/or 0prSebr.rl Use. O.H.R. 21; 

635 - Casr&ok on apratiacrl  A s r m n w r  ofAnw1 Empam$m. 0.H.R 22: 1985 
646 - hamprim of Modrls qf Snonmelr R W .  O.H.R. 23: 1986 
620 - lnrl and Bxhavr Mrasumncnr W r  D @ d r  Condirionz O.H.R. 2+ 1986 
655. Trapiml Hpirdogy. O.H.R. 2% 1986 
658 - Mrrhads of Mcuswwwrnr and Eslinentioa qf Dixkqrs  a1 HM'adic Smrnrms. O.H.R. 26: 1986 

1982 

Repom an Yarlnc Sclence Affaln 
199. Mrrroroiogicol Asprcrs cf rk Conrribwrionr Reanred at thr loin1 Oremographic AJsmW (-5k 

548 ~ Sabrrrrc L b f a  Repirrmrnrs for Marinr Mmoralogicul Se*ca M.S.A. 14: 1980 
9 5  - lk phpomrion and Usr of Wmrhrr Maps by Marinm (np&rc of ZN. 7t). M.S.A. 1% 1982 

Srpmnbrr. 1976). M.S.A. 12; 1978 

Speclel Enrlronmml Reporb 
372 - A Mcf S m y  of Mrrromlogy as Reland IO rhe Eiol#Jhcm. S.E.R. 4 1973 
403 - W h r  ( L r r m s  fmm 23th WMO €m-utiw C m m i r n r l  S.€R 5: 1975 
440 - Drrcnninrim of rhr ArmoqAmic Carr ibnt ia  of Prrmhm H ) & u a h a ~ ~  10 r k  Omn. S.BR 6; 1976 
148 - W r m k .  Cllmle crnl Human Seitlkmrnit& S.E.R. 7; 1976 
455 - lk Qwnrirarirr Emhurion o f h e  R-sk of Disastrr fm Trapical C r l m s .  S.€R 8: 1976 
459 - An E m h h  of Clhuarr and Warn Rr-s for lkr lopnrrnr ofA@dm in the S&Bhkhelh Zm cf Wesf 

460 - Rrporr and h w r d i n g s  ofrhr WMO Air P&rion Mcrraa T m b i p u r  C m / t r m  (APOMETL. Corhbuq.  

496 - Sprms of Ewhuring end M t i n g  rhr Wrru of Wmrhrr and Clinmrc on Rskfbnd fires. S.E.R. I I: 1978 
504 - hpkmmronOn Phn for rk Drmmimrian cf rhr Afnmphdc Camibmion qf ArmCN H m h  10 fhe 

5 I7 - Mrrmmlol). and rhr Hvrmn Enwnmmrnt - L~CMTS hmnd ar rk l%h Session qf rk WMO L r ~ t i w  

563 - h m e d i m g s  of& Spnpvdwn on rhr Dnrlqmrnr ufMufti-Mr& Mm-ro&g cf EJ~n-ral pdhrtim 

647 - Lrmrcs Pmmred a1 rhr WMO TNhniml Cayemur m O b m ~ ~ r i o r  med Mcaswmemrs cfAnnOs~& 

Af&. S.€R % 1976 

Orrobn 1976 S.E.R. IO: 1977 

OrrrrN. S.E.R. If 1979 

Cmmirrre. S.E.R. 1); 1979 

(Riga 1 9 7 0  S.E.R. 1% 19%0 

ConmmimnU (TECOMACL S.E.R. 16; 1985 
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Technlcal Noles 
391 . Akrronrlq? and rhr Colorado Pororo Brrrlr. T.N. 131: 1975 
392. Droitghr and Apirulrurr. T.N. 138: 197s 
394 - irpprr-Air Soundinr Srufirs. T.N. 140: 1915 
400 - Urrhzarion of Atrrmfi Mrrrorolqical Rcporrs (Rrv. of ZN. 8OL T.N. 141: 1975 
423 - Rirr and Iciothrr. T.N. I44 1975 
424 ~ Economic &nc/irs of Chmarologicol s m x r s .  T.N. 14% 1975 
426 - Coir and Srmrurr qf Mrrrordogical Services nirh Special Rrfrrrncc to rhe Aoblrm of Drvrloping Counmes. 

431 - R r w w  of rhr k s r n r  Knodrdgr of Plant / o ~ ~ y  by Air Pdlurion. T.N. 147: 1976 
436 ~ Conrmllrd Climorr and Moor Rrseorrh. T.N. l4& 1976 
438 ~ orbon Climorolqs andin R r k w w  to whm Drsirn. T.N. 149: 1976 
441 . Applirarion n/ BurMmr Cl~maitotogy 10 Roblrms of I iowi rg and &/ding for l i m n  Srrrkmrnrs. T.N. IW, I976 
467 - Rmffarion Rcgimr of Inrhnel Suflorrs, l..N. 152: 1977 
478 - lhr Srtmrifir ftannitnr nnd Organization o/&rripirarion bhanccmrnr Eqxrimrnrs. With Pcrrtirular Arrrnrion 10 

482 - Forrrarring Ttchniptws of Clear Air lurbtdcnrr Including rhar Assoriaid nwh Mounrain Hbus. T.N. 155; 1977 
487 - lwhniqitns of Frasr Rrdkrion and Ahrhmf.r of h s l  and Cold Romrion. T.N. 157; 1978 
495 - Iiondbmk of Atrrmrdogkal Foneasring for .%wing &hr. T.N. IUI. 1978 
497 - I l iarhrr and Ibraririr Animal Dimsr. T.N. 159; 1978 
498 - Sop Bron a d  Iliarhrr. T.N. 160, 1978 
XI7 - 7hr Applirarion of Arnmphrrir Urrrririty Conrrpls and Methods ra ocher Perfs o f k f r m d o g y .  T.N. 162: 1978 
530 ~ 7Zr Flanrlary Boundary h p r .  T.N. 165; 1980 
532 - Alrrmralqirol Farrors Artcrinx thr Epi&mwfnl)' of rhr Corron Lnf Worm and Pink Boll~v~mr. T.N. 167: 1980 
536 - lhr Rolr of A~romrrrorology ie Agncdrwal Drwlopmrnr and Innsrmmr Projrcrs. T.N. 168. 1980 
520 - M r r r o r d o ~ k a l  and Ilvdrologiral Asprcis of Siting and Oprrarim qf Nvrksr P o w  Pbnrh T.N. 170 

T.N. l4k 1975 

A ~ r k u l l w a l  h*cd.t. T.N. 154: 1977 

k'd. I Alrrrorolagiral A.tjm-rs. 1985 
rd. I 1  ll~*nlogirol A s p i s .  198 I 

554 - F q  and Rrducd Vistbiliry Du 10 F q  ai Arrodromrs. T.N. 171: 1985 
557 ~ Afrtrordqwal Asprrs of rhc Urilizarion of Sobr Radiarim u M G u q y  Soum + Annex: World Maps qf R r b t i r  

566 ~ l b  @l?rr of Atrrroroiogirol Facrors on Cmp W d s  end Merkods of Fomsring lhr YkU, T.N. 174: 1982 
575 ~ Abnorolqirol A.rpcrs of rhr Urdizarian qf H i n d  as an m q y  Sourn. T.N. 17): 1981 
583 . Troparplnric Chrmisrry and Air hlhrion. T N. 176 1982 
581 . Rrtirr ofArmo.@rric Lhflurion Almfrls/or Rrgularary Applimlions. T.N. 177: 1982 
591 . Merrarclcyiral As,m-rs of Cwrain k r s s r s  AffrCting SaillkgrO&fion ~ &perially Erosiffl. T.N. 178: 1983 
620. H'rarhrr-Bowd M a r k m a r i d  M&ls for Erriaiting Drnlopnmf and Ripning of C w s .  T.N. IBD. 1983 
625 ~ 0.w of Rador in Mrrrnro1og.v. T.N. 181: 19M 
629 ~ Amlysis of Dora fmm Initrrmriorurl o p r i m r n t s  on Lunmc. T.N. 182; 1985 
630 I Srwrr C o n m t i r  Wrarhrr in k b t i o n  IO Iallighr Phasr. T.N. 183: 1985 
633. bnd Use and A~mJ)srem Momgrwnr W r  Slrn Ctimaric CondirWnr. T.N. IW, I985 
641 - Mcrmroiogiml Obmvtiar using NAVAID Mrrho&. TN. 18): 1985 

Global Radbrion. T.N. 172; 1981 

World Wealher Welch Plannlng Reporlr 
494 ~ nr Rolr of Sarrllirrs in I lalO I'rop,mmrs in rhr 1Ws. W.W.W. %. 1977 
528 - WorM I l h r h r r  Ilbrch - IVMO nopica1 Cp-lonr h , & r  - Sub h j m r  No. 6 - Oprariacrl  Tcchnipvs for 

535 - WorM Ik'mrhrr Ubrch - 7 t  Ixm and hplcmmrorion F m p m m r  19&L1983. 1979 
553 - Conwrsion of Gd-Pwnr D a a  inro hkrromlogicol Maps with a Mini-Comprcr Splm W.W.W. 37: 1980 
617 ~ World W r a r k  Warch - llu fb nd Implmrot ion F r u g m m  (1M4-1987) 

ForrraJiing nDpica1 C]rlonr hrmsiry and Aiowmmr. 1979 

World Wealher Walch Slalus Repocts 
6001 ~ HbrM I lmrhrr Itarch ~ I lrh S l a w  R r p M  on Implrmrnmtion. 1982 
639. World Wmrhrr Wowh - 12th Sratu Rrparl on Implcmrnfarion. 1984 

General Reference Publlcallons 
2 ~ Akrrorologiral M r r s  of fhr H'orM. 1985 
47 - h n m a t i a o l  Lisr of Srkd. S u p p k r m y  and AuzUiary Ship% 1985 
174 - Caroloxw of Mrrrombgiml &re for R r m r r h  

h n  1 I'ublishd Sjwpric snd Chmardogical Dam. 1%5 
h e  II M r n o r d ~ i r a l  Srorions d r h  f3nrrIional Srrirs E x r d r g  Our 80 l'mr a Mom. 1970 
R r l  111 Akrroro/egiral Dam R r - M  on M& Usabk by Auranm~k Dora-Aorcssing Machines. 1972 
Rn Iv o f ~ d d i t i d  Daw N& for &scad m c,%mrk "we. 1979 
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613 - Manmas. l9Ki 
616 - f i r s  WMO Lng-Tmn Plrm Fnrr I: W a l l  Pdicy and Wulrgy (1984-1993). I933 
624 ~ Mcuadar Aids Food Itmhniar 1985 
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MESOSCAlE METEDRDlOGi 
AND FORECIISTING Edfled by PETER S.RlIV 

This volume provides a comprehensive survey of the important topics in mesoscale 
meteorology. It is designed to supplement a practicing meteorologist’s experience with 
new material and ideas on mesoscale processes, and to acquaint the student meteorologist 
with the broad range of topics embraced by the classification “mesoscale” meteorology. 

Illustrations, complete bibliographic references, and a comprehensive index are 
included. The text comprises contributions from 44 distinguished scientists in mesoscale 
meteorology. The 31 chapters are organized within these general headings: 

INTRODUCTION 
Kerry A. Emanuel 
Glen Rasch 
Daniel Smith 

OBSERVING TECHNIQUES 
Donald Burgess 
Joseph H. Golden 
Ronald 0. McPherson 
Peter S. Ray 
Robert Serafin 

7:T Fujita 
Joseph 7: Schaefer 
Fred L. Zuckerberg 

Joseph Facundo 
Vincent Lally 
James EW Purdom 
Roderick A. Scofield 
Dennis W Thomson 

INTERNALLY GENERATED CIRCULATIONS 
Robert W Eurpee 
William H. Hooke 
Douglas Lilly Daniel Keyser 

Diana L. Eartels Carl Hane 
Kenneth W Howard 
Robert Maddox Dennis M. Rodgers 
Richard Rotunno Morris L. Weisman 

Joe E Boatman 
Roger A. Pielke 
Roger E Reinking 
Moti Segal 

MESOSCALE MODELING 
Richard A. Anthes 
John E. Hovermale 

Charles A. Dos well 
Bruce 8. Ross 

Howard E. Eluestsin 
Charles E Chappell 

MESOSCALE CONVECTIVE SYSTEMS 

Joseph E. Klemp 

EXTERNALLY FORCED CIRCULATIONS 
Dale R. Durran 
Raymond 7: Pierrehumbert 
Joseph 7: Schaefer 

William R. Cotton 
Donald J. Perkey 

John McGinley 
Thomas W Schlatter 

SHORT-RANGE FORECASTING TECHNIQUES 

As a textbook of mesoscale meteorology, the volume will provide to the operational 
and practicing meteorologist, as well as student meteorologists, the principal new 
observations and theories in this interdisciplinary topic, 

List price . , . . . . , . . . . . . . . . . . . . . . . $45* 
AMS Member/NOAA Employee . . . . . . $30* 
Course Participant/Student . . . . . . . . . $20* 

Send order and remittance to: 
AMERICAN METEOROLOGICAL SOCIETY 

45 Beacon Street 
Borton, MA 02108 *(Plus $3.75 shipping & handling) 



WORLD METEOROLOGICAL 0RGANIZA':I'ION 

INTERNATIONAL CLOU ATLAS 
Voluiiie I1  

The World Moleorological Orgnnizntion. a speciniiznd ngnncy of tho 
United Nalions, is plensod lo announce the lortiicoming publication of WMO- rifle No of Lis1 

I wlsli lo ordor llio followiiig WMO publicnlionrr : 

new editions of the INTERNATIONAL CLOUD ATLAS (Vol. II) (Engllsh No. copkls price 
and French editions), the MARINE CLOUD ALBUM (English oditlon), and fuss) 
Ihe CLOUD SHEET. 

INTERNATIONAL CLOUD ATLAS - Volume II 
English and French editions 407 lnftvfintional cloud atlfls, __ 78.- 
196 pages 01 photographs. 161 of which are In colour, 29.7 x 21 cm, art (English edition) 
paper, superb hardback cover. 

407 Arlns /nfernafioiio/ des ___ 78.- 
Each photograph is accompanied by a concise yet detailed legend. nuages, Volrrnlo / I  (Frerich edition) 

- Marho cloud album - 20.- A must for college and school libraries. avialion and shipping (airline 
pilols, (lying clubs, ships' maslers, yachling enlhuslasts). as well as agri- 
culture, this Atlas. which Is a complete roference book on clouds arid 
meleors lor prolossionals, will also fascinate all amateurs who wish to 
deepen their knowledge 01 clouds. 

MARINE CLOUD ALBUM 
38 colour pictures of cloud lormalions lound at sea, 29.7 x 21 cm. 

01 particular value to ships' olllcers and other prolessional marine cloud 

Vnhmo / I  

(in English) 
-- - 

+ 53.00 per book for hmdllng: 

fZl check pflynblo lo  the AMs; Told: - 
U money order pnyflblo to the AMs; 
U drflll on a US bnnk. paynble lo the AMS (Canadinn i 
13 internalional monev order Davflbla to the AMS (Cans 

- 

obsorvers, the Album also providos an essential and slimulating source of 
Information lor ell who have an Interest In. and love 01, the marine 
environment 

(Residects of ofher countries Ihan Ihc USA end Cnnec 
orders lo Tho Socrnttrry-Genernl, World Meteoroloqic 
P 0 Box NO. 5. CH-1211 GENEVA 20, Switzerland ) 

CLOUD SHEET 
Poster 39 x 83 cm IllusIraling 38 dilferent cloud lormations. NAME AND ADDRESS (IN BLOCK LETTERS): 

Attractive oducnlional document pflrticularly suilod lor the clflss-room and 
pieces accessible lo cloud observers, prolessional or amflleur. 
The above publfcshons will bo avsrlablo In May 1987. ORDER NOW1 

Name : 

Address: __- 

Clty : Postal cod0 : - 

Send order and remittance to: 
AMERICAN METEOROLOGICAL SOCIETY 

45 Beacon Street 
Boslon, MA 02108 


