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FOREWORD 

Our ability to observe and measure the atmosphere using space-based sensor systems has 
improved many fold since the first meteorological satellite was flown as TIROS-I in April 
1960 (see footnote). 
to assimulate the data into the operational weather services of not only the United States 
but other countries throughout the world. 
the satellite observations made on a routine basis. 
utilized in numerical models. 
use of these data in global regional and local forecasts. 
also continue to improve and provide even greater opportunities for future space-based 
measurements of the atmosphere. 

The conference was organized to focus on the development of space-borne remote sensing 
techniques (instrumentation and interpretation) and the application of satellite observation 
to meteorological problems, both present and future. 
the areas of new observation and techniques, retrieval techniques, applications, informa- 
tion retrieval, ground t ruth and validation, data assimilation and diagnosis, and observing 
system simulation studies, 

This conference proceedings provide the interested researcher and active forecaater with 
an up-to-date status of this important new element of meteorological observations and 
measurements. 
contributions by satellite meteorology to our understanding and ability to predict the 
atmosphere. 

In addition, we have made significant improvements in our ability 

We now take for granted the importance of 
Measurements are now routinely 

N e w  techniques continue to be developed for the practical 
Sensor technology developments 

Papers have been contributed in 

We are convinced the future will see even more dramatic improvements and 

John S. Theon, General Chairman 
Walter Frost, Technical Chairman 
William W. Vaughan 
Thomas Vonder Haar 

AMS 1983 Committee on 
Meteorological Aspects of Aerospace Systems 

Walter Frost, Chairman Kenneth R.  Hardy Thomas H . Pries 
George .H. Fichtl Arthur F. Hasler John S. Theon 
Frank Globaker Roland E. Nagle Thomas H.  Vonder Haar 

Program Committee 

M r .  John S. Theon, NASA Headquarters, Washington, D.C. ,  is the General Chairman for 
the conference with D r .  Walter Frost, University of Tennessee Space Institute, Tullahoma, 
Tennessee, serving as Technical Chairman. 
consisted of D r .  William W. Vaughan, NASA-Marshall Space Flight Center, Huntsville, 
Alabama; and D r .  Thomas Vonder Haar , Colorado State University, Ft . Collins, Colorado, 

In addition, the conference planning committee 

Local Hosts 
West Central Florida Chapter of the AMS 

Footnote: 

The NASA Conference Publ lca t lon  227, "Meteorological  Satellite-Post, Present, 
and Future" 1982 rovldes an exce l len t  review o f  the qrnwth and drvrlnpnrnt, o f  
tlic iiiuteorologlca! r a t e l l l t e  prograiii. Coples a r e  avaf ldb le  troiii the NA5A 
S c l e n t l f i c  and Technical Information Branch, NASA Headquarters, Washlngton, O . C . ,  
20546. 
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A .  1 

AGEOSTROPHIC MOTIONS I N  THE STRATOSPHERE FROM SATELLITE OBSERVATIONS 

Lee S .  Elson 

J e t  Propuls ion Laboratory/Cal i fornia  I n s t i t u t e  of Technology 
Pasadena, C a l i f o r n i a  

1. INTRODUCTION 

The win ter  p o l a r  s t r a t o s p h e r e  i s  f requent ly  
d is turbed  by sudden warmings. These events  have 
been modeled ex tens ive ly ,  wi th  a recent  example 
being t h a t  of Dunkerton e t  a l .  (1981). A s  s a t e l -  
l i t e  observat ions of t h e  s t r a t o s p h e r e  have become 
a v a i l a b l e ,  sudden warmings, such a s  t h a t  which 
occurred i n  February of 1979, have been s t u d i e d  
using a d i a g n o s t i c  approach, (Palmer, 1981) wi th  
a n  emphasis on t h e  comparison of model r e s u l t s  t o  
observat ions.  Such an approach i s  extremely va l -  
uable  i n  understanding t h e s e  events ,  however 
c a r e f u l  cons idera t ion  of t h e  l i m i t a t i o n s  of t h e  
observat ions must be made before  f i r m  conclusions 
can be drawn. 

2. THE DIAGNOSTIC APPROACH 

2.1 The General ized Equations of Momentum Conser- 
va t ion  

I n  s p h e r i c a l  coord ina tes ,  t h e  zonal ly  aver- 
aged zonal  and meridional  components of t h e  momen- 
tum equat ion can be w r i t t e n  as :  

8, + =+/a - 2 w0 s i n +  6 - UT t an+/a  - 
- ( W ) + / a  + 2 77 t an+/a  

yt + ~ i j  /a  + 2 wo s i n +  ii + ii2 tan+/a - 0 

where and a r e  t h e  zonal  and meridional  compo- 
nents  of v e l o c i t y ,  @ i s  t h e  geopotent ia l ,  t i s  
time, + is l a t i t u d e ,  a and wo a r e  t h e  e a r t h ‘ s  
rad ius  and r o t a t i o n  r a t e ,  and a s u b s c r i p t  v a r i -  
a b l e  denotes  a d e r i v a t i v e  wi th  respec t  t o  t h e  
v a r i a b l e ,  An overbar  i n d i c a t e s  a zonal  average,  
a prime a devia t ion  from t h a t  average, and ver- 
t i c a l  v e l o c i t y  and d i s s i p a t i o n  have been neglect-  
ed i n  t h i s  t reatment .  

2.2 Quasi-geostrophic Assumptions 

A s  d i scussed  by Palmer (1981), t h e  u s u a l  
approach t o  determining the mean c i r c u l a t i o n  i s  
t o  c a l c u l a t e  5 by assuming str ict  geostrophy i n  
(2 ) .  8 i s  determined from s a t e l l i t e  temperature- 
observat ions t o g e t h e r  wi th  a boundary value of @. 
This approach can be expected t o  g ive  reasonable  
r e s u l t s  as long a s  U o r  s i n +  a r e  not small. 
W i l l  be shown, the f i r s t  condi t ion  is occasional-  
l Y  v i o l a t e d  i n  t h e  S t ra tosphere .  
ness ,  it should be mentioned t h a t  e i t h e r  7, o r  
t h e  r e s i d u a l  vers ion  of t h i s  q u a n t i t y  can be 

A s  

For complete- 

c a l c u l a t e d  by assuming t h a t  t h e  f i r s t  and 
t h i r d  terms on the leEt s i d e  of ( 1 )  a r e  bal- 
anced by t h e  f i rs t  and second terms on t h e  
r i g h t  s i d e  of t h a t  equat ion.  In a d d i t i o n ,  t h e  
thermodynamic equat ion can be used t o  d e f i n e  
t h e  Eliassen-Palm (E-P) f l u x  which is important  
t o  an understanding of t h e  i n t e r a c t i o n  between 
the  waves and t h e  mean flow. Since these  quan- 
t i t i e s  have not y e t  been c a l c u l a t e d  f o r  t h e  d a t a  
d a t a  set which w i l l  be examined here ,  t h e i r  f o r -  
mulation w i l l  not be discussed.  

I t  is obvious from (1)  and ( 2 )  t h a t  u‘ and 
v’ must be s p e c i f i e d .  This  is done by assuming 
t h a t  t h e s e  q u a n t i t i e s  a r e  r e l a t e d  geos t rophica l ly  
t o  0’ by t h e  fol lowing:  

2 wo s i n +  u’  = -+‘,+,/a ( 4 )  

Once t h e  v e l o c l t i e s  have been determined, i t  i s  
p o s s i b l e  t o  s u b s t i t u t e  them back i n t o  (1) and 
( 2 )  t o  check f o r  consis tency i n  t h e  s c a l i n g  
assumptions. 

3. SUDDEN WARMINGS 

Much of t h e  d iscuss ion  of sudden warmings i n  
t h e  l i t e r a t u r e  c e n t e r s  on t h e  r o l e  of t h e  Eocus- 
i n g  of p lane tary  waves i n t o  a small p o l a r  a r e a  
where mean flow d e c e l e r a t i o n  i s  accompanied by 
a warming. One way f o r  such focus ing  t o  occur  
is  through a p a r t i a l  r e f l e c t i o n  of t h e  upward 
propagat ing waves by a c r i t i ca l  l i n e .  S ince  
c r i t i c a l  l i n e s  a r e  determined by t h e  l o c a t i o n  
where t h e s e  slowly moving waves have Doppler 
s h i f t e d  phase speeds of zero,  one would expect  
t h a t  regions of z e r o  mean zonal  wind might 
have a n  e f f e c t  on t h e  E-P f l u x e s  (Dunkerton 
&., 1981). Such an e f f e c t  o r  i ts  absence 
should be r e a d i l y  observable  from t h e  a n a l y s i s  
d i scussed  above. An important r e s u l t  of 
Palmer’s work i s  t h a t  t h e  d i a g n o s t i c a l l y  deter- 
mined evolu t ion  of t h e  zero  wind l i n e  during t h e  
warming of February, 1979, d i d  not  a g r e e  wi th  
t h e  behavior suggested by t h e  model of Dunkerton -- e t  a l .  
l i es  from t h e  e q u a t o r i a l  regions i n t o  t h e  mid- 
l a t i t u d e s ,  was implied by t h e ’ d a t a .  
v i o r  played an important r o l e  i n  t h e  model evolu- 
t i o n  of t h e  mean zonal  wind. 

I n  p a r t i c u l a r ,  no encroachment of e a s t e r -  

Such beha- 

4. LIMS DATA 

The d a t a  used i n  t h i s  s tudy come from t h e  
Limb I n f r a r e d  Monitor of the  S t ra tosphere  (LIMS) 
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inst rument  which has  been desc r ibed  by G i l l e  and 
R u s s e l l  (1984). Th i s  i n s t rumen t  has  a v e r t i c a l  
r e s o l u t i o n  less t h a n  4 km and t h e  s p a c e c r a f t  
(Nimbus 7 )  o r b i t  provided good d a i l y  g l o b a l  cov- 
erage.  One of t h e  d a t a  p roduc t s  from t h e  expe r i -  
ment c o n s i s t s  of F o u r i e r  components of both 
temperature  and g e o p o t e n t i a l  mapped as a f u n c t i o n  
of l a t i t u d e  and p r e s s u r e  a l t i t u d e .  The geopoten- 
t i a l  w a s  used i n  ( 2 )  - ( 4 )  as i n p u t  da t a .  A l -  
though t h e s e  d a t a  have been compared f avorab ly  
w i t h  o t h e r  s o u r c e s ,  and t h e  d a t a  appear  t o  be 
s e l f - c o n s i s t e n t ,  t h e  u s u a l  c a v e a t s  concerning 
accuracy l i m i t a t i o n s  should be kep t  i n  mind dur- 
i n g  the d i s c u s s i o n  t h a t  fo l lows .  

ed w i t h  t h e  same q u a n t i t i e s  which Palmer d e r i v e d  
from t h e  S t r a t o s p h e r i c  Sounding Un i t  (SSU) on 
TIROS-N. Both d a t a  sets have been i n t e r p o l a t e d  
t o  one s y n o p t i c  t i m e :  f o r  LIMS, i t  i s  12:OO GMT, 
and f o r  t h e  SSU, i t  is 0O:OO GMT. A s  a r e s u l t ,  
d i r e c t  comparisons are d i f f i c u l t  du r ing  times of 
r a p i d l y  changing cond i t ions .  

5. RESULTS AND DISCUSSION 

Derived q u a n t i t i e s  from LIMS w i l l  be compar- 

I 

Fig. 2 shows t h e  mean z o n a l  wind v e r s u s  pres- 
s u r e  and l a t i t u d e  f o r  Feb. 16 and 1 7  a t  12:OO GMT 
as de r ived  from LIMS d a t a .  For comparison, Fig.  
1, which has  been t aken  from Palmer (1981),  shows 
t h e  same q u a n t i t y  f o r  0O:OO on Feb. 17. Although 
t h e  s c a l e s  are a l i t t l e  d i f f e r e n t  i n  t h e  two f i g -  
u r e s ,  i t  can be s e e n  t h a t  t h e  LIMS d a t a  i n d i c a t e  
g r e a t e r  extremes in t h e  va lues  of 5. The wester- 
l y  j e t  a t  75O shows maximum va lues  i n  excess  of 50 
m / s ,  and perhaps as l a r g e  a s  65 m / s .  In t h e  SSU 
d a t a ,  t h e  maximum i s  less t h a n  50 m / s .  Perhaps 
more s i g n i f i c a n t ,  t h e  LIMS d a t a  show t h e  e x i s -  
t ence  of a z e r o  wind l i n e  and a small r eg ion  of 
easterlies i n  Fig.  2a nea r  40°. Even though t h i s  
z e r o  wind l i n e  has  d i sappea red  24 hours  l a t e r ,  a s  
shown by Fig.  ZD, t h e  LIMS d a t a  i n d i c a t e  a more 
e x t e n s i v e  r e g i o n  of low va lues  of ?i a t  t h i s  t i m e ,  
t h a n  do t h e  SSU da ta .  A s  w i l l  be shown below, t h e  
e a s t e r l i e s  i n d i c a t e d  by t h e  LIMS d a t a  a r e  more 
p r e v a l e n t  a t  ear l ier  times. One s u s p e c t s  t h a t  t h e  
r eason  f o r  t h e  d i f f e r e n c e s  between t h e  two d a t a  
sets arises from t h e  h i g h e r  v e r t i c a l  r e s o l u t i o n  of 
t h e  LIMS ins t rumen t .  

Fig.  1. H e i g h t l l a t i t u d e  c r o s s  s e c t i o n  of t h e  
z o n a l l y  averaged z o n a l  wind, i n  m / s ,  a s  d e t e r -  
mined from SSU d a t a  by Palmer (1981). Data have 
been i n t e r p o l a t e d  t o  Feb. 17, 1979 a t  0O:OO GMT. 

A s  mentioned, once ii,V,u' and v'  have been 
c a l c u l a t e d  us ing  t h e  approximations desc r ibed  
above, t hey  can be s u b s t i t u t e d  i n t o  ( 1 )  and (2) 
t o  determine t h e  importance of t h e  neg lec t ed  
terms. It has  been found t h a t  f o r  many days 

Fig.  2. A s  in Fig. 1, bu t  u s i n g  LIMS d a t a  f o r  
12:OO GMT on Feb. 16 ( a )  and 17 ( b ) ,  1979. Fig- 
u r e  s c a l e  is s l i g h t l y  d i f f e r e n t  from Fig.  1. 
Negat ive (shaded)  r eg ions  i n d i c a t e  a r e a s  of 
easterlies. 

where d i s t u r b e d  c o n d i t i o n s  e x i s t  i n  t h e  p o l a r  
r eg ions ,  U is no t  w e l l  approximated by t h e  geo- 
s t r o p h i c  r e l a t i o n s h i p  a t  some l o c a t i o n s .  
t h e  c e n t r i f u g a l  term ( 4 t h  on t h e  l e f t  s i d e  of 
( 2 ) )  and t h e  wave f l u x  convergence terms { l s t  and 
2nd terms on t h e  r i g h t  s i d e  of (2)) can be r e l a -  
t i v e l y  l a r g e .  A s  a n  example, t h e  C o r i o l i s  term 
{3rd term on t h e  l e f t  s i d e  of (2)) and t h e  wave 
f l u x  term are compared in Fig.  3 f o r  2 days i n  
February.  The i n c r e a s e d  coverage i n  l a t i t u d e  
ove r  t h e  ear l ier  f i g u r e s ,  a l lows  one t o  s e e  t h a t  
t h e r e  is a n  encroachment of easterlies on Feb. 13 
t h a t  looks remarkably l i k e  t h e  e a r l y  s t a g e s  of 
t h e  model of Dunkerton e t  a l .  It  should be noted,  
however, t h a t  t h e  subsequent  e v o l u t i o n  of Ti in t h e  
model does not  resemble t h e  d i a g n o s t i c a l l y  d e t e r -  
mined evo lu t ion .  On both of t h e  days shown in 
Fig.  3, t h e  wave f l u x  terms a r e  l a r g e  enough t o  
a l t e r  t h e  balance of momentum in t h e  SO0 t o  5 5 O  
r eg ion  and t h e i r  tendency would be t o  b r i n g  t h e  
mean zona l  wind c l o s e r  t o  z e r o  i n  t h a t  region.  
In t h e  p o l a r  r e g i o n s ,  t h e  wave f l u x  t ends  t o  re- 
i n f o r c e  t h e  w e s t e r l i e s  and t h e  c e n t r i f u g a l  term 
(no t  shown) t ends  t o  reduce t h e  w e s t e r l i e s .  

6. FUTURE WORK 

Both 

An a n a l y s i s  of t h e  mer id iona l  momentum bal-  
ance on a day t o  day b a s i s  shows t h a t  t h e  mid- 
l a t i t u d e  r eg ion  of e a s t e r l i e s  o r  nea r  e a s t e r l i e s  
is a p e r s i s t e n t  f e a t u r e  over  s e v e r a l  days. A pro- 
per  de t e rmina t ion  of TI would invo lve  t h e  inc lu -  
sion of t h e  two terms d i s c u s s e d  above and would 
be expected t o  i n d i c a t e  t h a t  a l a r g e  a r e a  i n  t h e  
mid - l a t i t udes  cou ld ,  w i t h i n  t h e  e r r o r s  of t h e  
LIMS measurements, be surrounded by a z e r o  wind 
l i n e .  A more complete unde r s t and ing  of t h e  r o l e  
of c r i t i c a l  l i n e s  and upward p ropaga t ing  waves 
w i l l  r e s u l t  from t h e  c a l c u l a t i o n  of t h e  E-P f l u x e s  
a s  w e l l  as t h e  r e s i d u a l  mean mer id iona l  c i r c n l a -  
t i o n .  
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Fig. 3. 
C o r i o l i s  terms f o r  Feb. 13 ( a )  and Feb. 16 (c) ,  
and wave f l u x  terms f o r  t h o s e  d a t e s  (b and d 
r e s p e c t i v e l y ) .  Note i n c r e a s e  i n  l a t i t u d e  scale 
cove rage  from Figs. 1 and 2. U n i t s  are cm/a2. 

H e i g h t / l a t i t u d e  cross s e c t i o n s  of 
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1. INTRODUCTION 

The aerosol  t r a n s p o r t ,  source, and s i n k  
s t r e n y t h s  a r e  impor tan t  f o r  understanding t r o -  
pospher ic  chemist ry .  C o n t r o l s  and l e g i s l a t i o n  
concern ing gaseous emission depend on such 
knowledge. Data a r e  r e q u i r e d  on s p e c i f i c  con- 
s t i t u e n t s  such as aerosol  su l fa te ,  s u l f u r ,  
water, etc., r a t h e r  than on o n l y  t o t a l  mass. 

Measurements f rom s a t e l l i t e s  o f  t h e  
rad iance  o f  s u n l i g h t  s c a t t e r e d  from t h e  e a r t h  
and i t s  atmosphere have been used t o  d e r i v e  
p r o p e r t i e s  o f  aerosols .  Methods a r e  most 
successfu l  where t h e  s u r f a c e  r e f l e c t i o n  i s  
weak and f a i r l y  uniform. Many i n v e s t i g a t o r s  
have been i n v o l v e d  i n  making measurements o f  
ae roso l  o p t i c a l  t h i ckness  (Gr iggs 1975, 1979; 
Mekler e t  al., 1977; Carlson, 1979; Koepke and 
Quenzel, 1979; Kaufman and Joseph, 1982) and 
mass (Fraser, 1976) over oceans. Attempts t o  
make such measurements over  l a n d  do n o t  seem t o  
have been repor ted.  The emphasis i n  t h i s  r e -  
p o r t  i s  on s a t e l l i t e  measurements o f  aerosol  
o p t i c a l  t h i ckness  and mass over  land. 

Measurements from t h e  Geostat ionary 
Operat ional  Environmental Sate1 1 i t e  (GOES) by 
t h e  V i s i b l e  I n f r a r e d  Spin-Scan Radiometer 
( V I S S R )  a r e  used. Since V I S S R  i s  n o t  c a l i b r a -  
t e d  a f t e r  launch, a post - launch c a l i b r a t i o n  
method was developed and i s  presented. A d i s -  
cuss ion of t h e  a l g o r i t h m  f o l l o w s  f o r  d e r i v i n g  
t h e  aerosol  o p t i c a l  t h i ckness  over l a n d  f rom 
t h e  measured rad iance of s c a t t e r e d  s u n l i g h t  by 
means o f  a r a d i a t i v e  t r a n s f e r  model i n  which 
t h e  o p t i c a l  c h a r a c t e r i s t i c s  o f  t h e  aerosol  a r e  
assumed. The sur face r e f l e c t a n c e  va lues a r e  
r e q u i r e d  and a r e  measured on days when t h e  
o p t i c a l  t h i ckness  i s  smal l .  Values o f  t h e  
o p t i c a l  th ickness measured from t h e  ground and 
s a t e l l i t e  a r e  compared, F i n a l l y ,  t h e  f l u x  d i -  
vergence o f  p a r t i c u l a t e  s u l f u r  d u r i n g  an a i r  
p o l  1 u t i o n  i n c i d e n t  i s  g iven.  

2. CALIBRATION 

GOES s t a t i o n e d  near 75' W l o n g i t u d e  pro- 
v ides rad iance measurements o f  Eastern Un i ted  
S ta tes  and t h e  A t l a n t i c  Ocean every one-hal f  hour. 
The e f f e c t i v e  wavelength o f  t h e  v i s i b l e  l i g h t  
channels i s  610 nm. The n a d i r  s p a t i a l  r e s o l u t i o n  
i s  about 1 km. Un fo r tuna te l y ,  V I S S R  i s  u n c a l i -  
b r a t e d  a f t e r  launch. Furthermore, t h e  gains o f  
t h e  e i g h t  Channels a re  changed a p e r i o d i c a l  l y  t o  
reduce s t r i p i n g  t h a t  appears i n  images o f  t h e  
ea r th .  Hence, V I S S R  should be c a l i b r a t e d  on each 
day t h a t  i t s  measurements d r e  used q u a n t i t a t i v e l y .  

c a l i b r a t i o n s  o f  V I S S R .  The pre launch c a l i b r a t i o n  
between rad iance  (L)  and v o l t a g e  counts ( C )  was 

(1) L a+bC2, 

E a r l i e r  i n v e s t i g a t o r s  attempted post - launch 

w i t h  p o s s i b l e  small  c o n t r i b u t i o n s  from h i g h e r  
o rde r  terms. L i s  a r e l a t i v e  rad iance i n  t h i s  
r e p o r t  and i s  expressed i n  r e f l e c t a n c e  u n i t s :  

L = n l ' / F  COS+,, 

where L' i s  t h e  abso lu te  rad iance,  F i s  t h e  s o l a r  
i r r a d i a n c e ,  and q, i s  t h e  s o l a r  z e n i t h  angle. 
I n  t h e  f o l l o w i n g  d i scuss ion  C r e f e r s  t o  t h e  
ad jus ted  counts made a v a i l a b l e  t o  users o f  t h e  
V I S S H  measurements. Nor ton e t  a l .  (1980) c a l i -  
b r d t e d  V I S S R  w i t h  d i r e c t  s u n l i g h t  t h a t  i l l u m -  
i n a t e d  o n l y  a small  f r a c t i o n  o f  t h e  area o f  t h e  
o p t i c a l  sur faces.  They assumed t h a t  t h e  small  
p r i s m  c o l l e c t i n g  t h e  s u n l i g h t  mainta ined t h e  same 
trarni s s i v i  t y  d s  measured be fo re  1 aunch. 
(1981) showed t h a t  t h e  post - launch c a l i b r a t i o n  o f  
V I S S R  c o u l d  d i f f e r  s i g n i f i c a n t l y  from t h e  pre-  
launch values. For  example, t h e  r e s p o n s i v i t y  o f  
t h e  V I S S R  on t h e  SMS 2 s a t e l l i t e ,  whose measure- 
ments a r e  used i n  t h i s  study, decreased 40 per-  
cen t  d u r i n g  one year .  

Because o f  post - launch i n s t r u m e n t a t i o n  
changes and a p e r i o d i c  adjustments t o  t h e  V I S S R  
ga in,  a procedure was developed t o  c a l i b r a t e  

Muench 
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V I S S R  on each day t h a t  i t s  measurements were used. 
The vo l tage  counts were c o l l e c t e d  from mdny c loud-  
f r e e  reg ions o f  an A t l a n t i c  Ocean image. 
counts were r e l a t e d  t o  rad iances computed f o r  
models o f  the ocean-atmosphere system. 
i o n a l  d e s c r i p t i o n  o f  t h e  method fo l l ows .  

t h e  ocean-atmosphere system (Ahmad and Fraser , 
1982). 
diances were c a l c u l a t e d  f o r  reg ions  f a r  removed 
f rom t h e  b r i g h t  g l i t t e r  p a t t e r n  o f  t h e  sun. 
ga in  b i n  Eq. (1) changed by o n l y  one percent  f o r  
a l i k e l y  range o f  wind speeds between 2 and 10 
m/s. An a d d i t i o n a l  r e f l e c t a n c e  o f  0.005 accounts 
f o r  t h e  l i g h t  sca t te red  from below t h e  ocean 
surface. Th is  r e f l e c t a n c e  i s  small ,  s i nce  t h e  
e f f e c t i v e  wavelength was 610 nm. 

The model atmosphere con ta ins  t h e  s tandard 
gases, t h e  absorb ing gas ozone, and aerosols. 
The m a r i t i v e  aerosol  o f  S h e t t l e  and Fenn (1979) 
a t  a r e l a t i v e  humid i t y  o f  80 percent  was used. 
The s i z e  d i s t r i b u t i o n  over  t h e  o p t i c a l l y  e f f e c -  
t i v e  range fo l l ows  a power law: 

These 

An addi t- 

The rad iances were c a l c u l a t e d  f o r  a model o f  

The ocean su r face  was rough, b u t  t h e  ra -  

The 

1 6 -  

1 6 -  

d 14:: 

13 

12- 

dn/d l o g  r-2.48, 

- 

where n i s  t h e  number d e n s i t y  o f  spheres wi th 
r a d i u s  r. T h e i r  index o f  r e f r a c t i o n  was 1.35- 
1.1~10-8 i. The aerosol  o p t i c a l  t h i ckness  was 
0.1. The ga in  b i n  E q  (1) decreases 17 percent  
f o r  a 0.1 decrease i n  aerosol  o p t i c a l  th ickness.  

The V I S S R  responses t o  t h e  ocean rad iances 
i n  one image was developed from a c o l l e c t i o n  o f  
histograms o f  15-40 reg ions  o f  t h e  A t l a n t i c  
Ocean t h a t  seemed t o  be c loud  f ree .  Each h i s t o -  
gram cons is ted  o f  vo l tage  counts  f o r  a r r a y s  as 
small  as 80 r o w  and 80 columns t o  l a r g e  a r rays  
o f  400 x 400 h i g h - r e s o l u t i o n  p i x e l s .  
t h e  rad iance v a r i e s  approx imate ly  as L-cosO, 
where u i s  t h e  z e n i t h  angle o f  a r r a y  a t  a p o i n t  
of where obse rva t i on  t o  VISSR, t h e  histograms were 
ob ta ined  f o r  a range o f  U between 20" t o  80" i n  
o r d e r  t o  o b t a i n  a l a r g e  range o f  radiances. Inas- 
much as t h e  rad iances over  l a n d  d u r i n g  ve ry  hazy 
c o n d i t i o n s  a t t a i n  t w i c e  t h e  ocean values, t h e  
f i n a l  c a l i b r a t i o n  curves were e x t r a p o l a t e d  t o  
cover  t h e  h ighes t  rad iances over land. 

was obta ined from t h e  f o l l o w i n g  r e l a t i o n :  

Because 

A r e p r e s e n t a t i v e  count  C f o r  each h is togram 

( 3 )  c = 7' + Ac', 
where 
cent  o f  t h e  counts, and Ac' accounts f o r  t h e  
d i f f e r e n c e  between t h a t  mean and t h e  median va lue 
Of a un i fo rm scene. C i s  an es t ima te  o f  t h e  
counts i f  no c louds were present. A represen- 
t a t i v e  h i s t o w a m  of C' and a c a l c u l a t i o n  o f  C a r e  
g i ven  i n  Fig. 1. 953 values o f  C' a r e  i nc luded  
i n  t h i s  histogram. The numbers o f  t h e  l owes t  10 
and 30 percent  o f  a l l  counts  a r e  95 and 286, re -  
s p e c t i v e l y .  The c a l c u l a t i o n  o f  i s  shown. 

(1) i s  p u t  i n  a d i f f e r e n t  form: 

i s  t h e  mean o f  t h e  l owes t  10 t o  30 per-  

Before counts a r e  r e l a t e d  t o  radiance, Eq. 

vJhere a i s  t h e  gain, C i s  t h e  count obta ined 
f rom a histogram, Co i s  t h e  count f o r  zero r a d i -  
ance, and t h e  V I S S R  counts a r e  s u p l i e d  as an 8- 
b i t  number. Co i s  obta'lned by v iew ing  b l a c k  
space beyond t h e  l i m b  o f  t h e  ear th .  The ga in  u 

21 u 
21 U 
24 0 
25 u 
26 U 
21 u 
28 0 
29 0 
30 0 
3 1  I 1  
I2 221 
11 239 
14 116 
I b  b I  
16 5U 
17 24 

1 Y  1u 
40 1 1  
4 1  14 
42  I I  
43 10 
44  9 
45 5 
46 LO 
I? 6 
48 7 
49 5 
so 7 
5 i  1 
52  I 
5 1  1 

la  25 

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

..* 

.** 
- 0 .  

_.. 
.* _. 

Fig. 1. Histograms o f  V ISSR counts over t h e  
A t l a n t i c  Ocean where i t  seemed t o  be w i thou t  
clouds. 

i s  obta ined from t h e  s lope o f  a reg ress ion  l i n e  
o f  t h e  rad iance L on C2. Many samples o f  L, C2 
p a i r s ' f o r  one image were chosen by a boos ts t rap  
s t a t i s t i c a l  i n f e r e n c e  method (Diaconis  and Efron, 
1983). For a p a r t i c u l a r  image, 15-40 p a i r s  o f  L, 
C2 values were ava i l ab le .  A sample p o i n t  was 
assigned a number. The numbers were se lec ted  
randomly u n t i l  as many p a i r s  were a v a i l a b l e  as 
were present  i n i t i a l l y .  A p a i r  L, C2 c o u l d  be 
chosen more than  once. A thousand such s e t s  
were const ructed.  L was regressed l i n e a r l y  on 
C2 f o r  each of t h e  1000 sets .  The s lope o f  
each l i n e  gave t h e  va lue  o f  g a i n  a f o r  an image. 

The reg ress ion  values o f  t h e  g a i n  t h a t  were 
computed f o r  J u l y  and August 1980 a r e  g i ven  i n  
Fig. 2. The e r r o r  ba rs  i n c l u d e  68 percent  o f  

VISSR GAIN 
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Fig. 2 The SMS 2 V I S S R  ga in  f o r  7 weeks. 
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t h e  gains computed by t h e  b o o t s t r a p  method. 
ga ins  (a) f o r  t h e  SMS2 V I S S R  changed by 25 
percent  over a s i x  week per iod.  

3. ALGORITHM 

The 

The a l g o r i t h m  f o r  d e r i v i n g  aerosol  proper- 
t i e s  i s  g iven i n  F ig .  3. The VISSR counts f rom 

ALGORITHM 

SURFACE 
REFLECTANCE 

t 
OPTICAL THICKNESS 
MASS TRANSPORT 

MOOEL 
ATMOSPHERE CLOUOS 

CALIBRATION 

Fig.  3 A lgo r i t hm f o r  d e r i v i n g  t h e  aerosol  
p r o p e r t i e s  from s a t e l l i t e  measurements. 

a GOES a r e  taken f o r  reg ions  t h a t  a r e  expected 
t o  be f r e e  o f  clouds. I n f r a r e d  images screen 
o u t  t h i n  c i r r u s  clouds. These oDerat ions t a k e  
p lace  on an Atmospheric Oceanic I n f o r m a t i o n  
Processing System (AOIPS) .  The su r face  r e f l e c -  
t ance  i s  de r i ved  from VISSR observat ions on days 
w i t h  small  amounts o f  haze. The aerosol  o p t i c a l  
t h i ckness  i s  d e r i v e d  from t h e  c a l i b r a t e d  V I S S R  
rad iances by means o f  a r a d i a t i v e  t r a n s f e r  model. 
The l a s t  box on t h e  r i g h t  i n d i c a t e s  t h a t  v a r i -  
ab les  w e l l  c o r r e l a t e d  w i t h  t h e  aerosol  o p t i c a l  
t h i ckness  a r e  a v a i l a b l e  a lso,  o r  can be c a l c u l a -  
t e d  wi th a d d i t i o n a l  data, such as winds, which 
a r e  n o t  de r i ved  from s a t e l l i t e  observat ions.  

A somewhat d i f f e r e n t  r a d i a t i v e  t r a n s f e r  
model was developed f o r  eas te rn  U n i t e d  States. 
The ground i s  assumed t o  r e f l e c t  l i g h t  accord ing 
t o  Lambert's law w i t h  a r e f l e c t a n c e  va lue d e r i v e d  
f rom VISSR observat ions.  The atmospheric model 
i s  t h e  same as descr ibed p rev ious l y ,  except f o r  
t h e  aerosol  p roper t i es .  The s i z e  d i s t r i b u t i o n  
was g i ven  by Whitby (1978) f o r  t h e  accumulation 
mode, which i s  t h e  s t r o n g l y  dominate mode f o r  
aerosol o p t i c a l  p r o p e r t i e s  i n  t h e  v i s i b l e  spec- 
trum. It i s  a l o g  normal f u n c t i o n  with a mean 
and s tandard d e v i a t i o n  o f  t h e  l o g a r i t h m  o f  t h e  
diameter i n  micrometers of -2.40 and 0.693, re-  
s p e c t i v e l y .  The index o f  r e f r a c t i o n  o f  t h e  
assumed s p e r i c a l  p a r t i c l e s  was 1.43-0.0035 i, 
r e s u l t i n g  i n  an albedo o f  s i n g l e  s c a t t e r i n g  o f  
0.96. Tables o f  rad iance a r e  c a l c u l a t e d  f o r  
t h i s  model as a f u n c t i o n  o f  t h e  coo rd ina tes  o f  
t h e  sun, s a t e l l i t e ,  and p o i n t s  o f  observat ion,  
t h e  su r face  r e f l e c t a n c e ,  and t h e  aerosol  o p t i c a l  
t h i ckness  . 

An e r r o r  budget f o r  s a t e l l i t e  measurments 
of aerosol  o p t i c a l  t h i ckness  i s  g i ven  i n  F ig .  4. 
The unper turbed model i s  
r e p r e s e n t a t i v e  f o r  V I S S R  measurements o f  Eastern 
U n i t e d  States d u r i n g  t h e  morning. A su r face  
r e f l e c t a n c e  e r r o r  & of o n l y  0.01 causes an 
o p t i c a l  t h i ckness  e r r o r  o f  0.04 t o  0.05. 
p r e c i s i o n  4 p  o f  t h e  rad iance measurements was 
determined by t a k i n g  t h e  d i f f e r e n c e  I n  t h e  mean 
p i x e l  counts over  an ocean area o f  250,000 km2 on 
days when t h e  g a i n  a (Eq. ( 4 ) )  changed o n l y  
s l i g h t l y .  The b i a s  rad iance  e r r o r  4 8  i s  d i f -  
f i c u l t  t o  e s t a b l i s h .  It c o u l d  have severa l  
sources: an e r r o r  i n  water r e f l e c t a n c e ,  wrong 
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Fig. 4. Resul ts  o f  a s e n s i t i v i t y  s tudy  f o r  the 
e f f e c t  o f  severa l  e r r o r  sources on t h e  e r r o r  i n  
t h e  V I S S R  measurement o f  aerosol  O p t i c a l  t h i c k -  
ness ( A p  = 0.001. p r e c i s i o n  i n  t h e  c a l i b r a t i o n ;  
n l g  = 0.05 L, b i a s  e r r o r  i n  t h e  r e l a t i v e  
radiance; nRH= lo%, e r r o r  i n  r e l a t i v e  humid i ty ;  
Ow = 0.01, e r r o r  i n  t h e  dry aerosol  albedo o f  
s i n g l e  s c a t t e r i n g ;  dR=O.Ol, e r r o r  i n  su r face  
r e f 1  ectance) . The unper turbed model parameters 
are:  A= 550 nm, s o l a r  z e n i t h  ang le  = 60°, 
observa t i on  p o l a r  angle = 60" and azimuth ang le  
from p r i n c i p a l  p lane = 150°, aerosol  index o f  
r e f r a c t i o n  = 1.43- 0.0035 i , aerosol  albedo o f  
s i n g l e  s c a t t e r  = 0.96, and RH = 80%. 

aerosol  models, n o n l i n e a r  response by VISSR, and 
computations. An es t ima te  o f  t h e  b i a s  e r r o r  i s  
5 percent  o f  t h e  r e l a t i v e  radiance, which r e s u l t s  
i n  an o p t i c a l  t h i ckness  e r r o r  t h a t  increases 
almost l i n e a r l y  wi th wavelength, as i s  t h e  case 
w i t h  t h e  r e l a t i v e  humid i t y  and albedo o f  s i n g l e  
s c a t t e r i n g  e r r o r s .  The t o t a l  e r r o r  i s  20 percent  
o f  t h e  aerosol  o p t i c a l  t h i ckness  f o r  va lues 
exceeding 0.3. The v a l i d . i t y  o f  these e r r o r  
est imates i s  shown next  w i t h  exper imenta l  data. 

The accuracy o f  b o t h  t h e  c a l i b r a t i o n  and 
t h e  a l g o r i t h m  f o r  t h e  o p t i c a l  t h i ckness  i s  demon- 
s t r a t e d  w i t h  Fig. 5 .  The aerosol  o p t i c a l  t h i c k -  
nesses measured by t h e  s a t e l l i t e  a r e  compared 
with va lues d e r i v e d  f rom s o l a r  t ransmiss ion  
measurements made from t h e  ground nedr 
Washington, D.C., Columbus, Ohio, and Miami, 
F l o r i d a .  I n  o rde r  t o  es t ima te  t h e  accuracy o f  
t h e  reg ress ion  l i n e ,  i t s  equat ion was c a l c u l a t e d  
f o r  1000 Sets o f  data accord ing t o  t h e  b o o t s t r d p  
s t a t i s t i c a l  method (Diaconis  and Efron,  1983). 
The dashed l i n e s  i n c l u d e  68 percent  o f  t h e  
reg ress ion  l i n e s .  The d e v i a t i o n  o f  t h e  dashed 
l i n e s  from t h e  mean reg ress ion  l i n e  ranges from t 
0.04 t o  2 0.08 as t h e  o p t i c a l  t h i ckness  increase;; 
f rom 0.2 t o  0.7. These values a r e  about one-hal f  
of t h e  est imated t o t a l  e r r o r  i n  F ig .  4. The 
measured e r r o r s  i n d i c a t e  t h e  accuracy o f  c a l i b r a -  
t i  ng t h e  sate1 1 i t e  rad iometer  and a1 gor' i thm f o r  
d e r i v i n g  o p t i c a l  t h i ckness  from t h e  s a t e l l i t e  
radiances. 
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Fig.  5. The aerosol  o p t i c a l  th icknesses de r i ved  
f rom s a t e l l i t e  observat ions a r e  compared w i t h  
t h e  values f o r  a v e r t i c a l  coluinn measured from 
t h e  ground. 

4. AEROSOL MASS 

Mass d e n s i t y  a t  a p o i n t  

The t o t a l  mass o f  an aerosol  c o n s t i t u e n t  i s  
based on a l i n e a r  r e l a t i o n  between i t s  p o i n t  mass 
( P) and t h e  aerosol  s c a t t e r i n g  c o e f f i c i e n t  ( b t ) :  

(5) 

where a and b a r e  constants .  
d i scuss ion  P may be t h e  mass d e n s i t y  o f  t h e  f i n e  
P a r t i c l e s  (FPM), s i l f a t e  (SO!), o r  s u l f u r  ( S )  i n  
t h e  aerosol :  and bs i s  a s c a t t e r i n g  c o e f f i c i e n t  
measured i n  t h e  v i s i b l e  spectrum o f  a i r  a t  l ow  
r e l a t i v e  humid i ty .  The values o f  t h e  constants  
depend on t h e  r e g i o n  and season (Pierson e t  al., 
1980; Waggoner and Weiss, 1980; Wol f f  e a1 ., 
l y  exceeds 0.9. 

a l .  
s i t y  o f  SO4. They found t h e  f o l l o w i n g  e m p i r i c a l  
re1  a t i onsh ip :  

b!= a t b P, 

I n  t h e  f o l l o w i n g  

1982). The c o r r e l a t i o n  between P and bs 8 usual -  

The data of Ferman e t  a l .  (1981) and W o l f f  e t  
(19821 a r e  used f o r  e s t i m a t i n g  t h e  mass den- 

s o i  
7.32 - + 2.26, 

b: (6) - 
FPM FPM 

where FPM i n c l  des SO& and t h e i r  u n i t s  a r e  g K 3  

bs/FPM and SO$FPM was 0.98. Equat ion (6 )  can 
be w r i t t e n  i n  t h e  f o l l o w i n g  form: 

(7 )  b i  = 9.58 SO; + 2.26 R, 

where R i s  t h e  remain ing mass i n  t h e  f i n e  p a r t i -  
c l e  mode (R = FPM - So"), 
Eq. (7) c o n t r i b u t e s  on fy  one - fou r th  o f  t h e  t o t a l  
s c a t t e r i n g  c o e f f i c i e n t  b:, and t h e  c o n c e n t r a t i o n  
Of R i s  n o t  known, a cons tan t  r a t i o  RISO! i s  
assumed. The S O ~ F P M  r a t i o  f o r  t h e  eas te rn  
Un i ted  S ta tes  u s u a l l y  f a l l s  w i t h i n  t h e  range of 
0.3 t o  0.6 (Stevens e t  al., 1978: T r i j o n i s ,  1982). 
Therefore, an average values o f  R/SO' = 1.27. 
S u b s t i t i o n  o f  t h i s  r a t i o  i n  (3)  r e s u f t s  i n  t h e  
f o l l o w i n g  equa t ion  f o r  s u l f a t e  mass: 

aad those  o f  b 8 a r e  m . The c o r r e l a t i o n  between 

Since t h e  R-term o f  

SO: =v.O80 

The s a t e l l i t e  me surement o f  rad iance i s  n o t  
r e l a t e d  d i r e c t l y  t o  bas b u t  i s  r e l a t e d  t o  t h e  
e x t i n c t i o n  c o e f f i c i e n 2  b e x t  f o r  t h e  aqueous aero- 
so l .  The r e l a t i o n  between between b and beXt 
was discussed by Fraser  e t  a1 . (19835: 

(9) b! ( ~ 1 )  = 9( A) f(RH)Wbext( s 

where W i s  t h e  aerosol  albedo o f  s i n g l e  s c a t t e r ,  
f reduces t h e  s c a t t e r i n g  c o e f f i c i e n t  o f  t k e  wet 
aerosol  t o  t h a t  of, a d r y  aerosol ,  and g -W.6  t o  

r e l a t e  t h e  f i e l d  measurements o f  b$ a t  A ~ ,  t o - t h e  
s a t e l l i t e  measurements a t  A?. 
dnd S a r e  obta ined by s u b s t i t u t i o n  o f  Eq (9) i n  

The inass o f  SOS 

Eq. (8) :  
SO; = 0.12 f(RH)W bext (610) 

S = 0.04 f w bext, 1 where t h e  u n i t s  o f  be 
and g m-3 ,  respec t i ve fy .  

dnd-tnass d e n s i t y  a r e  in' 

B. Columnar Mass 

ob ta ined  by i n t e g r a t i o n  o f  Eqs. ( 5 )  o r  (10) w i th  
respect  t o  h r i  y h t  ( z )  : 

The aerosol  mass i n  a v e r t i c a l  column ( N )  i s  

30 km 

su r face  
M i  = J P (z)dz , i = 1, 2 

= C i  ) f ( z )w(z )bex t ( z )  dz. 

= C i  fw ,lbe,t(Z)dZ 

(11) M(S) = 0.04 G ~ ( 6 1 0 )  g m-2, 

where C1 = 0.04 and C2 = 0.12 f o r  S and S O i ,  
r e s p e c t i v e l y ,  and T i s  t h e  t o t a l  v e r t i c a l  o p t i -  
c a l  t h i ckness  o f  aerosol .  A weighted product  
5 i s  taken o u t s i d e  o f  t h e  i n t e g r a l ,  because 
none o f  t he  v e r t i c a l  p r o f i l e s  a r e  known f rom 
t h e  s a t e l l i t e  observat ions.  

mate accu ra te l y .  As an example, a v e r t i c a l  pro-  
f i l e  o f  humid i t y  and s c a t t e r i n g  c o e f f i c i e n t  o f  
ambient a i r  (bs)  measured over Chesapeake Bay 
are shown i n  F ig .  6. The d r y  aerosol  s c a t t e r i n g  
c o e f f i c i e n t  i s  obta ined froin t h e  aqueous c o e f f -  
i c i e n t  from t h e  f o l l o w i n g  r e l a t i o n :  

(12) b i  = 1.4 (l-RH)Oa7 hs 

The s t rong  s c a t t e r i n g  by t h e  aqueous aerosol  
wi th h i g h  r e l a t i v e  humid i t y  a t  1200 m vanishes 
f o r  t h e  d r y  aerosol. On t h e  o t h e r  hand, t h e  
s t r o n g  s c a t t e r i n g  by t h e  aqueous aerosol  a t  low- 
e r  r e l a t i v e  humidity a t  400 m remains s t r o n g  f o r  
t h e  d r y  aerosol. Such v e r t i c a l  p r o f i l e s  o f  b! 
can n o t  be d e r i v e d  from c u r r e n t  s a t e l l i t e  ddta. 
Hence, t h e  C o r r e c t  we igh t i ng  o f  t h e  r e l a t i v e  
humid i t y  (G) i s  unce r ta in .  Perhaps such pro-  
f i l e s  of t h e  d r y  aerosol  can be de r i ved  i n  t h e  
f u t u r e  f rom l i d a r  and humid i t y  data. 

(Eq. 11) i s  given by t h e  approximate r e l a t i o n  

The vleighted mean f w  i s  d i f f i c u l t  t o  e s t i -  

The r e l a t i v e  e r r o r  i n  t h e  columnar mass 

(13) &I 

M 
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F ig .  6. The s c a t t e r i n g  c o e f f i c i e n t  o f  d r y  a i r  
( A )  d e r i v e d  from t h e  s c a t t e r i n g  c o e f f i c i e n t  o f  
mo is t  a i r  (6). The r e l a t i v e  humid i t y  i s  g iven 
by C and m ix ing  r a t i o  by D. 
surements i s  1344 t o  1424 GMT, Sept. 1982. 
Kaufrnan e t  al., 1983, made t h e  measurements. 

The t i m e  o f  mea- 

The r e l a t i v e  e r r o r s  i n  C i ,  f, and w were estima- 
t e d  i n  percent  by Fraser e t  a1 . (1983) as 225, 
+20, and 210  r e s p e c t i v e l y .  The e r r o r  o f  measur- 
i ng  t h e  aerosol o p t i c a l  t h i ckness  i s  2 15 percent  
Fig. 5) .  
columnar mass O4/M = 237 percent. 
i n  e s t i m a t i n g  t h e  mass o f  s u l f u r  r e s u l t s  more 
from l a c k  o f  knowledge about t h e  o p t i c a l  proper- 
t i e s  o f  hazes r a t h e r  than measurement o f  t h e  sa t -  
e l  1 i t e  o p t i c a l  th ickness.  

5. ANALYSIS OF SATELLITE OBSERVATIONS 

The r e s u l t a n t  e r r o r  i n  e s t i m a t i n g  t h e  
The e r r o r  

The mass o f  aerosol  s u l f u r  i s  des r i ved  from 

Th is  day was chosen because a 

GOES observat ions taken a t  1300 GMT on 31 J u l y  
1980. 
t h e  eas te rn  U.S. 
l a r g e  e f f o r t  was made by many o t h e r  experimenters 
t o  measure and analyze t h e  p r o p e r t i e s  o f  t h e  a i r  
p o l l u t i o n  f o r  t h i s  day. 
accompanying r a i n  was l o c a t e d  over  Lake Michigan. 
South o f  t h i s  r e g i o n  weak, a n t i c y c l o n i c  f low,  
which i s  assoc iated w i t h  e leva ted  a i r  p o l l u t i o n ,  
p reva i  1 ed. 

The columnar mass d e n s i t y  o f  aerosol  s u l f u r  
i s  c a l c u l a t e d  by means o f  Eq. (11) and g i ven  i n  
Fig. 7. The maxiinum concen t ra t i ons  above 0.045 
g m-2 occur over t h e  A t l a n t i c  Ocean and West 
V i r g i n i a .  No o t h e r  lneasurements o f  t h e  columnar 
mass have been publ ished,  b u t  su r face  measure- 
ments can be used t o  es t ima te  columnar mass. I f  
i t  i s  assumed t h a t  t h e  volume d e n s i t y  i s  indepen- 
dent  o f  h e i g h t  w i t h i n  t h e  l a y e r  extending 1500 m 
above t h e  ground and zero above t h a t ,  t hen  t h e  
average mass of aerosol  s u l f u r  i s  between 0.005 
and 0.008 g/G eas t  o f  t h e  M i s s i s s i p i  R ive r  d u r i n g  
t h e  summer (Husar and Pat terson,  1980). The max- 
imum va lue  found i n  p u b l i c a t i o n s  was 0.040 g/m'2 
over West V i r g i n i a  (Hidy e t  al., 1978). The 
s a t e l l i t e  va lues measured a t  a p a r t i c u l a r  i n s t a n t  
w i t h  a s p a t i a l  r e s o l u t i o n  o f  100 kin l i e s  w i t h i n  
t h e  range o f  p rev ious  data, except f o r  values 
t h a t  exceed 0.04gm-2. The t o t a l  mass o f  aerosol  
s u l f u r  w i t h i n  t h e  o u t l i n e d  r e g i o n  i s  0.036 Tg. 

The sun had been s h i n i n g  f o r  3 hours over 

A weak cyc lone w i t h  

SULFUR MASS (OM 2)  
-- -7 1 ---1 

97 90 BO 70 94 

Fig. 7. The columnar d e n s i t y  o f  aerosol s u l f u r .  
The borders through which t h e  t r a n s p o r t  o f  s u l f u r  
a r e  computed a re  g iven by t h e  continuous, s t r a i g h t  
l i n e s .  

The h o r i z o n t a l  d ivergence o f  aerosol mass 
i s  computed w i t h  t h e  wind v e l o c i t y  a t  t h e  925 mb 
l e v e l  measured by rawins one hour be fo re  t h e  
s a t e l l i t e  observat ions.  The s t reaml ines  i n  Fig. 
8 show t h e  d i r e c t i o n  o f  f l ow :  s o u t h e r l y  i n  t h e  

Fig. 8.. The wind f i e l d  a t  t h e  925 mb l e v e l .  
cont inuous l i n e s  a re  t h e  s t reaml ines,  and t h e  
dashed l i n e s  g i v e  t h e  wind speed .in m s-1. 

The 

south, wes te r l y  i n  m i d l a t i t u d e s ,  and c y c l o n i c a l l y  
around a low pressure over Lake Michigan. The 
wind speed i s  g iven by t h e  dashed l i n e s ,  The 
maximum speed i s  15 m/s south o f  Lake Michigan 
and l e s s  than  5 m/s over a l a r g e  r e g i o n  o f  east -  
e r n  r e g i o n  o f  eastern U.S. 

The d ivergence o f  s u l f u r  mass i s  shown i n  
Fig. 9. The s t ronges t  d ivergence i s  assoc iated 
w i t h  t h e  east-west b e l t  o f  maximum aerosol con- 
c e n t r a t i o n ,  which co inc ides  w i t h  t h e  s t ronges t  
winds. 
da ta  f o r  comparison. The annual anthropogenic 
source s t r e n g t h  o f  SO2, however, forms a bas i s  
f o r  comparison i n  Fig. 10. The p roduc t i on  o f  S 
i s  0.5 o f  t h a t  o f  S02. 
produc t ion  i s  s i m i l a r  t o  t h e  s a t e l l i t e  values 
i n  magnitude and l o c a t i o n .  

There do n o t  seem t o  be s i m i l a r  publ ished 

The b e l t  o f  maximum 
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Annual r a t e  o f  p roduc t i on  o f  SO2 i n  

5. CONCLUSION 
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f o r  d e r i v i n g  t h e  aerosol  o p t i c a l  t h i ckness  from 
S a t e l l i t e  measurements. The s tandard e r r o r  of 
es t ima te  was 15 percent. 
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d ivergence r e q u i  r e  v a l  i d a t i  on w i t h  an i ndepen- 
dent  se t  o f  data. 

Ahmad, Z., and R. S. Fraser, 1982: An i t e r a t i v e  
r a d i a t i o n  t r a n s f e r  code f o r  ocean-atmosphere 
systems. J. Atmos. Sci., 2, 656-665. 

Carlson, T. N., 1979: Atmospheric t r u b u d i t y  i n  
Saharan dus t  outbreaks as determined by analyses 
o f  s a t e l l i t e  b r i gh tness  data.  Mon. Wea. Rev;, 
107. 322-335. - 

Diaconis ,  P., and B. Efron, 1983: Computer- 
i n t e n s i v e  methods i n  s t a t i s t i c s .  Sci. Amer., - 249, 116-129. 

Ferman, M. A., G. T. Wo l f f  and N. A. K e l l y ,  
1981: The n a t u r e  and sources o f  haze i n  t h e  
Shenandoah Val l ey /B lue  Ridge Mountains area. 
J. A i r  P o l l u t i o n  c o n t r o l  Assoc., 3 l ,  1074- 
1083. 

Fraser, R. S., 1976: S a t e l l i t e  measurements o f  
mass o f  Sahara dus t  i n  t h e  atmosphere. Appl. 

Fraser, R. S., Y. J. Kaufman and R. L. Mahoney, 
1983: Sate1 1 i t e  measurements o f  aerosol  mass 
and t r a n s p o r t ,  

Opt., 15, 2471-2479. 

Submitted t o  Atmos. Environ. 

Griggs, M., 1975: Measurements o f  atmospheric 
aerosol  o p t i c a l  t h i ckness  over water us ing  
ERTS-1 data. J. Air P o l l .  Contr. Assoc., 25, 
622-626. 

1979: S a t e l l i t e  observat ions o f  atmo- 
-'?&ric aerosols  d u r i n g  t h e  EOMET c ru i se .  

J ,  Atmos. Sci . , 2, 695-698. 

Hidy, G. M., P. K. Mue l l e r  and E. Y. Tong, 1978: 
S p a t i a l  and temporal d i s t r i b u t i o n s  o f  a i r b o r n e  
s u l f a t e  i n  p a r t s  o f  t h e  U n i t e d  States. Atmos. 
Environ., l2, 735-752. 

Husar, R..B., and 0. E. Pat terson,  1980: Regional 
sca le  a i r  p o l l u t i o n :  
Anna1 s New York Acad. Sci., 338, 399-417. 

Kaufman, Y .  J., T. W .  Brakke and E. E loranta,  
1983: 
t i v e  c h a r a c t e r i s t i c s  o f  a hazy atmosphere. 
P r e p r i n t s  F i f t h  Conf. on Atmos. Radiat ion,  
Amer. Meteor., SOC., Boston, Mass., 224-227. 

Kaufman, Y. J., and J. H. Joseph, 1982: Evalu- 
a t i o n  o f  su r face  albedos and e x t i n c t i o n  char-  
a c t e r i s t i c s  of t h e  atmosphere from s a t e l l i t e  
images, J. Geoph. Res., 87, 1287-1299. 

sources and e f f e c t s .  

F i e l d  experiment t o  measure t h e  r a d i a -  

9 



Koepke, P., and H. Quenzel, 1979: 
t h e  atmosphere determined f rom S a t e l l i t e :  
C a l c u l a t i o n  o f  optimum v iew ing  geometry. A. 
Geophys. Res., 84, 7847-7855. 

Mekler, Yu., H. Quenzel , G. Ohr ing and I .  Marus, 
1977: R e l a t i v e  atmospheric aerosol  con ten t  
f rom ERTS observat ions.  J. Geophys. Res., 

T u r b i d i t y  o f  

- 82, 967-970. 

Muench, H. S., 1981: C a l i b r a t i o n  o f  Geosynchron- 
ous S a t e l l i t e  Video Sensors. A i r  Force Geo- 
phys i cs  Laboratory ,  Hanscom AFB. Mass., 19 pp. 

D. W. Mar t i n ,  0. Santek and W. Kuhlow, 1980: 
A model f o r  c a l c u l a t i n g  dese r t  aerosol  t u r b i d -  
i t y  over  t h e  oceans from geos ta t i ona ry  s a t e l -  
l i t e  data. J.  Appl. Meteor., l9. 633-644. 

J. W. B u t l e r  and T. J. K o r n i s k i ,  1980: Ambi- 
e n t  s u l f a t e  measurements on A1 legheny Mountain 
and t h e  aues t i on  o f  atmosDheric s u l f a t e  i n  t h e  

Norton, C. C., F. R. Mosher, B. Hinton,  

Pierson, W. R., W. W. Brachaczek, T. J ,  Truex. 

n o r t h e a s i e r n  U n i t e d  State;. 
Acad. Sci., 538, 145-173. 

Annals New York 

She t t l e ,  E. P., and R. W. Fenn, 1979: Models f o r  
t h e  ae roso ls  o f  t h e  lower  atmosphere and t h e  
e f f e c t s  o f  humid i t y  v a r i a t i o n s  on t h e i r  o p t i c a l  
p roper t i es .  A i r  Force Geophysics Labora to ry  
Report No. AFGL-TR-79-0214. Hanscom AFB, 
Mass., 94 pp. 

Stevens, R. K., T. G. Dzubay, G .  Russwarm and 
D. R i cke l ,  1978: Sampling and a n a l y s i s  o f  
atmospheric su l  f a t e s  and re1 a ted  species. 
Atmos. Environ., 12, 55-68. 

ground l e v e l s  o f  v i s i b i l i t y  and f i n e  p a r t i c l e s  
i n  t h e  r u r a l  east. Atmos. Environ., 16, 2431- 
2445. 

T r i j o n i s ,  J., 1982: E x i s t i n g  and n a t u r a l  back- 

Waggoner, A. P., and R. E. Weiss, 1980: Com- 
p a r i s o n  o f  f i n e  p a r t i c l e  mass c o n c e n t r a t i o n  
and l i g h t  s c a t t e r i n g  e x t i n c t i o n  i n  ambient 
aerosol  . Atmos. Envi ron., l4, 623-626. 

Whitby, K. T., 1978: The phys i ca l  c h a r a c t e r i s -  
t i c s  o f  s u l f u r  aerosols .  Atmos. Environ., 12, 
135-159. 

Wolff ,  G. T., M. A. Ferman, N. A. K e l l y ,  
D. A. Stroup and M. S. Ruthkosky, 1982: 
The r e l a t i o n s h i p s  between t h e  chemical compo- 
s i t i o n  o f  f i n e  p a r t j c l e s  and v i s i b i l i t y  i n  t h e  
D e t r o i t  m e t r o p o l i t a n  area. J.  A i r  P o l l u t i o n  
Con t ro l  Assoc., 32, 1216-1220. 

10 



A. 3 

MARINE AEROSOL OPTICAL DEPTH FROM SATELLITE-DETECTED RADIANCE 

P. A. Durkee ’, E. E. Hindman’ , D. R. Jensen ’ , and T. H. Vonder Hear* 

Department of Atmospheric Science 
Colorado S ta t e  Univers i ty  

Fort  C o l l i n s ,  CO 80523 
(303) 491-8398 

‘Ocean and Atmospheric Sciences Divis ion 
Naval Ocean Systems Center 

San Diego, CA 92152 

t 

1.0 INTRODUCTION 

Reoent improvements of t h e  s e n s i t i v i t y  of 
s a t e l l i t e - b o r n e  s e n s o r s  have made it  possible t o  
d e t e o t  v a r i a t i o n s  of  a e r o s o l  o p t i o a l  depth from 
spaoe. These v a r i a t i o n s  may be oaused, i n  part, 
by r e l a t i v e  humidity v a r i a t i o n s  through growth of 
P a r t i o l e s  by water vapor oondensation. The 
V a r i a t i o n s  a l s o  may be oaused by p a r t i o l e  
Populat ion v a r i a t i o n s  a t  oonstant  humidity. TO 
examine these hypotheses, a set  of 
near-simultaneous satell i te images and a i r o r a f t  
measurements  was c o l l e o t e d  between 20 September 
t o  7 Ootober, 1982 off-shore of southern 
C a l i f o r n i a .  The sa te l l i t e  images were from t h e  
 NIMBUS-^ Coastal Zone Color Soanner (CZCS) and t h e  
NOAA-7 Advanoed Very High Resolut ion Radiometer 
( A V H R R ) ,  The a i rborne  measurements oons is ted  Of 
a e r o s o l  p a r t i o l e  s i z e s ,  numbers and oompositions 
and atmospheric s ta te  v a r i a b l e s .  Ext inot ion  due 
tQ s o a t t e r i n g  was oa loula ted  from th6 measured 
P a r t i o l e  size d i s t r i b u t i o n s .  Then, t h e  v e r t i o a l  
and h o r i z o n t a l  d i s t r i b u t i o n s  of e x t i n o t i o n  were 
Compared with t h e  s a t e l l i t e - d e t e o t e d  radianoe 
va lues .  The r e s u l t s  show a p o s i t i v e  r e l a t i o n s h i p  
between s c a t t e r i n g  by marine a e r o s o l  p a r t i o l e s  and 
s a t e l l i t e - d e t e o t e d  radianoe.  Also, s o a t t e r i n g  by 
marine particles is shown t o  be related p o s i t i v e l y  
t o  v a r i a t i o n s  of r e l a t i v e  humidity. Therefore ,  
sa te l l i t e  sensors  appear  t o  be able t o  y i e l d  
information on r e l a t i v e  humidity v a r i a t i o n s  as 
well as boundary l a y e r  o p t i o a l  proper t ies .  

2.0 THE EXPERIMeNT 

S a t e l l i t e  images were ool leo ted  and analyzed 
i n  real-time a t  the Sor ipps  Satel l i te  Ooeanography 
F a O i l i t y  (SSOF) . During t h e  experiment per iod,  
NIMBUS-7 CZCS and NOAA-7 AVHRR images were 
OOlleoted. The AVHRR sensor  provides  imagery i n  
one v i s i b l e  and one near - inf ra red  band. Below are 
t h e  s p e o t r a l  responses  of t h e  AVHRR ohannels: 

Channel 1 0.58-1.68 pm (yellow-red v i s i b l e )  
Channel 2 0.725-1 . I O  pro (near - inf ra red)  

The CZCS sensor  provides  imagery i n  4 v i s i b l e  
bands and 1 near - inf ra red  band. I n  t h i s  Paper 
only data from CZCS ohannels  4 and 5 w i l l  be 
Presented: 

Channel 4 0.66-0.58 ).lm ( r e d  v i s i b l e )  
Channel 5 0.70-0.80 pm (near - inf red)  

For a d e s o r i p t i o n  of meteorological  sa te l l i t e  
sensors  as they re la te  t o  m r i n e  haze d e t e o t i o n  
see Durkee et 82. 

3.0 RESULTS 

3.1 5 Ootober 1982 Case 

( 1982). 

The experimental r e s u l t s  from the f l i g h t s  
exeouted on 5 Qotober  1982 have been presented by 
Durkee F& al. (1984). We summarize those r e s u l t s  
here and-inoorporate them with more reoent  
f i n d i n g s  from t h e  experiment, F igure  1 shows the 
s a t e l l i t e - d e t e o t e d  radianoe (AVHRR ohannel 1 
va lues  p l o t t e d  a g a i n s t  oa loula ted  va lues  of  
a e r o s o l  o p t i o a l  depth from airoraf t -measured 
p a r t i c l e  s i z e  d i s t r i b u t i o n s .  The s lope  of the 
r e l a t i o n s h i p  i n  f i g u r e  1 has  been shown by Durkee 
e t  al. (1984) t o  be t h a t  whioh is expeoted f o r  
marine p a r t i o l e s .  These r e s u l t s  aonfirm and 
expand t h e  prel iminary r e s u l t s  of Hindman e t  al, 
(1983). 

The r e l a t i o n s h i p  between e x t i n o t i o n  due to  
m a t t e r i n g  by marine p a r t i o l e s  and ambient 
r e l a t i v e  humidity was a l s o  i n v e s t i g a t e d  by Durkee 
et a1 (1984). The r e s u l t s  from t h e  5 October 
f l i g h t s  are shown i n  f i g u r e  2. The r e l a t i o n s h i p  
i n  f i g u r e  2 has t h e  same shape as t h a t  reported by 
Covert c. (1972) and F i t z g e r a l d  a& 
(1982) from t h e i r  sur faoe  humidified nephelometer 
measurements. Thus, it appears  t h a t  e x t i n o t i o n  is 
related to  r e l a t i v e  humidity throughout and 
perhaps even above t h e  marine boundary l a y e r .  

3.2 S p i r i a l  measurements 

During the experiment, 25 v e r t i o a l  s p i r a l s  
were flown wi th in  1 hour of a satell i te overpass. 
Due to  var ious  problems (eg. l o s s  of  satell i te o r  
a i r o r a f t  data), d a t a  from 1 3  of t h e  s p i r a l s  are 
a v a i l a b l e  f o r  p r e s e n t a t i o n  here. 

The d i r e o t  oompariaon between 
s a t e l l i t e - d e t e o t e d  radianoe and a e r o s o l  o p t i o a l  
depth shows a high c o r r e l a t i o n  on a s i n g l e  day 
w i t h i n  a small  reg ion  as demonstrated i n  f i g u r e  1. 
To oompare a e r o s o l  p r o p e r t i e s  t o  upwelling 
radianoe with measurements made on d i f f e r e n t  days, 
t he  v a r i a t i o n s  due t o  s u n - e a r t h - s a t e l l i t e  geometry 
d i f f e r e n o e s  need t o  be aooounted f o r .  
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Figure  1. S a t e l l i t e - d e t e c t e d  rad iance  vs. 
aerosol o p t i c a l  depth from t h e  s u r f a c e  t o  2286 m. 
The sol id  l i n e  is t h e  estimated l i n e a r  
r e l a t i o n s h i p ;  r is the  c o r r e l a t i o n  c o e f f i c i e n t .  

If s i n g l e  s c a t t e r i n g  is assumed, upwell ing 
rad iance  is  given by 

where is t h e  s i n g l e  s c a t t e r i n g  albedo,  6 
is the  solar flux d e n s i t y ,  
cos ine  of t h e  solar and sate1 a') a, is  t h e  a e r o s o l  opt ioal  depth. 

is t h e  s i n g l e  s c a t t e r i n g  phase func t ion ,  
If 

G&4-&) is small, equat ion  (1)  may b e  f u r t h e r  
s i m p l i  ed t o  

F i n a l l y ,  s e p a r a t i n g  sa te l l i t e -dependent  terms from 
aerosol-dependent terms g i v e s  

Equation ( 3 )  pl;o';ides a first-order method f o r  
comparing satellite-detected rad iance  wi th  a e r o s o l  
o p t i c a l  depth while  account ing for geometry 
af facts. 

F igure  3 i l l u s t r a t e s  t h e  r e s u l t s  of p l o t t i n g  
va lues  from t h e  left- and right-hand s i d e s . o f  
equat ion  (3) for the  spiral measurements made 
w i t h i n  1 hour of an AVHRR overpass. F igure  4 
i l l u s t r a t e s  t h e  same p l o t  as f i g u r e  3 but  f o r  
v a l u e s  from CZCS overpasses .  The v e r t i c a l  error 
bars i n  f i g u r e s  3 and 4 are due t o  t h e  u n c e r t a i n t y  
i n  t h e  satell i te measurements of radiance.  The 
h o r i z o n t a l  error b a r e  are due t o  u n c e r t a i n t i e s  i n  
assumptions about  t h e  composition of  p a r t i c l e s  
above t h e  boundary layer .  

20 40 80 I60 
Relolive Humidity (*Id 

Figure  2. S c a t t e r i n g  e x t i n c t i o n  c o e f f i c i e n t  VS. 
r e l a t i v e  humidity. P o i n t s  are 18.5 km averages 
from 5 October 1982 aircraft measurements. 

A p o s i t i v e  r e l a t i o n s h i p  between va lues  from 
sa te l l i t e -dependent  terms and aerosol-dependent 
terms is  apparent  i n  f i g u r e s  3 and 4. The 
c o r r e l a t i o n  f o r  t h e  CZCS cases is  h igher  than for 
the  AVHRR cases. One major cause of t h i s  
d i f f e r e n c e  is t h e  f a c t  t h a t  t h e  s p i r a l  data 
c o l l e c t e d  near  t h e  AVHRR overpasses  were 
s i g n i f i c a n t l y  affected by aerosol particles above 
t h e  boundary l a y e r .  These upper l e v e l  p a r t i c l e s  
a l s o  account f o r  t h e  larger h o r i z o n t a l  e r r o r  bars 
f o r  the  AVHRR cases than f o r  t h e  CZCS cases 
(compare f i g u r e s  3 and b ) .  

0.05 

0.04 

AVHRR 

(AT< lhr) 

r - ON 
(P-0.10) 

Figure  3. Sa te l l i t e -dependent  terms vs .  
aerosol-dependent terms from equat ion  ( 3 )  for 
v e r t i c a l  s p i r a l  msasurements made w i t h i n  1 hour of 
an AVHRR overpass .  
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Figure  4.  Same as f i g u r e  3 except  f o r  CZCS 
overpasses .  

F igure  5 p r e s e n t s  va lues  of  e x t i n o t i o n  
P l o t t e d  a g a i n s t  r e l a t i v e  humidity; t h e  va lues  
were averaged through t h e  marine boundary l a y e r .  
The r e s u l t s  i n  f i g u r e  5 and f i g u r e  2 are i n  
q u a l i t a t i v e  agreement. Consequently, t h e  
r e l a t i o n s h i p  descr ibed i n  f i g u r e  2 apparent ly  
holds  over  s e v e r a l  days wi th in  t h e  marine boundary 
l a y e r .  

3.3 Upper l e v e l  p a r t i c l e s  

The presenoe of s i g n i f i o a n t  numbers of  
P a r t i a l e s  above t h e  marine boundary layer '  l i m i t s  
t h e  e x t e n t  t o  which upwelling radianoe depends on 
o h a r a o t e r i s t i o s  of  t h e  marine boundary l a y e r ,  A 
method t o  d e t e o t  t h e  presenoe of s i g n i f i o a n t  
amounts o f  upper l e v e l  particles is  t h e r e f o r  
needed i f  s a t e l l i t e - d e t e a t e d  radianoe is t o  be 
used t o  o h a r a o t e r i z e  t h e  marine boundary l a y e r .  

The parameters i n  equat ion  (2) a l l  vary w i t h  
Wavelength. P a r t i a l e s  above t h e  boundary l a y e r ,  
which r e s u l t  from t r a n s p o r t  off-shore of 
o o n t i n e n t a l  and urban type p a r t i o l e s ,  d i f f e r  from 
marine p a r t i o l e s  i n  t h a t  they are smal le r  i n  s i z e  
and absorb more r a d i a t i o n .  The parameters on t h e  
r i g h t  hand side of  equat ion  ( 2 )  t h e r e f o r  vary more 
with wavelength f o r  upper l e v e l  p a r t i a l e s  than 
marine p a r t i c l e s .  A r a t i o  oan be formed of  
equat ion  (2) appl ied  a t  red and near - inf ra red  
wavelengths such t h a t :  

LRd (d*Pf)kd - 
LflR cull P ??A )- 

The right-hand s i d e  of (4) w i l l  be larger f o r  
upper l e v e l  p a r t i o l e s  than f o r  marine p a r t i o l e s  
beoauee of a larger v a r i a t i o n  with wavelength. 
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Figure  5. 
of  e x t i n o t i o n  p l o t t e d  a g a i n s t  r e l a t i v e  humidity. 

Averages over  t h e  marine boundary l a y e r  

The ra t io  of  red  radianoe t o  near- infrared 
radianoe should t h e r e f o r  be larger i n  oases  where 
t h e  t o t a l  o p t i o a l  dep th  has  s i g n i f i o a n t  
o o n t r i b u t i o n  from upper l e v e l  p a r t i o l e s .  

F igure  6 i l l u s t r a t e s  va lues  of  t h e  r a t i o  of 
red  radianoe t o  near- infrared radianoe dur ing  the 
experiment period. The ra t io  deoreases  after 26 
September. The deorease ooinoided with the 
passage of a p r e o i p i t a t i n g  oold f r o n t  through the 
experiment area. The braoketed va lues  i n d i c a t e  
t h e  f r a o t i o n  of t h e  total  o p t i o a l  depth whioh is 
due t o  upper l e v e l  particles. The sharp  deorease 
i n  t h e s e  v a l u e s  a t  f r o n t a l  passage i n d i o a t e a  t h e  
f r o n t  removed t h e  upper l e v e l  partiales present  a t  
t h e  beginning of t h e  experiment. 

4 .O CONCLUSIONS 

The oonolusiona from the r e s u l t s  presented 
h e r e  are as fol lows:  

1 .  Satellite de teo ted  radianoe is p o s i t i v e l y  
o o r r e l a t e d  with a e r o s o l  op tkoa l  depth;  a r e s u l t  
o o n s i s t e n t  with Griggs (1975). 

2. Bxt inot ion  is related t o  r e l a t i v e  
humidity wi th in  t h e  marine boundary layer .  The 
r e l a t i o n s h i p  fo l lows  t h a t  which is  expeoted from 
previous measurements and p a r t i o l e  growth theory. 
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Figure 6. The r a t i o  of r e d  t o  near-infrared 
radiance from 20 September t o  6 October 1982. 
Ci rc les  refer t o  AVHRR oases and squares r e f e r  to 
CZCS cases. Bratkted values ind ica t e  the f r ac t ion  
of the  t o t a l  op t i aa l  depth which is due t o  upper 
l e v e l  particles (missing values are due t o  missing 
a i r c r a f t  data).  

3. Since sa te l l i t e -de tec ted  radiance i s  
r e l a t ed  t o  ex t ino t ion  and ex t inc t ion  is re l a t ed  t o  
r e l a t i v e  humidity, tmtell i te-detected radiance may 
be used to inves t iga te  va r i a t ions  of marine 
boundary layer  relative humidity. 

4. The presence of s ign i f i can t  numbers of 
p a r t i c l e s  above the marine boundary l aye r  l i m i t s  
t he  r e l a t ionsh ip  between sa te l l i t e -de teCted  
radiance and boundary layer  r e l a t i v e  humidity. 
The r a t i o  of Batell i te-detected radiance a t  red 
and near-infrared wavelingthe oan be used t o  
de tec t  the presence of s ign i4 icant  amounts of 
upper level pa r t i c l e s .  

5.0 ACKNOWLEDGEMENTS 

The . work was sponsored j o i n t l y  by ONR 
Contract No. NOOO14-0-79-0793 (administered 
through the  Research I n s t i t u t e  of Colorado) and 
Program Element 611531, Project No. WR03302 of 
the Naval A i r  Systems Command. 

6.0 REFERENCES 

Covert, D. S., R. J. Charbon and N. C. 
Ahlquist, 1972: A study of the  r e l a t ionsh ip  of 
chemical composition and hwnidity t o  l i g h t  
s ca t t e r ing  by aerosol. J- Appl. Meteor., u,  
96 8-976. 

Durkee, P. A., E. E. Hindman and T. H. Vonder 
Haar, 1982: The de tec t ion  of marine haze with the  

Durkee, P. A., D. R. Jensen, E. E. Hindman 
and T. H. Vonder Haar, 1984: A f i e l d  study t o  
relate marine aerosol pa r t i c l e s  with 
sa te l l i t e -de tec ted  radlance. Submitted to J. 
Geophys. 

Fitzgerald,  J. W., W. A. Hoppeland M. A. 
Vietti, 1982: The s ize  and sca t t e r ing  coe f f i c i en t  
of urban aerosol p a r t i c l e s  a t  Washington, DC as a 
function of r e l a t i v e  humidity. J- Atmos. c., 
39, 1838-1852. 

(Iriggs, M., 1975: measurements of atmospheric 
aerosol op t i ca l  thicknese over water using ERTS-1 
data.  &r Pollut .  Control ASSOC., 3, 
662-626. 

Hindman, E. E., P. A. Durkee, P. C. S i n c l a i r  
and T. H. Yonder Haar, 1983: Detection of 
marine aerosol particles I n  coas ta l  zone8 using 
satell i te imagery. w. J- Remote Sens., I n  
press. 

meteorological ~lc l  te l l i  tea. Hygroscopic Aerosols -- i n  the  Planetary Boundary Layer. I n  press., 
Special  Report fo r  t he  Research I n s t i t u t e  of 
Colorado. 

14 



A. 5 

METEOROLOGICAL SATELLITE DATA USEFUL FOR AGROCLIMATE 

P. K. Rao 
J. D. Tarp ley 
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S a t e l l i t e  A p p l i c a t i o n s  Laboratory, NOAA/NESOIS 
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1. INTRODUCTION 

The most impor tan t  and v a r i a b l e  determinant  o f  
a g r i c u l t u r a l  c o n d i t i o n s  i s  t h e  weather. Crop f o r e -  
c a s t  models make use o f  convent ional  weather obser- 
va t i ons  t o  es t ima te  s o i l  moisture, crop y i e l d ,  and 
d e t e c t  crop s t ress .  The accuracy o f  these models 
decreases when weather observat ions are sparse o r  
n o t  rece ived  i n  a t i m e l y  manner. I n  many c o u n t r i e s  
o f  a g r i c u l t u r a l  importance, r e p o r t e d  me teo ro log i ca l  
observat ions are n o t  adequate f o r  a g r i c u l t u r a l  
moni tor ing.  

P a r t  o f  t h e  AgRISTARS e f f o r t  under way a t  
NESDIS i s  t o  develop products  f rom opera t i ona l  
me teo ro log i ca l  s a t e l l i t e  da ta  t h a t  w i l l  supplement 
ground-based weather observat ions f o r  a g r i c u l t u r a l  
mon i to r i ng ,  Me teo ro log i ca l  q u a n t i t i e s  t h a t  are 
needed f o r  crop models and t h a t  can be produced 
from s a t e l l i t e  da ta  i n c l u d e  es t ima tes  o f  p r e c i p i t a -  
t i o n ,  d a i l y  temperature extremes, canopy tem- 
peratures,  i n s o l a t i o n ,  and snowcover. I n  add i t i on ,  
t h e r e  i s  a d i r e c t  measure o f  t h e  c o n d i t i o n  o f  vege- 
t a t i o n  c a l l e d  a " vege ta t i on  index"  t h a t  i s  d e r i -  
vable d i r e c t l y  f rom sate1 1 i t e  measurements. 

2. SATELLITE-DERIVED AGROCL IMATE PRODUCTS 

Vegetat ion Index: 

Advanced Very High Reso lu t i on  Radiometers (AVHRR) 
onboard t h a t  make observat ions i n  the  v i s i b l e  band 
(Channel 1, 0.58 t o  0.90 Am) and i n  t h e  neap 
i n f r a r e d  band (Channel 2, 0.73 t o  1.10 Am). The 
s p e c t r a l  response f o r  these bands i s  s i m i l a r  t o  
bands 5 and 7 on the  Landsat M u l t i s p e c t r a l  Scanner 
(MSS). 
4 km; se lec ted  areas can be observed a t  1 km reso-  
1 u t  ion. 

The r e f l e c t a n c e  o f  green vege ta t i on  i n  t h e  
V i s i b l e  p a r t  o f  t h e  spectrum i s  low (20% o r  l e s s )  
b u t  i s  much h i g h e r  (50-60%) i n  t h e  near i n f r a r e d .  
Other surfaces, such as water, bare ground, and 
c louds  have r e f l e c t a n c e s  t h a t  are n e a r l y  t h e  same 
i n  t h e  two bands, so t h e  d i f f e r e n c e  between 
measurements i n  Channels 1 and 2 i s  a s e n s i t i v e  
i n d i c a t o r  of vege ta t i on  ( H o f f e r  and Johannsen, 
1969). The d i f f e r e n t i a l  r e f l e c t a n c e  o f  vege ta t i on  
i n  t h e  v i s i b l e  o r  near i n f r a r e d  was used w i t h  MSS 
d a t a  t o  es t ima te  crop acreage, s tudy t h e  d i s t r i b u -  
t i o n  and c o n d i t i o n  o f  vege ta t i on  and d e t e c t  p l a n t  
s t r e s s  (Myers, 1975, Tucker, 1979). The advantage 
of t h e  NOAA s a t e l l i t e s  f o r  m o n i t o r i n g  vege ta t i on  i s  
t h a t  t hey  p r o v i d e  d a i l y  obse rva t i ons  w h i l e  Landsat 

The NOAA p o l a r  o r b i t i n g  s a t e l l i t e s  have 

The AVHRR scans w i t h  a ground r e s o l u t i o n  o f  

has a repeat  t ime  of 18 days. Cloud obscu ra t i on  o f  
t h e  areas o f  i n t e r e s t  i s  much l e s s  o f  a problem 
w i t h  d a i l y  observat ions.  The t r a d e - o f f  f o r  d a i l y  
coverage i s  r e s o l u t i o n .  Only a small  p a r t  o f  t h e  
e a r t h  can be observed d a i l y  a t  t h e  f u l l  1 km reso- 
l u t i o n  o f  t h e  AVHRR; d a i l y  g loba l  coverage i s  
obta ined a t  4 km r e s o l u t i o n .  

p roduc t  a re  shown i n  F igu res  1 and 2. 
no r the rn  hemisphere p o l a r  s tereographic  mapped ima- 
ges o f  t he  normal ized d i f f e r e n c e  (CHP-Chl)/(Ch2+Chl) 
vege ta t i on  index. The greener t h e  scene, t h e  
da rke r  the  image and t h e  h ighe r  t h e  vege ta t i on  
index, which ranges between 0.1 and 0.6 f o r  most 
vegetat ion.  
AVHRR obse rva t i ons  made d u r i n g  the  week o f  August 
23-29, 1982 and March 21-27, 1983. The da ta  were 
mapped each day i n t o  a 1024 x 1024 p o l a r  
s tereographic  a r r a y  and composited over  a 7-day 
p e r i o d  by sav ing t h e  greenest observat ion f o r  each 
a r r a y  p o i n t .  Atmospheric e f f e c t s  such as Rayle igh 
and Mie s c a t t e r i n g  and subpixe l  c louds a l l  reduce 
t h e  rad iance i n  channel 2 r e l a t i v e  t o  channel 1 and 
reduce t h e  va lue  o f  t h e  vege ta t i on  index. Saving 
t h e  greenest obse rva t i on  over  the  7-day p e r i o d  
min imizes c loud  and atmospheric e f f e c t s  and throws 
o u t  h i g h  n a d i r  angle observat ions i n  f a v o r  o f  
s t r a i g h t  down looks. The disadvantage of saving 
t h e  greenest obse rva t i on  i s  t h a t  i t  can b i a s  the  
sampling tbward the  greener vege ta t i on  ( f o r e s t ,  
i r r i g a t e d  land, etc.). 
duct  f o r  m o n i t o r i n g  g l o b a l  a g r i c u l t u r e  i s  be ing 
evaluated by. u n i t s  o f  NESDIS and USDA. 

Other vege ta t i on  index products  be ing s tud ied  
i n c l u d e  use o f  f u l l  r e s o l u t i o n  AVHRR f o r  r e g i o n a l  
m o n i t o r i n g  o f  vegetat ion,  l and  use, and su r face  
c l imate.  

Examples o f  an exper imenta l  vege ta t i on  index 
These are 

The images are generated f rom 4 km 

The usefu lness of t h i s  pro-  

I n s o l a t i o n  Received a t  t h e  Surface: 

I n s o l a t i o n  i s  t he  p r imary  energy source f o r  
growing crops and i s  used i n  numer ica l  models f o r  
e s t i m a t i n g  crop y i e l d ,  p o t e n t i a l  evapotranspi ra-  
t i o n ,  and s o i l  mois ture.  The amount o f  s o l a r  
r a d i a t i o n  reach ing  t h e  su r face  i s  determined by t h e  
t ransmi t tance  o f  t he  atmosphere, and c louds are t h e  
most impor tan t  f a c t o r  a f f e c t i n g  t ransmi t tance.  
Under ove rcas t  c o n d i t i o n s  up t o  60 o r  70 pe rcen t  of 
i n c i d e n t  s o l a r  r a d i a t i o n  may be r e f l e c t e d  t o  space 
and another 10 o r  15 pe rcen t  absorbed w i t h i n  t h e  
cloud. The s a t e l l i t e  d i r e c t l y  observes t h e  
r e f l e c t e d  component o f  t h e  i n c i d e n t  r a d i a t i o n ,  so 
s a t e l l i t e  measurements i n  the  v i s i b l e  p a r t  o f  t h e  
spectrum are d i r e c t l y  r e l a t e d  t o  i n s o l a t i o n  
reach ing  t h e  surface. GOES i s  t h e  p r e f e r r e d  da ta  
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source for satellite estimates of insolation 
because its repeat observation throughout a day 
a??ows tracking of changing cloud conditions. 
Where geostationary data are not available, tech- 
niques using polar orbiter data have been developed 
(Davis and Penn, 3983). 

(Tarpley, 1979; Justus and Tarpley, 1983) that uses 
hourly GOES visible data to estimate hourly insola- 
tion. 
observed target brightness as measured by GOES, and 
the known brightness of the target under clear con- 
ditions. 
tities is a measure of cloudiness. Hourly 
estimates are sumned to give a daily total insola- 
tion which i s  the measure used in agricultural 
models. 
estimates of daily insolation against pyranmeters. 
These data are for satellite estimates colocated 
with selected sites in the N O M  pyranometer net- 
work. Insol atjon estimates are being currently 
made and archived for all of the U.S. and agri- 
culturally important areas in Mexico and South 
America. The average datly values could be used to 
provide weekly, monthly, or seasonal values which 
should be useful for climate and energy studies. 
An example i s  shown in Figure 4. 

Temperature: 

dewpoint temperature, and daily maximum and minimum 
temperature are all needed for use in crop and soil 
moisture models. Surface temperature has a high 
spatial variability which contributes to crop fore- 
casting errors where observations are sparse and 
not representative of the whole region. Quantities 
derived from satellite data are by their nature, 
area averages. 
single satellite estimate may be more represen- 
tative than a few conventional observations within 
the area. 

The approach selected to obtain temperatures 
for agricultural monitoring i s  through the opera- 
tional atmospheric soundings derived from satellite 
observations. The enhanced sounding processing 
provides temperature and moisture soundings for 3x3 
pixel arrays o f  HIRS/L instantaneous fields of view 
(IFOV) giving a ground resolution of about 75 km at 
nadjr. Canopy temperature is simply the moisture 
corrected brightness temperature observed in an 
atmospheric window channel (11 pm) of the HIRS/E. 
If the radiating surface o f  the earth i s  covered 
with vegetation then the surface i s  a plant canopy, 
Since the IFOV for the HIRS/2 is so large, the 
observed radiance i s  from a mixture of various sur- 
face types (water, bare soil, crops, native 
vegetation 1. 

Shelter and dewpoint temperatures are obtained 
by regression Using TOVS data and sounding products 
as predictors In the equations (Davis and Tarpley; 
19831. Ffgure 5 shows a comparison between 
satel 1 i te estimates of she1 ter temperature compared 
against observed values from NOAA-6 soundings. The 
results shown are for clear and partly cloudy con- 
ditions during spring and sumer. 
large for cloudy retrievals (microwave) and during 
the winter. 

An insolation method has been developed 

The technique involves regression against 

The difference between these two quan- 

Figure 3 shows a comparison of satellite 

Canopy temperature, shelter temperature, 

For large agricultural areas a 

The error is 

Estimates of  maximum and minimum temperatures 
are obtained by regression against shelter tem- 
perature, local solar zenith angle and cloud cover. 
The satellite overpass times o f  the daytime polar 
orbiter (NOAA-7) at 0230 and 1430 local time are 
near optimum for estimating the daily maximum and 
good for estimating minimum. 
max/min adds another 1 to 1.5"C to the expected 
error in the shelter temperature retrieval. 

Since the max/min temperature estimates are 
1 iable to considerable error, the experimental tem- 
perature product currently prepared for USDA is a 
blend o f  satellite and surface temperature obser- 
vations, with greater weight given to the conven- 
tional measurements. 
the field where conventlonal data are sparse. 
Precipitation: 

Precipitation is a key meteorological variable 
that is needed to determine soil molsture an'd eva- 
luate crop yield. 
required to specify land surface conditions for 
climate simulation models and climate prediction 
models, 
raingauge reports are sparse and sporadic, For 
data void regions, weather sate1 1 i te observations 
of cloud cover provide valuable additional infor- 
mation which can be used to infer the distribution 
of rainfall. 

As part of the AgRISTARS program, interactive 
computer techniques are being developed for analy- 
sis and estimation of precipitation over major crop 
growing regions in USSR and South America. A cloud 
hi story technique that uti 1 i zes GOES hourly images 
was developed by the Environmental Research 
Laboratories over South America. A cloud indexing 
technique developed by Barrett at University o f  
Bristol that utilizes NOAA polar orbiter data is 
being utilized to estimate precipitation over USSR. 
The following example shows the Bristol-NOAA tech- 
nique that is currently being evaluated. 

The NOAA-7 AVHRR IR data i s  mapped to a polar 
stereographic projection with a resolution of 6.7 
km at 60"N. The NOAA enhanced IR image for 01132 
May 14, 1981, is shown in Figure 6. The enhancement 
shows the area of coldest clouds and heaviest preci- 
pitation. These are interpreted as cumulonimbus 
with cirrus on top and are associated with a low 
centered between the Black and Caspian Seas. The 
NOAA enhanced IR image at 1042 May 14, is shown in 
Figure 7. Wind field analysis confirmed that the 
cumulonimbus area with warmer tops just northeast 
of the Caspian Sea i s  associated with the wave 
feature previously observed between the Black Sea 
and Caspian Sea. 
reporting stations indicate showers and preclpi ta- 
tion associated with the wave feature. 
tion, Figure 7 shows extensive area of cumulonimbus 
clouds over the southern Caspian Sea. 

An analysis of rain producing cloud areas was 
performed on the 01132 and 11402 images on the 
interactive computer. The 01132 and 11402 cloud 
type analyses were sumed and analyzed further to 
account for cloud movement and develapfflent. The 
most significant cloud movement linked the cumulo- 
nimbus cloud mass west and northeast of the Caspian 
Sea. A broad corridor of rain cloud was analyzed 
along the path of the wave feature according to the 
pressure and wind fields. 

Regression for 

The satellite values enter 

Precipitation observations are 

In many parts of the globe synoptic 

Plots of the few available 

In addi- 
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The c loud  f i e l d  a n a l y s i s  was combined w i t h  s ta -  
t i o n  observations, c l i m a t i c  and morphocl imat ic  
f i e l d s  t o  produce t h e  f i n a l  r a i n f a l l  est imate f o r  
t h e  12-hour p e r i o d  ending a t  122 May 14, 1981 
( F i g u r e  8). The est imates a re  i n  m i l l i m e t e r s  and 
rep resen t  t h e  average r a i n f a l l  over an area o f  
approx imate ly  47 km x 47 km a t  60°N on a p o l a r  
s te reograph ic  p r o j e c t i o n .  

Th is  technique w i l l  be evaluated f u r t h e r  by 
us ing  t h e  dense ra ingauge network over  the  USA. 
The o p e r a t i o n a l  US raingauge network w i l l  be 
separated i n t o  two independent se ts  of obser- 
vat ions,  one t o  rep resen t  t h e  d e n s i t y  of obser- 
va t i ons  i n  USSR and i t  w i l l  be used f o r  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  de r i ved  estimates. The remain ing 
s t a t i o n s  w i l l  serve as t h e  v e r i f i c a t i o n  s e t  f o r  
comparison w i t h  t h e  s a t e l l i t e  d e r i v e d  and improved 
analys is .  
Conclusions: 

ducts  t h a t  are c u r r e n t l y  produced on a r o u t i n e  
bas i s  have been shown. 
p rov ided  t o  USDA and o t h e r  users f o r  e v a l u a t i o n  and 
assessment. When adequate feedback i s  rece ived  
from t h e  user comnunity improvements and r e q u i r e -  
ments a re  expected. Improvements are a l so  expected 
w i t h  t h e  i n t r o d u c t i o n  o f  new sensors on f u t u r e  
s a t e l l i t e  systems. The examples shown above were 
p r i m a r i l y  developed f o r  a g r i c u l t u r a l  moni tor ing,  
however, t h e  same parameters cou ld  be u t i l i z e d  f o r  
c l i m a t e  a p p l i c a t i o n s  w i t h  minor  mod i f i ca t i ons .  

Examples o f  sate1 1 i t e - d e r i v e d  agroc l imate pro-  

These products  are being 
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A.  6 

OVERSHOOTING CLOUD TOP, VARIATION OF TROPOPAUSE AND SEVERE STORM FORMATION 
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and 
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1. INTRODUCTION 

Most thunderstorms are composed of s h o r t -  
l i v e d  u n i t s  of  convect ion,  r e f e r r e d  t o  as cel ls .  
The cumulus s t a g e  i n  cell  development is char- 
a c t e r i z e d  by u p d r a f t s  throughout. A s  t h e  ce l l  
b u i l d s  up, a l a r g e  amount of  mois ture  condenses 
and p r e c i p i t a t i o n  p a r t i c l e s  grow (Barnes, 1976). 

The l i f e t i m e  of an i n d i v i d u a l  ce l l  averages 
A storm c o n s i s t i n g  of a sequence about  an hour. 

of such cel ls  may, however, p e r s i s t  f o r  s e v e r a l  
hours .  

I n  t h e  presence of favorable  v e r t i c a l  
d i s t r i b u t i o n s  of temperature ,  humidity, and wind 
v e l o c i t y  encountered i n  some f r o n t a l  reg ions ,  a 
much mote vigorous u n i t  of convect ion may de- 
velop (Browning, 1964). These convect ions are 
important  because they are respons ib le  f o r  a 
d i s p r o p o r t i o n a t e  amount of severe  weather ,  
e s p e c i a l l y  damaging tornadoes and h a i l  (Nelson, 
1976). Perhaps its b a s i c  d i s t i n g u i s h i n g  f e a t u r e  
is a c i r c u l a t i o n  t h a t  is not only l a r g e  and in-  
t e n s e ,  bu t  a l s o  v i r t u a l l y  s teady  s ta te ,  wi th  
updraf t  and downdraft c o e x i s t i n g  t o  each o t h e r ' s  
advantage f o r  p e r i o d s  of 30 minutes o r  more 
(Browning and Foote, 1976). 

I n  t h i s  s tudy w e  are p a r t i c u l a r l y  i n t e r e s t -  
ed i n  t h e  m u l t i c e l l  thunderstorms (Newton and 
Fankhauser, 1975) n e a r  Pampa, Texas, i n  which 6 
tornadoes touched down on May 19-20, 1982. 

It has  long been recognized t h a t  s e v e r e  
s torm i n i t i a t i o n  and development are enhanced 
by s t r o n g  convect ive i n s t a b i l i t y ,  abundant . 
moisture  a t  low l e v e l s ,  s t r o n g  wind s h e e r ,  usual- 
l y  v e e r i n g  cons iderably  w i t h  h e i g h t ,  and a 
dynamical l i f t i n g  mechanism t h a t  can release t h e  
i n s t a b i l i t y  (Newton, 1963). 

Convective i n s t a b i l i t y  can b e  induced by 
proper  v e r t i c a l  p r o f i l e s  of temperature  and 
moisture .  I t  a l s o  can be r e l e a s e d  by t h e  
presence of g r a v i t y  waves (Curry and Murty, 1974; 
U c c e l l i n i ,  1975; Hung et a l . ,  1978; Hung and 

Smith, 1981). I n  t h i s  s tudy ,  weather maps, radar  
summaries, and rawinsonde d a t a  are used t o  s tudy 
t h e  background meteoro logica l  condi t ions  and t h e  
condi t ions  which favor  t h e  i n i t i a t i o n  of severe  
s torm development, 

Geosynchronous s a t e l l i t e  d a t a  is a poten t ia l -  
l y  powerful t o o l  f o r  s tudying  enhanced convection 
and mesoscale systems. 
t h a t  i n t e r s e c t i n g  cloud l i n e s  observed on GOES 
imagery can be used i n  f o r e c a s t i n g  mesoscale con- 
v e c t i o n  and thunderstorms. Sikdar  e t  a l .  (1970) 
have used ATS-3 v i s i b l e  d a t a  t o  measure thunder- 
storm a n v i l  expansion rates. Hung e t  a l .  (1980) 
employed GOES i n f r a r e d  d a t a  f o r  s tudying  t h e  May 
29, 1977, Oklahoma tornado,  t o  show t h a t  both 
cloud top  equiva len t  blackbody temperature ,  

and t h e  growth rate of t h e  area enclosed by t h e  
cloud top  TBB isotherm can be used t o  d i s t i n g u i s h  

between thunderstorms which eventua l ly  spawn 
tornadoes and those  t h a t  do not .  Adler and Fenn 
(1981) examined cloud top temperature  v a r i a t i o n s  
from geosynchronous i n f r a r e d  s a t e l l i t e  d a t a  
r e l a t i v e  t o  11 tornado touchdown t imes.  In  8 of 
t h e  11 cases  t h e r e  w a s  a per iod of r a p i d  cloud 
t o p  a s c e n t  30-45 min. p r i o r  t o  t h e  tornado touch- 
down, This  upward growth appears  t o  be assoc ia ted  
wi th  t h e  formation of  a mesocyclone. 

Purdom (1976) has  noted 

T~~ 9 

I n  t h i s  s tudy ,  rapid-scan i n f r a r e d  imagery 
a t  15 minute i n t e r v a l s  from GOES are used i n  t h e  
a n a l y s i s  of Pampa, Texas m u l t i c e l l  storms. 

I n  a s tudy of  s e v e r e  storm i n t e n s i t y  us ing  
s a t e l l i t e  d a t a ,  Hung and Smith (1982) show t h a t  
t h e  d i f f e r e n c e  between t h e  cloud top  TBB and t h e  

temperature  a t  t h e  t ropopause could s e r v e  as an 
i n d i c a t o r  of t h e  i n t e n s i t y  of t h e  s torm r a t h e r  
than t h e  a b s o l u t e  v a l u e  of t h e  cloud top  TBB, 

The p o s s i b i l i t y  of t h e  conversion of a severe  
thunderstorm i n t o  a t o r n a d i c  thunderstorm depends 
on t h i s  d i f f e r e n c e  r a t h e r  than e i t h e r  t h e  abso- 
l u t e  v a l u e  of t h e  TBB o r  t h e  he ight  of t h e  top  of 

t h e  overshoot ing t u r r e t  (Hung and Smith, 1983). 
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I n  t h i s  s tudy ,  t h e  r o l e  of t h e  v a r i a t i o n  of 
the tropopause h e i g h t  i n  severe  storm formation 
is int roduced and discussed.  

2. METEOROLOGICAL BACKGROUND 

Surface meteorological  d a t a  show a cold 
f r o n t  extending from Aiizona, Utah, t o  Wyoming 
a t  0000 GMT 19 May 1982. This  cold f r o n t  gradu- 
a l l y  moved eastward and approached t h e  Pampa, 
Texas a rea .  
mb i n d i c a t e s  t h a t  w a r m  moist  a i r  from t h e  Gulf of 
Mexico had been moving i n t o  t h e  area ahead of t h e  
f r o n t .  The wind d i r e c t i o n  gradual ly  changed from 
a south  wind a t  850 mb, t o  a west wind a t  500 mb 
where a s h o r t  wave pressure  d is turbance  i n  east- 
e r n  Texas i n d i c a t e d  an i n s t a b i l i t y  i n  t h e  h igher  
a l t i t u d e  t roposphere.  F igure  2 shows t h e  v e r t i -  
c a l  wind p r o f i l e  i n  t h e  Amarillo, Texas panhandle 
a t  0000 GMT 20 May 1982. 

The meteorological  data below 850 

Auntu  , Tw 

Fig. 1 Skew-T log-P diagram of Amarillo, Texas 
a t  0000 GTM, 20 May 1982. 

The 1200 GMT 19 May 1982 s u r f a c e  weather 
map shows the  eastward moving cold f r o n t  ap- 
Proaching New Mexico and Colorado. The low 
Pressure  zone extended from t h e  s u r f a c e  t o  850 
mb, wi th  warm and moist  a i r  coming from t h e  Gulf 
of Mexico, 
from 850 t o  500 mb i n  t h e  area of i n t e r e s t .  

There was a trough l i n e  extehding 

A radar  summary shows no r a d a r  echoes i n  
t h e  Pampa a r e a  before  1935 GMT 19 May 1982. The 
f i rs t  r a d a r  echo was observed a t  2035 GMT, ind i -  
c a t i n g  t h a t  t h e  cloud formed between 1935 and 
2035, i n  agreement wi th  t h e  s a t e l l i t e  observa- 
t i o n s .  This  rapidly-growing cloud,  i n  t h e  
Presence of favorable  v e r t i c a l  d i s t r i b u t i o n s  of 
temperature ,  humidity, and wind v e l o c i t y  ( see  
rawinsonde a n a l y s i s  in Sect ion  3 f o r  d e t a i l e d  
d e s c r i p t i o n )  i n  t h e  f r o n t a l  reg ion ,  c r e a t e d  a 
m u l t i c e l l  thunderstorm (Browning, 1964). This  
m u l t i c e l l  thunderstorm, which is respons ib le  f o r  
t h e  o u t b u r s t  of 6 Pampa tornadoes,  p e r s i s t e d  f o r  
more than 6 hours. 

3. ANALYSIS OF RAWINSONDE DATA 

Avai lab le  temperature ,  moisture  and wind 
P r o f i l e s  from rawinsonde observa t ions  a l l  over 
t h e  United States were f e d  i n t o  t h e  McIDAS 

system a t  t h e  NASA Marshal l  Space F l i g h t  Center 
(NASAIMSFC). Barnes (1964) scheme w a s  used t o  
maximize d e t a i l  i n  numerical  map a n a l y s i s .  

As an example, Figure 1 shows skew-T log-P 
diagrams from rawinsonde observa t ions  in Amarillo, 
Texas, t h e  c l o s e s t  t o  Pampa, Texas, a t  0000 GMT, 
20 May; which are r e p r e s e n t a t i v e  of t h e  atmosphere 
i n  t h e  v i c i n i t y  of t h e  thunderstorms. I n  t h e  
temperature  p r o f i l e ,  t h e r e  were temperature in-  
vers ions  a t  850 and 480 mb a l t i t u d e s  a t  1200 GMT 
19 May, t h a t  had disappeared by 0000 GMT 20 May, 
The temperature  l a p s e  rates were dry  a d i a b a t i c  
between 800 and 480 mb a l t i t u d e s  a t  1200 GMT 19 
May, and a l s o  a t  0000 GMT 20 May. The presence 
of temperature invers ions  a s s u r e s  t h e  occurrence 
of a deep convection when t h e  p o t e n t i a l  energy 
f o r  overcoming these  invers ions  becomes a v a i l a b l e  
(Beebe, 1958). By t h e  t i m e  of formation of t h e  
tornadoes,  t h e  invers ions  no longer  e x i s t e d .  

The wind p r o f i l e  a t  Amarillo had s t r o n g  
winds t h a t  veered with h e i g h t ,  w i t h  a maximum 
wind speed of 27 m/sec a t  170 mb (0000 GMT 19 
May), and 25 m/sec a t  260 mb (1200 GMT 19 May), 
p a r a l l e l  t o  t h e  movement of t h e  co ld  f r o n t .  Also, 
t h e r e  was a zone of low wind speeds (5 m/sec o r  
l e s s )  a t  t h e  tropopause h e i g h t  (180 mb) a t  0000 
GMT 20 May, dur ing  t h e  cloud formation time 
per iod .  This  condi t ion  is favorable  f o r  t h e  de- 
velopment of overshoot ing t u r r e t s .  

Time-dependent, t h r e e  dimensional a n a l y s i s  
of t h e  mixing r a t i o  i n  t h e  Texas panhandle and 
surrounding a r e a s  are p l o t t e d  w i t h  a 12 km 
spacing us ing  t h e  Barnes (1964) scheme wi th  input  
from rawinsonde observa t ions  a l l  over t h e  United 
S t a t e s .  A s  an example, F igure  2 shows t h e  geo- 
g r a p h i c a l  d i s t r i b u t i o n  of t h e  mixing r a t i o  a t  
700 mb he ight  a t  1200 GMT, 19 May. 
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Fig.  2 Geographical d i s t r i b u t i o n  of t h e  mixing 
r a t i o  a t  700 mb l e v e l ,  1200 GMT, 19 May 1982, i n  
t h e  a r e a  of south  c e n t r a l  United S t a t e s .  

The f i g u r e s  show t h a t  t h e r e  was a s t r o n g  hor i -  
z o n t a l  convergence of moisture  a t  t h e  850 mb 
h e i g h t .  Approximately 24 hourg b e f o r e  t h e  forma- 
t i o n  of t h e  tornadic  cloud (0000 GMT, 19 May), a 
mixing r a t i o  of 10 g/kg appeared i n  e a s t e r n  
Kansas and west c e n t r a l  Missouri .  The h o r i z o n t a l  
convergence of moisture  s h i f t e d  t o  t h e  nor th-  
western Oklahoma and Texas panhandle ( l o c a t i o n  of 
tornado touchdown) a r e a s ,  with a mixing r a t i o  of 
12 g/kg about  12 hours  b e f o r e  t h e  touchdown of 
t h e  tornadoes,  This  h o r i z o n t a l  convergence of 
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moisture  moved northward t o  t h e  southwestern 
Kansas and northwestern Oklahoma areas, with a 
mixing r a t i o  of 12 g/kg a t  t h e  t i m e  of t h e  torna-  
do touchdown a t  850 mb he ights .  

The F igures  of h o r i z o n t a l  convergence of 
moisture  a l s o  sKow much s t r o n g e r  h o r i z o n t a l  con- 
vergence of moisture  a t  t h e  700 mb l e v e l .  There 
w a s  h o r i z o n t a l  convergence of moisture  wi th  a 
mixing r a t i o  of 7 g/kg i n  t h e  Texas panhandle 
area approximately 24 hours before  t h e  touchdown 
of t h e  tornadoes. The h o r i z o n t a l  convergence of 
mois ture  s t i l l  remained i n  t h e  same area when t h e  
mixing r a t i o  dropped t o  about 5.0 g/kg about 12 
hours before  t h e  touchdown of tornadoes. The 
h o r i z o n t a l  convergence of moisture  a t  t h e  700 mb 
l e v e l  disappeared a t  t h e  t i m e  of t h e  tornado 
touchdown. 

The h o r i z o n t a l  convergence of moisture  a t  

There was h o r i z o n t a l  convergence of 
t h e  500 mb he ight  a t  d i f f e r e n t  times h a s  been 
compared. 
moisture  with a mixing r a t i o  of  2 g/kg i n  c e n t r a l  
Colorado approximately 24 hours before  t h e  touch- 
down of tornadoes. This  h o r i z o n t a l  convergence 
of moisture  s h i f t e d  t o  t h e  Texas panhandle, n o r t h  
c e n t r a l  Oklahoma, and southwestern Kansas areas 
wi th  a mixing r a t i o  of 2 - 3 g/kg about 12 hours 
before  t h e  touchdown of t h e  tornadoes. The 
h o r i z o n t a l  convergence of moisture  smoothed out  
a t  t h e  t i m e  of t h e  tornado touchdown. The zig-  
zag shaped o s c i l l a t i o n s  i n  t h e  temperature  pro- 
f i l e s  are d is turbances  caused by t h e  propagation 
of g r a v i t y  waves (Rice and Sharp, 1977; Spencer 
e t  a l . ,  1976). Figure 1 shows t h a t  g r a v i t y  waves 
appeared ( a t  t h e  top of t h e  tropopause) during 
t h e  time periods between 1200 GMT 19 May and 0000 
GMT 20 May, another  i n d i c a t i o n  of t h e  i n i t i a t i o n  
of enhanced convection (Hung et a l . ,  1978 and 
1980; Hung and Smith, 1981). 

I n  t h e  s tudy  of severe  storm environments, 
Darkow (1964) shows t h a t  t h e  tornado proximity 
sounding has  s u b s t a n t i a l l y  h igher  t o t a l  energy 
va lues  in t h e  lower t roposphere (850 mb he ight )  
and lower va lues  i n  t h e  mid-troposphere (500 mb 
h e i g h t ) ,  than  nearby s t a t i o n s .  With similar 
cons idera t ion  i n  mind, it is p o s s i b l e  t o  formu- 
l a t e  a Mixing Rat io  Index which is nothing more 
than t h e  a l g e b r a i c  d i f f e r e n c e  between t h e  mixing 
r a t i o  of t h e  air  a t  t h e  850 and 500 mb l e v e l s .  
The t i m e  dependent Mixing Rat io  Index a t  t h e  
l o c a t i o n  of t h e  tornado touchdown (Pampa, Texas 
i n  t h i s  case)  is shown i n  Figure 3. The Mixing 
Rat io  Index may be expressed as: 

Mixing Rat io  Index=(Mixing Rat io)  850mb 

(Mixing Ratio)500mb 
(1) 

The Mixing Rat io  Index provides  an ind i -  
c a t o r  of t h e  a v a i l a b i l i t y  of l o c a l  l a t e n t  h e a t  
which is necessary f o r  t h e  development of con- 
v e c t i v e  clouds. 
t h a t  t h e  Mixing Rat io  Index increased  from 7.5 
g/kg approximately 24 hours before  t h e  formation 
of t h e  severe  storms t o  10.5 g/kg 12 hours be- 
f o r e  t h e  touchdown of tornadoes. The Mixing 
Rat io  Index f i n a l l y  decreased t o  3.5 g/kg a t  t h e  
time of tornado touchdown. 

It can be seen from Figure 3 
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Fig.  3 Time-dependent v a r i a t i o n  of t h e  Mixing 
Rat io  Index i n  t h e  Pampa, Texas area during May 
19-20, 1982. 

The d i f f e r e n c e  between t h e  overshooting 
cloud-top he ight  and t h e  tropopause h e i g h t ,  a 
measure of how much t h e  cloud has  pene t ra ted  
above the  tropopause, r a t h e r  than t h e  he ight  of 
t h e  top of the  overshooting t u r r e t ,  is important 
i n  t h e  development of severe  storms (Hung and 
Smith, 1982 and 1983). The high mass dens i ty  
overshoot ing t u r r e t  can only e x i s t  as long as i t  
is dynamically supported by i n t e n s e  v e r t i c a l  con- 
vec t ion ;  t h e r e f o r e ,  as t h e  i n t e n s e  v e r t i c a l  con- 
vec t ion  d isappears ,  t h e  overshooting t u r r e t  
co l lapses .  The magnitude of f o r c e  per u n i t  a r e a  
suppor t ing  t h e  weight of t h e  high mass dens i ty  
overshoot ing t u r r e t  is propor t iona l  to  the  volume 
of t h e  cloud top above t h e  tropopause and the  dif- 
fe rence  between t h e  temperature  of t h e  t u r r e t  and 
t h e  ambient environment, The downward co l laps ing  
ra te  of t h e  overshooting t u r r e t  i s ,  t h e r e f o r e ,  
p ropor t iona l  t o  t h e  volume of t h e  cloud top above 
t h e  tropopause and t h e  temperature d i f f e r e n t i a l .  
This makes t h e  volume of t h e  cloud top above the  
tropopause and t h e  temperature d i f f e r e n t i a l  c r i t -  
i c a l  i n  s tudying  t h e  i n i t i a t i o n  of the  downdraft 
motion which produces t h e  funnel  cloud. 

On t h e  o t h e r  hand, t h e  d i f f e r e n c e  between 
t h e  overshoot ing cloud-top he ight  and t h e  tropo- 
pause he ight  may i n c r e a s e  i f  t h e  tropopause he ight  
decreases  dur ing  t h e  t i m e  per iod of t h e  storm 
formation. S imi la r  t o  Figure 2 ,  t h e  time-depend- 
e n t  geographical  d i s t r i b u t i o n  of tropopause he ight  
i n  t h e  south  c e n t r a l  United S t a t e s  i s  p l o t t e d  by 
using t h e  Barnes (1964) scheme with i n p u t s  from 
rawinsonde observa t ions  a l l  over t h e  United S t a t e s  
i n t o  t h e  McIDAS system a t  NASA/MSFC. 
5 ,  6 ,  and 7 show t h e  tropopause temperature 
d i s t r i b u t i o n  a t  0000 GMT, 19 May; 1200 GMT, 19 
May; 0000 GMT, 20 May; and 1200 GMT, 20 May, 
respec t ive ly .  The l o c a t i o n  of t h e  warmest tropo- 
paute  temperature (lowest he ight  tropopause) of 
-58 C s h i f t e d  from Missouri  a t  0008 GMT, 19 May, 
t o  a tropopause temperature of -58 C i n  t h e  Texas 
panhandle area, a t  1200 GMT, 19 May, This  warmest 

Figures  4 ,  
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t ropopause t empera tu re  became even warmer, -56%, 
i n  t h e  Texas panhandle and southwestern Oklahoma 
area a t  0000 GMT, 20 May. F i n a l l y ,  t h e  warmest 
t ropopause temperature  cooled t o  -58'C and 
s h i f t e d  t o  t h e  Colorado area, a t  1200 GMT, 20 May. 
The s tudy  of t ropopause temperature  d i s t r i b u t i o n  
du r ing  t h i s  36-hour p e r i o d  i n d i c a t e s  t h a t  t h e  
lowes t  t ropopause h e i g h t  w a s  l o c a t e d  i n  t h e  Texas 
panhandle area a t  0000 GMT, 20 May. 

I I 1 

Fig.  4 Geographical  d i s t r i b u t i o n  of t ropopause 
temperature  a t  0000 GMT, 19 May 1982, i n  t h e  
a r e a  of  s o u t h  c e n t r a l  United S t a t e s .  

Fig.  5 Geographical  d i s t r i b u t i o n  of t ropopause 
t empera tu re  a t  1200 GMT, 19 May 1982, i n  t h e  
a r e a  of s o u t h  c e n t r a l  United S t a t e s .  

L I  I 

Fig. 6 Geographical  d i s t r i b u t i o n  of  t ropopause 
t empera tu re  a t  0000 GMT, 20 May 1982, i n  t h e  
a r e a  of  s o u t h  c e n t r a l  United S t a t e s .  

Fig.  7 Geographical  d i s t r i b u t i o n  of t ropopause 
temperature  a t  1200 GMT, 20 May 1982, i n  t h e  
area of  s o u t h  c e n t r a l  United S t a t e s .  

F igu re  8 shows t h a t  t h e  t ropopause h e i g h t s  
ove r  Pampa, Texas du r ing  t h i s  36-hour pe r iod  de- 
c reased  from a t empera tu re  of -63% a t  0000 GMT 
19 May t o  -58'C at  1200 GMT 19 May and then  t o  a 
minimum temperature  of -57% a t  0000 GMT 20 May, 
t h e  s e v e r e  s to rm formation t i m e  pe r iod .  
t ropopause h e i g h t  i nc reased  t o  a temperature  of  
-61'C a t  1200 GMT 20 May, a f t e r  t h e  d i s s i p a t i o n  
of t h e  s e v e r e  s torms.  F igu re  8 s u g g e s t s  t h a t  t h e  
dec rease  of  t h e  t ropopause h e i g h t  may be  an ad- 
d i t i o n a l  i n d i c a t i o n  of t h e  p o s s i b i l i t y  of s e v e r e  
s torm formation.  

The 
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Fig. 8 V a r i a t i o n s  of t ropopause temperature  
( h e i g h t ) ,  ove r shoo t ing  cloud-top temperature  and 
to rnado  touchdown t i m e  i n  t h e  Pampa, Texas a r e a .  

The v a l u e s  of  the mixing r a t i o ,  shown i n  
F igu re  2;  and t empera tu re ,  expressed i n  F igu re  1 ,  
may be combined i n  energy u n i t s  t o  y i e l d  t h e  
t o t a l  energy of  t h e  a scend ing  low-level a i r .  
Darkow (1968) s u g g e s t s  t h a t  t h e  t o t a l  energy 
v a r i a t i o n s  a r e  u s e f u l  and meaningful  parameters  
i n  t h e  a n a l y s i s  of po ten t i a l - convec t ive  i n s t a b i l i -  
t y  a s s o c i a t e d  w i t h  s e v e r e  s to rm a c t i v i t y .  
t h e  p r e s e n t  s t u d y ,  t h e  time-dependent v a r i a t i o n  
of t h e  v e r t i c a l  p r o f i l e  of t o t a l  energy ove r  
Pampa, Texas,  was inves t iga t ed '  t o  s tudy  t h e  evo- 
l u t i o n  of a s to rm environment.  

I n  

The t o t a l  energy E of  a u n i t  mass of a i r  T 
may be  expres sed  a s :  

(J/d ( 2 )  
V2 ET = C T + gz + Lq + - P 2 
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which is t h e  sum of t h e  s p e c i f i c  en tha lpy  ( o r  
h e a t  energy processed a t  cons tan t  p r e s s u r e ) ,  geo- 
p o t e n t i a l  energy ( o r  energy a s s o c i a t e d  w i t h  ele- 
v a t i o n ) ,  l a t e n t  energy, and k i n e t i c  energy. I n  
Eq. (2), C is t h e  s p e c i f i c  h e a t  of  a i r  a t  

cons tan t  pressure ;  T, t h e  a b s o l u t e  temperature;  
g, t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ;  z ,  t h e  h e i g h t  
of t h e  a i r  p a r c e l  above sea l e v e l ;  L ,  t h e  l a t e n t  
hea t ;  q ,  t h e  s p e c i f i c  humidity ( o r  mass of water 
vapor per  u n i t  mass of  moist  a i r ) ;  and V, t h e  
scalar v e l o c i t y  of t h e  u n i t  mass of a i r .  

P 

Darkow (1968) sugges ts  the a p p l i c a b i l i t y  of 
t h e  Energy Index as an i n d i c a t o r  of t h e  severe  
atorm environment of l a t e n t  and p o t e n t i a l  con- 
v e c t i v e  i n s t a b i l i t y  by us ing  the a l g e b r a i c  d i f -  
f e r e n c e  between t h e  t o t a l  energy of t h e  a i r  a t  
t h e  850 and 500 mb l e v e l s .  
as : 

This  may be expressed 

18 

16 

14 

u -  

10. 

8 -  

6 .  

4; 

The time-dependent Energy Index i n  Pampa, Texas, 
and t h e  l o c a t i o n  of t h e  tornado touchdown, is 
p l o t t e d  i n  F igure  9. The Energy Index was a t  i t s  
maximum value  of 14 J / g  about  12 hours  before  t h e  
touchdown of tornadoes,  and decreased t o  t h e  

- 

- 

value  of 3.5 J / g  a t  the time 
touchdown. The Energy Index 
t h e  va lue  of 2 J/g,  12 hours  

Purr. TIMI 
hf 19 - h v  20. 1w I 

of t h e  tornado 
even decreased t o  
a f t e r  t h e  touchdown. 

Fig.  9 Time-dependent v a r i a t i o n  of t h e  Energy 
Index i n  t h e  Pampa, Texas area dur ing  May 19-20, 
1982. 

4. ANALYSIS BASED ON SATELLITE IMAGERY 

Rapid-scan imagery from GOES was used i n  
t h i s  s tudy.  Rawinsonde a n a l y s i s  shows t h a t  t h e  
a i r  mass i n  t h e  Pampa area was extremely unstable  
and very moist  i n  t h e  l a y e r  below 500 mb. Cloud 
formation wag i n i t i a t e d  a f t e r  1945 GMT 19 May. 
Figure 10 shows t h e  e v o l u t i o n  of  t h e  cloud,  from 
t h e  i n i t i a t i o n  of c loud condensation t o  t h e  out-  
break of  t h e  second tornado,  i n  terms of t h e  
change of cloud-top temperature .  Figure 1 
( temperature  p r o f i l e ) ,  Figure 2 ( h o r i z o n t a l  

convergence of moisture  a t  d i f f e r e n t  a l t i t u d e s ) ,  
F igure  3 (evolu t ion  of t h e  Mixing Rat io  Index) ,  
F igures  4 t o  7 (evolu t ion  of t h e  geographical  
d i s t r i b u t i o n  o f  tropopause temperature) ,  and 
Figure 9 (evolu t ion  of t h e  Energy Index) show how 
t h e  h o r i z o n t a l  convergence of moisture  provided 
t h e  energy and momentum which i n i t i a t e d  t h e  deep 
convection through t h e  release of l a t e n t  h e a t  
dur ing  t h e  condensat ion process .  This convect ive 
cloud s t a r t e d  t o  p e n e t r a t e  above t h e  tropopause 
a t  2130 GMT, while  t h e  l o c a l  tropopause he ight  
was lowest  dur ing  a 36-hour per iod ,  less than two 
hours  a f t e r  t h e  i n i t i a t i o n  of t h e  cloud format ion  

1111 1 olr 1 

Fig.  10 History of  Pampa storm cloud top temper- 
a t u r e .  

Figure 8 shows t h e  change i n  cloud top 
temperature  j u s t  p r i o r  t o  and during t h e  t i m e -  
span of t h e  touchdowns of t h e  six Pampa tornadoes. 
The m u l t i c e l l  severe  s torms were formed dur ing  
t h e  t i m e  per iod  wi th  t h e  lowest tropopause h e i g h t s  
about 20 minutes b e f o r e  t h e  touchdown of t h e  f i r s t  
tornado. 
of each i n d i v i d u a l  m u l t i c e l l  Pampa storm was 
t r a c e d  based on t h e  o u t b u r s t  and touchdown of each 
i n d i v i d u a l  tornado,  and is i l l u s t r a t e d  i n  F igure  
11 as a n  example f o r  t h e  f i r s t  tornado.  

A histogram of  t h e  growth and c o l l a p s e  

F igure  11 shows t h e  changes i n  t h e  areas ( i n  
terms of p i x e l  numbers) of t h e  cloud top  a t  d i f -  
f e r e n t  temperatures  during t h e  2115-2315 GMT t i m e  
per iod  f o r  t h e  2305 GMT tornado touchdown. 
overshoot ing cloud t o p  s t a r t e d  t o  p e n e t r a t e  above 
t h e  tropopause with a8 equiva len t  blackbody 
temperature  T -57 C a t  2130 GMT. By 2145 GMT, 
t h e  cloud topBfazoreached an a l t i t u d e  wi th  a 
temperature  5 -58 C;  by 2200 GMX, t h e  cloud top 
had reached a temperature  5 -60 C ;  and by 2245 
GMT, t h e  cloud t o p  had f i n a l l y  reached i t s  h i g h e s t  
a l t i t u d e  where t h e  temperature  was -66OC. Then, 
t h e  growth rate s t a r t e d  decreas ing  and t h e  cloud 
co l lapsed  about 20 minutes before  t h e  tornado 
touchdown, i n  good agreement with t h e  r e s u l t s  of  
our  earlier i n v e s t i g a t i o n  (Hung e t  a l . ,  1980; 
Hung and Smith, 1982; Hung e t  a l . ,  1983) and those  
of F u j i t a  and h i s  a s s o c i a t e s  ( F u j i t a  and Caracena, 
1977;  F u j i t a  and Byers, 1977). 

The 
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F i g .  11 Cloud a r e a  expansion and v e r t i c a l  growth 
o f  t h e  c loud  t o p  i n  terms of t i m e  change of number 
of p i x e l s  w i t h  t empera tu res  f o r  m u l t i c e l l  Pampa 
s to rms  touchdown a t  2305 GMT, 19 May 1982. 

I n  t h i s  s t u d y  t h e  ove r shoo t ing  cloud t o p  
t emperau t r e  is more than  9 %  below t h e  t empera tu re  
O f  t h e  su r round ing  a i r ;  t h e r e f o r e ,  t h e  ove r shoo t -  
i n g  t u r r e t  i s  much dense r  t h a n  t h e  su r round ing  air. 
For t h e  r easons  expres sed  e a r l i e r ,  t h i s  makes t h e  
h e i g h t  of t h e  cloud-top above t h e  t ropopause and 
t h e  t empera tu re  d i f f e r e n t i a l  c r i t i c a l  i n  s t u d y i n g  
t h e  i n i t i a t i o n  of t h e  downdraft  motion which pro- 
duces t h e  f u n n e l  c loud .  

The growth and c o l l a p s e  p a t t e r n s  of t h e  r e s t  
of t h e  o t h e r  5 to rnadoes  are similar t o  t h e  t o r n a -  
do which touched down a t  2305 GMT. 

5. DISCUSSIONS AND CONCLUSIONS 

M u l t i c e l l  Pampa s to rms  were i n v e s t i g a t e d  
us ing  weather  maps, r a d a r  summaries, rawinsonde 
d a t a ,  and rapid-scan s a t e l l i t e  imagery. 
maps, r a d a r  summaries, and rawinsonde d a t a  pro- 
v ided  t h e  f o l l o w i n g  background in fo rma t ion  12 
hours  b e f o r e  t h e  development of t h e  m u l t i c e l l  
Pampa s to rms :  

(1) S t rong  h o r i z o n t a l  convergence o f  mois- 
t u r e  appeared a t  t h e  850, 700, and 500 mb l e v e l s  
in t h e  Texas panhandle area b e f o r e  t h e  s to rm f o r -  
mat ion.  

Mixing R a t i o  Index w i t h  a maximum v a l u e  
b e f o r e  s t o r m  fo rma t ion  i n  t h e  Texas panhandle  area. 

During a 36-hour p e r i o d ,  a t ropopause  
h e i g h t  i n  t h e  Texas panhandle a r e a  t h a t  w a s  t h e  
lowest  i n  t h e  s o u t h e a s t  United S t a t e s  a t  t h e  t i m e  
of t o r n a d i c  c loud formation.  

(4 )  During a 36-hour p e r i o d ,  t h e  v a r i a t i o n  
of t ropopause h e i g h t  i n  t h e  a r e a  o f  t h e  t o r n a d i c  
c loud fo rma t ion  was lowest  a t  t h e  t i m e  of t h e  
m u l t i c e l l  c loud fo rma t ion .  

t h e  a r e a  o f  t h e  t o r n a d i c  c loud fo rma t ion  b e f o r e  
t h e  fo rma t ion  of c louds .  

t e c t e d  b e f o r e  and d u r i n g  t h e  c loud  fo rma t ion  
Pe r iod .  

Weather 

(2)  

(3 )  

(5) The Energy Index w i t h  a maximum v a l u e  i n  

(6) A t r a i n  o f  g r a v i t y  waves which was de- 

Rapid-scan i n f r a r e d  imagery provided n e a r  
r e a l - t i m e  in fo rma t ion  of t h e  l i f e  c y c l e  of t h e  
m u l t i c e l l  Pampa s to rm fo rma t ion ,  development,  and 
d i s s i p a t i o n  a s  fo l lows :  

and p e n e t r a t e d  above t h e  t ropopause a t  2130 GMT. 

t h e  l o c a t i o n  of t h e  h i g h e s t  h o r i z o n t a l  convergence 
of m o i s t u r e ,  l owes t  t ropopause h e i g h t  i n  t h e  
s o u t h e a s t  United S t a t e s ,  

(3) 
a t  2245 GMT which was 9°C below t h e  t ropopause  
t empera tu re .  

(4) 
b e f o r e  t h e  touchdown of t h e  f i r s t  t o rnado ,  

( 5 )  
h e i g h t  and t h e  t ropopause h e i g h t  shows t h a t  t h e  
most f a v o r a b l e  c o n d i t i o n s  f o r  s e v e r e  s to rm de- 
velopment occur  a t  minimum tropopause h e i g h t .  

(1)  The cloud s t a r t e d  t o  form a t  1945 GMT 

(2)  The m u l t i c e l l  s to rm cloud was formed a t  

The cloud-top reached i t s  maximum h e i g h t  

The cloud-top c o l l a p s e d  abou t  20 minutes  

The r e l a t i o n s h i p  between t h e  cloud-top 

It is t r u e  t h a t  a l l  t h e  ove r shoo t ing  c loud  
t o p s  w i l l  e v e n t u a l l y  c o l l a p s e  r e g a r d l e s s  o f  t h e  
a s s o c i a t i o n  w i t h  to rnadoes .  However, t h e  d i s s i p a -  
t i o n  rate of t h e  non-tornado-associated c louds  i s  
much s lower ,  and t h e  cloud can p e r s i s t  f o r  s e v e r a l  
hour s  a f t e r  t h e  cloud t o p  p e n e t r a t e s  above t h e  
t ropopause and r eaches  t h e  h i g h e s t  a l t i t u d e ;  t h e  
to rnado-as soc ia t ed  c l o u d s  c o l l a p s e  i n  a v e r y  s h o r t  
t i m e ,  abou t  10-40 minu tes  (Hung and Smith,  1983).  

Th i s  r e s e a r c h  s u g g e s t s  t h a t  t h e  combinat ion 
of weather  maps, r a d a r  summaries, rawinsonde d a t a ,  
and rapid-scan s a t e l l i t e  imagery i s  u s e f u l  f o r  
s t u d y i n g  t h e  environment f a v o r i n g  t h e  s e v e r e  s to rm 
fo rma t ion ,  t h e  l i f e  c y c l e  of t h e  m u l t i c e l l  s e v e r e  
s to rm fo rma t ion ,  development and d i s s i p a t i o n .  I n  
t h e  s t u d y  of t h e  background s e v e r e  s torms t r i g g e r -  
i n g  mechanisms, o b s e r v a t i o n s  of v e r t i c a l  p r o f i l e s  
of t empera tu re ,  humidi ty .  and winds a t  s h o r t e r  
time i n t e r v a l s  and more dense  g r i d  p o i n t s  t han  t h e  
c u r r e n t  rawinsonde s e t u p  are necessa ry .  It  i s  
ve ry  d i f f i c u l t  t o  o b t a i n  t h e  in fo rma t ion  c r i t i c a l  
i n  s t u d y i n g  s h o r t - l i v e d  mesoscale  phenomena u s i n g  
r e g u l a r  12-hourly rawinsonde o b s e r v a t i o n s .  Im- 
provement of t h e  p r e s e n t  system depends upon ob- 
t a i n i n g  t h e  necessa ry  p r o f i l e  d a t a  from s a t e l l i t e s  
such  as GOES-VAS. 
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A.  7 

A STATISTICAL EVALUATION AND COMPARISON OF VISSR ATMOSPHERIC SOUNDER 
(VAS) DATA AND CORRESPONDING RAWINSONDE MEASUREMENTS 

Gary J. Jedlovec 

Universities Space Research Association 
Marshall Space Flight Center 

Huntsville, Alabama 

1. INTRODUCTION 

In the fall of 1980, the first VISSR Atmo- 
spheric Sounder (VAS) was launched into geostation- 
ary orbit onboard the GOES-4 spacecraft bringing 
new remote sounding capabilities into existence. 
Since then, two more VAS instruments have been 
launched with the last two being operational at 
this writing. VAS measures radiation emitted by 
the atmosphere in 12 infrared spectral bands and 
is capable of collecting sounding quality radi- 
ances at frequent time intervals (see Chesters, 
et al., 1982; Smith, et al., 1981; or Menzel, et 
&., 1981 for instrument description and operating 
modes). 
vertical profiles of temperature and moisture in 
the cloud-free environment by inverting the radi- 
ative transfer equation. 

The usefulness of multispectral imagery and 
sounding products has been demonstrated recently 
by several groups (e.g., Smith, 1983; Anthony and 
Wade, 1983; and Petersen, et al., 1982,1983) with- 
out much regard for the accuracy and representa- 
tiveness of these products in describing mesoscale 
atmospheric features. This is mainly because of 
the lack of verifying measurements. In the spring 
of 1982, Marshall Space Flight Center conducted 
an experiment aimed at collecting rawinsonde 
measurements of similar resolution to those avail- 
able from VAS. This paper presents some results 
of a comparison study between VAS soundings pro- 
duced using various retrieval algorithms and cor- 
responding ground truth rawinsonde data from the 
AVE/VAS experiment. 

2 .  DATA AND PROCEDURES 

These radiances can be used to produce 

Two basic types of data were used in the 
study; namely, three-hourly rawinsonde and VAS 
sounding data for the 6 - 7 March 1982 experiment 
day. 
in the spring of 1982 may be found in Greaves, 
g . ,  (1982) and Hill and Turner (1983). The rawin- 
sonde data used in the evaluation consisted of the 
basic thermodynamic parameters at 50mb increments 
from the surface up to lOOmb. The rawinsonde lo- 
cations of interest are shown in Fig. 1. The 
spacing of these sites is roughly 125km over cen- 
tral Texas providing detailed mesoscale resolution 
of atmospheric features. 

The VAS sounding data available for this per- 
iod consisted of three data sets. The first sat- 
ellite data set contained soundings produced using 

Details of this and other experiment periods 

I c-' 

\ f + SPECIAL SITES 

@ NWS SITES 

Figure 1. Rawinsonde sites used in the analysis 
on 6 March 1982. 
satellite and rawinsonde data is located in 
central Texas (dashed box). 

The grid area for both the 

a scheme similar to the one used by Smith (1970). 
The scheme is a physical one, where an iterative 
solution is employed and LFM model output is used 
as first guess information. These soundings will 
be referred to as "physical" retrievals. The second 
data set is similar to the previous one except an 
analytic solution is employed after the iterative 
physical retrievals are obtained in order to im- 
prove the vertical structure of the satellite pro- 
files (Smith, 1983). These soundings will be call- 
ed "modified physical" retrievals. 
of VAS soundings was produced using a linear re- 
gression scheme as described by Lee, et al. (1983). 
This method uses a local rawinsonde data set to 
determine statistical relationships between the 
radiance measurements and the'structure of the at- 
mosphere. These relationships are then applied to 
the observed radiance measurements to derive temp- 
erature and moisture profiles. This data set will 
be denoted as "regression" soundings. 
data sets, soundings had a horizontal spscing of 
75 - lOOkm over the entire cloud-free region of 
Texas, Oklahoma, and surrounding states. The lo- 
cation of the soundings varied with time due to the 

The third set 

In all three 
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extent and variation of the cloud cover. 
Rawinsonde and satellite soundings are rarely 

co-located in space nor taken at the same time, 
thus making comparisons between them difficult to 
interpret. To overcome this problem, special pro- 
cedures were used to make these data sets more con- 
sistent. First, the ground truth rawinsonde data 
were adjusted to a common release time (10 minutes 
after the beginning satellite scan time) using a 
scheme described by Fuelberg and Jedlovec (1982). 
The adjusted rawinsonde times in the study are 
1100, 1445, 1745, 2045, and 2345 GMT 6 March 1982. 
The rawinsonde and satellite data were both ob- 
jectively analyzed to a uniform grid (Fig. 1) with 
the balloon position (radiosonde) being recalculated 
at every level in the vertical. This procedure 
eliminated any spatial discrepancic% between the 
two data types since the same grid was used for 
all data sets. The same objective analysis scheme 
weighting parameters were utilized with all data 
sets so that the potential for detail in the gridded 
fields was similar in each case. 

The procedures followed in this evaluation 
and described above have provided three sets of 
satellite data at constant pressure surfaces from 
the surface to 1OOmb. 
rawinsonde data, mean differences, standard devia- 
tions of the differences, and root-mean-square 
differences between the rawinsonde and each satel- 
lite grid were calculated. In section 4, mean 
differences, along with analyzed fields and vert- 
ical profiles of rawinsonde and satellite data 
will be presented. 

3. SYNOPTIC CONDITIONS 

Utilizing identically gridded 

The 6 - 7 March 1982 case was used for exten- 
sive ground truth comparisons because of a large 
region of predominately cloud-free skies over the 
special network region. 
associated with a cold front moved through central 
Texas during the night (Fig. 2). Behind this front, 
a shallow high pressure area was centered over 
western Oklahoma. To the north, another cold front, 
extenting from a low up in Canada, was pushing south 
through the upper plain states. The thermal grad- 
ient over the central portion of the region was 
quite strong with a 15°C gradient over Texas and a 
similar one over the central plains. 
of snow were present on the ground in portions of 
Oklahoma and west Texas but melted during the after- 
noon hours. 
itions may be found in Greaves, et al. (1982) or 
Jedlovec (1982). 

4. RESULTS 

Showers and thundershowers 

Serval inches 

Further details of the synoptic cond- 

Figure 3 displays the mean temperature differ- 
ence between the rawinsonde and satellite data sets 
as a function of pressure and time. 
rawinsonde is considered "ground truth" in this 
study, the satellite grid point values were sub- 
tracted from the rawinsonde values (T*a - Tsat). 
Several main features are noticeable an8 common to. 
all three satellite data sets. First, there is a 
low level warm bias (T - T < 0) in the satel- 
lite grids from the su@%e fEtabout 80Omb. 
ranges in magnitude from 3 - 5OC and is strongest 
at 1745 GMT. Above this level, there exists a cold 
bias up to around 600mb which is present in all 
satellite data sets for the first three time per- 
iods. At the last two time periods, the cold bias 
gives way to slight warm bias for the physical 
(dotted line) and regression (dashed line) sound- 

Since the 

It 

Figure 2. Surface pressure and temperature 
analysis at 1100 GMT 6 March 1982. Units are 
in millibars and OC respectively. 

ing sets. The modified physical soundings (solid 
line) maintains a cold bias at these times. Un- 
doubtably, this pattern is directly related to the 
low level frontal inversion present over the region 
(Fig. 4) which weakens as a result of boundary 
layer heating during the day. There is a tendency 
for the biases to become smaller as the frontal 
inversion weakens. 
trievals to capture this feature is a result of 
the broad weighting functions in the lower tropo- 
sphere. 

erature biases in the satellite soundings are not 
extremely large until 1745 GMT when biases of 2 - 
5'C are present and persist through 2345 GMT. 
Again, all three satellite data sets show this bias 
with physical retrieval biases being smallest in 
this layer (600 - 300mb). Above 300mb there seems 
to be a compensating cold bias up to about 150mb. 
This bias pattern is related to the lowering of the 
tropopause onto the frontal boundary at 1745 GMT 
creating a strong temperature inversion near 350mb 
(Fig. 4). This inversion continues to lower, 
strengthens during the next two time periods. and 
the corresponding warm satellite biases get worse. 
Maximum values approach 6OC at 2345 GMT for the re- 
gression scheme (dashed line). 

In order to properly evaluate the vertical 
structure resolved with the VAS soundings, grid mean 
profiles of the satellite and rawinsonde data sets 
are presented in Fig. 5 for 2045 GMT. The rawin- 
sonde profile (solid line) is somewhat smoother than 
normal since it is a grid mean profile but contains 
the two major inversions previously discussed (Fig. 
4). All three satellite grid mean profiles at 2045 
GMT indicate biases (previously discussed) and mis- 
assign the levels of the inversions. This could be 
due to the broad weighting functions, the low sig- 
nal-to-noise ratio of the radiance values in the 
upper levels, or to the dependency of the retrievals 
on first guess and apriori information. 

environment with some residual moisture in the low- 
er and upper levels. This structure is only gross- 
ly captured by the Satellite soundings, whjch might 
be expected since there are only three moisture 
channels on VAS. The regression retrievals (dotted 
line) do a good job of representing the rawinsonde 
profile while the physical (dot-dashed line) and 
modified physical (dashed line) schemes seem to 
over-estimate the low level moisture and under- 

The inability of the VAS re- 

In the middle and upper troposphere, the temp- 

The dewpoint profiles indicate a rather dry 
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MEAN DIFFERENCE ( R A O S A T )  

TEMPERATURE 

- - - -  R EGR ESSlON 

- MODIFIED PHYSICAL 

PHYSICAL . . . . . . . . . 6-7 MARCH 1982 

234 GMT T 

R45-2 smo 32/92/123 103/111/125 115/124/130 130/130/130 130/130/ 130 

Figure 3 .  
retrieval method. Units are in O C  (horizontal axis). 
number of grid points used in the calculations for the regression, modified physical, and 
the physical schemes, respectively. 

Mean temperature difference profiles as a function of pressure and time for each 
The numbers at the bottom are the 

estimate the upper level amounts. 
Gridded fields of 500mb geopotential height 

values derived from the temperature and moisture 

Figure 4. 
erature (solid) and dewpoint temperature 
(dashed) profiles for Stephenville, Texas at 
1745 GMT 6 March 1982. 

Skew-T diagram indicating the temp- Figure 5. 
ature and dewpoint temperature for the rawin- 
sonde (solid), regression (dotted), physical 
(dash-dotted), and modified physical (dashed) 
data sets at 2045 GMT 6 March 1982. 

Grid mean skew-T profiles of temper- 
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Figure 6. 
6 March 1982 for the rawinsonde (a), physical (b), modified physical (c), and the regression 
(d) retrievals. Contours are labeled in meters. 

Geopotential height analyses at 500mb over the mesoscale grid region at 2345 GMT 

data are presented in Fig. 6 at 2345 GMT. Biases 
discussed in the previous paragraphs will influence 
the height fields, however, alternating levels of 
warm and cold biases may cancel some accumulation 
of error in these derived fields. 
the rawinsonde height field over the special net- 
work. A fairly strong gradient exists in the horth- 
east-southwest direction with a magnitude of about 
5Om. 
making the gradient non-uniform. All three of the 
satellite derived height analyses capture some por- 
tion of the rawinsonde features. The physical 
sounding analysis (Fig. 6b) and the modified phys- 
ical analysis (Fig. 6c) present a uniform gradient 
which is orientated more in the east-west direction 
than the rawinsonde feature. The regression analy- 

Figure 6a shows 

There is a small perturbation in this field 

sis (Fig. 6d) presents a non-uniform field similar 
to the rawinsonde. In all three satellite analy- 
ses, the magnitude of the gradient across the net- 
work is similar, however, absolute values indicate 
that the physical and modified physical schemes are 
roughly 10m too low while the regression soundings 
are a similar amount too high. This can be traced 
back to the temperature biases presented in Fig 3 .  
These satellite analyses are definitely quite good 
and represent the "cream of the crop" so to speak. 
The accuracy of the satellite analyses and gradient 
indicated here however, does not always represent 
the real atmosphere this well. 

differences as a function of time over the special 
network. 

Figure 7 indicates the mean precipitable water 

AS was pointed out with the dewpoint 
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ency in space and with time and the horizontal 
gradients are generally weaker than those of the 
correspon.ding rawinsonde observations. 
1982 experiment day, with a strong frontal inver- 
sion and horizontal gradient, is just one type of 
situation in which VAS soundings should be eval- 
uated in detail. Results for other synoptic set- 
tings may or may not be the same, depending on the 
vertical and horizontal structure of the sounding 
environment. 

The 6 March MEAN DIFFERENCE (RAO-SAT) 
MODIFIED PHYSICAL PRECIPITABLE WATER - 

--- HEGHCSSION 

TIME (GMTI 

Figure 7. Mean precipitable water differences 
as a function of time for the satelltte data 
sets. Units of the vertical axis are in milli- 
meters, 
each time are the same as in Fig. 3 .  

The number of grid points used at 

profiles (Fig. 5), the physical soundings (dotted 
line) and the modified physical soundings (solid 
line) are too moist, particularly in the lowest 
layers, with mean precipitable water 'differences 
approaching 3.0mm at 1445 GMT and 1745 GMT, respec- 
tively. Although this may not seem excessive, it 
represents over 30% of the total precipitable water 
in the column over the mesoscale region. The re- 
gression soundings (dashed line) have relatively 
small difference values except at 1445 GMT when 
they approach 2.0mm. Although this is  quite good, 
horizontal fields of this quantity (not shown) in- 
dicate very little precipitable water gradient 
despite a significant gradient in the rawinsonde 
measurements. 

5 CONCLUSIONS 

In general, all three VAS retrieval sets, pro- 
duce similar temperature bias patterns when compared 
to the rawinsonde data. The bias patterns alter- 
nate between warm and cold in the vertical and are 
Centered around the level of major inverqions. 
parently systematic moisture biases are prominent 
in both of the physical retrieval data sets while 
the regression scheme produces horizontally bland 
but relatively unbiased moisture products. The 
magnitude of the temperature and moisture biases 
vary with time and to some degree with each re- 
trieval echeme. This suggests that two factors may 
control the quality of VAS soundings for a particu- 
lar situation. First, the vertical structure of 
the atmosphere is a major factor for the biases in 
the retrievals. 
functions plus the poor signal-to-noise ratio in 
the upper levels limits the detail in the satellite 
profiles and may also affect the horizontal res- 
olution of atmospheric features. Second, a partic- 
ular retrieval scheme might produce soundings which 
are less biased that others for a particular synop- 
tic situation. It is not apparent from this re- 
search however, that any one scheme consistently 
Produces better results in the grid mean. 

in deriving geopotential height fields at a single 
time and level, Other analyses show less consist- 

Ap- 

The broadness of the weighting 

Horizontal analyses presented indicate success 

Acknowledgements. The author wishes to express 
his thanks to Drs. Bill Smith and Kit Hayden of 
NESDIS at the University of Wisconsin for provid- 
ing both of the physical retrieval data sets and 
for several discussions of the results. Thanks 
also goes to Drs. Louis Uccellini and Harry Mont- 
gomery at NASA Goddard Space Flight Center for 
their cooperation in providing the regression sound- 
ings used in this study. 
under the Universities Space Research Association's 
Visiting Scientist Program at Marshall Space Flight 
Center under NASA contract NAS8-34767. 
support of this program is appreciated. 

This work was performed 

NASA's 

REFERENCES 

Anthony, R. W., and G. S. Wade, 1983: VAS operation- 
al assessment findings for Spring 1982/1983. 
Preprints 13th Conference on Severe Local Storms, 
AMs, Boston, 523-528. 

Chesters, D., L. W. Uccellini. and A. Mostek. 1982: 
VISSR Atmospheric Sounder (VAS) simulation exper- 
iment for a severe storm environment. &. e. 
Rev., 110, 198-216. 

FUxerg, H. E., and G. J. Jedlovec, 1982: A sub- 
synoptic-scale kinetic energy analysis of the 
Red River Valley tornado outbreak (AVE-SESAME I). 
--- Mon. Wea. Rev., 110. 2005-2024. 
and D. L. Endres, 1982: 1982 AVE/VAS ground truth 
field experiment: Satellite data acquisition sum- 
mary and preliminary meteorological review. NASA 
report X-903-82-17, 27pp, available from Goddard 
Space Flight Center. 

Hill, C. K., and R. E. Turner, 1983: NASA's AVE/VAS 

Greaves, J. R., H. E. Montgomery, L. W. Uccellini, 

Program. Bull. Amer. Meteor. E., 66, 796-797. 
Jedlovec, G. J., 1982: AVE/VAS experiment: Synop- 
tic summary and preliminary results. VISSR Atmo- 
spheric Sounder (VAS) Research Reveiw. NASA Con- 
ference Publication 2253, Goddard Space Flight 
Center, Greenbelt, Md., 39-42. 

Lee, T., D. Cheaters, and A. Mostek, 1983: The im- 
pact of conventional surface data upon VAS re- 
gression retrievals in the lower troposphere. 
5. @. Meteor,, 3, 1853-1874. 

Menzel, W. P., W. L. Smith, and L. ,D. Herman, 1981: 
Visible Infrared Spin Scan Radiometer Atmospheric 
Sounder radiometric calibration: An inflight 
evaluation from intercomparisons with HIRS and 
radiosonde measurements. w. Opt., 20, 3641- 
3644. 

Petersen, R. A., L. W. Uccellini, D. Cheaters, A. 
Mostek, and D. Keyser, 1982: The use of VAS satel- 
lite data in weather analysis, prediction, and 
diagnosis. Preprints 9th Conference on Weather 
Forecasting and Analysis, AMs, Boston, 529-532. 

Petersen, R. A,, D. Keyser, A. Mostek, and L. W. 
Uccellini, 1983: Techniques for diagnosing meso- 
scale phenomena affecting aviation using VAS 
satellite data. Preprints 9th Conference on Aero. 
and Aeron. Meteorology, AMs, Boston, 12-17. 

profiles trom VAS geostationary radiance observa- 
Smith, W. L., 1983: The retrieval of atmospheric 

33 



tions. J. Atmos. s., 40, 2025-2035. 
Woolf, L. A. Sromovsky, H. E. Revercomb, C. M. 
Hayden, D. N. Erickson, and F. R. Mosher, 1981: 
First sounding results from VAS-D. Bull. Amer. 
Meteor., 62, 232-236. 

Smith, W. L., 1970: Iterative solution to the radi- 
ative transfer equation for the temperature and 
absorbing gas profile of an atmosphere. AJ&. Opt., 

Smith, W. L., V. E. Soumi, W. P. Menzel, H. M. 

- 9 ,  1993-1999. 

34  



A .  8 

GROUNDBASED DEMONSTRATION OF A 0.5pm W I N D  SENSOR 

J. T. Sroga ,  L. S .  O'Hara, A. Rosenberg 
RCA As t ro  E l e c t r o n i c s  

P r i n c e t o n ,  N J  

P. B. Hays, B. Kennedy, V. Abreu 
Space Phys ic s  Research Labora tory  

U n i v e r s i t y  o f  Michigan 
Ann Arbor ,  M I  

1. INTRODUCTION 

Laser based  s e n s o r  have r e c e n t l y  been 
r e c e i v i n g  i n c r e a s e d  a t t e n t i o n  as 
P o s s i b l e  s a t e l l i t e  sys tem t o  improve 
measurements o f  t h e  a tmospher ic  b a s e  
S t a t e .  One t echn ique  f o r  de t e rmin ing  

t h e  wind v e l o c i t y  is to  measure t h e  
Doppler s h i f t  o f  l i g h t  b a c k s c a t t e r  from 
n a t u r a l l y  o c c u r i n g  a e r o s o l  p a r t i c l e s .  
Bened i t t i -Miche lenge l i  e t  a l . ,  1972 
have demonst ra ted  t h e  f e a s i b i l i t y  of 
such Doppler s h i f t  measurements u s i n g  a 
scanning  i n t e r f e r o m e t e r  sys tem o p e r a t i n g  
a t  a v i s i b l e  wavelength ( .  488 ,~  m )  . 

Spaceborne a p p l i c a t i o n s  o f  t h e  scann- 
i n g  i n t e r f e r o m e t e r  t echn ique  a r e  
Seve r ly  l i m i t e d  by t h e  t i m e  r e q u i r e d  t o  
o b t a i n  a s p e c t r a l  s can .  Th i s  paper  
d e s c r i b e s  a ground based l i d a r  sys tem 
t o  measure t h e  Doppler spec t rum s imul t an -  
eous lv  u s i n a  i n c o h e r e n t  d e t  c t i o n  The 
0 . 5 ~ m  Wind Sensor  d e s c r i b e s  nere*ConSlSts  
of a f requency  doubled ,  N d ; Y A G  l a s e r  
Producing s i n g l e  f requency ,  narrow band 
P u l s e s  and a Fabry P e r o t  I n t e r f e r o m e t e r  
(PPI) u s i n g  an  Image P lane  De tec to r  ( I P D )  
to S p a t i a l l y  scan  t h e  F P I  s p e c t r a l  t r a n s -  
mission.  A b lock  diagram of t h e  . 5 p m  
wind Sensor  i s  shown i n  F i g  1. 
channel  measures  a s e p a r a t e  wavelength 
interval of t h e  b a c k s c a t t e r  Spectrum, t h e  
r e l a t i v e  Cisplacement  of  t h e  b a c k s c a t t e r  

from t h e  r e f e r e n c e  s i g n a l  i s  a 
d i r e c t  measure of t h e  Doppler s h i f t .  

Wind Sensor  i s  d e s c r i b e d  i n  a companion 
Paper ,  "Analys is  o f  a 0.5,um Spaceborne 
Wind Sensor"  by Hays, e t  a l ,  , 1984. A 
ground based  Wind Sensor  based  upon t h i s  
f e a s i b i l i t y  s t u d y  is  c u r r e n t l y  be ing  
assembled. Th i s  paper  w i l l  c o n c e n t r a t e  on 
t h e  d e s c r i p t i o n  of  t h e  ground based  Wind 
Sensor  w i t h  pre l imenary  r e s u l t s  t o  be 
P resen ted .  

S ince  each  

The c a p a b i l i t i e s  of a spaceborne  . 5 p m  

SI1IGLE FSEOUEYCV N3:YhG 

R E C E l K R  OP1 ICS 

, . . . . . . . . . . . .  

Figure  1 .5,.ictm Wind Sensor  B lock  

Diagram. 

11 TRANSMITTER 

The t r a n s m i t t e r  f o r  t h e  . 5 ~  m Wind 
Sensor ,  shown schemat i ca l ly  i n  F ig  2 ,  
c o n s i s t s  of a frequency doubled ,  Q 
swi t ch  Nd;YAG o s c i l l a t o r  a m p l i f i e r  sys- 
t e m .  S ince  laser cavi&y r e s o n a t o r  
c o n s i s t i n g  o f  o n l y  m i r r o r s ,  l a s i n g  med- 
ium and Q s w i t c h i n g  dev ice  s imul t aneous ly  
osc i l la te  a t  a number o f  d i f f e r e n t  f r eq -  
uenc ie s  ( c a l l e d  l o n g i t u d i n a l  modes),  add- 
i t i o n a l  s t e p s  must be i n c o r p o r a t e d  i n  
t h e  o s c i l l a t o r  c a v i t y  des ign  t o  m e e t  t h e  
s i n g l e  f requency narrow band wid th  
requi rements  €or t h e  Wind Sensor  t r a n s -  
m i t t e r .  
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Figure  2 Nd;YAG T r a n s m i t t e r  Schematic  

--.t 

F i g u r e  3 Schematic  o f  Rece iver  O p t i c s  

Two t e c h n i q u e s  are employed i n  t h e  
osci l la tor  dasicrn t o  c o n s t r a i n  t \e  l a s e r  
tfrequehcy t o  a s i n g l e  l o n g i t u d i n a l  mcde 
(SLM) . 
shuseri t u  lutdxiinize t h e  l o n y i t u d i u a l  ]nude 
s p a c i n q  w h i l e  al;o.*rinq o c c a s s i b i l i t v  t o  

A minimal cavi-cy l r r ig th  was 

The 1 . 0 6 ~ m  o u t p u t  from t h e  o s c i l l a t o r  
i s  a m p l i f i e d  b e f o r e  be ing  frequency 
doubled by t h e  KD*P c r y s t a l .  
beam i s  expanded by a 5x t e l e s c o p e  b e f o r e  
b e i n g  t r a n s m i t t e d  i n t o  t h e  atmosphere v l a  
s t e e r i n g  o p t i c s .  

The o u t p u t  

Tab le  I lists t h e  o p e r a t i n g  parameters  
o f  t h e  t r a n s m i t t e r .  

t h e  i n f e r c a v i t y  conno ien t s .  An i n t e r -  
c a v i t y  e t a l o n  r educes  t h e  number of 
d-ongi tudina l  modes which e x p e r i e n c e  g a i n  
i n  t h e  o s c i l l a t o r  t o  a few modes (Snitfir 
1965) .  The e t a l o n  is t i l t e d  from the 
c a v i t y  o p t i c a l  a x i s  t o  p r e v e n t  l a s i n g  
P r o m  t h e  r e f l e c t i v e  s u r f a c e  and to  
a d j u s t  t h e  t r a n s m i s s i o n  maxima to 
c o i n c i d e  w i t h  a c a v i t y  l o n g i t u d i n a l  
mode. Because t empera tu re  f l u c t u a t i o n ,  
which o c c u r  d u r i n g  o p t i c a l  pumping, w i l l  
c a u s e  t h e  r e l a t i v e  s p e c t r a l  p o s i t i o n s  
of t h e  mode s e l e c t i n g  e l emen t s  and t h e  
l o n g i t u d i n a l  mode t o  change w i t h  r e s p e c t  
to  e a c h  o t h e r ,  a d j a c e n t  modes can  
p o s s i b l y  b e  above t h e  o s c i l l a t i o n  t h r e s -  
ho ld  and e x p e r i e n c e  a m p l i f i c a t i o n .  

A second t echn ique  i s  used to  f u r t h e r  
r educe  t h e  p o s s i b i l i t y  of multimode 
o p e r a t i o n .  A p r e l a s i n g  t e c h n i q u e  (Berry  
e t  a1 1981) c o n s i s t i n g  o f  s lowly  r educ ing  
t h e  op t i ca l  losses i n  t h e  laser c a v i t y  
p r e f e r e n t i a l l y  a m p l i f i e s  t h e  l o n g i t u d i n a l  
mode e x p e r i e n c i n g  t h e  m o s t  ga in .  These 
o p t i c a l  C a v i t y  l a s e r s  are c o n t r o l l e d  b y .  
a d j u s t i n g  t h e  v o l t a g e  on t h e  Pocke l s  
cell .  Once t h e  b u i l d u p  o f  a s i n g l e  mode 
h a s  been d e t e c t e d  by t h e  photodiode ,  ' the  
Pockel  c e l l  i s  t r i g g e r e d  and t h e  e n t i r e  
Q-switched p u l s e  energy  is  channeled  i n t o  
t h e  s i n g l e  l o n g i t u d i n a l  mode. Q u a r t e r  
wave p l a t e s  are used  t o  e l i m i n a t e  s p a t i a l  
h o l e  bu rn ing  i n  t h e  laser rod t o  f u r t h e r  
r educe  c o m p e t i t i o n  between a d j a c e n t  modes. 

Tab le  I : T r a n s m i t t e r  parameters .  

Opera t ing  wavelength . 5 3 p  m 
Expected o u t p u t  energy  50mj/pulse  
P u l s e  wid th  20ns FWHM 

50 mHz Bandwidth (Transform L i r n i  C )  
Beam Divergence .37 m a d  

111 Receiver  

The r e c e i v e r  o p t i c s  f o r  t h e  .5/( m 
Wind Senso r  are shown s c h e m a t i c a l l y  i n  
F i g u r e  3.  A 30cm d iame te r  f/16 Casse- 
g r a i n  t e l e s c o p e  i s  used t o  c o l l e c t  t h e  
l i g h t  b a c k s c a t t e r e d  from t h e  atmosphere.  
A d d i t i o n a l  o p t i c s  a r e  used to  conse rve  
t h e  e tnndue  of t h e  FPI and coup le  i n  add- 
i t i o n a l  c a l i b r a t i o n s  l i g h t  sou rces .  A 
f i b e r  o p t i c  c a b l e  i s  used t o  s i m p l i f y  
o p t i c a l  a l ignmen t  and e l i m i n a t e  any 
s y s t e m a t i c  a n g u l a r  depenaence o f  t h e  back- 
s c a t t e r e d  l i g h t .  

The d e s i g n  O f  t h e  F P I  which has  been 
op t imized  t o  measure t h e  a e r o s o l  back- 
s c a t t e r  Doppler spectrum is  d e s c r i b e d  i n  
a campanion paper (Hays, e t  a1,1984)  
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T a b l e  I1 l is ts  t h e  d e s i g n  p a r a m e t e r s  o f  
t h e  FPI.  The c o m b i n a t i o n  o f  l a r g e  s p a c e r  
l e n g t h  and  low p l a t e  r e f l e c t i v e l y  is t h e  
optimum c o n d i t i o n  t o  o b t a i n  maximum s i g n a l  
t h r o u g h p u t  for  t h e  n e c e s s a r y  h i g h  s p e c t r a l  
r e s o l u t i o h T T h e  d e s i g n  and  c o n s t r u c t i o n  o f  
t h e , . e t a l o n  h o l d e r  and chamber i s  similar 
t o  t h a t  of t h e  FPI f lown o n  t h e  Dynamics 
E x p l o r e r  S a t e l l i t e  (Hays,  e t  a l l  1981).  
T h i s  d e s i g n  and  c o n s t r u c t i o n  y i e l d  a v e r y  
s table  and rugged  FPI f o r  s p a c e  f l i g h t  
a p p l i c a t i o n s .  The FPI T r a n s m i s s i o n  
f r i n g e s  are f o c u s e d  on t o  a n  image p l a n e  
d e t e c t o r  (IPD) t o  s i m u l t a n e o u s l y  measure 
t h e  Doppler b a c k s c a t t e r  spec t rum.  

T a b l e  I1 Reciever P a r e m e t e r  

'FPI 
P r e f i l t e r  ( I n t e r f e r e n c e )  30A0 FWHM 
E t a l o n  S p a c e r  ( Z e r o d u r )  30.4Rcm 
P l a t e  R e f l e c t i v e l y ( D i e 1 e c t r i c  70 % 
Nomina 1 Bandwidth/Channel 4 1  MHz 
P l a t e  Coated  Area 5 c m / D i a  

IPD 
P h o t o c a t h o d e  S-20 , 1 . 2  cm/dia 
A m p l i f i c a t i o n  3 microchannel  p l a t e  

Anode Type 1 2  c o n c e n t r i c  e q u a l  

E lec t r ic  Gain 10 max 

Z c o n f i g u r a t i o n  

are$ r i n g s  

F i g u r e  4 IPD Anode S c h e m a t i c  
K i l l e e n  e t  a l l  1983 

The .5, m Kind S e n s o r  IPD is  s i m i l a r  
, t o  o n e  for  the Dynamic E x p l o r e r  S a t e l l i t e  
d e s c r i b e d  b y  K i l e e n ,  e t  a l . ,  1983. 
T h i s  d e v i c e  h a s  a 5-20 p h o t o c a t h o d e ,  
t h r e e  microchannel  p l a t e  e l e c t r o n  m u l t i -  
p l i c a t i o n  s t a g e  and  a segmented anode 
c o n s i s t i n g  of 1 2  equal area, concentric 
r i n g s .  F i g u r e  4 s c h e m a t i c a l l y  i l l u s t -  
r a tes  t h e  anode l a y o u t  which is d e s i g n e d  
to  i m i t a t e  t h e  t r ansmiss ion  f r i n g e  
p a t t e r n  of t h e  FPI .  T h i s  segmented anode  
d e s i a n  s i m u l t a n e o u s l y  m o n i t o r s  e q u a l  and  
c o n t i n u o u s  wavelength  i n t e r v a l s  .of t h e  
b a c k s c a t t e r  spec t rum.  T a b l e . 1 1  a l so  lists 
some of t h e  Wind S e n s o r  IPD s p e c i f i c a -  
t i o n s .  T h e  IPI) s i g n a l  o u t p u t s  are con- 
v e r t e d  t o  a v o l t a g e  ahd i n t e r f a c e d  t o  a 
d a t a  a c q u i s i t i o n  s y s t e m  f o r  storage and 
a n a l y s i s .  

I V  Data F c q u i s i t i o n  System. 

t w o  f l o p p y  d i s k  d e v i c e s ,  g r a p h i c s  ter- 
m i n a l  p r i n t e r  and T e k t r o n i c s  4632 v i d e o  
h a r d  copy u n i t  is t h e  basis  f o r  a c q u i s i -  
t i o n ,  storage and a n a l y s i s  o f  Wind 
S e n s o r  d a t a .  S e v e r a l  d i g i t i z e r s  l o c a t e d  
i n  a C M C  mod\ilc are u s e d  t b  c o n v e r t  
t h e  a n a l o g  s i y n a l  from t h e  I P D  d i g i t a l  
v a l u e s  f o r  s t o r a g e  and  p r o c e s s i n g  by t h e  
computer .  Expans ion  of .  t h e  data a c q u s i -  
t i o n  s y s t e m  w i l l  i n c l u d e  a d d i t i o n a l  
d i g i t i z e r s  f o r  a 1 1  1 2  c h a n n e l s  and a 
d a t a  l o g g e r  t o  m o n i t o r  o p e r a t i n g  p a r a -  
meters of t h e  sys tem.  

A LeCroy Model 3500 microcomputer  w i t h  

V C o n c l u s i o n s .  

A ground b a s e d  l i d a r  s y s t e m  d e s i g n e d  
to  derive a t m o s p h e r i c  wind measurements 
from t h e  aerosol b a c k s c a t t e r  Doppler  
Spec t rum,  h a s  been described i n  t h i s  
p a p e r .  The s y s t e m  c o n s i s t s  o f  a s i n g l e  
l i n e ,  narrow band,  f r e q u e n c y  d o u b l e d  
Nd;YAG laser t ransmi t te r  u t i l i z i n g  i n -  
d o h e r e n t . d e t e c t i o n  w i t h  a Fabry  P e r o t  
i n t e r f e r o m e t e r .  P;n Image P l a n e  Detector 
allows s i m u l t a n e o u s  s a m p l i n g  o f  t h e  
b a c k s c a t t e r e d  spectrum. The i n d i v i d u a l  
s u b s y s t e m  components have  been f a b r i c a t - ,  
e d  and  a re  c u r r e n t l y  b e i n g  i n t e q r a t e d  
i n t o  a sys tem.  P r e l i m i n a r y  r e s u l t s  of 
i n i t i a l  s y s t e m  per formance  w i l l  be 
p r e s e n t e d  a t  t h e  c o n f e r e n c e .  

VI R e f e r e n c e s .  

Benedetti-Michelangeli,G., F. Congedut i  
and  G.  F i o c c o ,  1372: Measurements of 
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B. 2 

THE IMPROVED INITIALIZATION INVERSION ("31") METHOD : 
A HIGH RESOLUTION PHYSICAL METHOD FOR TEMPERATURE RETRIEVALS 

FROM THE SATELLITES OF THE TIROS-N SERIES 

A. Chedin, N.A. Scott, C. Wahiche, P. Moulinier, 
N. Husson and I. Cohen-Hallaleh 

Laboratoire de Meteorologic Dynamique du C.N.R.S. 
Ecole Polytechnique, Palaiseau, France 

1 * INTRODUCTION 

The "31" (Improved Initialization Inversion) 
Procedure is a physical algorithm for retrieving 
meteorological parameters from the satellite da- 
ta of the TIROS-N series at a spatial resolution 
Of 100 km x 100 km. Accounting for the physics 
of the phenomena involved, this procedure expli- 
citly takes into consideration local properties 
of each terrain observed like surface elevation, 
surface emissivity, percentage of water, viewing 
angle. Considerable effort is paid to the opti- 
mization of the initial guess solution which is 
retrieved owing to a large precomputed data set, 
the "TIGR" (TOVS Initial Guess Retrieval) data 
set, which describes the physical and statisti- 
cal properties of a large number of well sampled 
atmospheric situations to which the observed si- 
tuation may be compared. Retrieval of the ini- 
tial guess also relies upon operational fore- 
casts of the temperature and of the geopotential 
.altitude of the lowest atmospheric level. The 
quality of the initial solution obtained is de- 
monstrated by the fact that only one iteration 
with the retrieval scheme is required to get the 
final solution. Preliminary comparisons, in the 
Case of the ALPEX Intensive Observing Period of 
March 4 and 5, 1982, show a satisfactory agree- 
ment with conventional data and, in particular, 
a much better agreement in the 500 mb to 1000 mb 
Pressure range. 

2 .  GENERALITIES ON THE IMPROVED INITIALLZA- 
TlON INVERSION ("31") PROCEDURE 

The "31" procedure is based upon the cons- 
titution, once and for all, of a synthetic data 
set (the "TIGR" - TOVS Initial Guess Retrieval - 
data set) which comprises, for a large number of 
atmospheric situations (presently around 400 for 
the middle latitudes, and close to 1400 for all 
latitude zones, extracted from a much larger set 
owing to a careful statistical analysis) : 

a) the description of each atmospheric situa- 
tion through radiosonde rocketsonde reports : 
pressure, temperature, moisture, and, when 
available, ozone mixing ratio profile, lati- 
tude, longitude, date, etc... ; 

b) computed values of the transmittance at each 
of the 40 pressure levels in which the atmos- 
phere is divided, from the surface pressure 
to 0.05 mb, and for all the HIRS-2 channels 
(except the visible channel) and the MSU chan- 
nels. These values are obtained owing to a 
fast line-by-line transmittance code, the 
"Automatized Atmospheric Absorption Atlas" 
(see Scott et al. (1981, 1984))hereafter re- 
ferred to as the "4A" model ; 

c) computed values of the corresponding radian- 
ces and their associated brightness tempera- 
tures for the channels above mentioned. Ac- 
tually, these numbers are divided into two 
components : surface contribution and atmos- 
pheric contribution ; 

d) two Jacobian matrices representing the par- 
tial derivatives of radiances (or brightness 
temperatures) with respect to temperature 
and with respect to moisture ; 

e) in addition to these physical data, statis- 
tical data corresponding to the sample are 
computed once and for all : temperature and 
radiance means and covariance matrices, 
"coordinates" of each atmospheric situation 
in an axis system defined by the eigenvectors 
of the radiance covariance matrix, etc... 

These computations are made for 6 zenith 
angles and extended to 10 angles owing to an in- 
terpolation procedure so as to sample correctly 
the interval covered by the scanning instruments 
of TOW. They are also carried out for several 
values of the surface pressure, actually 1 1  va- 
lues ranging from 1013 mb (or more) to 725 mb 
(for land observations). In addition, for each 
channel, two surface emissivities are considered, 
one for land observations and one for sea obser- 
vations. 

Given observed clear column radiances (see 
I 3.c), the "31" procedure follows two principal 
steps : 

a) retrieval of the initial guess solution : the 
observed clear column radiances are first used 
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OBSERVATION v to the radiances and makes use of prior 
data (Bayesian estimate). 

7 SET 3. INVERSION SCENARIO 

V 
PHYSICAL INVERSION 

PROCEDURE 

Figure 1 

Organization of the TIGR data set. From a selec- 
ted set of n observations (radiances or bright- 
ness temperatures) to the retrieval of the ini- 
tial guess solution, TO(Pj), there are three 
main steps : search for the L sub-set correspon- 
ding to the latitude of the observations, search 
for the LS sub-set (closest viewing angle), 
search for the closest ground properties (LSPE 
sub-set), and search for the closest archived 
situation in the sample corresponding to the 
right secant, to the right latitude and to the 
right surface properties. The quantity aTBi(0)JaT 
symbolizes the Jacobian associated with the re- 
trieved archived situation. 

to- retrieve the "best" initial guess solution 
in a statistical sense. The procedure makes 
use of the "TIGR" data set (see Fig. 1 ) .  The 
selected set of observed radiances is "compa- 
red" to each of the computed sets of radian- 
ces and the "closest" is retained. The dis- 
tance between two sets of radiances is calcu- 
lated in the axis system defined by the eigen- 
vectors of the normalized radiance covariance 
matrix. This search for the closest archived 
situation may be carried out by considering 
either all the HIRS-2 and MSU channels or mo- 
re restricted radiance sets emphasizing such 
or such property in the atmosphere, for exam- 
ple : a set of channels almost insensitive 
to clouds ; 

the basis for the retrieval of the "exact" 
solution is a least squares procedure aiming 
at minimizing the differences between the ra- 
diances associated with the initial guess and 
the observed radiances. Use is made of the 
Jacobian associated with the retrieved 
initial guess, in the "TIGR" data set. 
Actually, this procedure is applied to 
the brightness temperatures rather than 

3.a Observations and ancillary data. 
Spatial resolution. 

The structure of the observed data set is 
closely connected to the spatial resolution 
which has been adopted for analysing the satel- 
lite measurements in terms of atmospheric para- 
meters through the inversion of the radiative 
transfer equation. Here, HIRS-2 spots are grou- 
ped into boxes of 4x3 to 2x3 spots according to 
the viewing angle. One box covers 3 scan lines 
and 2 consecutive boxes share two scan lines 
resulting in an over-sampling along the sub-sa- 
tellite track. HIRS-2 and MSU sounding data are 
processed according to the following procedure : 

- MSU sounding data are first interpolated ta- 
king into account the six MSU spots the clo- 
sest to the box considered. The interpolation 
scheme is linear in the angle and inversely 
proportional to the square of the distance of 
each MSU spot to the center of the box (more 
details are given in Wahiche (1983)). 

- The ECMWF (European Centre for Middle Range 
Weather Forecasting) high resolution US Navy 
topography is then interpolated within each 
HIRS-2 spot resulting in a mean altitude va- 
lue and a mean percentage of water for each 
HIRS-2 spot. 

- Forecasts from the ECMWF (European area grid, 
1.5' x 1.5')  are implemented into each HIRS-2 
spot after interpolation (the scheme uses 
spline functions). Are considered : tempera- 
ture and geopotential altitude at 1000, 850 
and 700 mb ; pressure at the surface. Correc- 
tions are brought to surface pressure and tem- 
perature so as to account for the difference 
between the spatial resolution of the ECMWF 
grid and the spatial resolution associated 
with each HIRS-2 spot. 

This procedure takes care o f  the only 
HIRS-2 spots finally considered in each box (see 
below). 

3.b Cloud tests 

Cloud tests are conducted for each box, 
and in each box, for each HIRS-2 spot. Seven 
tests are considered which follow very closely 
the procedure by McMillin (1982) except that, 
in our case, observations are not angle correc- 
ted. The regressions or the test-limits defined 
in this reference had consequently to be exten- 
ded or modified, to make them apply to non-nadir 
observations, using the TIGR data set described 
above. One regression is defined for one angle 
(IO angles are considered), one ground emissi- 
vity (land or sea), one surface pressure (six 
surface pressures are considered in that case, 
among the 1 1  archived in the TIGR data set : 
every other one). Thus, one regression in McMil- 
lin (1982) is replaced by 120 sets of coeffi- 
cients computed once and for all. It may be no- 
ted that, for day time observations, use is made 
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of the albedo in a way similar to Hillger et al. 
(1981). A box is "clear" if at least one spot 
has passed all tests. If several spots are clear, 
variance tests are made on channels HIRS 5, 7 
and 13 similarly to McMillin (1982). For "not 
clear" boxes, the half containing the highest 
brightness temperatures for channel 18 (correc- 
ted for water vapor attenuation) for night time 
observations or for channel 8 for day time obser- 
vations is considered and variance tests are made 
on channel 7. For clear and not-clear boxes, re- 
maining spots are averaged and the mean values 
of the latitudes and longitudes of these spots 
are assigned to the box. 

3.c Inversion scenario 

The procedure used to retrieve thermal pro- 
files from HIRS-2 and MSU observations depends 
upon the flag "clear" or "not clear" attributed 
to the box. The first operation, however, is the 
Same for the two cases and consists in isolating 
fhe TIGR sub-set within which the initial guess 
18 to be retrieved. That part of the data set is 
reached after analysis of the values of the lati- 
tude, of the viewing angle, of the flag emissi- 
vity (sea/land) and of the surface pressure. 

i. "Not clear" boxes. A cloud clearing 
technique : the Ymethod. 

For not-clear boxes, the initial guess is 
obtained in two steps. The first step consists in 
Searching, in 'the right sub-set of the TIGR data 
Set, a preliminary initial guess which is the clo- 
:est among the archived situations when reference 
1s made to channels HIRS-2 no 1, 2, and MSU no 2, 
3 and 4, to forecast of either the temperature at 
1000 mb or at 850 mb, or at 700 mb, according to 
the surface pressure, and to the mean temperature 
between two specific levels of the "4A" model 
atmospheric stratification. These two levels vary 
with the latitude zone considered. For mid-lati- 
tudes, the boundary levels correspond respective- 
ly to 160 mb and 275 mb and represent approxima- 
tely the lowest part of the stratosphere. This 

temperature, hereafter referred to as T(LS) 
1S archived in the TIGR data set for each situa- 
tion. The ''observed'' value is obtained through a 
regression of the type : 

T(LS) = a 0 + alTHIRS(I) + a,THIRs(2) + a3THXRS(3) 

THIRS(i) is the brightness temperature 
with channel i of HIRS-2. The coeffi- 

clents of this regression are obtained from the 
data archived in eachTIGR data sub-set. Applied 
to the synthetic data of the TIGR data set, the 
regression provides T(LS) values with no bias 
and a Standard deviation close to I K. 

This first step provides the "preliminary 
initial guess". From this first solution is 
Started the cloud clearing algorithm which Pro- 
vldes the brightness temperatures one would ha- 
ve obtained under clear sky conditions for Se" 
vera1 "contaminated" channels, and, in particu- 
lar, channels 14 and 15. In addition to the well- 
known fact that their associated weighting func- 

tions are narrower than for example at 15 W ,  
channel 14 has also the advantage of peaking 
close to the surface (950 to 920 mb) while 
the satellite-surface transmittance is close 
to zero (typically O.l), which means that con- 
tamination by surface characteristics is small. 
The clear brightness temperatures for channels 
3 to 6 ,  14 and 15, that we will call "pseudo- 
channel", are obtained owing to a method that 
will be referred to as the "%'-method" in the 
following. 

The clear equivalent brightness tempera- 
ture for the pseudo-channel 15, 
simply obtained by the expression : 

YHIRS( I S ) ,  is 

where Tclose~~RS(15) and Tclose~Eu(2) are 
the brightness temperatures for channels HIRS-2 
no 15 and MSU no 2 associated with the prelimi- 
nary initial guess. This expression means that 
we rely upon the difference of two channels 
peaking approximately at the same level and ob- 
tained for a situation relatively close to the 
observed one. This difference is small and less 
dependent on small atmospheric changes than 
Tclo~es)I~~s(~5) itself. The %'-method is also 
applied to channels HIRS no 4, 5 and 6 : the 
clear equivalent brightness temperature for the 
pseudo-channel 4, YHIRS(4), is obtained by 
the expression : 

where the symbols have the same meaning as in 
Eq. (21, when the clear equivalent brightness 
temperature for the pseudo-channels 5 and 6 
are obtained by an expression similar to that 
of Eq. (2). Finally, a pseudo-channel HIRS no 3 
is obtained from an expression similar to Eq. 
(2) where ToBSMSU(2) and TclosestMSU(2) 
are respectively replaced by : 

and where Tclosest H1RS(15) is replaced by 

The brightness temperature of the pseudo- 
channel 14, YHIRS(14) is obtained through a 
regression of the type : 

where i takes the values 2 to 6 and 15 and j 
the values 2 and 3. 

The coefficients of this regression are, 
like those of Eq. (L), obtained from the data ar- 
chived in each TIGR data sub-set. Applied to the 
synthetic data of the TIGR data set, the regres- 
sion provides values of YHIRS( 14) which, when 
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compared to the true THIRs(14) values, show no 
bias and a standard deviation varying from 0.1 K 
to 0.3 K according to the viewing angle and the 
surface pressure. 

"Observed" values of YHIRS( 14) are obtained 
by replacing the brightness temperature appea- 
ring in Eq. (2) by their observed values : 

The Y-method has two important advantages. 
First, it allows, quite simply, to accurately 
eliminate the effects of the clouds and the de- 
parture from the exact values (over-corrections 
or under-corrections) are relatively small. Se- 
cond, no "smoothing" of the cleared brightness 
temperatures is required when it may be the case 
for the so-called N* method by Smith (1968) as 
explained in Fleming et al. (1982). Although the 
results presented in this reference are interes- 
ting, any smoothing procedure applied to geophy- 
sical fields will hardly make the distinction bet- 
ween errors of erratic nature and real characte- 
ristics of the field itself like boundaries bet- 
ween oversea and overland observations, or like 
the occurence of a moutain in the field of view. 
We have verified that these features are preser- 
ved by the Y-rnethod. 

The second step consists in searching the 
actual initial guess which is the closest among 
the archived situations when considering chan- 
nels HIRS-2 no 1,2,Y4, Y14,Y15, MSU n02, 3 and 4 ,  
forecast of either the temperature at 1000 or 
850 mb, or at 700 mb, depending on the surface 
pressure, and T(LS). From the initial guess ob- 
tained at the end of the second step, the phy- 
sico-statistical inversion algorithm (see below) 
is astivated with channels HIRS-2 no 1 ,  2, 4, 14, 
15, and MSU no 3 and 4. One iteration is enough 
to provide the final solution. 

ii. "Clear" boxes 

After having isolated the right sub-set of 
the TIGR data set, the situation the closest to 
the observed situation is searched, within this 
sub-set, by making reference to channels HIRS-2 
no 1, 2, 3 ,  4, and MSU no 2, 3 ,  4, and to fore- 
cast of either the temperature at 1000 mb or to 
the temperature at 850 mb or at 700 mb according 
to the surface pressure. From this initial solu- 
tion, the physico-statistical inversion algorithm 
(see below) is activated with channels HIRS-2 no 
1 ,  2, 5 ,  14, IS, and MSU no 3 ,  4 .  One iteration 
(one inversion) is enough to provide the final 
solution. 

3 . d  Inversion algorithm : a simple Bayesian 
approach 

Since it starts from an optimum initial 
guess, which is the situation the closest to the 
observed situation among those archived in the 
TIGR data set, the "31" method aims at estima- 
ting the difference between the parameters and 
their values for the closest situation rather 
than the parameters themselves (or the differen- 
ce between the parameters and their mean values). 
Writing the radiative transfer equation under 
the form : 

y(wi> - 1 X(Vi,z) B(z) dz 

where y represents the measurements and B the 
parameters (here the temperature profile), and 
where the vi's summarize the. conditions of obser- 
vations (frequencies, viewing angles, surface 
properties, ..), X(Wi,Z) is the kernel including 
transmittances and z is directly related to the 
altitude, a linear model may be established using 
an appropriate quadrature formula giving the ma- 
trix equation : 

Ye - X B  + e 

where ye = y+e, e being the associated error. 
Following a simple Bayesian approach, a least- 
squares type estimate of B,b, may be written as : 

where Sg* is the covariance matrix of B-BIG and 
BIG is 
easily computed from the TIGR data set. More de- 
tails are given in Chedin et al. (1984). 

the initial guess solution. Sg* may be 

In our approach to meteorological parameters 
retrievals from the satellites of the TIROS-N se- 
ries, the matrix X has as many rows as channels 
used in the inversion process. Its number of co- 
lumns is determined by the altitude range €or 
which the temperature is retrieved : here, from 
the lowest "4A" stratification level, up to appro- 
ximately 10 mb. It is easily shown that a matrix 
element of X, for channel Wi and layer lj, may be 
written as (see for example Susskind et al. 1980) : 

I I -  

where a=hc/k, T(Pj) is the temperature of the la- 
yer, Tvi the brightness temperature of channel Vi 
and the last factor is the derivative of transmit- 
tance T with respect to 1nP at the pressure Pj of 
layer lj. The brightness temperature Tvi of chan- 
nel v i  which transmittance to the ground Tvi is 
supposed not to be zero, is also affected by a va- 
riation of the surface temperature, Tq. the partial 
derivative of Twi with respect to TG is obtained 
by replacing, in the above equation, T(Pj) by TG 
and the last factor by T V ~ .  This new expression 
is used to correct the channels involved in the 
inversiqn process for eventual deviations between 
the true surface temperature and that associated 
with the initial guess solution. Since no very 
transparent channels are used, a high accuracy 
of the retrieved surface temperature is not neces- 
sary. For "clear boxes", the surface temperature 
is obtained from channels HIRS no 8 ,  I8 and 19 
observations. For night time passes, the three 
channels, corrected for atmospheric attenuation, 
are used ; for day time passes, only channel 8 is 
used. For "not-clear" boxes, no corrections are 
brought to the surface temperature of the initial 
guess. 
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4 .  APPLICATION OF THE "31" PROCEDURE TO ALPEX - 
THE 4-5 MARCH 82 INTENSIVE OBSERVING PERIOD 

We have applied the "31" procedure described 
in the preceding sections to the ALPEX (Alpine 
Experiment) IOP of March 4-5 1982. Satellite da- 
ta have been prepared by NOAAJNESDIS Development 
Laboratory, Madison, USA. They represent 4 satel- 
lite passes : March 4 ,  2 orbits (at 1 2 h O O  and 
13h45) ; March 5, 2 orbits (at 2h00 and 31145). 

4.a  Preliminary evaluation of the "31" tempe- 
rature retrieval accuracy by comparison 
with radiosoundinns measure 

For the period considered, a preliminary 
assessment of the quality of the "31" procedure 
can be made by comparing retrievals to the avai- 
lable radiosounding measurements. These data we- 
re obtained from E C W .  A total of 171 radioson- 
des collocated to approximately 100 km in space 
and 3 h in time were used for this comparison. 
Cloud tests performed on the 100 x 100 km2 boxes 
resulted in 66 boxes declared "clear" and 105 
declared "not-clear". A total of 81 X of the re- 
trievals collocated with the radiosondes were 
declared acceptable, 77  X of the clear cases and 
84 % of the not-clear cases. Rejections are made 
on the basis of an automatic procedure evalua- 
ting the quality of the initial guess and its 
distance to the observations. 

Results of this comparison between radio- 
sondes and retrievals are illustrated on Fig. 2 .  
On this figure, we have used the standard levels 
stratification instead of that of the "4A" model 
for the sake of simplicity in comparing with 
other algorithms. One of the most salient featu- 
res of this figure is the good quality of the re- 
trievals in the lower part of the troposphere 
(500-1000 mb) . The agreement is significantly 
better than what has been recently published in 
the literature (see Gruber and Waktins,l982,for 
example). If we consider the lowest layer, 1000- 
850 mb, we obtain a RMS value of 1 .6  K for the 
clear case (instead of "usual" values varying 
from 2.5 to 3 K) and of 1.9 K for the not-clear 
case (instead of values varying from 3.5 to more 
than 4 K). The present results must however be 
taken as very preliminary indications since the 
samples (51 for the clear case and 88 for the 
not-clear case) are obviously too small. They 
are certainly encouraging and may be tentatively 
explained as follows : a) a good proximity of the 
initial solution to the final solution ; b) a good 
elimination of the influence of the clouds by the 
"%nethod" ; c) the fact that surface pressures, 
"issivities are correctly taken into account 
Jointly with the viewing angle ; d) the high sta- 
bllity and convergence of the inversion algorithm 
used, which only requires one iteration to get 
the final solution ; e) the impact of forecast 
temperature values at 1000 mb or 850 mb, or 7 0 0  
mb, according to surface pressure, which help in 
the retrieval of the initial guess. 

4 . b  Results for the four satellite passes of 
the ALPEX IOP of March 4-5, 1982. 

These results have been obtained using the 
method described above : retrieval of the initial 
solution in the TIGR data set ; inversion of the 

ALPLX-IOP : YARCH4,S. 1912 4- 
e l e a r  no1 olear I 

Figure 2 
RMS error of retrieved mean layer temperature 
(standard levels) compared to collocated radio- 
sonde for the ALPEX IOP, March 4-5, 1982. Dashed 
curve : not-clear boxes ; solid curve : clear 
boxes. 

radiative transfer equation ; rejection of "bad" 
retrievals. Table 1 gives, for each pass, the 
maximum number of possible retirevals with the 
spatial resolution of the "31" procedure and the 
number of retrievals rejected. One full retrie- 
val cycle requires 0.10 seconds with the NAS-9080 
computer of the CIRCE (Centre Inter-REgional de 
Calcul Electronique du CNRS). 

The numbers in Table 1 are remarkably small 
in consideration of the numerous heavily cloudy 
areas encountered during the ALPEX IOP of March 
4 - 5 .  Both these small numbers of rejections and 
the over sampling in the boxes along the satelli- 
te track,produce retrievals with a high spatial 
density. 

I 1 

3587 1217 
3594 I I84 1111 
3595 I190 20 

I I I 
Table I ' 

Number of retrievals, orbit by orbit 

One example of the results obtained is pre- 
sented on Figure 3 .  Comparisons between conven- 
tional analysis chart and the results of the "31" 
procedure show a good agreement. More details 
are given in Chedin et al. (1984) .  
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_. . . .  I > '1000 - 500'HB THICKNESSES(ORH; RND THE& W I N O S l H / S ) .  HRACH 5 .  1982 02.042 IZPRSSES) 

Pig. 3 Thermal winds and thicknesses between 1000 and 500 mb for the two night-passes - orbits 3594 
and 3595 - of March 5th, 1982. Areas where data are missing are either regions where the ca- 
libration of the radiometer occured or regions where the rejection tests have a significant 
impact. Winds are in m/s. ; thicknesses are in dam minus 500. 

5. PERSPECTIVES AND CONCLUSION 
The key feature of the "31" method is to 

supply accurate values of the atmospheric tempe- 
ratures or thicknesses after only one iteration 
(one inversion) with a relatively high spatial 
density. The quality of the initial guess solu- 
tion, retrieved by comparing the observations to 
similar synthetic data, pre-computed for a lar- 
ge set of atmospheric situations, together with 
the use of forecast values for the temperature 
at the lowest level, explains this rapid conver- 
gence. It must be pointed out that, in the pre- 
sent approach, forecasts are used solcly to im- 
prove surface bressure determinations and to 
help in the retrieval of the initial guess solu- 
tion. From a good estimation of the atmospheric 
temperature structure, other geophysical para- 
meters may be obtained and the "31" method now 
currently supplies cloud parameters like the 
cloud top pressure and the percentage of cloud 
cover, surface parameters like the temperature 
and the microwave emissivity and profiles of 
atmospheric water vapor. 
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B. 3 IMPROVED VERTICAL SOUNDINGS FROM AN AMALGAMATION 
OF POLAR AND GEOSTATIONARY RADIANCE OBSERVATIONS 

William L. Smith and Harold M. Woolf 
NOAAfNESDIS Development Laboratory 
1225 West Dayton Street, 2nd Floor 

Madison, Wisconsin 53706 

1. INTRODUCTION 

The VISSR Atmospheric Sounder (VAS) on the 
current operational geostationary satellites is 
capable of sounding the atmosphere's temperature 
and water vapor distribution with either 14 km or 
7 km horizontal resolut'ion. However, the 
instrument operates in the infrared (Table 1) and 
therefore soundings to the ground cannot be 
achieved in cloud overcast situations. On the 
other hand, the TIROS Operational Vertical 
Sounder (TOVS) on the current polar orbiting 
satellites operates in the microwave as well as 
in the infrared (Table 1) and is therefore 
capable of sounding through most cloud overcasts. 

TABLE 1 

CHARACTERISTICS OF VAS AND TOVS 
(HIRS AND MSU) SOUNDING CHANNELS 

VAS Channel Principal Level of 
channel central ab sorbing peak energy 
number wavenumber constituents contribution 

1 679 co 9 60 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 2538 12 window surface 

HIRS Channel Principal Level of 
channel central absorbing peak energy 
number wavenumber constituents contribution 

1 668 30 mb 

69 1 
702 
714 
751 

2214 
789 
889 

1379 
1486 
2254 

100 
400 
600 
950 
900 
surface 
surface 
600 
400 
500 

2 679 
3 691 
4 704 
5 7 16 
6 732 
7 748 
8 898 
9 1028 

10 1217 
11 1364 
12 1484 
13 2190 
14 2213 
15 2240 
16 2276 
17 2361 
18 2512 
19 267 1 

60 mb 
100 mb 
400 mb 
600 mb 
800 mb 
900 mb 
surface 

25 mb 
900 mb 
700 mb 
500 mb 

1000 mb 
950 mb 
700 mb 
400 mb 

5 mb 
surface 
surface 

20 window cloud 
MSU Principal Level of  
channel Frequency absorbing peak energy 
number (GHz) constituents contribution 

1 50.31 window surface 

3 54.96 O* 
2 53.73 0 2  700 mb 

300 mb 
L 

4 57.95 07 90 mb- 

For synoptic scale analysisfforecast 
applications, TOVS alone provides the necessary 
initial data. However, for subsynoptic scale 
applications, the six or twelve hour sampling 
interval of one or two polar orbiting satellites 
is too long; the higher frequency soundings 
(e.g., one to two hour) over certain geographical 
regions (e.g., North America) achievable from the 
geostationary satellites are required. Because 
of gaps in geostationary sounding coverage 
produced by extended cloud, it is desirable to 
utilize the less frequently sampled TOVS 
information, particularly the microwave 
radiances, together with the VAS sounding 
radiances for deducing atmospheric profiles down 
to the earth's surface across extended cloud 
areas. 
in cloudy regions is exemplified in Figure 1 
which shows the locations of reliable soundings 
to the ground achieved from VAS and TOVS radiance 
observations at 1600 GMT on 26 April 1982 over 
the southeastern United States. The locations 
are superimposed on a visible cloud image 
obtained within the hour of the sounding 
observations. 

The importance of microwave sounding data 

Figure 1: Locations of reliable 75 km resolution 
soundings from VAS and TOVS at 1600 GMT 
on 26 April 1982. White circles 
indicate VAS sounding locations and 
black circles indicate the TOVS 
sounding locations. 

Finally, since the combination of VAS and 
TOVS provides many more radiances for the 
retrieval of atmospheric profiles than is 
provided by either system alone, improved 
sounding performance is expected. 

In this paper the expected accuracy of 
sounding retrievals achieved from combined VAS 
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and TOVS radiance observations is compared to 
that achieved by each system alone. 
physical matrix inverse retrieval algorithm is 
formulated for retrieving simultaneously the 
temperature and water vapor profila from VAS 
and/or TOVS sounding radiances. 
results achieved from the application of the new 
retrieval algorithm to actual radiance 
observations from VAS and TOVS are to be 
presented at the conference. 

2. EXPECTED PERFORMANCE 

A new 

The case study 

The performance expected from a combined 
VAS-TOVS sounding system was estimated using 
multiple linear regression analysis of radiances 
simulated from a large statistical sample of 
radiosondes. Three latitude zones were 
considered (polar, mid-latitude, and tropical) 
with 300 soundings being used to formulate the 
dependent set from which regression equations are 
derived and 100 soundings being used as the 
independent set for testing the regression 
relations. For this performance analysis clear 
sky conditions and nominal instrument noise were 
assumed for simulating the VAS and TOVS sounding 
radiances. Furthermore, a spatial resolution of 
75 km was assumed so that a spatial sample of 
25 VAS, 9 HIRS, and 1 MSU fields of view were 
assumed to be associated with each sounding, 
thereby reducing the nominal instrument noise by 
the square-root of the number of fields of view 
available. 

100 

200 - 
300 - 

2 400 - 
h 

v 

w 

v) 
0 

0 

---e VAS + T O V S  5 500- P i  
1 .  

1 .  ......... TOVS 1 :  

VAS - 
VAS +MSU 

E 600 - 
700 - 
800 - 
900 - 

0 1 .0 2.0 3.0 4.1 
RMS ERROR (OC) 

1000 

f 

Figure 2: Accuracy of statistical regression 
retrievals of atmospheric temperature 
for various instrument configurations. 
The results shown are for the mandatory 
pressure levels only. 

Figure 2 shows the performance at mandatory 
pressure levels for mid-latitude conditions. 
(The polar and tropical zone results are 
similar.) The combined set of VAS and TOVS 
radiances provides greater accuracy than either 
system alone, particularly in the lower 
troposphere (e.g., near 850 mb) and in the upper 
troposphere (300-100 mb), It Is interesting to 

note that for these clear sky conditions VAS 
contributes more than TOVS to the accuracy of the 
lower tropospheric temperatures (1000-700 mb 
layer) because of the higher signal-to-noise 
ratio of average radiances achieved for a 75 km 
sounding area. In the mid-troposphere 
(700-300 mb), VAS and TOVS performance is similar 
while in the upper troposphere (300-100 mb) TOVS 
is superior to VAS because of the sharper 
vertical resolution in this region provided by 
the monochromatic microwave observations. Thus 
the VAS and the Microwave Sounding Unit (MSU) 
portion of the TOVS provide highly complementary 
observations. As can be seen from Figure 2, VAS 
and MSU provide a system that yields a 
performance almost equal to that of the entire 
VAS-TOVS combination. 
because of the similarity between VAS and TOVS 
infrared channels (Table 1). It should be 
remembered that the major enhancement of sounding 
retrieval accuracy by MSU observations is 
expected to be in cloud covered regions where VAS 
sounding information is reetricted to the 
atmosphere above the cloud. 

3. RETRIEVAL PROCEDURES 

This result was expected 

A recently developed (by the authors) "one 
step" simultaneoue temperature/water vapor 
profile retrieval method will be used to 
calculate soundings from the VAS and/or TOVS 
radiances used for this study. 
shown, the radiative transfer equation is 
expressible in the perturbation form: 

As can be easily 

6T* P,S6u[aT ar (aB/aT) * IdP 
0 ap au (aB/aT ) 

(1) 
pS ar (aB/aT) (aB /aTs) 

* I ~ P  + 6TS[ (aB/ aT*) J 'Is - f 6T[- 
ap (BB/aT ) 

* 
where T is brightness temperature, U is 
precipitable water vapor, B is Planck radiance, T 
is temperature, T is surface-skin temperature, 'I 
is  transmittance,'and p is pressure. 
perturbation, 6, is with respect to an a priori 
estimated or mean condition. 
dependence af all integrand variables is to be 
understood, In order to solve (1) for 6U, 6T, 
and 8T from a set of spectrally independent radiance 
observ&ons, we make the following profile 
representations in terms of arbitrary pressure 
functions, b(p): 

The 

The pressure 

where q(p) is the water vapor mixing ratio and g 
is gravity. The zero subscript indicates the 
a priori condition. 
gas law and hydrostatic equation that 

Equation 2a implies from the 
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Substituting representations (2b) and (2c) into and 
(2)  and letting ao-GTS yiglds for each spectral 
radiance observation, 6T , for a set of K 
spectral channels: j T(PS) - To(PS) - E ai9i(Ps) 

i-N+ 1 

M 

j-1.2,. . . ,K (3 )  
x M  

6Tj C a 9 
i-0 i ij 

aT aT aB /aT 

ap au aBj/aTj 
- ps { y qo9idPlr-- L 4 1 d p  i2N (4) 

aT aB /aT 
9 - ~ s $ i [ ~ ~ l d p  N(i-N . 
i,j 0 ap aB /aT 

j j  
quantities are calculated from the The 8 

a prihl estimated or mean profile conditions. 
Written in matrix form 

have the same form as (3) and therefore can be 
added to the set to yield K+2 equations to solve 
for M+l unknowns (a). 

3 .3 .  Accounting fbr Observational Errors 
Observational errors are ag;counted for in 

the solution by dividing both t 
expected errors for each radiance (or surface) 
observation. The result is an inverse error 
weighted least squares solution for a where the 
more accurate observations receive the greater 
weights in the determinations. 

and 9 by the 

Furthermore, the matrix inverse is 
s abilized by adding a small diagonal element to 
9 9 prior to inversion. That is, the matrix to 
be inverted in (6 )  is 
i 

OT9 + yI 
* 
t - 9a (5) where y is a scalar (nominally 0.1) and I is the 

* identity matrix. 
where t is a row vector of K radiance 
Observations, a is a row vector of M+l 
coefficients, and 9 is a matrix having dimensions 
(KxM+l). 
squares solution of (5) is employed to give 
stability'to the solution, so that 

3.4.  Handling the Influences of Clouds 

To be discussed at the conference. 

3.5. Advantages 2 "One Step" Procedure 
Assuming that K>M+1, then the least 

( 6 )  
T *  a - (QT9>-' 9 t 

where ( )T indicates matrix transposition and 
( indicates matrix inverse. Once the a I s  
are determined, 6TS, 6q, and 6T are speciflid 
from (2) and added to the a priori estimates to 
Yield the final solutions for surface-skin 
temperature and the water vapor mixing ratio and 
temperature profiles. 

3.1. Choice of Basis Functions 

The choice of pressure functions $(p) is 

For example, 
arbitrary, although the accuracy of the solution 
Will ultimate depend upon them. 
empirical orthogonal functions (i.e., 
eigenvectors of the water vapor and temperature 
Profile covariance matrices) can be used. 
In this study natural functions, the profile 
weighting functions (dT/dlnp) of the radiative 
transfer equation, are to be used. One of the 
temperature and water vapor functions is for 
$ (p)-l in order to account for any vertically 
&stant displacement between the true and 
.priori> prof ilea. 

3 - 2. Incorporating Ancillary ~ a t a  

Ancillary information such as surface 
observations can be easily incorporated into the 
Profile solutions. 
observations it follows from (2) that 

For example for surface 

The main advantage of the 'lone step" 
retrieval method is that it enables the 
temperature and water vapor profiles and the 
surface skin temperature to be determined 
simultaneously using all the radiance information 
available. 
associated with water vapor radiance dependence 
upon temperature and the dependence of several of 
the carbon dioxide channel radiance observations 
used for temperature profiling, on the water 
vapor concentration. 
radiance observations on surface emissions is 
accounted for in the simultaneous solution by the 
inclusion of surface temperature as an unknown. 
Also, since only a single matrix inversion is 
required for the specification of all parameters, 
the solution is computationally efficient. 
Finally, ancillary observations of temperature 
and/or moisture from surface sensors or aircraft, 
for example, can be readily incorporated in the 
solution. 

This solution alleviates the problem 

The dependence of the 

3 . 6  Simulation Test of "One Step" Method 

The "one step" retrieval method was applied 
to the VAS data synthesized for the independent 
sample of radiosonde/radiance sets described in 
section 2. 
profile basis functions were taken as the 
weighting functions for carbon dioxide channels 2 
through 5 and water vapor channels 7 ,  9,  and 10, 
respectively. All spectral VAS radiances with 
the exception of channels 11 and 12 together with 
surface temperature and mixing ratio were used 
for the retrieval thus providing a system of 
twelve equations and ten unknowns. 
surface air temperature and mixing ratio were 
assu,med to be l0C and 10%. respectively, for 

The temperature and water vapor 

The errors of 
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these simulations. The statistical regression 
solution was used as the a priori estimate for 
the "one step" retrieval. Figure 3 shows that 
the "one step" retrieval provides a significant 
improvement of the profile accuracy achieved by 
multiple linear regression, particularly for the 
luwer troposphere and for water vapor mixing 
ratio. These improvements are due to the 
interdependencies of the water vapor retrieval 
upon temperature and the influence of water vapor 
on temperature (carbon dioxide) sounding radiance 
observations which are accounted for in the "one 
step" method. (Low latitude results are not 
shown because of their similarity to those for 
mid-latitudes.) 

VAS RETRIEVAL ERRORS 

(a) MID-LATITUDES too- 

200- -ONE STEP 
--- REQRESSION 

MlXlNQ RATIO 

RM8 T VCJ 

Ib) HIGH LATITUDES 

\ MIXING RATIO 
400 

I T 1.C) 

Figure 3: Comparison of retrieval accuracy using 
multiple linear regression and the "one 
step" matrix inverse methods. Results 
are presented for 20 levels between 100 
and 1000 mb. 

4. VAS/TOVS STUDIES 

The "one step" retrieval algorithm is just 
now being tested as part of the National 
Environmental Satellite, Data, and Information 
ServicelUniversity of Wisconsin-Madison 
(UW-Madison) VAS and TOVS sounding retrieval 
systems. 
constructed to enable soundings to be performed 
from the combination of coincident VAS and MSU 
radiance observations under all cloud conditions. 
This new retrieval system is to be used with 

A special retrieval module has been 

daily VAS and TOVS Observations obtained in real 
time at the UW-Madison. Performance evaluations 
will be made from the daily sounding products 
produced at the UW-Madison for (a) VAS-only and 
(b) VAS + MSU. 
placed on those products which are being 
evaluated for their operational forecast utility 
as part of the NOM Operational VAS Assessment 
(NOVA) program. Also, the influence of the 
retrievals on the analyses used to initialize 
mesoscale forecast models is being evaluated. A 
comparison between mesoscale numerical weather 
forecasts generated from (a) VAS alone and 
(b) VAS + MSU produced soundings will be 
presented at the conference. 

Particular emphasis will be 
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B.4 THE CLOUDS AND VAS 

Christopher M. Hayden 
NOAA/NESDIS,Development Laboratory 
1225 West Dayton Street, 2nd Floor 

Madison, Wisconsin 53706 

W. Paul Menzel 
NOAAINESDIS Satellite Applications Laboratory 

1225 West Dayton Street, 2nd Floor 
Madison, Wisconsin 53706 

Anthony J. Schreiner 
Space Science and Engineering Center 

University of Wisconsin 

Madison, Wisconsin 53706 
1225 West Dnyton Street, 2nd Floor 

1. INTRODUCTION 

The VISSR Atmospheric Sounder (VAS) has been 
operating on the geostationary satellites, 
GOES 4-6 since September 1980. 
has the capability of measuring radiance in 12 
infrared spectral channels which permits vertical 
temperature and moisture profile definition. 
Since the infrared measurements are highly 
Susceptible to cloud attenuation, special care 
must be taken to avoid or correct for cloud 
interference. Techniques used in this process 
are essentially an extension of methods used with 
the polar orbiter instruments except that the 
absence of microwave measurements place a higher 
Premium on a predetermined surface skin 
temperature. Partially offsetting this 
deficiency is the improved horizontal resolution 
of the VAS, which permits a greater probability 
of finding holes in the clouds. 

This instrument 

Whereas the clouds are an impediment to the 
depiction of the atmosphere's temperature 
structure they are of benefit in determining the 
motion field. Cloud motion vectors have been 
determined from the geostationary satellites 
since the earliest ATS series (Hubert and 
Whitney, 1971) and are reputed to be very useful 
to numerical forecasting. Height assignment for 
these vectors has always been a problem 
(Bengtsson et al., 1982), but the multispectral 
capability of the VAS can reduce the uncertainty 
(Menzel et al., 1983). 

In the following we shall describe the 
current techniques and results for both avoiding 
the cloud for temperature sounding and measuring 
the cloud height for wind derivation. 
study taken from a recent episode in the north 
pacific is used to demonstrate and discuss method 
Sensitivity and error sources. 

A case 

2. CLEAR COLUMN RADIANCE DETERMINATION 

It has been the policy of National 
Environmental Satellite, Data, and Information 
Service (NESDIS) operations and the Cooperative 
Institute for Meteorological Satellite Studies 
(CIMSS) to separate the task of determining clear 
Column radiance values from the temperature 
retrieval problem. Our motivation is largely one 
Of Computer limitations; but there are also 
advantages in the production of clear radiance 
fields for editing and even for possible use in 
defining cloud heights as will be discussed in 

the next section. In obtaining clear column 
radiances there are two options: avoid the 
clouds or correct for them. Our approach has 
been to emphasize the former, and to employ the 
adjacent field of view (McMillin, 1978) technique 
for the latter, 
approached with a sample of measurements coming 
from 3 x 3 up to 11 x 11 fields of views (25 up 
to 90 km on a side) according to the desired 
final resolution of the temperature retrievals. 

It should be emphasized that both our 
approaches are extremely dependent on ancillary 
knowledge of the surface skin temperature, since 
comparison of the window channel with this 
"a priori" information ultimately determines the 
cloud contamination. In the following we shall 
briefly discuss the methods and examine the 
effectiveness of the second option in enhancing 
the representation of the meteorology. 

In all cases the problem is 

For an estimate of the surface skin 
temperature we rely on an objective analysis of 
the surface air temperature. 
ideal technique since the data coverage is 
frequently inadequate (especially over the ocean) 
and since the surface air is frequently not 
representative of the surface skin. 
considerably better for an operator to make a 
subjective determination of "clear," using images 
of high resolution visible and infrared with a 
capabillty of looping several images in time. 
However, such a manpower intensive operation is 
not practical. The basic criterion used in 
comparing the VAS measurement with the surface 
analysis is: 

This is not an 

It would be 

- Reject any sample whose warmest 11 
micrometer value is more than 10°C colder 
than the Surface air temperature. 

If the sample passes the initial test it will 
follow a "probably clear" filter path unless 
either of two additional tests send it to the 
adjacent field of view filter. These tests are: 

- The variance of the 11 micrometer sample 
must be less than 9OC. ~ 

- The warmest value must be accompanied by 
measurements in all the channels. 
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2.1 Probably Clear Filter 

The philosophy behind this filter is to 
collect the largest sample for each measurement 
accepting that the warmest measurement is indeed 
clear. Since the assumptions is certainly 
incorrect under some circumstances, it remains 
for the retrieval program o r  the post retrieval 
editing programs to catch the error. Their 
success in this area will be treated later. 
However, accepting that the warmest is "clear ,I' 
samples are collected for cloud sensitive 
channels as shown in Table I. A minimum sample 
of five is required for retention, otherwise the 
program reroutes to the partly cloudy, adjacent 
field of view option. 

TABLE I 
"CLEAR" TOLEWCES FOR VAS CHANNELS MEASURED 
AGAINST THE WARMEST SAMFLE OF THE POPULATION. 

ANY VALUE COLDER THAN TOLERANCE ELIMINATES ALL 
CHANNELS LISTED. LEVEL 2 IS TESTED ONLY IF 

LEVEL 1 FAILS. 
Channel Frequency Tolerance Channels 

Level Level cm-1 K Elimjnated 
1 2 
6 2214 1.0 6.12 

9 1380 (Temp. Chan 9,10 

5 751 1.5 4.9 
4 715 1.0 3.10 

6-20.0) 
8 890 2.0 5,6,7.8.12 

2.2 Partly Cloudy Filter 

The adjacent field of view technique for 
correcting for broken cloud is an extrapolation 
method as shown in Figure 1 where the line 
joining two cloud contaminated radiances i s  

VAS PARTLY CLOUDY RADIANCE CORRECTION 

PAIR WINDOW FILTER PAIR SLOPE FILTER 

rlc I fo<.3 \ 

Figure 1: The adjacent field of view (NSTAR) 
filter. See text for details. 

extended to give an estimate of the clear value. 
The degree of extrapolation is controlled by the 
value assigned to the clear window. This i s  a 
critical choice. One can use any "a priori" 

estimate of the surface akin temperature to 
assign it. In our applications, in order to be 
consistent with the "probably clear" filter, we 
have chosen to use the warmest measurement, 
rather than a manipulation of the surface air 
temperature analysis. The surface air 
temperature analysis is used as a filter, and the 
NSTAR correction is not attempted unless the 
clearest 11 micrometer measurement is within 3 
degrees of the value expected from the surface 
temperature analysis. 

The partly cloudy algorithm is not as 
complicated as a quick glance at Figure 1 would 
suggest. Note first that all fields of view are 
compared to each other (not just adjacent pairs) 
yieldjng a sample of Nx(N-1)/2 partly cloudy 
pairs where N is the number of observations. The 
suitability of each pair is tested in a number of 
ways : 

- The warmest 11 micrometer value of a pair 
must be within 10 degrees of the warmest 
sample (to limit extrapolation). 

- The colder of the pair must be at least 5 
degrees colder than the warmer (to achieve a 
reasonable ' '8  lope" estimate) . 

- The slope formed by a pair must be within 
0 . 3  of the modal slope (checked for two of 
the more transparent 15 micrometer 
channels). For all. pairs that meet these 
restrictions a single slope is calculated by 
least squares, and a final clear sample is 
derived by extrapolating all the warmest 
values. 

2.3 Example of Filters 

Figure 3 gives an examp1.e of a) the 
radiances obtained from the "mostly clear" path, 
b) the "partly cloudy" path, and c) the residual 

i 
! 
L !  

i '  

Figure 2: 11 micrometer window image of eastern 
Pacific, 18 February 1984. 

remaining after retrieval and editing. 
of quantity, the "partly cloudy" typically adds 
about 20% to the total radiance sample, but these 

In terms 
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are somewhat noisier and more susceptible to 
later elimination. A net increase of 10% in the 
number of final retrievals is a rough average. 
Comparison with the 11 micrometer picture of the 
clouds (Figure 2)  shows that the sample increase 
does indeed occur in the partly cloudy areas. 
Generally, however, the additional soundings 
occur around the edges of the large cloud 
systems. 

"probably clear" criterion let through a 
considerable number of radiances which are later 
rejected during the temperature retrieval (based 
on channel to channel consistency). 
example about 17% of the mostly clear were 
subsequently filtered. 
selections, almost 45% were eliminated. 

Figure 3 shows that the rather forgiving 

For this 

Of the partly cloudy 

The most important consideration in 
evaluating the cloud filters is whether the. 
results capture the meteorology of the situation. 
There is no question that large cloud masses 
continue to be a problem. The partly cloudy 
filtering helps, but not dramatically. The 
greatest improvement we have observed with the 
VAS has come from processing with the small 
(8 km) as opposed to large (16 km) field of view, 
simply because of the increased probability of 
finding cloud free fields of view. 
this "small detector," however, occasions of 
obtaining soundings within large cloud masses are 
infrequent. and the case shown in Figure 2 is 
typical. 

Even with 

3. MULTISPECTRAL CLOUD HEIGHT ASSlGNMENT 

The assessment of cloud height and amount by 
infrared sounder retrieval methods has been 
considered by Chahine (1975), Smith and Platt 
(1978), Weilicki and Coakley (1981), and Menzel 
et al., (1983). There are two basic techniques, 
a "direct" method and a "ratio" method. In the 
"direct" method a candidate group of assumed 
effective cloud amounts and cloud pressures is 
used to calculate outgoing radiances in two or 
more channels from a presumed temperature 
moisture structure. 
to observations in the same channels and by some 
minimization criteria the most probable cloud 
Pressure and amount are selected. The "ratio" 
method is a form of the direct method for 2 
channels. 
channels the effective cloud amount can be 
separated from the solution for cloud pressure. 
Thus the cloud pressure can be found efficiently. 
For application in determining wind tracer 
Pressure altitude, the ratio method is an obvious 
choice since cloud amount is of no significance. 

These radiances are compared 

Its advantage is that by ratioing the 

The mathematical expression for the ratio 
technique is given by 

P dB (U 1 ,T (PI 
E1 /Cr(ulDp) dP 

I(Ul) - ICL(U1) Ps dP 

I(u2) - ICL(U2) pC dB(up,T(P)) 

P 
dP E2 f T(U2,p) 

where u1 and u2 are spectral frequencies, T the 
respective transmittance functions, and E the 
effective cloud amounts (assumed equal when the 
frequencies are chosen close together). I 

!)HOSlLY CLCRR 

,;, PRRTLY CLOUDY 

1). FINAL EDIT  

Figure 3: Top--radiance observations obtained as 
"moe t ly clear. I' 
Middle--radiance observations obtained 
as "partly cloudy." 
Bottom--final sample of clear column 
radiances. 

represents the measured radiance whereas I 
the radiance which would be observed in thg 
absence of cloud. In other words, both numerator 

is 
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and denominator equate the observed cloud 
attenuation (on the left) with candidate 
calculated cloud attenuations obtained by varying 
the cloud pressure P in the integral limits (on 
the right). The low& limit, P is the pressure 
at the surface. 
Coakley (loc. cit.) the ratio method is somewhat. 
limited by the inherent lack of vertical 
resolution in the measurements. 
shown in Figure 4 where the equation is secast in 
the form 

As described bye Weilicki and 

An example is 

A 

B 
R = - ,  

or 

RB - A 

and each side is calculated for a single 
(midlatitude) atmosphere for the cloud pressures 
shown on the ordinate. The observed radiance is 
in this case simulated for a cloud at 320 mb, and 
the two channels correspond to an 11 micrometer 
window (RB) and a semitransparent 15 micrometer 
channel (A). As the cloud is (erroneously) 
assumed at higher or lower pressures, the two 
functions spread, but at a rather gentle rate. 
The shaded area is an approximation of the 
uncertainty associated with actual measurement 
and it is of the order of 30-40 mb. 

With the VAS, 3 COP channels are used to 
attempt 2 ratio estimates of cloud pressure. For 
both, the residuals (I-IcL) must exceed 
instrumental noise or the ratio is rejected. If 
both are rejected, the cloud height determination 
revert6 to the "direct" method where an overcast 
is assumed and the 11.2  micrometer window is 
matched with the guess brightness temperature 
profile (Menzel et al., loc. cit.). 

Since proof of concept has been established. 
recent application of the cloud height algorithm 
has been concerned with integrating the scheme 

I J 

3.6 4 . 2  
AR (MILLIWATTS] 

Figure 4: Sensitivity of the ratio method for 
determining cloud pressure. This 
example involves measurements at 750 
and 890 wavenumber. 

into routine VAS processing. To do this within 
the limitations of the Man-computer Interactive 
Data Access System (McIDAS), it has been 
neceeeary to dissociate the cloud height 
algorithm from the wind derivation procedure. 
This is accomplished by preparing a data set of 
cloud heights which can be plotted over the 
infrared (visible) images used to derive wind 
vectors. An example is shown as Figure 5 .  The 
operator assigns the pressure altitude of the 
wind vector from his interpretation of the 
plotted values. The figure separates the cloud 
assignments according to the choice made by the 
algorithm. The top shows results defaulting to 
the direct method. It is apparent that the ratio 
method is more succeeeful in thicker, higher 
cloud where the attenuation is well in excess of 
probable measurement noise. Note further, 
however, that there is reasonably good 
correspondence between cloud pressures achieved 
by the different methods where both occur. There 
does appear to be a slight bias in that the 
direct estimates are systematically lower (higher 
pressure) than the ratio estimates. A true cloud 
emissivity of less than one would lead to this 
result. 

Apart from the fundamental uncertainty of 
measurement accuracy as shown in Figure 4, there 
are other sources of error in practical 

n U 
m 

stm m m w m n n  w s i w  m m n 
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a a w ~ a n m a  nn msr n m m m m m n  m 
amuu u m m  m n m n n m m n m m m m m  m me1 mrmm m 

m m  m m  a 
m nrurmn m m a  m u m m i  m m n n m  m 

~ m m  I) im a n unnm m a n m m  0 
w o m m m m  m n m m m  m w m  

DIRECT K l H V D  , 

Figure 5: Cloud pressures derived for 18' February 
1984. Top: cloud pressures achieved 
by the ratio technique. Bottom: cloud 
pressures defaulting to the "direct" 
method. NMC global temperature 
forecast used for calculating 
radiances. 
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application of the cloud height ratio algorithm. 
A major one is the determination of clear column 
radiance (I ). We have investigated two options 
for the estfkation of this quantity: calculate 
the value by the radiative transfer equation from 
a temperatureJmoisture profile estimate; select 
the value from a gridpoint analysis of observed 
clear values. The error associated with the 
first choice is the accuracy of the temperature 
estimate at high levels, and the accuracy of the 
transmittance properties for each channel. The 
errors in the transmittance are potentially more 
serious, but in practice one maintains a running 
account of the bias error associated with each 
measurement and minimizes its effect. The 
accuracy of the temperature profile will vary 
with location and synoptic situation, but its 
effect is smoothed by the averaging properties of 

CL the radiative transfer integral. Also, since I 
appears in both numerator and denominator of the 
ratio there is a tendency for the temperature 
Profile error to compensate. The error involved 
in the second option of choosing I is directly 
related to the accuracy of cloud ffktering ,as 
discussed in the previous section. The major 
source of uncertainty is in large regions of 

Figure 6:.Clear T estimates for the VAS 750 
wavenumber channel as obtained from an 
integration of the NMC global forecast 
(top) and from cloud filtering of 
observations. 

dense cloud where sampling is difficult. 
6 is an example of the clear brightness 
temperatures obtained from the NMC global 
forecast valid at 1200 GMT for 18 February 1984 
and from VAS observations made at approximately 
the same time. Note that there is a considerable 
discrepancy in the amount of detail portrayed. 
Some of the finer scale given by the measurements 
seems reasonable where there are supporting 
observations, but the trough ridge pattern in the 
heavy cloud is an invention of the analysis 
algorithm. The disctepanciea in the analyses are 
carried over to the determination of cloud 
pressures as shown by comparing Figures 5 and 6 ,  
and a comparison of analyzed fields of cloud 
pressures from the two sources shows an rms 
difference of approximately 100 mb. The ' 

statistic is somewhat misleading inasmuch as the 
operator using the plotted values will 
subjectively smooth the discontinuities. 
However, the choice of a source for I remains a 
significant source of uncertainty, IfLis perhaps 
worth noting that use of clear radiance fields 
approximately doubles the CPU effort to produce 
the cloud heights. 

F'igure 

a 

1p.o n V V W  
VID n -  a -  

)I v1p .I 

'I 
r n  

Figure 7: Cloud pressures derived fr m the rati 
technique using analyses of observed 
clear column brightness temperatures. 

4.  SUMMARY 

The foregoing has described the current 
status in dealing with the clouds seen by the 
VAS. We are reasonably satisfied with the 
methods for avoiding cloud contamination in the 
radiances used temperature retrieval. The higher 
horizontal resolution of the small detector array 
is especially valuable. We are somewhat less 
satisfied with the method of cloud pressure 
assignment, but the technique is limited by the 
vertical resolution of a radiometric measurement. 
It does not appear that much more can be done to 
avoid the cloud. 
sample frequently over a short interval so that 
the clouds will "move out of the way." However, 
for large cloud masses which cause most of the 
problem, the cloud stays in about the same place 
relative to the meteorological situation. 
work will concentrate on better amalgamation of 
the wind and temperature derivations since they 
are truly complementary, and there seems little 
further progress to be made in avoiding or 
correcting for the clouds. 

One suggestion has been t o  

Future 
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B.5 
PHYSICAL RCJMEVAL OF PRECIPITABLE Wi" USING ZHE SPLIT WINWW TMHNIQUE 
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1. m w m 1 0 N  

The split window technique (see McMillin, 
1975) has been used to determine the radiance 
adjustment necessary to correct satellite 
measurements in atmospheric "windows" for 
atmospheric attenuation. Since the correction 
can be obtained and most of the absorption in the 
"windows" is due to moisture, it is natural to 
conclude that the procedure can be used to 
Provide an estimate of total moisture. In fact, 
mesters et al. (1983) have proposed one method 
for doing this by calculating the average air 
temperature from radiosondes and assuming the 
value is conserved between successive radiosonde 
launches. For channels dominated by gases with 
Constant mixing ratios, this assumption becomes 
equivalent to assuming the air temperature above 
the surface changes slowly with time, which is 
not unreasonable. However, Chesters et al. apply 
the assumption to moisture channels and the 
average atmospheric temperature is a function of 
the moisture profile as well as the temperature 
Profile. If this assumption is used in a 
technique to monitor a changing moisture 
Pattern, there must be some concern about the 
effect of changing moisture on the value of 
average temperature which was used in its 
derivation. Although Chesters et al. had no 
alternative to this assumption, we present a 
method which avoids it. 

Our methcd takes advantage of the fact that 
there are situations where wer short distances 
Or over short time intervals, different surface 
temperatures can be observed through effectively 
?he the same atmosphere. For example, Figure 1 
1s a trace of the variation of 11 urn brightness 
temperature as observed by GOES West. In this 
case surface temperature increased by abut 5 d q  
celsius/hour beginning shortly after sunrise at 
6:15 local time. In situations such as these, 
the atmospheric transmittance can be determined 
and used to estimate moisture. The method also 
has application to retrievals of atmospheric 
temperature since an accurate determination of 
the atmospheric transmittance can be used to 
eliminate surface effects on radiance 
measurements (myden et al., 1981). 

2. MA!EEWU"I'CAL FoRlrlLlLATI0N 

The radiance measured from a satellite can 
be written as 

0 

0 

0 

0 

a 

0 

0 
0 

e 

a 

0 

0 

0 

TlHE 

Fig. 1. Goes West 11 micrometer brightness 
temperature as a function of time on 17 Sep 
1983. Average of 3x3 array of 7 km resolution 
elements, upper left corner at 36N, 120W, about 
110 km Nw of Bakersfield, CA. 

where I is the radiance measured at the 
satellite, B, is the Planck radiance at the 
Surface, 'Is is the surface transmittance, and the 
integral is the radiance originating in the 
atmosphere. Using the mean value theorem, it is 
possible to write E q .  (1) as - 

I + Ba(l-Ts) ( 2 )  

- 1 1 
Ba = f ='I/ f d'I (3) 

where Ea is a weighted average given by 

'IS =s I 

To illustrate the effect, it is helpful to write 
Eq. ( 2 )  as 

55 



In this form it is clear that the atmospheric 
attenuation is the product of a term related to 
emperature, (Bs-B',), and a term related to 

ko isture, (I-T~). 

To develop the split window relation, m. (4) is converted to brightness temperature to 
eliminate the wavelength dependence, then written 
for two channels to give 

where the T's are brightness temperatures and 
where the subscripts denote the channel. For 
appropriately selected window channels, the 
values of Ta are equal and Eqs. (5) and (6) can 
be solved for Ts to give 

For channels with similar absorbers and a 
relatively small total absorption, the quantity 
(I-Ti) is proportional to the quantity (1-T2) and 
the ratio (l-Tl)/( Ti-9) becomes a constant that 
is independent of the particular atmosphere. 
When these conditions hold, E q .  (7) can be 
written as 

where y is a constant. 

Given Eq. (8), it is possible to determine 
Ts and thus Bs in Eq. (2). If measurements are 
obtained over two different values of B with the 
air temperature being invariant, Eq. r2) can be 
used to give 

where the A's denote the differences due to the 
different Bs. Eq. (9) is easily solved for to 
give 

Now if the two different surface temperatures are 
viewed by the two different channels, it is 
possible to arrive at estimates of T for each of 
these channels given by 

If this equation is converted to brightness 
temperatures to eliminate temperature dependence, 
the Bs's become Ts's and cancel, and we are 
left with 

- = -  '1 "1 
T2 AT2 

(13) 

This expression states that the ratio of the 
transmittances of the two channels can be 
estimated by the ratio of the differences of 
observed brightness temperatures in those two 
channels, where the difference in brightness 
temperatures is due only to different surface 
temperatures. This ratio can be related to 
precipitable water (see Chester6 et al., 1983). 

3. SIEloLATICN OF m m  
This technique was tested using simulated 

radiances for the Visible Infrared Spin Scan 
Radiometer (VISSR) Atmospheric Sounder (VAS). 
Radiosonde 'reports were collected over North 
America for 122 12 November 1981. The 
radiosondes were divided quasi-randomly into two 
sets, the dependent set having 55 observations 
and the independent set having 27 observations. 
Radiances were computed from each of the 
dependent radiosondes for the VAS channels 7 
(12 pm) and 8 (11 pm). Transmittances were 
annputed using algorithms described in Weinreb 
et. al. (1981). Total ozone was taken to be 
357 D.U. The surface temperature was takenb be 
first the reported air temperature, then the 
reported air temperature plus 10 deg Celsius. 
The ratio of the estimated transmittances for 
channels 7 and 8 was computed from Eq. (13) and 
compared with the actual ratio of transmittarices 
for those channels. The comparison is given in 
Figure 2. The results were sufficiently 

;;t 
A 
0. 

0 .  . .*. 
8. . .  
. .  . .  

e .  

* .  

which after combining by division yields 

'1 *I1 
'2 A12 ABSl 
- I- - (12) Fig. 2. Estimated ratios of transmittance versus 

observed for VAS radiances simulated from 
dependent radiosonde set. 
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consistent to enaxrage us to attempt to predict 
Precipitable water from the ratio 3/T8 using 
simple linear regression. The regression 
equation was conditioned using the dependent set 
and tested on the independent set. The results 
are given in Figure 3. As can be seen the 
correspondence between estimated and observed 
Precipitable water is quite good. However, the 
range of precipitable water in this sample is not 
large enough to perform a rigorous test. Such 
testing is intended in further work. 
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4. ~ S I O N S  

Atechniquehasbeenpresentedtoestimate 
atmospheric transmittance from observations of 
split window radiances under conditione when the 
surface temperature changes substantially, but 
the atmospheric conditions are invariant. For 
the 11-12 pm region, atmospheric attenuaticn is 
caused primarily by precipitable water. Thus it 
is possible to estimate precipitable water from 
split window observations under conditions of 
varying surface temperature. Simulation of 
radiances for the VAS instrument indicate that 
this technique holds great promise far physical 
retrieval of precipitable water. 
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B.6 
A N e w  Technique t o  I n f e r  Convective R a i n f a l l  
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Greenbel t ,  MD 20771 

1. INTRODUCTION 

There i s  p r e s e n t l y  a keen interest i n  r a i n  
es t imat ion  from s a t e l l i t e s ,  a s  wel l  a s  a need f o r  
high time r e s o l u t i o n  i n  the  es t imates .  This t i m e  
r e s o l u t i o n  implies  the  use of geosynchronous 
s a t e l l i t e s ,  which conta in  only v i s i b l e  and 
i n f r a r e d  (XR) channels .  A s  such, w e  must attempt 
t o  infer r a i n f a l l  from cloud observa t ions ,  and 
usua l ly  l i m i t  our in ference  t o  convect ive clouds.  
Previous work i n  o b j e c t i v e  r a i n  es t imat ion  
involved empiricism, such a s  t h e  Griffith-Woodley 
technique (GWT),[Griffith &., 1976, 1978, 
1981, Woodley e t  a., 19801, o r  the  GOES 
P r e c i p i t a t i o n  IndeT(GP1) [Arkin, 19841. 

This paper descr ibes  a new method of 
e s t i m a t i n g  convect ive p r e c i p i t a t i o n  from s a t e l l i t e  
i n f r a r e d  (IR) d a t a ,  henceforth known a s  the  GUS-2 
technique.  The method l o c a t e s  ( i n  an a r r a y  of 
GOES d i g i t a l  I R  d a t a )  a l l  l o c a l  minima i n  
blackbody temperature  (Tbb) lower than 253 K and 
assumes these  a r e  r a i n  c e n t e r s  ( s i m i l a r  t o  radar  
echoes) .  Rainra te  and r a i n  a r e a  a r e  ass igned t o  
t h e  minimum poin t  a s  a f u n c t i o n  of minimum 
blackbody temperature  (T in). 
r e l a t i o n s h i p s  a r e  d e r i v e 3  using the  approach of 
Adler and Mack (1984), which e n t a i l s  us ing  a 
one-dimensional cloud model t o  account f o r  ambient 
temperature ,  mois ture ,  and shear  condi t ions .  This 
approach hopeful ly  provides  a s t ronger  phys ica l  
(and l e s s  e m p i r i c a l )  b a s i s  f o r  the appl ied  
cloud-rain r e l a t i o n s ,  and al lows f o r  the  
t r a n s p o r t a b i l i t y  of t h e  technique t o  var ious  
c l imato logica l  regimes o r  synopt ic  s i t u a t i o n s .  

These Tmin-rain 

The technique is f i r s t  t e s t e d  f o r  south 
F lor ida  cases  dur ing  t h e  F l o r i d a  Area Cumulus 
Experiment (FACE) and v e r i f i e d  a g a i n s t  ra ingage 
and r a d a r  d a t a .  We hope t o  understand the 
l i m i t a t i o n s  of the  technique a t  t h e  smallest t i m e  
and space s c a l e s .  This  w i l l  i n  t u r n  enable  us t o  
understand e r r o r s  and b iases  i n  longer  and l a r g e r  
s c a l e  es t imates .  We a l s o  compare t h e  r e s u l t s  of 
GUS-2 t o  t h e  GWT, t o  a modified (non- l i fe  
h i s t o r y )  s imula t ion  of the  GWT denoted GUS-1 
(Negri ,  e t  a l . ,  1984) and t o  a modified Arkin 
method. I n  t h i s  way we hope t o  q u a n t i f y  obvious 
l i m i t a t i o n s  of the  technique and e s t a b l i s h  a 
b a s e l i n e  a g a i n s t  which t o  test f u t u r e ,  more 
s o p h i s t i c a t e d  approaches t o  r a i n  es t imat ion .  

I n  s e c t i o n  2 w e  b r i e f l y  d e s c r i b e  t h e  
es t imat ion  techniques,  p resent ing  examples of r a i n  
images produced by each. We subsequent ly  present  
s t a t i s t i ca l  r e s u l t s  f o r  t h r e e  days ( s e c t i o n  3 ) .  
Sect ion  4 summarizes t h e  l i m i t a t i o n s  of s a t e l l i t e  
I R  r a i n  es t imat ion  i n  genera l  and GUS-2 i n  
p a r t i c u l a r  and o u t l i n e s  f u t u r e  vers ions  of the  
GUS scheme. 

2. DESCRIPTION OF TECHNIQUES 

2.1 Gr i f f  ith-Woodley Technique 

The (;WT is  a l i f e - h i s t o r y  dependent method 
t h a t  r e q u i r e s  a sequence of I R  imagery. Clouds 
a r e  def ined by o u t l i n e  of t h e  253 K isotherm. 
(See G r i f f i t h  I& a,, 1976, 1978, 1980, 1981). A 
concise  summary may be found i n  Negri & a. 
(1984). Half-hourly and d a i l y  t o t a l s  f o r  t h e  FACE 
t a r g e t  region were taken from Meit in  & &. 
(1981). 

2.2 GUS-1 

GUS-1 is a s i m p l i f i c a t i o n  t o  t h e  GWT 
descr ibed  by Negri a. (1984). The a n a l y s i s  
a rea  of GUS-1 is  t h e  same as  t h a t  used i n  the  
GWT: an 8' by 12' reg ion  centered on 27'N, 
8loW. Clouds a r e  def ined  i n  the  I R  d a t a  by the 
253 K isotherm and f o r  each cloud two temperature 
thresholds  are c a l c u l a t e d .  These a r e  TlOX and 
T t h e  temperatures t h a t  d e f i n e  the  co ldes t  
l89"and co ldes t  50% cloud area r e s p e c t i v e l y .  
I n t e g e r  r a i n r a t e s  a r e  then assigned t o  the  p i x e l s  
of each cloud according t o  p ixe l  temperature  T :  

8 mm h-l (T < TIOX) 

2 A minimum cloud a r e a  of 2000 km i s  proscr ibed ,  
below which no r a i n  estimates a r e  made f o r  t h a t  
cloud. The non- l i fe  h i s t o r y  GUS-1  s imulated Q 

the  GWT rainmaps on t h r e e  test days 
(Negri  a., 1984.) An example of a r a i n r a t e  
es t imate  f o r  1930 GMT 29 J u l y  1978 is  shown i n  
Fig. l a .  

2.3 Modified Arkin scheme 

Arkin (1979) and Richards and Arkin (1981) 
have examined the  r e l a t i o n s h i p  between 6 h r a i n  
accumulation and the  f r a c t i o n a l  coverage of 2.5' 
by 2.5' squares  by clouds of varying temperature  
f o r  the  GATE region.  This  has l e d  t o  the  c r e a t i o n  
of a GOES P r e c i p a t i o n  Index (GPI) [Arkin, 19841. 
In t h i s  s tudy ,  a m o d i f i c a t i o  is  made such t h a t  
the  Arkin r a i n r a t e  ( 3  mm h-*) i s  appl ied  t o  any 
IR p i x e l  ( 4  km by 8 km) colder  t h a t  the Arkin 
threshold  (235K). An example is shown i n  Fig.  Ib .  

2.4 GUS-2 

The l o c a t i o n  of convect ive " c e l l s "  i s  done 
o b j e c t i v e l y  i n  GUS-2 by i s o l a t i n g  p i x e l s  ( o r  
c l u s t e r s  of p i x e l s )  i n  t h e  I R  d a t a  colder  than a l l  
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neighboring p i x e l s  ( l o c a l  minima i n  tne 
temperature  f i e l d  a r e  def ined)  . When a minimum 
c o n s i s t s  of s e v e r a l  p i x e l s  a t  t h a t  temperature ,  
t h e  c e n t r o i d  l o c a t i o n  is  used. Again, t h e  
threshold  temperature  used is  253 K. 

Once t h e  l o c a t i o n s  of r a i n  c e l l s  have been 
determined, t h e  r a i n  parameters t o  be assigned t o  
t h a t  f e a t u r e  a r e  def ined  based on t h e  
one-dimensional cloud model r e s u l t s  of Adlez and 
Mack (1984). In t h a t  study maximum r a i n r a t e  and 
maximum volume r a i n r a t e  were c a l c u l a t e d  from a 
sequence of cloud model runs as a func t ion  of 
maximum cloud he ight  ( o r  minimum model c loud 
temperature  Tc). The model r e s u l t s  s imulated 
f a i r l y  w e l l  the  observed prof i lea  i n  F lor ida  
(summer) and Oklahoma ( s p r i n g ) .  For t h i s  study 
t h e  model r e s u l t s  of Adler and Mack (1984) f o r  t h e  
F l o r i d a  (summer) case a r e  converted f o r  use i n  t h e  
GUS-2 technique i n  t h e  fol lowing way: A rain-no 
r a i n  threshold  was a r b i t r a r i l y  s e t  a t  253 K, 
c o r r  spo ding t o  a volume r a i n r a t e  of 
50 m5 s-' f o r  t h e  F lor ida  model runs. The 
magnitude of the  r a i n  a r e a  (AR) i s  assummed t o  
be f i v e  times the  model u p d r a f t  a r e a  ( s e e  Adler 
and Mack, 1984 f o r  comparisons w i t h  observa t ions) .  
Therefore ,  

2 AR 5 nr  

where r i s  the  model u p d r a f t  r a d i u s .  The average 
r a i n r a t e  over  t h e  r a i n i n g  a r e a  of t h e  cel l  is  

- 
R = VRR / AR 

where VRR is the volume r a i n r a t e .  With Tc being 
the  model c a l c u l a t e d  cloud top temperature ,  a 
s u b j e c t i v e  f i t  of R and Tc from the  model 
r e s u l t s  y i e l d  

- 
R 77.65 - 0.28 Tc (3)  

whi le  a s u b j e c t i v e  log- l inear  f i t  of r a i n  a r e a  and 
T, y i e l d s  

I n  AR = 15.95 - ,049 Tc (4) 

Because of the  coarse  ( 8  km) f i e l d  of view of the  
GOES I R  d a t a  t h e  s a t e l l i t e  Tmin must be ad jus ted  
toward lower va lues  t o  compare with the  model 
temperature. T h i s  i s  done crudely,  based on Adler  
e t  a l .  (1982) observa t iona l  r e s u l t s ,  a s  given by 

Tc * 0.65 Tmin + 66.5 (5) 

An example of GUS-2 r a i n r a t e s  is  shown i n  
Fig. IC. 

2.4 Radar and gages 

Data from the  WSR-57 10 cm r a d a r  a t  M i a m i ,  FL 
were used. D i g i t a l  d a t a  were remapped t o  
sa te l l i t e  coord ina tes  using RADPAI (Heymsf i e l d 4  & 
d., 1983) and t h e  r e l a t i o n s h i p  2 - 300R ' . 
Tabular  va lues  of half-hourly and d a i l y  t o t a l s  of 
FACE t a r g e t  a r e a  average r a i n  depth were taken 
from Barnston & a. (1981) and Meit in  & A. 
(1981) [ f o r  r a d a r  and gage estimates, 
r e s p e c t i v e l y ) .  An example of t h e  r a d a r  r a i n r a t e s  
is shown i n  Fig. I d .  

3 .  STATISTICAL RESULTS 

The GUS-1, GUS-2 and modified Arkin schemes 
were run each ha l f  hour from 1600 t o  0100 GMT on 
each of t h r e e  days, s e l e c t e d  by the  l o c a l  
a v a i l a b i l i t y  of s a t e l l i t e  and r a d a r  da ta .  F u l l  
r e s o l u t i o n  I R  d a t a  ( 4  km E-W and 8 km N-S) were 
used. Figure 2 shows a comparison of f i v e  
r a i n f a l l  es t imates  t o  ground t r u t h  ( ra ingages)  on 
3 Aug 1979. The es t imates  a r e  of t h e  axerag2 r a i n  
depth i n  the  FACE t a r g e t  a r e a  (1.3 x 10 
every 30 min. Daily (1600-0100 GMT) t o t a l s  a r e  
d isp layed  i n  t h e  lower r i g h t  corner  of each panel 
of Fig.  2.  The GUT, which has a pronounced 
tendency t o  underest imate  t h e  r a i n  e a r l y ,  and 
overes t imate  l a t e r  (Negri &, 19841, on t h i s  
day overest imated c o n s i s t e n t l y ,  r e s u l t i n g  i n  a 
440% overes t imate  of the "dai ly"  t o t a l .  (In 
f a i r n e s s  t o  t h e  GWT, t h i s  was t h e  second worst  
overes t imate  i n  53 FACE-2 days) .  The t h r e e  o ther  
s a t e l l i t e  techniques a l s o  overest imated t h e  t o t a l  
r a i n  by about a f a c t o r  of two on t h i s  l i g h t l y  
r a i n i n g  day i n  the  FACE region.  No s a t e l l i t e  
technique c l e a r l y  d e t e c t e d  t h e  maximum a t  2230 
GMT . 

km ) 

The day with the  heavies t  r a i n  i n  FACE-2 
(1978-80) was 29 J u l y  1978, when 19.31 mm were 
recorded by t h e  gages between 1900 and 0100 GMT. 
C l e a r l y ,  i n  t h i s  extreme s i t u a t i o n ,  t h e  Arkin 
scheme (designed f o r  monthly averages and using 
e s s e n t i a l l y  a c l imato logica l  r a i n r a t e  produced 
the  lowest es t imate .  It quickly reached i ts  
s a t u r a t i o n  value of 1 .5  mm per  30 min as  the  
t a r g e t  region became completely covered by cloud 
co lder  than 235 K. Both the  GWT and GUS-I tended 
t o  l a g  t h e  gages and r a d a r ,  producing maxima 1.5 
and 1.0 h l a te r  r e s p e c t i v e l y .  While numerical ly  
c l o s e s t  t o  the  gage t o t a l  GUS-2 is  poorly 
c o r r e l a t e d  t o  the  gages on the  30 min s c a l e .  
Extensive coverage of t h e  F lor ida  peninsula  by 
cold cloud, as opposed t o  coverage by i s o l a t e d  
thunderstorms,  perhaps hindered GUS-2 
i d e n t i f i c a t i o n  of convect ive c e l l s  on t h i s  day. 

A t h i r d  day examined was 31 J u l y  1980 
(F ig .  41, when extremely l i g h t  r a i n f a l l  f e l l  over 
the  t a r g e t  region (1.84 mm t o t a l ) .  The GWT, 
GLA8-1 and ARKIN schemes d i s p l a y  t h r e e  pronounced 
makima, a s  do the  gages,  however the c o r r e l a t i o n  
is poor. Total  es t imates  a r e  a l l  comparable w i t h  
the  except ion of GUS-2, due t o  overes t imates  of 
a l l  t h r e e  maxima, p a r t i c u l a r l y  the  one a t  2100 
GMT. Examination of t h e  I R  imagery revea led  t h a t  
t h e r e  was much t h i n  c i r r u s  d e b r i s  i n  the t a r g e t  
reg ion  which GUS-2 i n c o r r e c t l y  i d e n t i f i e d  a s  r a i n  
cloud. It  is  apparent t h a t  v i s i b l e  d a t a  and/or 
some parameter based on t h e  p a t t e r n  o r  g r a d i e n t  i n  
t h e  I R  d a t a  may be usefu l  i n  d iscr imina t ing  c i r r u s  
from a c t i v e  convection i n  f u t u r e  vers ions  of the 
GUS techniaue . 

The a v a i l a b i l i t y  of d i g i t a l  r a d a r  d a t a  on 
29 J u l y  1978 enabled us t o  expand t h e  region of 
comparison t o  an annular  region extending from 
25 n.m. t o  90 n.m. (40-145 km) around Miami. 
(No a n a l y s i s  was done i n  the  ground c l u t t e r  
r e g i o n ) .  Remapped r a d a r  d a t a  were compared p i x e l  
by p i x e l  t o  the  t h r e e  s a t e l l i t e  es t imates .  
Resul t s  a r e  presented in Tables 1 ,2 and 3. The 
p r o b a b i l i t y  of d e t e c t i o n  (POD) is  def ined  as t h e  
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r a t i o  of the  number of s a t e l l i t e  r a i n  
es t imates  > 0 coinc ident  w i t h  radar  p o i n t s  > N, t o  
t h e  t o t a l  number of r a d a r  p o i n t s  > N. N is  a 
r a d a r  th reshold  r a i n r a t e  equal  t o  1, 12  o r  25 
nrm h-'. 
as t h e  r a t i o  of the  number of s a t e l l i t e  r a i n  
es t imates  > 0 coinc ident  w i t h  a zero  r a d a r  p o i n t ,  
t o  the  t o t a l  number of s a t e l l i t e  r a i n  
es t imates  > 0. The c r i t i ca l  success  index (CSI) 
is  def ined a s :  

The f a l s e  alarm r a t i o  (FAR) is  def ined 

CSI(N) = ([POD(N)I-' + 11 - FAR]" -1I-l  (6) 

As def ined  these  parameters are r e p r e s e n t a t i v e  of 
t h e  s t a t i s t i c s  of a r e a l  coverage r a t h e r  than of 
t h e  s t a t i s t i c s  of r a i n r a t e .  

Tables  1-3 r e v e a l  a high FAR f o r  a l l  
techniques e a r l y  in the  day (1600-1800), p r i o r  t o  
i n t e n s e  convection. These decrease during the  
day. GUS-2, being t h e  most r e s t r i c t i v e  i n  a r e a l  
r a i n  apportionment, has the  lowest aggregate  FAR, 
though improvements could be made. In c o n t r a s t ,  
t h e  POD's f o r  the  GUS-1 and Arkin schemes tend t o  
increase  during t h e  day, as the  areal e x t e n t  of 
r a i n f a l l  increases .  GUS-2 POD's a r e  poor and 
v a r i a b l e ,  as is  the per iod aggregate  of 47% 
(168/355). This  i n d i c a t e s  t h a t  f u r t h e r  study 
needs t o  be done on the  r e l a t i o n s h i p  between l o c a l  
minima i n  temperature ( a s  observed i n  half-hourly 
GOES d a t a )  and convect ive cel ls  as def ined  by t h e  
r a d a r .  

While POD'S approaching 1 .O appear d e s i r a b l e ,  
scheme wi th  a high temperature  threshold  w i l l  

d e t e c t  100% of t h e  p r e c i p f t a t i o n .  CSI's, 
p a r t i c u l a r l y  f o r  the  25 mm h threshold  were 
similar (0.36, 0.36 and 0.30). POD's remained 
cons tan t  wi th  threshold  f o r  GUS-1 and Arkin, but 
increased  r a p i d l y  i n  GUS-2 f o r  higher  th resholds .  
This i n d i c a t e s  t h a t  GUS-2 r a i n  a r e a s  may be too 
small, o r  t h a t  the technique is concent ra t ing  on 
s t r o n g  convect ive e n t i t i e s  and missing "anvi l"  or 
non-convective r a i n .  

4 .  CONCLUSIONS AND FUTURE WORK 

This  paper has descr ibed  a f i r s t  a t tempt  a t  
e s t i m a t i n g  r a i n f a l l  from a phys ica l ly  based 
s a t e l l i t e  IR method (GUS-:!). Attempts have been 
made t o  quant i fy  how well t h e  technique does by 
comparisons w i t h  d i g i t a l  radar  d a t a  and w i t h ,  a r e a  
averaged raingage d a t a .  The r e l a t i v e  m e r i t s  of 
us ing  GUS-2 are examined by comparison t o  
s impler ,  empir ica l  schemes (Arkin, GUS-1) and t o  
a prev ious ly  e x i s t i n g ,  but complicated scheme ( t h e  
GWT). 

On 3 Aug 1980, a day of l i g h t  t o  moderate 
r a i n  i n  t h e  FACE t a r g e t  region,  a l l  s a t e l l i t e  
schemes overest imated t h e  gage determined 
r a i n f a l l .  The es t imates  ranged from a f a c t o r  of 
two (GUS-1) t o  a f a c t o r  of 4.5 (GWT). On a 
l i g h t l y  r a i n i n g  day (31 J u l y  1980) a l l  techniques 
except GUS-2 came w i t h i n  18% of the  gages. . .  

Tab& 1. W L k b  60h GLASS-1 on 2 9  JURY 1 9 7 8 .  
TIME POD POD POD FAR CSI CSI CSI 

25 12 1 25 12 1 
0.04 1600 0.21 0.94 

1630 
1700 
1730 
1800 
1830 
1900 
1930 
2000 
2030 
2 100 
2130 
2200 
2230 
2300 
2330 
2400 
2430 
2500 

T m  

0.50 
0.66 0.46 
0.66 0.51 
0.33 0.38 
0.35 0.22 
0.32 0.40 
0.50 0.55 
0.89 0.89 
0.95 0.94 
1.00 1.00 
1.00 0.99 
1.00 1.00 

1 .oo 
1.00 1.00 
1.00 1.00 
1.00 1.00 
0.80 0.18 

0.23 0.92 
0.31 0.86 
0.14 0.94 
0.26 0.88 
0.49 0.77 
0.43 0.75 
0.50 0.64 
0.61 0.53 
0.65 0.56 

0.94 0.56 
0.99 0.58 
0.98 0.53 
0.99 0.49 
0.98 0.55 
0.99 0.60 
0.99 0.59 
0.99 0.64 
0.89 O.bO 

0.88 0.60 

0.10 
0.20 
0.16 
0.21 
0.23 
0.30 
0.37 
0.43 
0.41 
0.46 
0.50 

0.39 
0.40 
0.35 

-03-6 

0.06 
. 0.10 

0.05 0.04 
0.09 0.08 
0.18 0.18 
0.17 0.18 
0.16 0.26 
0.27 0.36 

0.31 0.37 
0.42 0.42 
0.41 0.41 

0.32 0.35 

0.46 0.45 
0.50 0.50 
0.47 0.45 

0.40. 0.40 
0.39 0.39 

0.35 0.35 
0.3b U.58- 

Tab& 2 .  Sta...thLiticn doh &d?irt 01'1 29 J d y  1978. 
TIME POD POD POD FAR CSI CSI CSI 

25 12 1 25 12 1 
1600 0125 0.91 0.06 
1630 
1700 
1730 
1800 
1830 
1900 
1930 
2000 
2030 
2100 
2130 
2200 
2230 
2300 
2330 
2400 
2430 
2500 

TOTAL 

0.66 
0.66 
0.33 
0.16 
0.61 
0.91 
0.93 
0.98 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
0.91 

0.50 
0.66 
0.51 
0.56 
0.58 
0.62 
0.85 
0.92 
0.96 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 

-637- 

0.29 
0.30 
0.15 
0.32 
0.51 
0.55 
0.70 
0.78 
0.87 
0.94 
0.98 
0.99 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
0.99 
3-33- 

0.90 
0.85 
0.92 
0 .80 
0.67 
0.68 
0.66 
0.60 
0.62 
0.62 
0.59 
0.61 
0.60 
0.53 
0.62 
0.64 
0.62 
0.65 
7OT- 

0.17 
0.28 
0.19 
0.30 
0.31 
0.36 
0.36 
0.40 
0.38 
0.39 
0.46 

0.35 
0.37 
0.34 

- 0 3 T  

0.07 
0.17 
0.25 
0.25 
0.27 
0.32 
0.35 
0.36 
0.40 
0.38 
0.39 
0.46 
0.38 
0.35 
0.37 
0.34 

-K3-!T 

0.07 
0.11 
0.05 
0.13 
0.25 
0.25 

0.36 
0.29 

0.35 
0.36 
0.40 
0.38 
0.39 

0.38 
0.35 
0.37 
0.34 

7J-;36- 

0.46 

Tab& 3.  StatihA;iticn doh G L M - 2  un 29  JuLy 1978. 
TIME POD POD POD FAR CSI CSI CSI 

25 12 1 25 1 2  1 
1600 0.01 0.99 0.00 
1630 
1700 
1730 
1800 
1830 
1900 
1930 
2000 
2030 
2100 
2130 
2200 
2230 
2300 
2330 
2400 
2430 

1 .oo 
0.50 
0.33 
0.35 
0.35 
0.58 
0.62 
0.58 
0.34 
0.43 
0.00 

0.00 
0.40 

0.50 
0.53 
0.40 
0.38 
0.25 
0.35 
0.45 
0.39 
0.42 
0.29 
0.38 
0.23 
0.47 
0 .oo 
0.54 

0 .oo 
0 .oo 
0.06 
0.22 
0.19 
0.33 
0.24 
0.21 
0.33 
0.21 
0.18 
0.14 
0.21 
0.07 
0.18 
0.11 
0.11 

0.99 
1 .oo 
0.93 
0 .82 
0.72 
0.71 
0.61 
0.40 
0.49 
0.45 
0.45 
0.59 
0.22 
0.25 
0.29 
0.56 
0.53 

0.18 
0.21 
0.18 
0.22 
0.28 
0.37 
0.41 
0.39 
0.23 
0.38 
0 .oo 
0.00 
0.27 

0.05 
0.15 
0.19 
0.19 
0.18 
0.28 
0.31 
0.30 
0.31 
0.20 
0.34 
0.22 I 

0.40 
0 .oo 
0.33 

0 .oo 
0.00 
0.03 
0.11 
0.12 
0.18 
0.17 
0.18 
0.25 
0.18 
0.15 
0.11 
0.19 
0.07 
0.17 
0.09 
0.10 

2500 0.00 0.22 0.11 0.66 0.00 0.15 0.09 
TOTAL 0.47 0.36 0.15 0.54 0.30 0.25 0.13 
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Contamination. by c i r r u s  debris caused a g r o s s  
overes t imate  i n  GUS-2. On 29 J u l y  1978, when 
near ly  20 nrm of r a i n  f e l l  across  t h e  t a r g e t  a r e a ,  
d a i l y  estimates ranged from a 30% overes t imate  
(GWT) t o  a 20% underest imate  (Arkin) .  I n  no 
s a t e l l i t e  es t imat ion  scheme could t h e  c o r r e l a t i o n s  
of half-hour es t imates  t o  gages be considered 
anything but poor. 

The u t i l i t y  of a GUS-2 type scheme may a r i s e  
when s h o r t e r  t i m e  s c a l e s  a r e  requi red ,  f o r  example 
es t imates  f o r  f l a s h  f loods  o r  f o r  1-3 h 
p r e c i p i t a t i o n  and when appl ied  under d i f f e r e n t  
c l imato logica l  condi t ions .  GUS-2 has i ts  b a s i s  
i n  the  work of Negri and Adler (19811, who used 
5 min i n t e r v a l  I R  d a t a  and showed a good 
c o r r e l a t i o n  between Tmin and V p R .  

The 0.54 FAR of GUS-2 is easy t o  
conceptual ize:  t h e r e  a r e  many.Tmin i n  the  I R  
d a t a  t h a t  don't represent  a c t i v e  convection. 
There a r e  severa l  ways i n  which the  FAR could be 
improved : 

1. 

2. 

3 .  

4. 

5. 

decrease t h e  threshold  temperature 

examine the  s i z e  (number of p i x e l s )  of the  
def ined  T . . Large a r e a s  of constant  
(however co'PA7 temperature  may be the  remnants 
of convection. Such an a r e a l  cu tof f  would be 
hard t o  determine. 

examine the  two-dimensional g r a d i e n t  about 
Tmin. C i r r u s  d e b r i s  would tend t o  have 
Smoother g r a d i e n t s  than a c t i v e  convection, 
p a r t i c u l a r l y  i n  the  d i r e c t i o n  of t h e  upper 
l e v e l  wind. 

set a proximity c r i t e r i a  such t h a t  two T 
would be assoc ia ted  w i t h  only one "cel@nif 
they were loca ted  w i t h i n  some predetermined 
d i s t a n c e  of each o t h e r .  

q u a n t i t a t i v e l y  use the  v i s i b l e  channel da ta .  

We plan t o  examine many more FACE days wi th  
d i g i t a l  radar  d a t a  t o  quant i fy  t h e  r e l a t i o n s h i p  
between s a t e l l i t e  determined T in (and second 
order  temperature  v a r i a b l e s  ) t o  radar  determined 
convect ive c e l l s .  It i s  only wi th  these  
s t a t i s t i c s  i n  hand can one r e a l i s t i c a l l y  formulate  
O r  eva lua te  an es t imat ion  scheme. On severa l  
days, 1 5  min i n t e r v a l  s a t e l l i t e  d a t a  is a v a i l a b l e .  
This w i l l  prove inva luable  i n  examining t h e  e f f e c t  
of higher  temporal r e s o l u t i o n  d a t a  on the  
es t imat ion  scheme. 
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1. INTRODUCTION 

The remote sensing of rainfall and severe 
storms from satellites has most commonly been 
attempted with visible and infrared (IR) 
observations (Barrett and Martin, 1981). These 
techniques rely on the existence of some 
relationship between the occurrence or 
intensity of rainfall and the temperature, 
appearance, or behavior of the cloud top as 
observed by the satellite. 
at frequencies below about 40 GHz easily 
penetrates clouds.but not precipitation. To 
estimate rain rates at these frequencies, the 
rain must have a significantly different 
electromagnetic signature than its 
Burroundings, whether land or ocean, 
condition is easily met over the ocean because 
of the ocean's relatively low and uniform 
brightness temperature (TB - ET) due to its low 
emmissivity (E-0.51, while the rain has a 
uniform and high emissivity (E-0.95) and thus, 
a high brightness temperature. Therefore, 
theoretical and empirical treatments of the 
problem have, with some differences, indicated 
that rain rates over the ocean are retrievable 
(Wilheit et al., 1977; Huang and Liou, 1983; 
Spencer et al., 1983a). Land has an emissivity 
that is much closer to that of rain and is more 
variable, due primarily to variations in soil 
moisture. This can result in some ambiguity 
between wet land surfaces and rain'(e.g. 
Rodgers and Siddalingaiah, 1983). Even if the 
land background were uniform, previous 
theoretical results suggested that only light 
rain rates would be detectable (Savage and 
Weinman, 1975; Weinman and Guetter, 1977). 

Microwave radiation 

This 

However, the observations from the Nimbus-7 
SMMR (Scanning Multichannel Microwave 
Radiometer), a ten channel, five frequency 
instrument (Table 1). have revealed brightness 
temperatures as low as 163 K in conjunction 
with heavy thunderstorm rainfall (Spencer, et 
al., 1983b). The low brightness temperatures 
were attributed to the presence of precipita- 
tion-sized ice particles in the upper portions 
of the storms. This work led to the develop- 
ment of a multifrequency rain rate measurement 
algorithm based upon comparisons between rain 
rates from operational WSR-57 radars and SMMR 
brightness temperatures over the United States 
(U.S.) during the summer (Spencer et al., 
1983~). 

frequency (GHz) 

37 21 18 10.7 6.6 

polarization V , H  V,H V,H V,H V,H 

wavelength (cm) 0.81 1.36 1.66 2.80 4.54 

footprint size(km) 22 37 43 74 120 

Table 1 
view sizes at the earth's surface. Horizontal (H) 
and vertical (V) polarizations are sampled at each 
frequency. 
meters at 37 GHz and one radiometer at each of the 
lower frequencies, which is shared between H and V 
on alternating scans of the instrument, 

SMMR frequencies, wavelengths, and field of 

This is accomplished with two radio- 

The purpose here is to review the 
meteorological versatility of passive microwave 
measurements through descriptions of multi- 
frequency spring, summer, and fall rain rate 
algorithms for use over land, a single 
frequency algorithm for use over the warm 
oceans, and preliminary results on the utility 
of 37 GHz observations for detection of severe 
thunderstorms. 

2. RAIN OVER LAND 

Comparisons between rain rates from 234 
radars and brightness temperatures from 25 SMMR 
passes over the.U.S. have been utilized to 
derive rain estimation algorithms for the 
spring, summer, and fall seasons. 
sets resulted in over 12000 records of 40 x 40 
km averaged rain rates and brightness 
temperatures. Fig. 1 shows the average 
brightness temperatures for different rain rate 
intervals and different seasons. It is clear 
that the summer rain classes are the most 
separable in brightness temperature. 
also be seen that there are large differences 
in average brightness temperature between 
seasons for the same rain classes. This 
difference is due to the variations in land 
background TB resulting from seasonal 
variations in the thermometric temperatures, 

These data 

It can 
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SUMMER 

270 260 t 

Fig. 1 Average SMMR horizontally polarized 
brightness temperatures for different rain 
rate intervals during the spring, s m e r ,  
and fall. Each rain rate class is represented 
by a series of connected dots and labeled 
with the rain rate interval and the average 
rain rate within that interval. 
Data are from 25 SMMR passes and 234 WSR-57 
radars, resulting in a total of over 12,000 
records of 40x40 km average SMMR Tg's and 
rain rates (mm/h), 

and to a lesser extent, emissivity. 
variations can be accounted for by seasonal 
equations. 
variations in the land temperature? Table 2 
shows the equations for the spring, summer and 
fall seasons, derived from a multiple linear 
least-squares regression procedure with radar 
rain rate as the dependent variable. It can be 
Seen that the rain rate is roughly proportional 
to the T 
and the ?8 and 21 GHz channels. 
Provides a measure of the extent to which the 
land-emitted radiation is attenuated by the 
Precipitation, since the 18 and 21 GHz channels 
are more sensitive to the land radiation than 
is the 37 GHz channel, due to the longer 
wavelengths and the larger footprints. 
contrast is needed to account for the synoptic 
variations in land temperature which might be 
mistaken for variations due to rain activity - 

2 shows the order in which the variables 
were chosen and the increase In explained 
"ariance of the radar rain rates at each 
regression step. 
are always chosen first because of their 
highest individual correlation with rain rate 
Also note that the 37, 21 and 18 GHz channels 
contain most of the information on rain rate, 
with the 10.7 and 6.6 GHe channels providing 
little improvement. 

These 

But what about the Synoptic 

contrast between the 37 GHz channels 
This contrast 

This 

Note that the 37 GHz channels 

The best performance of the algorithms is 
during the summer and fall, when vegetation 
covers the ground. During the spring, the 
skill is reduced because of variations in the 
land T which are due to emissivity variations 
of partly exposed soils, thus making multi- 
spectral TB contrast measurements somewhat 
amb guous at times. H (Tgd. - T ) was almost always found to be less 
than 1 6 O E  for rain systems, so this criterion 
was used to screen out cases of wet soil, whose 
values of polarization always exceed this 
amount. 

The 37 GHz polarization 

The heavy rain cases involved in the summer 
algorithm (>20 mm/h) constitute less than 4% of 
all non-zero rain cases, and yet add 11% to the 
total explained variance of the summer 
equation. 
easily detected over land (which is verified by 
Fig. l ) ,  and are a significant part of the 
algorithms success. Their detection is 
attributable to precipitation-sized ice 
particles in the upper portions of storms which 
produce heavy rain. All relatively unpolarized 
37 GHz T ' 8  less than 220 K have been found to 
be assocBated with heavy rainfall as depicted 
by radar. 

3. RAIN OVER OCEAN 

Therefore, heavy rains are the most 

Comparisons of radar rain rates and SMMR 
T ' s  over the Gulf of Mexico have revealed that 
t#e TB's can explain 72% of the variance of 
radar rain rates (Fig. 3). The form of this 
relationship is quite different from 
plane-parallel theory (also shown in Fig. 3). 
Most of this difference can be attributed to 
footprint filling effects. It was found that 
most of the rain systems in this randomly 
chosen six day sample had rain rates at which 
they were essentially opaque to 37 GHz 
radiation. The variations in brightness 
temperature were found to be primarily due to 
variations in the amount of the footprint 
filled by these relatively opaque rain cells. 
Also. the size of the rain cell is correlated 
with the storm-scale rain rate, leading to a 
natural correlation between rain rate and T . 
This analysis is only applicable to warm seison 
or warm ocean showery rain systems. 
latitudes where more stratiform rains fall, 
plane-parallel theory should provide much 
improved measurements. Therefore, over 
tropical oceans, footprint filling should not 
necessarily be considered a problem, unless 
rain information is sought on a scale smaller 
than what the satellite observes. 

4. SEVERE STORMS OVER LAND 

In higher 

Quite low 37 GHz T ' s  (less than 220 K) 
have been found to be jfssociated with heavy 
thunderstorm rainfall. Extremely low TB's 
(less than 200 K) have been found in 
association with storms that produce severe 
weather. Table 3 summarizes 13 storms that the 
SMMR olherved over the U.S.  between February 
and July, 1979. Note that a large percentage 
of these storms were reported in Storm Data 
(1979) even though many severe wea,ther events 
never make it into this publication. 
addition, many storms observable by the SMMR 

In 

65 



spring 38.3 -.lo7 -.442 .279 .119 .lo7 ,105 -.lo9 -.121 X .034 

summer 3 2 . 6  -.408 -.378 .215 .137 .406 .090 -.242 .Ob2 * * I .795 .631 

,625 .391 

fall 49.9 -.is7 -.789 .437 .xi .os5 ,258 -.m -.io2 X X I .752 .565 

* -- not included i n  the analysis X -- not chosen by regression 
SMMR rain rate regression equations and their performance for spring, summer, and fall, 

For the spring and fall, the data must satisfy: 

procedure 
Table 2. 
seasons. 
(V37 - H37)S1b0C and H37L280K and Hl0.7.225K. 
(V37 - H37) I 1 6 O C  and H184 230K. 
after screeninglbefore screening were : 

For the summer the TB'S must have satisfied the following screening conditions: 

The total number of records utilized i n  the analysis 
spripg (303114753); summer (378214663); fall (228812615). 

Pig. 2. The multiple correlation and 1.0 100 

of the spring, summer, and fall 

I I I 1 I I 
- - 90 
- 80 

explained variance achieved at each 
regression step in the derivation I- 0.9 - 
equations, and the channels chosen o.a - 
at those stepe, The dotted line 5 o.7 
represents the summer equation if 
the analysis is restricted to R(20 o,6 mm/h. The short line at the bottom E 
shows the correlations achieved if 
the summer TB'S are compared to 1307" 

H 

- 
5 0.5 - 

W 

z 
U 
d 

U. S. cooperative network rain gages. 0 

- 10 5 

- 5 '  

1 HA. GAGE TOTALS 

0 1  ' I I I 1 I I I I 

0 1  2 3 4 5 6 7 8 9 
REGRESSION STEP NUMBER 

occur in desolate areas where severe weather 
may occur without being reported. 
have also been found in the SMMR data i n  other 
parts of the world: e.g. west Africa, India, 
South America, Mexico, Canada, Russia, and 
China. Currently, a much more ambitious 
summary of the severe weather characteristics 
of these low brightness temperature events is 
being performed, utilizing newspaper reports 
from around the U . S .  

.Heavy storms 

5. CONCLUSIONS AND RECOMMENDATIONS 

A large amount of information on rain rate 
over land and ocean is contained in the 
observations of the Nimbus-7 SMMR. It also 
appears that severe thunderstorms are 
detectable with 37 GHz observations. 
uses of this kind of observation, especially i n  
those countries with little or no ability t o  
monitor rainfall or storms, suggests that more 
satellite microwave radiometers are needed. 
The most useful system would be an instrument 
in geostationary orbit. This would allow the 
timely monitoring of rain and storms over land 
and sea. 

The many 
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Fig. 3 Observed 37 GHz h o r i z o n t a l l y  
polar ized  b r i g h t n e s s  temperatures  vs .  
radar  r a i n  rates from t h e  Galveston radar 
a t  1801 GMT 16 A p r i l ,  1755 GMT 27 June, 
1735 G M  7 J u l y ,  0638 GMT 9 J u l y ,  and 
1744 GMT 13 Ju ly ,  1979 ( d o t s ) ;  and 
from t h e  Apalachicola radar  a t  0530 GMT 
1 7  Ju ly  1979 ( s t a r s ) ,  manually d i g i t i z e d  
and assigned t o  20x20 km b i n s .  The l i n e  

through t h e  d a t a  p o i n t s  is a least squares  
b e s t  f i t  of a func t ion  propor t iona l  t o  
the  s i x t h  power of t h e  br ightness  
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r e p r e s e n t a t i v e  of t h e  r e s u l t s  of s e v e r a l  
o ther  i n v e s t i g a t o r s .  The r a t n  rates are 
expected t o  be accura te  t o  *60%. 
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Date - 
23 February 

4 May 

II 

11 

11  

II 

II 

20 May 

l.9 June 

9 J u l y  

15 Ju ly  

11 

II 

Time(GMT) 

1743 

0648 

11 

II 

11 

I t  

II 

0633 

0713 

0635 

0643 

II 

II 

Minimum 
H37 TB 

185K 

19 5K 

19lK 

194K 

189K 

185K 

180K 

19 5K 

192K 

163K 

183K 

1 8 8 K  

1 8 7 K  

S t a t e  Weather 

TX 

TX 

TX 

TX 

TX 

TX 

TX 

KS-OK 

NE-SD 

no 

I A  

MO 

MO 

tornado 

funnel  

1 

funnel  

? 

7 

** 
windstorm 

** 
winds torm,hai l  

windstorm 

windstorm 

windstorm 

Table 3. Severe weather c h a r a c t e r i s t i c s  of t h e  storms 
observed by t h e  Nimbus-? SMMR t o  have h o r i z o n t a l l y  
polar ized  37 GHz T B 1 s  less than o r  equal  t o  195K, 
during t h e  f i r s t  h a l f  of 1979. 

, D. W. Martin, B. B. Hinton and J. A. 
Weinman, 1983c: S a t e l l i t e  microwave 
radiances c o r r e l a t e d  with radar  r a i n  rates 
over land. Nature, 304, 141-143. 

Weinman, 3 .  A. and P. J. Guet te r ,  1977: 
Determination of r a i n f a l l  d i s t r i b u t i o n s  
from microwave r a d i a t i o n  measured by t h e  
Nimbus-6 ESMR. J. Appl. Meteor., g, 
437-442, 

Wi lhe i t ,  T. T. ,  A. T. C.  Chang,. M. S. V. Rao. 
E. B. Rodgers, and J. S. Theon, 1977: A 
sa t e l l i t e  technique f o r  q u a n t i t a t i v e l y  
mapping r a i n f a l l  r a t e s  over  t h e  oceans. 
J. Appl. Meteor., 16, 551-560. 

Microwave Radiometer. J. C l i m a t .  Appl. 
Meteor., 22-, 1041-1046. 
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1. INTRODUCTION 

Accuracies of temperature p ro f i l e s  re- 
trieved from measurements of s a t e l l i t e  radiances 
a r e  determined by severa l  f ac to r s .  
more important are the width of the  atmospheric 
weighting functions,  the noise in the measure- 
ments, and the  number and loca t ion  of the 
channels. Although the  width of the  channels is 
an important f ac to r ,  there  is a theo re t i ca l  re- 
s u l t  which states tha t ,  given an i n f i n i t e  number 
of channels with zero noise,  the  t r u e  p r o f i l e  
can be recovered regard less  of the width. 
Previous s tud ie s  have examined the  e f f e c t  of 
changing two o r  more of t he  various parameters. 
However, a comparison of two parameters when 
three  have an e f f e c t  reaches a point where the  
th i rd  parameter is the l imi t ing  one. I f  t h i s  
f a c t o r  is not considered in the evaluation, very 
misleading conclusions can be drawn. The poten- 
t i a l  f o r  misleading conclusions is par t i cu la r ly  
grea t  when instruments a r e  compared which d i f f e r  
in a l l  of the fac tors .  I f  the e f f e c t s  on accu- 
racy are not a t t r i bu ted  t o  the  appropriate 
causes, se r ious  design e r r o r s  can r e s u l t .  

Among the  

2.  REVIEW 

It is i n t e re s t ing  to  note  that, a t  f i r s t  
glance, the s tud ie s  which have been done seem t o  
cont rad ic t  the f a c t  that width is not important 
i f  an i n f i n i t e  number of per fec t  observations is 
avai lab le .  
(1972) examined the  e f f e c t  of channel number on 
r e t r i e v a l  accuracy. They found tha t  the  e f f ec t  
of an addi t iona l  channel decreased a s  the  number 
of channels increased, suggesting that, beyond 
some number of channels, an addi t iona l  channel 
makes no d i f fe rence .  However, s ince  the  study 
w a s  done f o r  a s ing le  instrument and thus a 
s ing le  noise l eve l ,  it d id  not i l l u s t r a t e  that, 
as the  n d s e  level decreased, t he  number of 
channels determined t o  be usefu l  would have 
increased. 
the  noise  l e v e l s  they consldered, it did not 
provide ins ight  i n to  poss ib le  accuracy gains 
i f  the  noise  level  could have been changed. 

Chahine (1979) examined the  e f f e c t  of in- 
strument noise  on r e t r i e v a l  accuracy f o r  two 
instruments which d i f fe red  in number of channels 
as w e l l  as weighting function width. 
struments showed an increase i n  r e t r i e v a l  accu- 
racy with decreasing noise. 
reached where addi t iona l  decreases i n  noise had 

For example, Weinreb and Crosby 

Although t h e i r  study w a s  usefu l  f o r  

Both in- 

A point was 

l i t t l e  e f f e c t ,  This is par t ly  because the 
o ther  f a c t o r s  were f ixed ,  a s  i l l u s t r a t e d  by the 
f a c t  t h a t  t he  curve f o r  the  instrument with more 
channels and narrower weighting functions 
f l a t t ened  out at  a lower noise l eve l .  Chahine 
a t t r i bu ted  the  increase  i n  accuracy t o  the  
narrow width. Since the two instruments d i f -  
fered i n  number of channels as w e l l  a s  the  
weighting function width, there  is some uncer- 
t a i n t y  in  the  assumption tha t  the increase i n  
accuracy is due to  weighting function width and 
not t he  other d i f fe rences .  It was t h i s  uncer- 
t a in ty  which prompted the current study. 

3. SITLATION 

The in t en t  of the  current study was t o  iso- 
l a t e  the  e f f e c t s  of the  various f a c t o r s  on re- 
t r i e v a l  accuracy. This was done by changing one 
f a c t o r  a t  a time while keeping the o thers  fixed. 
To start, seven 15 pm HIRS sounding channels 
(channels 1 - 7) were selected a s  a base. The 
proper t ies  of these channels are summarized i n  
Smith et a l .  (1979) and have weighting functions 
which peak a t  30, 60, 100, 400, 600, 800, and 
900 mb. A s e t  of narrow weighting functions was 
generated by keeping the  peak pressure fixed 
while narrowing the  weighting function t o  one- 
half  i t s  o r ig ina l  value. A t h i rd  s e t  of 1 4  
weighting functions wa0 generated by adding one 
channel halfway between any two adjacent ones, 
with a 14th channel being placed halfway between 
the  peak of channel seven and the  ground. To 
complete the combinations, a four th  set of 1 4  
narrow weighting functions was generated. This 
resu l ted  i n  four  s e t s  of channels: one s e t  of 
seven a t  normal width; one set of seven narrow 
channels; one set of 14 a t  normal width; and one 
set of 14 a t  narrow width, 

Another set of four  groups was created to  
evaluate the  e f f e c t  of channel cha rac t e r i s t i c s .  
The bas ic  set consisted of the same seven 15 pm 
GO2 channels plus the  four lowest (channels 13 - 
16) 4.3 pm HIRS channels. These four addi t iona l  
channels peak a t  1000, 950, 700, and 400 mb. 
Combinations iden t i ca l  t o  the  previous four were 
generated, r e su l t i ng  i n  a s e t  of 11 normal 
channels, a set of 11 narrow channels, a s e t  of 
22 normal channels, and a set of 22 narrow 
channels. 

t h i s  e f f e c t ,  values w e r e  varied about the  
nominal values given f o r  the TIROS-N s a t e l l i t e  
(see Schwalb, 1978). Noise was varied by 

One f ac to r  remaining is noise. To evaluate 
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mblt ip ly ing  t h e  nominal va lues  by f a c t o r s  of 0, 
0.25, 0.50, 1.00, 2.00, 3.00, and 4.00 t o  vary 
t h e  e f f e c t s .  
t o  those channels  which sense  t h e  ground t o  
s imula te  e r r o r s  i n  t h e  boundary term. 

A second n o i s e  component w a s  added 

4. SAMPLE DESCRIPTION 

The eva lua t ions  are based on a set of 
rocketsonde p r o f i l e s  screened by Uddstrom and 
Wark (1984). For each month and l a t i t u d e  zone, 
a s e p a r a t e  covariance matr ix  w a s  produced. Four 
of these  were u s e d  in t h i s  s tudy.  The f o u r  used 
were January midla t i tude ,  January polar ,  August 
mid la t i tude ,  and August po lar .  Each of t h e  f o u r  
covariance matrices was based on a sample of 100 
t o  200 p r o f i l e s .  

5. RETRIEVAL METHOD 

Although i t  would be d e s i r a b l e  t o  f i n d  t h a t  
t h e  r e s u l t s  are independent of r e t r i e v a l  method, 
examination of s t u d i e s  contained in t h e  literature 
h i n t  t h a t  t h e r e  might be d i f f e r e n c e s ,  p a r t i c u l a r -  
l y  in t h e  a b i l i t y  of phys ica l  and more statist i-  
cal  approaches t o  b e n e f i t  from reduced noise .  
An evalua t ion  of such a p o s s i b l e  e f f e c t  is be- 
yond t h e  scope of t h i s  paper. However, t h e  h i n t  
of a connect ion r e q u i r e s  that t h i s  paper, a e  
w e l l  as o t h e r s  dea l ing  with t h e  same s u b j e c t ,  
f u l l y  d e s c r i b e  t h e  r e t r i e v a l  approach used. I n  
fac t ,  a f u l l  d e s c r i p t i o n  of the r e t r i e v a l  method 
would be i n  order  even i f  t h e  h i n t  of a depend- 
ence on t h e  method t u r n s  out  t o  be f a l s e .  

Comparisons used i n  t h i s  s tudy are based on 
t h e  well-known minimum var iance  r e t r i e v a l  
a lgori thm (see Westwater and Strand (1968) )  
which is given by 

b - - SbAT{ASbAT+Se]-'(r-~) 

where b is t h e  p r o f i l e  of atmgspheric rad iances  
a t  t h e  r e f e r e n c e  wavelength, b is t h e  mean atmos- 
pher ic  p r o f i l e  of t h e  sample, Sb is t h e  co- 
var iance  matr ix  of t h e  sample, AT is t h e  mat r ix  
of weighting func t ions ,  Se is t h e  e r r o r  co- 
var iance  matrix, r i s  t h e  v e c t o r  of rad iance  
Wasurements, r is t h e  vec tor  of rad iances  cal- 
cu la ted  f o r  t h e  sample mean, and t h e  s u p e r s c r i p t  
T denotes  a matr ix  transposed. 

necessary t o  c a l c u l a t e  t h e  rad iances  used i n  Eq. 
( 1 ) .  These are generated from t h e  r e l a t i o n  

To c a l c u l a t e  r e t r i e v a l  e r r o r s ,  i t  is 

F m A b t  (2) 

where t h e  va lues  of bt are t h e  t r u e  p r o f i l e s  
r a t h e r  than t h e  r e t r i e v e d  va lues  which are de- 
Signed by "b" i n  Eq. (1) .  

necessary t o  u s e  a sample of p r o f i l e s .  
Eqs. ( 1  and 2)- t o  a sample, i t  is convenient t o  
n o t e  that A has only a s l i g h t  dependence on tem- 
p e r a t u r e  which can be ignored by using a v a l u e  of 
A generatzd from t h e  mean p r o f i l e ,  I n  a d d i t i o n ,  
if 5 and r are generated from t h e  same sample 
used t o  genera te  t h e  o t h e r  parameters, then 

To c a l c u l a t e  rms r e t r i e v a l  e r r o r s ,  it is  
To expand 

With t h e s e  s i m p l i f i c a t i o n s  p l u s  a s u b s t i t u t i o n  
of Eq. (2)  f o r  r ,  Eq. (1) can be w r i t t e n  f o r  t h e  
e n t i r e  sample as  

B - SbA T T  {ASbA +Se]-lABt 

where B denotes  t h e  matr ix  r e s u l t i n g  from t h e  
ind iv idua l  b ' s .  Since t h e  d e s i r e  of t h i s  s tudy 
is t o  compare v a r i o u s  a l t e r n a t i v e s ,  t h e  rms 
e r r o r  is required.  
e r r o r s  are denoted by t h e  diagonal  elements of 
SE, then 

I f  t h e  squared r e t r i e v a l  

T T 
t sE B B ~ - B B ~  - S ~ - B B  

S u b s t i t u t i n g  Eq. (3)  i n t o  Eq. (4) g ives  

SE 9 Sb - SbA T {ASbA T +Se) -1 ASb 

(4) 

which is t h e  des i red  r e s u l t .  With Eq. (5) ,  
e r r o r s  can be c a l c u l a t e d  from va lues  of t h e  t h r e e  
mat r ices  without going through t h e  a c t u a l  re- 
t r i e v a l .  This  is a s i g n i f i c a n t  advantage f o r  a 
comparative s tudy where many v a r i a t i o n s  must be 
run. 
l y  r a t h e r  than as t h e  r e s u l t  of a random number 
genera tor .  
moderately-sized sampleg, df f  fe rences  due t o  t h e  
sequence of random numbers f r e q u e n t l y  mask real 
d i f f e r e n c e s .  F i n a l l y ,  t h e  major disadvantage of 
Eq. (5) ( t h a t  i t  has small e r r o r s  due t o  approxi- 
mations such as t h e  s i n g l e  va lue  of "A") does not  
a f f e c t  a comparative s tudy  because a l l  a l t e r n a -  
t i v e s  are a f f e c t e d  equal ly .  

Another advantage is t h a t  Se e n t e r s  d i r e c t -  

I n  a comparative s tudy w i t h  even 

6. RESULTS 

Table 1 g i v e s  va lues  der ived from t h e  diago- 
n a l  elements of SE. Elements of SE were generat-  
ed f o r  each of t h e  40 TOVS pressure  l e v e l s  ( see  
Weinreb e t  a l . ,  1981) and these  were used t o  pro- 
duce rms e r r o r s  i n  terms of th ickness  tempera- 
t u r e s  f o r  each of t h e  n i n e  100 mb l a y e r s  between 
1000 and 100 mb. The r m s  va lues  f o r  t h e  100 mb 
l a y e r s  were then averaged t o  o b t a i n  a s i n g l e  
va lue  f o r  each of t h e  var ious  combinations of 
channels  and n o i e e  t h a t  were t r i e d .  Table 1 con- 
f i r m s  expec ta t ions  i n  that i t  shows t h a t  reducing 
t h e  instrument noise ,  narrowing t h e  weighting 
func t ions ,  and increas ing  t h e  number of channels, 
a l l  i n c r e a s e  t h e  r e t r i e v a l  accuracy. 
t i o n ,  Table 1 provides  information about t h e  
r e l a t i v e  e f f e c t s  of t h e  v a r i o u s  parameters. For 
example, i t  shows t h a t  a seven channel instrument 
wi th  narrow weighting f u n c t i o n s  produces r e s u l t s  
similar t o  those  obtained from a 22 channel in -  
strument w i t h  normal weighting func t ions .  

i t  is d i f f i c u l t  t o  d e t e c t  p a t t e r n s .  Tables  2 - 4 
help t o  i l l u s t r a t e  some of t h e  r e l a t i o n s h i p s  
present  i n  Table (1) .  Table 2 was cons t ruc ted  by 
s e l e c t i n g  a n o i s e  l e v e l  such as '0 .25 .  For t h i s  
l e v e l  of instrument noise ,  t h e  r e t r i e v a l  e r r o r  
f o r  t h e  normal weighting f u n c t i o n  width was de- 
termined t o  be 1.9. Then a r e t r i e v a l  e r r o r  of 
1 .9  was found i n  t h e  column of e r r o r s  f o r  t h e  
narrow weighting func t ion ,  For t h i s  r e t r i e v a l  
e r r o r ,  t h e  instrument n o i s e  was determined t o  be 
2.5 

I n  addi-  

Although Table 1 provides  b a s i c  information,  

F i n a l l y ,  t h e  second n o i s e  l e v e l  of 2.5 was 
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divided by t h e  f i r s t  n o i s e  l e v e l  of 0.25 t o  ob- 
t a i n  t h e  r a t i o  of 10. Thus, narrowing t h e  
weighting func t ion  width by a h a l f  has the  same 
effect as reducing t h e  n o i s e  by a f a c t o r  of 10 
a t  t h a t  combination. A s  Table 2 shows, t h e  im- 
provement is a s t rong  func t ion  of t h e  n o i s e  
l e v e l .  

Two o t h e r  t a b l e s  were cons t ruc ted  i n  a simi- 
l a r  manner. In  Table 3, t h e  number of channels  
w a s  doubled and t h e  weighting func t ion  width w a s  
kept cons tan t .  Thus, i t  g i v e s  t h e  change in 
n o i s e  that has t h e  same e f f e c t  as doubling t h e  
number of channels .  I n  Table 4, t h e  change from 
t h e  seven t o  t h e  11 channel instrument ,  r a t h e r  
than doubling t h e  channels ,  is evaluated.  

t u r n  out  t o  be r e l a t i v e l y  independent of t h e  
l a t i t u d e ,  season, and number of channels. A t  
t h e  same time, Table 2 shows t h a t  t h e  r a t i o  is 
a s t rong  func t ion  of t h e  noise .  A t  t h e  low 
n o i s e  l e v e l  of 0.25, t h e  r a t i o  averages about 
n i n e  but  a t  h igher  n o i s e  l e v e l s  t h e  r a t i o  drops.  
For example, a t  a noise  l e v e l  of 1.0, t h e  r a t i o  
drops t o  4.5. This behavior is c o n s i s t e n t  wi th  
expec ta t ions  s ince ,  a t  h igh  n o i s e  l e v e l s ,  n o i s e  
is t h e  major l i m i t a t i o n  t o  accuracy and t h e  
o t h e r  e f f e c t s  can be expected t o  be small. A t  
t h e  same t i m e ,  when n o i s e  is low, t h e  o t h e r  
f a c t o r s  l i m i t  accuracy and changes i n  n o i s e  
have a r e l a t i v e l y  small e f f e c t .  

channels  i s  roughly as e f f e c t i v e  as  halving t h e  
n o i s e  i n  increas ing  re t r ieval  accuracy. 
t a b l e  a l s o  shows that, as n o i s e  increases ,  n o i s e  
becomes more important i n  determining t h e  f i n a l  
accuracy, bu t  t h e  e f f e c t  is n o t  as g r e a t  as  i t  
is i n  Table 2.  

Table 4 is similar t o  Table 3. The major 
d i f f e r e n c e  is that it  shows that channel number 
is not  as important as  t h e  channel character- 
istics. The a d d i t i o n  of t h e  four  4.3 pm 
channels  produced more improvement than d i d  t h e  
a d d i t i o n  of the  seven 15  pm channels. 

When a l l  t h e  f a c t o r s  are considered,  t h e  
r e s u l t s  show t h a t ,  a t  present  va lues  of t h e  
v a r i o u s  parameters, weighting f u n c t i o n  width has  
t h e  l a r g e s t  e f f e c t  on noise ,  probably because 
t h e  o t h e r  parameters are more e a s i l y  changed and 
have been more n e a r l y  optimized. The number and 
type of channel i s  t h e  next  most iplportant para- 
meter and noise ,  a t  present  n o i s e  l e v e l s ,  is t h e  
least  important .  While t h e  channel width is t h e  
l a r g e s t  s i n g l e  e f f e c t ,  t h e  o t h e r  f a c t o r s  are 
s i g n i f i c a n t  . 
l i n e s ,  they should n o t  be used i n  p lace  of 
t r a d e  o f f  a n a l y s i s  f o r  s p e c i f i c  instruments .  
One example of the  danger in applying g e n e r a l i -  
z a t i o n s  is shown i n  Table 1. General ly ,  t h e  
combination of 11 channels  produced more 
a c c u r a t e  r e s u l t s  than d i d  t h e  14 channel combi- 
na t ion .  It i s ,  however, important t o  n o t e  t h a t  
t h i s  t rend  vanished when t h e  instrument n o i s e  
went t o  zero.  

The advantage of Table 2 is t h a t  t h e  r a t i o s  

Table 3 shows that doubling t h e  number of 

This  

While these  r e s u l t s  provide u s e f u l  guide- 

7. SUKMARY AND CONCLUSIONS 

considered,  they seldom d i f f e r  i n  only one of 
t h e  s e v e r a l  f a c t o r s  which a f f e c t  r e t r i e v a l  
accuracy. 
g u i d e l i n e s  f o r  eva lua t ing  t h e  var ious  e f f e c t s  

When d i f f e r e n t  sa te l l i t e  instruments  are 

This  s tudy provides  some genera l  

when s e v e r a l  f a c t o r s  are involved. The s tudy 
a l s o  demonstrates t h e  need f o r  eva lua t ions  of 
s p e c i f i c  instruments  i f  accura te  r e s u l t s  are 
des i red .  This  is because some of t h e  e f f e c t s  on 
accuracy are t h e  r e s u l t  of t h e  s p e c i f i c  channel 
combinations used i n  t h i s  s tudy.  F i n a l l y ,  a 
comparison of a subse t  of s e v e r a l  f a c t o r s  in -  
volved i n  a s p e c i f i c  case may r e s u l t  i n  mislead- 
ing conclusions and even t h e  s e l e c t i o n  and 
bui ld ing  of an instrument that provides  less than 
optimal performance. While narrowing weighting 
func t ions  had t h e  l a r g e s t  s i n g l e  e f f e c t  on 
accuracy, i t  is clear t h a t  n o i s e  l e v e l s ,  and t h e  
number and l o c a t i o n  of sounding channels  have 
e f f e c t s  on retrieval accuracy which c a n ' t  be 
ignored. 
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Table 1. 

Jan. 
Polar  

Jan.  
K i d l a t i t u d e  

Aug . 
P o l a r  

Aug . 
Midlat  i t u d e  

Noise 
Fac tor  

0 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 

0 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 

0 
0.25 
0.50 
1 .00  
2.00 
3.00 
4.00 

0 
0.25 
0.50 
1.00 
2 .oo 
3.00 
4.00 

Error  (OK) 

7 c h  7 ch  14 c h  14 c h  11 ch 11 c h  22 ch 22 c h  
Normal Narrow Normal Narrow Normal Narrow Normal Narrow 

1.8 1.1 1.2 0.7 1 . 2  0.8 0.9 0.3 
1 .9  1.2 1 . 7  1 .0  1 .6  1 .0  1.4 0.9 
2.0 1 .3  1 .9  1.1 1.8 1.1 1.6 1.0 
2.2 1 . 5  2.1 1 .3  2.0 1 .3  1.9 1.2 
2.5 1.8 2.3 1 .6  2.3 1.6 2.1 1.4 
2.7 2.0 2.5 1.8 2.5 1.8 2.3 1 .6  
3.0 2.2 2.7 2 .o 2.6 2 .o 2.4 1.8 

1.8 1 . 2  1 .3  0.7 1 .6  0.8 1.2 0.4 
1.9 1 .3  1.8 1.1 1.7 1.1 1.5  0.9 
2.1 1.4 1 .9  1.2 1.8 1 .2  1.7 1.1 
2.3 1 .5  2.2 1 .4  2.0 1.3 1.8 1.2 
2.5 1.8 2.4 1 .6  2.3 1.6 2.1 1.4 
2.7 2.0 2.6 1.8 2.5 1.7 2.3 1.6 
2.9 2.2 2 .? 2.0 2.6 1 .9  2.4 1.7 

1.3 1 . 0  1.1 0.6 1.2 0.7 0.9 0.4 
1.5 1.0 1.4 0.9 1.3 0.8 1 . 2  0.7 
1 .6  1.1 1 . 5  1 . 0  1 .5  0.9 1 .3  0.8 
1.8 1.3 1 . 7  1.1 1.6 1.1 1.5 1 . 0  
2 . 1  1 .5  1 .9  1.4 1.9 1 . 3  1 . 7  1 . 2  
2.3 1 . 7  2 . 1  1 . 5  2 .o 1.5  1.9 1.3 
2.5 1.9 2.3 1.7 2.2 1.6 2.0 1 . 4  

1 .4  0.9 1.0 0.6 1.2 0.6 0.9 0.3 
1.5 0.9 1.4 0.8 1.3 0.8 1 .2  0.7 
1 . 6  1.1 1.5  0.9 1.4 0.9 1 .3  0.8 
1.8 1 . 2  1.7 1.1 1.5  1 .0  1.4 0.9 
2.0 1 .5  1.9 1 .3  1.7 1 . 2  1.6 1.1 
2.1 1 . 6  2.0 1 .5  1.9 1 .4  1 . 7  1.2 
2.2 1.8 2 . 1  1 .6  2.0 1 .5  1.8 1 . 3  

Table  2 .  Noise r a t i o s  f o r  equiva len t  performance (one-half f i l t e r  width)  

Noise f a c t o r  - 0.25 
22 
8 

14 
Jan.  P o l a r  10  1 0  
Jan. M i d l a t i t u d e  8 12  12  10 
Aug. P o l a r  a 8 8 8 
Aug . Midla t i tude  8 10  1 0  12 

- 11 
8 
- - 7 - 

Noise f a c t o r  = 0.5 
11 22 

6 Jan .  P o l a r  6 7 6 
Jan.  M i d l a t i t u d e  7 7 7 8 
Aug. P o l a r  5 6 6 6 
Aug. M i d l a t i t u d e  6 6 6 8 

- 14 - 7 - 

Noise f a c t o r  = 1.0  
22 - 11 - 14 - 7 - 

Jan.  P o l a r  4 4.5 4 4.5 
J a n ,  Midlat  i t u d e  4.5 5.0 4.5 4.5 
Aug. P o l a r  3 .5  4.0 4.0 4.5 
Aug . H i d l a t i t u d e  4.0 4.5 4 .0  4.5 
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Table 3. Noise r a t i o s  f o r  equiva len t  performance (double t h e  channel  number) 

Noise f a c t o r  - 0.25 

Jan. P o l a r  
Jan .  M i d l a t i t u d e  
Aug. P o l a r  
Aug . M i d l a t i t u d e  

7-14 Notma1 7-14 Narrow 
2 3 
2 3 
2 2 
2 2 

11-22 N o ~ ~ i a l  
2 
2 
2 
2 

11-22 Narrow 
2 
2 
2 
2 

Noise f a c t o r  = 0.5 
7-14 Normal 7-14 Narrow 

1 . 5  2 
1 .7 2 
1 .5  2 
1 .5  2 

11-22 N o m 1  
1.7 
2 
2 
2 

11-22 Narrow 
1 .5  
2 
1.5 
2 

Jan.  P o l a r  
Jan .  M i d l a t i t u d e  
Aug. P o l a r  
Aug. M i d l a t i t u d e  

Noise f a c t o r  = 1.0  
7-14 Normal 7-14 Narrow 

1.5 1.7 
11-22 Normal 

1 . 5  
1 . 7  
1 . 5  
1 . 5  

11-22 Narrow 
1 . 5  
1 . 5  
1 .5  
1 .5  

Jan.  P o l a r  
Jan.  Midla t i tude  
A u g .  P o l a r  
Aug . M i d l a t i t u d e  

1 .5  1 .5  
1 . 5  1 .7  
1.5 1.5 

Table  4.  Noise r a t i o s  f o r  equiva len t  performance (add t h e  f o u r  4.3 um channels)  

Noise f a c t o r  - 0.25 
7-11 Normal 

3 
7-11 Narrow 

3 
2 
3 
2 

14-22 N o ~ ~ i a l  
2.7 
4 
3 
4 

14-22 Narrow 
2 
2 
3 
3 

Jan.  Polar  
Jan.  M i d l a t i t u d e  
Aug. P o l a r  
Aug. M i d l a t i t u d e  

1 . 5  
2 
4 

Noise f a c t o r  = 0.5 
Narrow 

2 
2.7 
2.0 
3 .O 

14-22 Normal 
2 
2.7 
2.0 
3.0 

- -22 Narrow 
1 . 5  

7 -1 - Norma 
2 
2.7 
2.0 
1 . 5  

7 -1 - 1 
Jan.  P o l a r  
Jan.  M i d l a t i t u d e  
Aug. P o l a r  
Aug. M i d l a t i t u d e  

2.0 
2.0 
2.0 

Noise f a c t o r  - 1.0 
7-11 Normal 

1.7 
2 .o 
1.7 
2.5 

7-11 Narrow 
1.7 
1.7 
2.0 
2.0 

14-22 Normal 
2.0 
2.5 
2.0 
3.0 

14-22 Narrow 
1 .5  
2.0 
1 .5  
2.0 

Jan.  P o l a r  
Jan. M i d l a t i t u d e  
Aug. P o l a r  
Aug. M i d l a t i t u d e  

7 2  



c. 1 SURFACE ALBEDO OVER THE SAHEL FROM METEOSAT RADIANCES 

Bernard Pinty(*), GBrard Szejwach(**) and Jacques Stum (*> 

(*) 
(**) L.M.D., Ecole Polytechnique, Palaiseau, France 

L.A.M.P., University of Clermont 11, AubiSre, France 

1. INTRODUCTION 

Knowledge of surface albedo is of fundamental 
importance in climatic studies and modeling. In 
a recent paper, Henderson-Sellers and Wilson 
(1 983) have indicated that the required accuracy 
in surface albedo data must be 0.05 for all land 
surfaces over usual GCM grid mesh (General Circu- 
lation Climate Models). 

In this paper, we are following a quasi- 
experimental type approach which includes surface 
measurements in addition to satellite data and 
model, Our method is used to discuss the possibi- 
lity of deriving sahelian surface albedoes from 
Meteosat radiances. The additional measurements 
are surface global radiation measurements routi- 
nely provided by the AGRHYMET network (WMO Bul- 
letin, 1980) 

2 .  METHOD DESCRIPTION 

The proposed method is based on simultaneous 
measurements of satellite radiance (Ls) and 
surface global radiation (EG). Over a flat 
homogeneous terrain with Lambertian albedo a, 
these two parameters can be related by the follo- 
wing equation : 

Ls ES/T (oTa + aT(eo) T(BV)/(l - (w as)) (1) 

where ES is the solar irradiance, as and a, the 
spherical albedo and intrinsic reflectance of the 

atmosphere respectively, T(B0) and T(8 ) the total 
transmission factor for the solar zeniyh angle 
80 and the zenithal viewing angle BV, respectively. 

radiation EG is given by Equation (2) : 
With these definitions, the surface global 

EG ES T(eo)/(l - as) (2 )  

In the following we are dealing with geogra- 
phical areas where 8 
other, therefore Eq.ql] can be parameterized as 
follows : 

2 

and 8v are close to each 

(3) a Ls e! C + A a + B a 

where A 0 EG2/Es, B 0 - as A, C = aa ES. 

In our application, A is derived from surface 
measurements provided by the AGRHYMET Office, 
B and C are computed from a parameterized formu- 
lation of a standard model as suggested by Tanre 
et al. (1979). 

3. TEST OF THE METHOD 

To test the method, observations done on 
2 July 1979 over the sites of Dori (14.05'N, 0'1, 
Ouagadougou (12.42'N, 1.5'W) and Fada-Ngourma 
(12,06'N, 0.4'E) in Upper Volta have been used. 
In each case, surface albedo was computed for 
various solar angles, experimental and computed 
values of EG, aa and as. 

-- 
e 

EG a a Site Time eoo BVo 9" ES 8 

(CMT) (W m-2) (W m-2) 

' 1,100 14 16 49 1287 866 0.053 0.122 
1130 10 - 24 1309 880 0.054 - 0.354 +- 0.005 
1200 9 - 17 1311 882 0.054 - Dori 
1230 

1.100 
i130 Ouagadougou 1200 

1230 

1100 

46 1292 869 0.053 - 
49 1287 877 0.053 0.122 

3 -  

4 14 
1 
1 - 14 1301 899 0.056 - 

37 1278 890 0.054 - 6 -  

5 14 46 1281 835 0.053 0.122 

0.265 t 0.002 - 21 1304 a95 0.055 - 

1130 1 21 1301 849 0.055 - 0.257 f 0.008 
Feda-N8ourma 1200 I I - 13 1302 850 0.056 - 

1230 15 - 39 1282 838 0.054 - 
- 
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A time of our investigation, the AGRHYMET 
Office only delivers in routine the mean daily 
value of EG- In this application, the diurnal 
cycle of EG is assumed to be represented by a 
cosinus law, in order to estimate 
EG at local times corresponding to Meteosat 
observations. 

three considered sites. In this application, 
satellite radianceshave been spatially averaged 
over an area of size = 25 lo8 m2. Note that 
Meteosat digital counts within the visible 
channel (0.4 - 1.1 urn) have been converted into 
radiances over the whole spectrum with an appro- 
priate conversion factor of 1.71 (W m-2 str, per 
count 8-bits). 

The absolute value shown in Table 1 has not 
been compared since no other independent data set 
exists corresponding to this time and spatial 
scale. However, we can notice that the north-south 
albedo gradient varies in the expected fashion. 
Because of the scale representativity of EG which 
is about (1 - 2)  lo5 m in clear sky conditions, 
only one measurement of surface global radiation 
allows the estimation of albedoes over this given 
area. It is important to note that the spatial 
scale of the derived albedo is compatible with 
climatic requirements. 

4 .  SENSITIVITY STUDY 

investigated as a function of EG, as and a,. 
Results of this sensitivity study are shown in 
Fig. 1 .  

The results are summarized in Table 1 for the 

The variability of the derived albedo has been 

0 n 

0 '  

W 
0:: 

m .  2: 
z .  
u o  

Q:z 

" I  

S &  

0 1  
Q: Q:i 

n 1 I I ' I  I I 
'-15. -10. -5. . l o .  15. x ERRJR INS-EG 

S &  
0 1 I I I I I 1 

'-20. -15. -10. -5. 20. 
2 ERROR I N  R T k  R&LEC%NCk5' 

S$$ 
25. SO. -30. -25. 0 .  

2 ERROR I N  SPHERICRL RLBEDO 

Fig.1~. Ab i n  Fig.Ia except 50'1. b p h d c d  &bedoas. 

It appears, for instance, that an uncertainty 
of 5 Z in the derived albedo can be induced by 
either an error of 3 9. in EG, or 10 % in aa, or 
100 % in as.These results show that the quality 
of the surface albedo is mainly dependent upon 
the uncertainty in surface global radiation. This 
indicates that accurate measurements of EG are 
desirable. 

5. ALBEDO ESTIMATE AT A GCM GRID SCALE 

The spatial scale involved in the present method 
is compatible with general circulation model grid 
scale. Use of an average value of radiance (<Ls>) I 

and its variability ( 0 ~ ~ )  within a given region 
can be made to infer the expected attainable 
accuracy (ua) on the average derived albedo (<a>) 
at a GCM grid scale. 

of the method, the following approximated relation- 
ship is obtained : 
aa/<a> - UL~/<L~> ?r/A <Ls>/<a> (1 - 4 as <a>) 

Eq.(4) relates the surface albedo standard 
deviation to that of the radiance. The error in 
satellite inferred albedo involved by the use of 
satellite radiance is illustrated in Fig. 2 .  

Under the required conditions for the application 

-1/2 

(4) 

sr I I I 
W u z 

z 
H 

0.  10. 20. 30. 

.os ::: 1 I 
40. 

Z ERROR I N  RLBEDO 
Fig.2. R W w e  m o h  in bwlgace &bedo wWub 

helatiwe m o h  i n  hadiance doh di66e~~en.t 
dbedo  u a h e d .  

Fig.2 indicates, for instance, that if we want 
to estimate a surface albedo within 20 % for <a> 
equals 0.2, the required accuracy on the radiance 
has to be 12 X .  According to Koepke (1982) the 
actual conversion factor used to get unfiltered 
Meteosat radiances is known with an uncertainty 
of about 6 % and this leads to uncertainties of 
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0 4 to 20 X for typical land and ocean albedo 
espectively. 

6 .  SUMMARY AND CONCLUSION 

A method has been developed to infer surface 
albedo from measurements of surface global 
radiation and satellite radiances. 

A sensitivity study of the method shows that 
an error of 5 X in surface albedo is attainable 
either with an error of 100 X in spherical albedo, 
or 10 X in intrinsic atmospheric reflectance, or 
3 X in surface global radiation, or 3 X - 4 X in 
radiance. 

The main interest 6f this method is to permit 
an estimate of albedoes over an area corresponding 
to the grid mesh of GCM ( 1  - 4 )  1O1O m2. In the 
studied case, the method has been applied with 
Meteosat data and routine measurements of the 
mean daily surface global radiation. The only 
knowledge of the mean daily value has limited 
the application of the method to a clear sky 
day (optical depth about 0 . 3 ) ,  since the surface 
global radiation as function of local time must 
be deduced from the daily mean. However, as long 
as instantaneous surface global radiation is 
available, the method is applicable under cloud- 
less conditions with optical depth less than 0 . 7 5 .  
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c.2 INVESTIGATION OF SURFACE ALBEDO VARIATIONS OVER WEST AFRICA FROM METEOSAT 

Bernard Pinty(*); GBrard Szejwach and Michel Desbois(**) 

(*) L.A.M.P., University of Clermont 11, AubiOre, France 
(**) L.M.D., Ecole Polytechnique, Palaiseau, France 

1. INTRODUCTION 

have s t ressed  the necess i ty  of a good knowledge 
of sur face  albedo i n  the understanding of the  
Sahelian drought. Rockwood and Cox (1978) o r  Norton 
et  a1.(1979) have published surface albedo maps 
f o r  t h i s  region, using SMS and ATS 3 s a t e l l i t e  
data.  

We present here a new technique developed i n  
order t o  determine surface albedo values a t  a 
c l imat ic  sca le  over Western Africa using METEOSAT 
measurements. 

The method i s  tes ted  using t e s t - s i t e s  values 
obtained from simultaneous s a t e l l i t e  and ground 
data. Surface albedo maps a re  then derived and 
discussed. 

Climatic s tud ie s ,  Charney (1975) f o r  instance,  

2. ALBEDO ESTIMATE 
2.1 Technique descr ip t ion  

mate of the re f lec tance  r a t i o s  between.severa1 
p a i r s  of neighbouring areas.  

For an a rea  ( i ) ,  the e f f ec t ive  spec t r a l  radiance 
i s  given by the following equation (S la t e r ,  1980) : 

The proposed technique i s  based on the  e s t i -  

where LxS , i i s  the spec t r a l  radiance measured by 
the sensor, 
diance, -ci(A) the spec t r a l  atmospheric 
transmittance, pi(h) the sur face  spec t r a l  
re f lec tance  and the spec t r a l  atmospheric 
path radiance.  

i s  the surface spec t r a l  irra- 

For two neighbouring areas ( i )  and ( j )  observed 
during a whole day under s imj l a r  atmospheric 
conditions,  we can assume t h a t  ~ j ( h )  = Ti(X) + 
E L ,  j (1) * 

Therefore Lhs ,  and LXs ,i a r e  r e l a t ed  by Eq. 2 

+ 1/n E X , j  P j ( 1 )  Ei , j (h)  F(X) 

where F(h) i s  the  sensor spec t r a l  response. 

With the  following hypothesis : 1 )  E X  . -  EX,^ 
( the surface global rad ia t ion  is iden t i ca l  ' t o r  the 
two areas a t  the  considered sca l e  4 150-200 km) 
2) the spec t r a l  re f lec tance  va r i a t ion  with respect 
t o  X s a t i s f i e s  Eq. 3, 

a (P /ci 
- 0  

a x  
.We can derive Eq.(4) : 

where A 
l i m i t s  08 the sensor response, respectively.  

term and i t s  d iurna l  va r i a t ion  i s  negl ig ib le .  Since 
we can assume that p j / p i  and the s p a t i a l  d i f fe rence  
of sky e f f e c t s  (second + t h i rd  terms)are constant 
during the day, then the re f lec tance  r a t i o  p j / p i  
can be derived from a l i nea r  regression between the 
respective radiances La, * and Ls,i measured during 
a d iurna l  cycle. Similarly,  re f lec tance  r a t i o s  
p i /pk ,  pk/pl ..., can be obtained by considering 
other p a i r s  of adjacent areas u n t i l  coverage of the 
considered c l imat ic  region is  completed. The abso- 
l u t e  re f lec tance  values of each area can then be 
obtained from the knowledge of one only of the 
re f lec tances  considered i n  the series of re f lec tance  
r a t i o s .  
Since very l i t t l e  da ta  i s  ava i lab le  concerning the 
b id i r ec t iona l  proper t ies  of the region investigated 
i n  t h i s  study, we w i l l  assume t h a t  the surface i s  a 
Lambertian r e f l e c t o r  and from now on we w i l l  consider 
t h a t  the  derived re f lec tance  values are represen- 
t a t i v e  of t he  sur face  albedoes. 

and X 1  a r e  the  upper and lower wavelength 

In  Equation 4, the contribution of the fourth 

2.2 Technique va l ida t ion  

The proposed technique has been applied t o  
METEOSAT data  f o r  February 18 t o  July 2 ,  1979. We 
f i r s t  independently derived the  (50 km x 50 km) 
sur face  albedo around three t e s t - s i t e s  : Dori 
(14.05' N ,  0'1, Ouagadougou (12.42' N ,  1.5' W) and 
Fada-Ngourma (12.06' N ,  0.4' E )  i n  Upper Volta 
following the method described by Pinty e t  a l .  (1984)s 
These values (Table 1) w i l l  be now refer red  as 
reference albedoes. 
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To tes t  t h e  proposed method, we computed t h e  
s u r f a c e  albedoes of t h e  test-sites us ing  the  r a t i o  
technique. The t h r e e  re ference  va lues  a r e  used 
success ive ly  t o  i n i t i a t e  the  process .  Resul t s  are 
presented  i n  Table 2. 

Dori ( 1 )  0.380 0 . 3 5 4  

Ouagadougou (2 )  0.307 0.265 
Fada-Ngourmn (3) 0.226 0.257 

Table I .  Rr6cnrncc b u n d a c r  d b c d o c b .  

Table 2 .  T r b i - I c A u ! t A  0 6  t h e  ant i0 t c c h r u q i i r .  (AiflnbOCA Y 4 n d t c n t c b  t l l c  
c o u d c h r d  f icdrlcncr 4fl c a d i  canr) .  

Resul t s  i n d i c a t e  t h a t  t h e  r a t i o  technique g ives  
a c o n s i s t e n t  albedo es t imate  f o r  each l o c a t i o n .  On 
February 18, a discrepancy i s  observed between the  
s i t e s  of Ouagadougou and the  two o t h e r  sites. 
However, t h e  observed discrepancy between r e s u l t s  
der ived  from t h e  r a t i o  technique and t h e  re ference  
va lue  remains wi th in  t h e  u n c e r t a i n t y  involved i n  
the estimate of the  re ference  value.  

Figure 1 r e p r e s e n t s  the  albedo map f o r  February 
18, of t h e  nor thern  Upper Vol ta  obtained us ing  the 
r a t i o  technique with Fada-Ngourma as a re ference  
value.  White squares  correspond t o  reg ions  where 
t h e  technique i s  n o t  a p p l i c a b l e  due t o  cloud conta- 
minat ion f o r  i n s t a n c e .  It can be noted t h a t  r e s u l t s  
a r e  c o n s i s t e n t  d e s p i t e  t h e  l a r g e  s p a t i a l  v a r i a -  
b i l i t y  of der ived  albedoes between t h e  test-sites. 

3. RESULTS 

3.1 Surface albedo maps 

Surface albedo maps were der ived  using t h e  
r a t i o  technique f o r  February 18 and J u l y  2, 1979 
over t h e  Northwestern p a r t  of Afr ica  (Fig.  2a and 
2b) .  Each square r e p r e s e n t s  an average albedo va lue  
over 20 x 20 p i x e l s  (approximately 100 km x 100 km). 
"Albedo" r e f e r s  t o  r e f l e c t a n c e s  i n t e g r a t e d  over 
t h e  Meteosat sensor  response (0.4 - 1 . 1  pm). Values 
range from 0.18 t o  0.6, t h e  h i g h e s t  va lue  being 
loca ted  over  C e n t r a l  and Northeastern p a r t  of t h e  
maps. A l a t i t u d i n a l  g r a d i e n t  can be observed south 
of 20°N while  a wel l  marked west-east g r a d i e n t  i s  
a l s o  observed n o r t h  of 18 'N .  
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The genera l  p a t t e r n  of t h e  J u l y  s u r f a c e  albedo 
map agrees  reasonably w e l l  wi th  t h e  map der ived 
by Rockwood and Cox (1978) and Norton e t  a1.(1979). 
The major d i f f e r e n c e  occurs  over Sahara where our 
va lues  are somewhat higher  than t h e  ones previously 
der ived .  This  d i f f e r e n c e  can be explained by t h e  
d i f f e r e n c e  between t h e  var ious  sensors  involved 
i n  t h e s e  s t u d i e s .  
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Figures 3a and 3b present 
deviation up computed for each 20 x 20 pixels area 
as described by Pinty et al. (1984). 
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These maps for February and July show similar 
patterns particularly in regions of high desert 
albedo (p & 0.35). Values obtained for range 
from 0.02 to 0.15. In most cases, high albedo 
values are associated to low standard deviations. 
The fact that we observe a good correlation between 
both maps indicates that for the considered scale 
(100 km x 100 km) the natural heterogeneity of 
the surface albedo does not vary significantly. 

These maps represent also a good quantitative 
estimate of the expected accuracy attainable for 
the albedo at the climatic scale with Meteosat 
sensor. 

3.2 Seasonal albedo change 

Figures 4a and 4b present the albedo variation 
in per cent between February 18 and July 2, 1979. 

Fig. 4a corresponds to positive values of SV 
with two distinct regions of albedo increase 
between July and February. The first one is located 
in the Sahel (% 15"N, 5 O W )  where this significant 
increase reaches 40 X over swamps and lakes regions. 
The second increase, in the Sahara desert.,is much 
weeker (less than 10 %) and since no appreciable 
seasonal change can be expected in this region, 
this increase is certainly related to the uncer- 
tainties associated to our technique. 

The well-known general decrease in albedo over 
the Sahel between the dry season (February) and 
the wet season (July) is clearly depicted in 
Fig. 4b. The largest values (over 25 X) are found 
near the western regions ((I l0"W) associated to 
a large east-west gradient. Over the central 
eastern part of the Sahel region, the mean seasonal 
change remains smaller than 20 %. 
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Fig.4a. PobLtLve change ( p a c e n t )  i n  buhdace albedo 
b-en J d y  2 and Febuamj 18, 1919, 
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Fig.4b. Negative change (petrcent) i n  b a d a c e  albedo 
b&een Jdy 2 and Febhuahy 1 8 ,  1 9 7 9 .  

4. CONCLUSION 

A technique has been developed and tested to 
infer surface albedo values for 100 km x 100 km 
areas (corresponding to the climatic scale) from 
Meteosat data. 

The technique requires several measurements 
over the same region during one day. Its appli- 
cation is limited to clear sky conditions and 
necessitates the knowledge of at least one surface 
reference point. The method has been tested for 
several reference test-sites and albedo maps 
were derived for two days during the dry and wet 
seasonsrespectively, over the Northwestern part 
of Africa. 

The general seasonal change related to the 
growth of vegetation with the onset of the wet 
season has been quantitatively estimated. A 
significant decrease of albedo between February 
and July has been observed west of 9OW and south 
of 18'N. The largest changes (over 25 X )  occur 
along 14'W over Senegal and Western Mauritania. 
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1 .O INTRODUCTION 

Recent ly ,  r e s e a r c h e r s  have demonstrated t h e  
c a p a b i l i t i e s  of  GOES imagery t o  i n f e r  sur face  
p r o p e r t i e s  inc luding  s o i l  moisture .  V i e i l l e f o s s e  
and Favard (1978) u t i l i z e d  i n f r a r e d  and v i s i b l e  
geosynchronous imagery t o  i d e n t i f y  t h e  inf luence  of 
s e n s i b l e  h e a t ,  wind, s u r f a c e  roughness, and 
topography on t h e  thermal iner t ia  of bare  s o i l .  
Polansky ( 1 9 8 2 )  employed a boundary l a y e r  model in 
conjunct ion wi th  s u r f a c e  temperature  d i f f e r e n c e  
images obta ined  from GOES-IR d a t a  t o  i n f e r  moisture  
a v a i l a b i l i t y ,  thermal i n e r t i a ,  atmospheric hea t  
f l u x ,  and t o t a l  evaporat ion i n  areas small enough 
t o  be meteoro logica l ly  homogeneous. Using a 
similar technique,  Carlson & & (1984) found 
a i g n i f  i c a n t  c o r r e l a t i o n s  between moisture  
a v a i l a b i l i t y  i n f e r r e d  from GOES-IB. imagery and 
antecedent  p r e c i p i t a t i o n  index (API). Wetzel I& 

& (1984; h e r e a f t e r  r e f e r r e d  t o  a s  WAW) proposed 
an approach t o  develop a technique t h a t  i n f e r s  r o o t  
zone s o i l  moisture  on reg iona l  o r  c o n t i n e n t a l  
s c a l e s  from GOES-derived s u r f a c e  temperatures .  
Their  approach r e q u i r e s  an a rch ive  of GOES s u r f a c e  
temperature  d a t a  a t  known s o i l  moisture  and wind 
speed which is  used t o  account f o r  hor izonta l  
v a r i a t i o n s  i n  v e g e t a t i o n  and soil c h a r a c t e r i s t i c s .  
Each of these  approaches make use of t h e  f a c t  t h a t  
t h e  amount of s o i l  moisture  has a s t r o n g  inf luence  
on the temperature  of the  ear th ' s  s u r f a c e ,  and t h a t  
o t h e r  i n t e r f e r i n g  e f f e c t s  on s u r f a c e  temperature  
such as  wind speed, s u r f a c e  cover v a r i a t i o n s ,  
season,  etc. must be removed o r  accounted f o r .  

The work repor ted  here  is a follow-up of the  
s tudy by WAW. However because no GOES s u r f a c e  
temperature  a rch ive  is a v a i l a b l e  a t  present ,  i t  is 
necessary to draw upon a l t e r n a t i v e  d a t a  sources  t o  
provide t h e  information needed t o  s e p a r a t e  t h e  soil 
moisture  s i g n a l  from i n t e r f e r i n g  e f f e c t s  on s u r f a c e  
temperature. In t h i s  s tudy ,  independent d a t a  on 
r e l a t i v e  vege ta t ion  biomass, geos t rophic  wind speed 
and aur face  dewpoint are incorpora ted  i n t o  a 
s t a t i s t i c a l  r e l a t i o n s h i p  between observed s u r f a c e  
temperature  and antecedent  p r e c i p i t a t i o n  index 
(API) f o r  a s i x  day case in J u l y  1978 over  Kansas 
and Nebraska. The fol lowing s e c t i o n  d i s c u s s e s  t h e  
method of a n a l y s i s  which was chosen. Sec t ion  3 
descr ibe8  d a t a  sources  and methods of processing.  
F i n a l l y ,  r e s u l t s  of the  a n a l y s i s  are presented  and 
discussed.  

2 . 0  BACKGROUND 

S o i l  moisture  p lays  an important r o l e  i n  
inf luenc ing  t h e  d i u r n a l  march of s u r f a c e  
temperature .  Liquid water  f i l l i n g  s o i l  pores  
increases  t h e  s o i l ' s  thermal conduct iv i ty  and h e a t  
capac i ty .  More important ly ,  evapot ranspi ra t ion  of 
water  from the  s o i l  c o n t r o l s  the  p a r t i t i o n i n g  of 
a v a i l a b l e  s u r f a c e  energy between l a t e n t  and 
s e n s i b l e  h e a t .  Enhanced s o i l  moisture  r e s u l t s  i n  

g r e a t e r  evaporat ive cool ing  of t h e  s u r f a c e  and a 
subsequent decrease in t h e  s e n s i b l e  h e a t  a v a i l a b l e  
f o r  d i s t r i b u t i o n  t o  the  atmosphere. One should 
expect the  e f f e c t  of s o i l  moisture  t o  be most 
apparent  i n  the morning when surf  ace  temperatures 
are changing most rap id ly  i n  concert  w i t h  t h e  r a p i d  
warming of a s t i l l  shallow boundary l a y e r .  I n  the 
a f te rnoon t h e  boundary l a y e r  is deeper ,  t h e  
s e n s i b l e  heat  is d i s t r i b u t e d  through a g r e a t e r  
depth and t h e  s u r f a c e  temperature  changes only 
slowly. A t  n i g h t ,  s u r f a c e  evaporat ion ueual ly  
becomes n e g l i g i b l e  o r  s u r f a c e  condensation may 
occur  and t h e  e f f e c t  of s o i l  moisture on the  
s u r f a c e  temperature  becomes n e g l i g i b l e .  

The s tcong r e l a t i o n s h i p  between soil moisture  
and t h e  s u r f a c e  temperature progression during t h e  
morning was confirmed by Carlson and Boland (1978) 
and WAW. I n  t h e  l a t t e r  'study, i t  was concluded 
t h a t  t h e  midlnorning temperature s lope ,  dTs/dS 
where Ts i e  s u r f a c e  teqrperature and S i s  the 
absorbed s o l a r  r a d i a t i o n ,  IS e s p e c i a l l y  s e n s i t i v e  
t o  s o i l  moisture .  However they found t h a t  t h i s  
parameter is also a t rongly  a f f e c t e d  by wind speed, 
vege ta t ion  biomass, and roughness length ,  and t o  a 
lesser e x t e n t  by a number of o t h e r  s u r f a c e  and 
atmospheric parameters which were subsequently 
neglec ted  i n  t h e i r  a n a l y s i s .  To i s o l a t e  the  s o i l  
moisture  information i n  t h e  sur face  temperature 
s i g n a l ,  one must o b t a i n  an independent measurement 
f o r  each parameter which a f f e c t s  sur face  
temperature. A s  mentioned, t h e  GOES parameter 
dT,/dS was found t o  be opt imal ly  s e n s i t i v e  t o  
soil moisture .  A s i m i l a r  parameter, t h e  s lope 
change a t  s u n r i s e ,  d2Ts/dt2, wa8 shown t o  
respond most s t r o n g l y  t o  wind speed. To remove the  
i n t e r f e r e n c e  from vegeta t ion  biomass and roughness 
a s  wel l  as v a r i a t i o n s  i n  near-surfece s o i l  
c h a r a c t e r i s t i c s ,  a procedure was proposed i n  which 
t h e  GOES measurements are normalized by re ference  
value6 obta ined  a t  known wind speed and s o i l  
mois ture ,  y i e l d i n g :  

Least  squares  f i t  techniques were employed on 
a model generated d a t a  s e t  t o  c h a r a c t e r i z e  both A 
and B a s  func t ions  of s o i l  moisture  and geos t rophic  
wind speed, Thus, one can e l i m i n a t e  geos t rophic  
wind speed from t h e  ensuing set of t w o  equat ions 
and so lve  f o r  s o i l  moisture .  This  approach was 
found t o  be s u b j e c t  t o  t h e  least  e r r o r  f o r  
r e l a t i v e l y  dry s o i l  condi t ions  w i t h  eparce 
vege ta t ion .  

To become o p e r a t i o n a l  t h e  technique propoeed 
by WAW r e q u i r e s  an ex tens ive  l i b r a r y  of r e f e r e n c e  
va lues  t o  normalize t h e  GOES observa t ions .  Apart 
from the  d i f f i c u l t y  i n  producing such a ref  rence 
l i b r a r y ,  one m u s t  a l s o  consider  t h e  loa t of 
accuracy introduced i n t o  t h e  procedure by 
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measurement e r r o r e  i n  t h e  re ference  va lues .  I n  
p lace  of t h e  above normalizing procedure, t h i s  
paper explores  the  a p p l i c a t i o n  of m u l t i p l e  l i n e a r  
r e g r e s s i o n  t o  deduce r e l a t i o n s h i p s  between the  GOES 
temperature  s lope  (dT8/dS> and o t h e r  
measurements not obtained from GOES. For wind, an 
k gj,& computation of t h e  sur face  geos t rophic  wind 
speed is used. Vegetat ion cover is measured using 
a s a t e l l i t e  der ived green l e a f  biomass index 
obtained from two channels on TIROS-N. Both of 
these  der ived  parameters have the  advantage of 
continuous coverage over the  sur face ,  but s u f f e r  
the  disadvantage of an u n c e r t a i n  physical  
r e l a t i o n s h i p  with the  s u r f s c e  temperature. This  
n e c e s s i t a t e s  f o r  a s t a t i s t i c a l ,  r a t h e r  .than a more 
phys ica l  a lgori thm t o  i n f e r  s o i l  moisture .  
Procedures f o r  ob ta in ing  these  d a t a  a r e  descr ibed 
i n  the  next  s e c t i o n .  When GOES-IR imagery is  used 
t o  d e r i v e  dTs/dS one must a l s o  consider  
absorp t ion  of s o l a r  and t e r r e s t r i a l  r a d i a t i o n  by 
t h e  atmosphere. Therefore ,  to  e x t r a c t  s o i l  
moisture  information from t h e  GOES imagery, 
dTs/dS must be ad jus ted  t o  account f o r  
i n t e r f e r e n c e  from atmospheric moisture  as w e l l  as 
wind speed and biomass. 

independent 

Given an adequate s e t  of measurements of the  
d e s i r e d  v a r i a b l e s ,  and assuming a l l  t h e  parameters 
a f f e c t i n g  the  s u r f a c e  temperature s lope  a c t  
independently of each o t h e r ,  a two s t e p  regress ion  
scheme can be implemented t o  es t imate  s o i l  
moisture .  The two s t e p  procedure is  ind ica ted  
s i n c e  the  goal  is t o  es t imate  s o i l  moisture, whi le  
t h e  phys ica l  cause-and-effect r e l a t i o n s h i p  is 
between the  morning s lope  parameter and a l l  o t h e r  
v a r i a b l e s  inc luding  s o i l  moisture:  

1. Generate a regress ion  equat ion  t o  
diagnose the s u r f a c e  temperature s lope  
parameter which accounts f o r  t h e  e f f e c t s  of 
a l l  the  p e r t i n e n t  v a r i a b l e s  except s o i l  
moisture .  This  produces an equat ion of the 
form: 

(dTs/dS)' - bo + C bi Ki (1) 

The observed s c a t t e r  about t h i s  regreas ion  
l i n e  is then i d e a l l y  only a func t ion  of s o i l  
moisture .  C o e f f i c i e n t s  Ki r epresent  
func t ions  of geos t rophic  wind speed, biomass, 
and atmospheric moisture  and bi a r e  
regress ion  c o e f f i c i e n t s .  

2. Regress the  r e s i d u a l s  of the  
temperature  s lope  ( t h e  d i f f e r e n c e  between the  
observed temperature  e lope and t h a t  computed 
by eq. (1 ) )  a g a i n s t  s o i l  moisture  y i e l d i n g :  

m - co + c1 IdTs/dS - (dTB/dS)'l ( 2 )  

where m is a func t ion  of s o i l  moisture  which 
is  l i n e a r l y  r e l a t e d  t o  temperature  s lope ,  and 
co and c1 a r e  regress ion  c o e f f i c i e n t s .  

Assuming t h e  regress ion  c o e f f i c i e n t s  are s t a b l e ,  
s o i l  moisture  can be determined a t  any l o c a t i o n  by 
observing Ki,  and dT,/dS and so lv ing  eqs.  
and ( 2 )  i n  succession.  

( 1 )  

3.0 DATA ACQUISITION AND PROCESSING 

Observat ions of re levant  parameters from 
southeas te rn  Nebraska and Eas te rn  Kansas spanning a 

s i x  day per iod ( Ju ly  24 t o  J u l y  29, 1978) were 
incorpora ted  i n t o  a case study d a t a  base. This  
case provided severa l  advantages f o r  e x t r a c t i n g  
s t a t i s t i c a l  r e l a t i o n s h i p s  wi th  genera l  
a p p l i c a b i l i t y .  The per iod was p r e c i p i t a t i o n - f r e e  
and l a r g e l y  cloud-free,  and t h e  study area  
contained a wide range of s o i l  moisture  and 
vegeta t ion  cover. On the  o t h e r  hand, t h e r e  is an 
inherent  disadvantage when e x t r a c t i n g  s t a t i s t i c a l  
r e l a t i o n s h i p s  from observa t ions  c o l l e c t e d  over 
coneecut ive days. S t a t i s t i c a l  theory r e q u i r e s  
success ive  observa t ions  t o  be independent. Since 
meteorological  parameters t y p i c a l l y  occur  i n  
temporal regimes, i t  is  d i f f i c u l t  t o  s a t i s f y  t h e  
independent sampling r e q u i s i t e  when c o l l e c t i n g  d a t a  
a t  f i x e d  l o c a t i o n s  over success ive  days. 

The synopt ic  meteorology of t h i s  case was 
dominated by a progression of dry f r o n t a l  zones 
t r a v e r s i n g  t h e  region on J u l y  26 and J u l y  2 9 .  Data 
from J u l y  26 were not  included i n  the  regress ion  
analyses  s i n c e  low-level advect ion of r e l a t i v e l y  
cool and dry a i r  assoc ia ted  w i t h  the  f r o n t a l  
passage had a s u b s t a n t i a l  impact on dTs/dS. 
temperature  s lope was der ived from d i f f e r e n c e s  i n  
images severa l  hours a p a r t  and the  e f f e c t s  of 
r a p i d l y  changing meteorological  condi t ions  on 
dT,/dS are d i f f i c u l t  t o  a s s e s s .  
t h a t  cold advect ion s i g n i f i c a n t l y  a f f e c t e d  the  
morning s u r f a c e  temperature changes. 

The 

Also,  WAW showed 

The d a t a  base cons is ted  of v a r i a b l e s  
represent ing  temperature  d i f f e r e n t i a l  (dTs), s o i l  
mois ture ,  water vapor, wind speed, and biomass. To 
permit  regress ion  ana lyses ,  a l l  observa t ions  were 
i n t e r p o l a t e d  and analyzed a t  approximately 250 N O M  
c l imato logica l  network raingauge s t a t i o n s  i n  
southeas te rn  Nebraska and t h e  e a s t e r n  two-thirds of 
Kansas. The processing t o  produce each of these 
v a r i a b l e s  i s  descr ibed below. 

I n f r a r e d  and v i s i b l e  GOES d a t a  were processed 
on t h e  Atmospheric and Oceanographic Information 
Processing Syetem (AOIPS) a t  the Goddard Space 
F l i g h t  Center. F u l l  r e s o l u t i o n  d i g i t a l  d a t a  were 
obtained f o r  t h e  study a r e a  on each day. These 
images were e a r t h  l o c a t e d  using a s o p h i s t i c a t e d  
naviga t ion  package. The r e s u l t i n g  d a t a  are loca ted  
t o  w i t h i n  10 lan everywhere on the  image. Among t h e  
u t i l i t i e s  a v a i l a b l e  on AOIPS is a s u b t r a c t i o n  
r o u t i n e  which was ueed t o  compute the sur face  
temperature  d i f f e r e n t i a l  f o r  c loud-free a reas .  
Clouds were i d e n t i f i e d  on the  I R  images by 
over lay ing  concurrent  v i s i b l e  images and by 
" s l i c i n g  o f f "  the  co ldes t  temperatures on the  
infra-red image. Wetgel and A t l a s  (1983) repor ted  
t h a t  sur face  temperature  remains near ly  a l i n e a r  
f u n c t i o n  of time f o r  much of the  morning. This  
allowed some freedom i n  s e l e c t i n g  image p a i r s  f o r  
s u b t r a c t i o n .  AOIPS was u t i l i e e d  t o  c r e a t e  s e v e r a l  
s u b t r a c t e d  images f o r  each day of t h e  case  s tudy.  
The work below used t h e  average of br ightness  
temperatures  from two two-hour d i f f e r e n c e s  
(1000-0800 and 1030-0830 l o c a l  t ime) .  Maps of t h e  
1000-0800 d i f f e r e n c e s  f o r  t h i s  case a r e  presented 
i n  Wetzel and A t l a s  (1983). 

Since t h e  atmospheric water  vapor 
d i s t r i b u t i o n ,  s u r f a c e  albedo and t h e  sun-surface 
geometry were a l l  r e l a t i v e l y  cons tan t  during t h e  
s tudy per iod ,  t h e  s o l a r  i n s o l a t i o n  d i f f e r e n t i a l  
(dS) was assumed t o  be constant .  Thus t h e  sur face  
temperature  d i f f e r e n t i a l  was ueed without  f u r t h e r  
processing t o  i n f e r  s o i l  moisture. 



A measure of s o i l  moisture  "ground t r u t h "  was 
requi red  t o  assess the  d i a g n o s t i c  usefu lness  of the  
temperature  s lope .  The Antecedent P r e c i p i t a t i o n  
Index i s  perhaps t h e  b e s t  es t imate  of a r e a  average 
s o i l  moisture  a v a i l a b l e  on a reg iona l  s c a l e  
(Blanchard e t .  a l .  1981; Choudhury and 
Blanchard, 1983). API may be def ined a s :  

(ApI)i = Pi + k(f l I ) i - I  ( 3 )  

where k i s  a seasonal ly  dependent deple t ion  
c o e f f i c i e n t  and P is the  p r e c i p i t a t i o n  on day i. 
Daily p r e c i p i t a t i o n  t o t a l s  f o r  t h e  case study were 
obtained from t h e  NOAA c l imato logica l  network 
raingauge s t a t i o n s .  The API was computed beginning 
on June 1 wi th  an i n i t i a l  value assumed t o  be zero  
everywhere. The recess ion  c o e f f i c i e n t  k was set a t  
0.939 i n  June and 0.92 i n  J u l y  Although t h e  s o i l  
was considered s a t u r a t e d  a t  an API va lue  of 10 cm, 
API was allowed t o  accrue t o  12.5 cm. I f  
a d d i t i o n a l  p r e c i p i t a t i o n  r e s u l t e d  i n  API exceeding 
12.5 cm, it was assumed t o  run o f f ,  and t h e  API 
r e t a i n e d  a va lue  of 12.5. 

To account f o r  the  e f f e c t s  of atmospheric 
moisture  on i n f r a r e d  br ightness  temperatures , t h e  
s u r f a c e  dewpoint temperature was incorporated a s  a 
v a r i a b l e  i n  t h e  regress ion .  Surface dewpoint has 
been shown t o  be r e l a t e d  t o  v e r t i c a l l y  i n t e g r a t e d  
water  vapor (Smith, 1966). This approximation is 
i n  l i e u  of a d i r e c t  s u r f a c e  temperature  c o r r e c t i o n ,  
c u r r e n t l y  under development, which uses  sounding 
d a t a  t o  a d j u s t  l o n g r a v e  t ransmi t tances .  Dewpoints 
were i n t e r p o l a t e d  t o  rainguage l o c a t i o n s  using a 
s u b j e c t i v e  a n a l y s i s  of the  sur face  c h a r t s .  

The r e g r e s s  ion  analyses  requi red  averaged o r  
smoothed measurements of wind speed t o  i n t e r f a c e  
w i t h  the  r e s o l u t i o n  of temperature  s l o p e  
measurements, Standard observa t ions  of sur face  
wind speeds are d i f f i c u l t  t o  average s p a t i a l l y  and 
a r e  o f t e n  s u b j e c t  t o  l o c a l i z e d  measurement e r r o r s  
from o b s t a c l e s  o r  t e r r a i n .  Hence, s u r f a c e  
geos t rophic  wind speeds (V ) were computed from 
s u b j e c t i v e l y  analyzed s u r f i c e  pressure  f i e l d s .  
This  method produced smoothed es t imates  of a wind 
speed parameter from r o u t i n e l y  analyzed d a t a .  For 
o p e r a t i o n a l  de te rmina t ion  of s o i l  mois ture ,  Vg can 
a l s o  be es t imated  from model output  i n  d a t a  sparce 
reg ions .  

F i n a l l y ,  vegetaion biomass (Bm) was es t imated  
from Tiros-N AVHRR d a t a  taken i n  J u l y  1982 over the  
s tudy a r e a .  The procedure, developed by Tucker 
(19791, combines v i s i b l e  and near - inf ra red  channel 
rad iances  t o  produce a "greenness index" which is 
q u a l i t a t i v e l y  r e l a t e d  t o  green l e a f  biomass o r  l e a f  
a r e a  index. Values of t h i s  index were smoothed 
us ing  a one degree l a t i t u d e  and longi tude  b i v a r i a t e  
normal smoothing f u n c t i o n ,  and were then manually 
en tered  i n t o  the  d a t a  set a t  each raingauge si te.  

4.0 STATISTICAL ANALYSES 

S t a t i s t i c s  were generated from t h e  previous ly  
descr ibed  d a t a  s e t  c o n s i s t i n g  of 820 observa t ions  
of s o i l  mois ture ,  temperature  s lope ,  geos t rophic  
wind speed, dewpoint and v e g e t a t i o n  biomass. The 
parameters were analyzed a t  t h e  coord ina tes  of t h e  
r a i n  gauge s i t e s  f o r  each day of t h e  case s tudy 
per iod .  S o i l  moisture  was represented  by the  
square of t h e  s o i l  moisture  d e f i c i t  which i s  
descr ibed  below. Temperature s lopes  were 

c a l c u l a t e d  by averaging br ightness  temperatures 
from two two-hour d i f f e r e n c e  images. This averaged 
temperature  s lope  exhib i ted  l e s s  s c a t t e r  and 
somewhat s t r o n g e r  c o r r e l a t i o n  w i t h  API than e i t h e r  
of t h e  ind iv idua l  two-hour d i f f e r e n c e s  taken 
s e p a r a t e l y .  A l l  s t a t i s t i c s  discussed below were 
generated us ing  t h e  S t a t i s t i c s  Analysis System 
(SAS) on an I B M  370/3081 a t  the  Goddard Space 
F l i g h t  Center. 

The regress ion  scheme represented by eqs. ( 1 )  
and ( 2 )  r e q u i r e s  a l l  v a r i a b l e s  to  be l i n e a r l y  
r e l a t e d  t o  temperature  s lope.  WAW show t h a t  
temperature s lope  i s  a l i n e a r  func t ion  o f ' t h e  
square of the  moisture  d e f i c i t :  

2 
m = (1 - W/WJ 

where W i s  t h e  bulk r o o t  zone s o i l  moisture  content  
and 
10 cm). Values of m were computed a t  raingauge 
s i tes  by assuming API t o  be r e l a t e d  t o  s o i l  
moisture  as  fol lows : 

Ws i s  s a t u r a t i o n  va lue  of W ( s p e c i f i e d  t o  be 

APT. = 0.94W + 0.06Ws 
This  r e p r e s e n t a t i o n  accounts f o r  the  moisture  
r e t a i n e d  by t h e  s o i l  a t  the  w i l t i n g  poin t  ( i . e .  
t h a t  which i s  unavai lab le  f o r  e v a p o r t r a n s p i r a t i o n ) .  
The r e s u l t  is  an expression f o r  m i n  terms of API: 

m = ( 1  - {(MI - 0.06Ws)/0.94Ws112 (41 

To remove g r o s s  i r r e g u l a r i t i e s ,  m was mapped and 
s u b j e c t i v e l y  smoothed f o r  each day of the  case 
s tudy.  

Fig.  1 is a scatter diagram of m as a 
func t ion  of temperature s lope alone,  with an 
acompanying r e g r e s s i o n  l i n e .  Although the  apparent 
s c a t t e r  i s  l a r g e ,  t h e  genera l  t rend  of the 
r e l a t i o n s h i p  appears l i n e a r  and is i n  agreement 
wi th  modelling r e s u l t s .  A s i g n i f i c a n t  p a r t  of t h e  
s c a t t e r  i n  t h i s  p l o t  is caused by v a r i a t i o n s  i n  
wind , 
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Table 1. C o r r e l a t i o n s  of i n d i v i d u a l  observed 
parameters t o  temperature  e lope  
der ived from t h e  e n t i r e  case s tudy 
(N-820). 

Variab le  C o r r e l a t i o n  C o e f f i c i e n t  

V 0.09 

-0.51 
0.51 Td m 

Bm 0.52 
smoothed m 0.59 

16 vg 0.10 

which a l s o  inf luence  temperature  s lope.  I n  s p i t e  
of the  l a r g e  s c a t t e r ,  an a n a l y s i s  of var iance  test 
v e r i f  i e e  t h a t  t h e  regress ion  l i n e  is s i g n i f  i c a n t  a t  
the  99% confidence l e v e l .  

Figs. 2 and 3 show temperature  s lope p l o t t e d  
as func t ions  of vege ta t ion  biomass index and 
s u r f a c e  dewpoint, r e s p e c t i v e l y .  The biomass index 
has an inverse  r e l a t i o n s h i p  t o  vege ta t ion  biomass 
measured i n  mass per  u n i t  a rea .  As in  Fig. 1, t h e  
r e g r e s s i o n  l i n e s  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  
the  99% confidence l e v e l .  The genera l  t rend  i n  
t h e s e  r e l a t i o n s h i p s  a r e  once again l i n e a r  and t h e  
scatter in  both p l o t s  a r e  t o  some degree a r e s u l t  
of v a r i a t i o n s  i n  o t h e r  parameters. The elopes of 
t h e  regress ion  l i n e s  a r e  a l s o  phys ica l ly  real is t ic  
and i n  agreement w i t h  modelling tests. 

Table 1 l is ts  c o r r e l a t i o n  c o e f f i c i e n t s  of 
temperature  s lope  t o  each of t h e  parameters 
ob ta ined  from t h e  e n t i r e  case study per iod.  The 
c o r r e l a t i o n  of logari thm of geos t rophic  wind speed 
t o  temperature  s lope  is a l s o  presented i n  t h i s  
t a b l e  s i n c e  modelling t e s t e  suggest  such a 
r e l a t i o n s h i p  ( s e e  WAW). However, c o r r e l a t i o n s  
involving geos t rophic  wind speed are not  
s i g n i f i c a n t  and have a p o s i t i v e  c o r r e l a t i o n  whereas 
t h e  modelling s t u d i e s  and physical  reasoning 
i n d i c a t e  a negat ive  c o r r e l a t i o n .  Table 1 a l s o  
shows the  improvement i n  the  c o r r e l a t i o n  of m t o  
temperature  e lope a f t e r  m is smoothed. 

Table 2 presents  r e s u l t s  of the  m u l t i p l e  
l i n e a r  regress ion  a n a l y s i s  using eq. (1) compiled 
from a l l  the  case s tudy observa t ions .  Note t h a t  
there is  l i t t l e  change i n  regress ion  c o e f f i c i e n t s  
and t o t a l  c o r r e l a t i o n  when geos t rophic  wind speed 
i s  omit ted from the  a n a l y s i s .  P a r t i a l  c o r r e l a t i o n s  
which preclude i n t e r f e r e n c e  from o t h e r  v a r i a b l e s  
a l s o  show t h e  r e l a t i v e  unimportance of geos t rophic  
wind speed a s  a p r e d i c t o r  of temperature  s lope  f o r  
t h i s  case.  However, modelling t e s t e  suggest 8 
s t r o n g  r e l a t i o n  between these  two parameters. This  
inconeis tancy may be a r e s u l t  of t h e  coarseness  of 
t h e  geos t rophic  wind speed a n a l y s i s  or  t h e  l a c k  of 
adequate v a r i a b l i t y  i n  wind speed through t h e  case 
study per iod . 

Regression ana lyses  of eq. ( 2 )  w i t h  and 
wi thout  geos t rophic  wind speed a r e  presented i n  
Table 3. I n c l u s i o n  of geos t rophic  wind speed 
changes the  regress ion  coeff i c i e n t e  s l i g h t l y  and 

Table  2. Mult ip le  l i n e a r  r e g r e s s i o n  of e q r  (1) 
w i t h  I n  V (a)and without  I n  V (b)  
included %s an independent v a r f a b l e  
(N-820). 

Bm s lope  0.0079 0.0083 
par t ia l  r 0.35 0.37 

T s l o p e  -0.144 -0.139 
pdartiel r -0.36 -0.36 

I n  V s l o p e  0.25 ---- p a r t f a 1  r 0.09 

I n t e r c e f t  10.85 10.89 
t o t a l  R 0.36 0.36 
I__- 
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Table 3. Mult ip le  l i n e a r  regress ion  of eq. (2) 
with I n  V ( a )  and without  I n  V (b)  
included I n  de te rmina t ion  of dT:'. 

(dTs-dTs') s l o p e  0.1913 0.1886 

I n t e r c e p t  0.5399 0.5403 

T o t a l  R 

( a )  ( b )  

0.50 0.49 2 

6 -  
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2 .  
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-4  
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only m r g i n a l l y  improves t'he r e g r e s s i o n  f i t .  In 
s p i t e  of t h i s ,  one should expect wind speeds t o  
i n c r e a s e  v e r t i c a l  mixing and t o  damp the 
temperature  f l u c t u a t i o n s  a t  t h e  sur face .  It is 
suspected t h a t  a broader  d a t a  set would support  
t h i s  hypothesis .  Therefore  i n  a l l  the  fol lowing 
ana lyses  t h e  geos t rophic  wind speed i s  r e t a i n e d  a s  
a v a r i a b l e .  

Fig. 4 shows m p l o t t e d  as a func t ion  of t h e  
r e s i d u a l  of t h e  temperature  s lope.  This p l o t  
i l l u s t r a t e s  t h e  improvement i n  f i t  t h a t  is obtained 
by using t h e  r e s i d u a l  of t h e  temperature  s lope  
r a t h e r  than simply t h e  temperature  s lope  ( c f .  Fig. 
1). 

Observat ions from an independent d a t a  per iod  
were not a v a i l a b l e  f o r  t e s t i n g  t h e  regress ion  
scheme. Therefore ,  independent t e s t i n g  of t h e  
scheme was accomplished by s e q u e n t i a l l y  excluding 
one day a t  a t i m e  from t h e  f i v e  day case s tudy 
per iod  . The regress ion  c o e f f i c i e n t s  were 
determined from the  remaining f o u r  days and t e s t e d  
a g a i n s t  data from t h e  excluded day. Thie 
e f f e c t i v e l y  produces f i v e  independent t e s t s  of t h e  
r e g r e s s i o n  scheme. 

The c o e f f i c i e n t s  f o r  the  f i v e  per iods are 
presented  i n  Tables 4 and 5. Table 4 shows 
m u l t i p l e  l i n e a r  r e g r e s s i o n  of eq. (1) f o r  t h e  f i v e  
per iods  each with one day of the  case study 
excluded. The nost notab le  aspec t  of t h i s  a n a l y s i s  
is  t h e  l a c k  of s t a b i l i t y  i n  the s lope  a s s o c i a t e d  
w i t h  the  logari thm of geos t rophic  wind speed. 
Table 5 p r e s e n t s  a n a l y s i s  of eq. ( 2 )  f o r  the  same 
per iods .  The r e g r e s s i o n  c o e f f i c i e n t s  are 
r e l a t i v e l y  s t a b l e  wi th  both t h e  i n t e r c e p t s  and t h e  
s l o p e s  varying w i t h i n  a narrow range. 

Table  6 t a b u l a t e s  the r e s u l t s  of a t e s t  i n  
which m (observed)  was regressed  a g a i n s t  m' 
( p r e d i c t e d )  f o r  each ind iv idua l  day of  t h e  case 
s tudy.  Values of m' were obta ined  from t h e  
r e g r e s s i o n s  l i s t e d  i n  Tables 4 and 5. The 
c o r r e l a t i o n s  between m and rn' are s i g n i f i c a n t  a t  
t h e  99% conf ide  ce l e v e l  f o r  each day. J u l y  28 has 
t h e  h ighes t  R (0.65) and t h e  bes t  one-to-one 
correspondence between m and m' as evidenced by t h e  
s lope  (1.070) and i n t e r c e p t  (0.05779). This day 
a l s o  had t h e  least  amount of cloud cover. J u l y  29 
had t h e  worst  f i t  between m and m' and a l s o  t h e  
most cloud cover .  On t h i s  day clouds obscured much 
of t h e  a r e a  w i t h  the wettest s o i l  thus  prevent ing 
an adequate range of values .  I n  g e n e r a l ,  t h e  
r e s u l t s  presented  i n  Table 6 i n d i c a t e  t h a t  s o i l  
mois ture  can be e x t r a c t e d  w i t h  some degree of 
prec is ion .  However, t h e  d a t a  may not  be t o t a l l y  
independent s i n c e  t h e  observa t ions  were coLLecred 
over  success ive  days. 
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( R e g h u b i o n  f i n e :  

Table 4. Mult ip le  l i n e a r  regress ion  of eq. ( 1 )  
a f t e r  excluding observa t ions  from one 
day of t h e  case study. 

Excluded 24 25 27 28 29 
d a t e  

Brn s l o p e  0,0078 0.0060 0.0068 0.0083 0.0091 
Td s l o p e  
In V 0.241 0.127 0.506 0.571 -0.0786 

I n t e r c e e t  11.72 17.00 7.334 11.01 10.05 
Tota l  R 0.45 0.38 0.25 0.39 0.40 
N 694 637 621 618 710 

-0.154 -0.226 -0.090 -0.160 -0.132 

s lose 

Table 5. Linear  r e g r e s s i o n  of eq. (2) a f t e r  
excluding observa t ions  from one day 
of t h e  case s tudy.  

Excluded 24 25 27 28 29 
d a t e  

(dTs-dTs') 0.199 0.187 0.196 0.186 0.192 
s l o p e  

Interce t 0.572 0.551 0,547 0.540 0.498 
T o t a l  R 
N 694 637 621 618 710 

0.47 0.53 0.56 0.46 0.46 9 

Table 6. Linear  regress ion  comparing m'  
( p r e d i c t e d )  and m (observed)  fqx 
each day of case study.  

Tested 24 25 27 28 29 
d a t e  

m' slope 1,063 1.406 0.8588 1.070 0.36Q9 
I n t e r c e p t  0.0666 -0.482 -0.0166 0.00578 0.554 
T o t a l  R 0.54 0.56 0.37 0.65 0.26 
N 126 183 199 202 110 
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Phs. 5 and 6 are subjec t ive ly  analyred maps 
from July 28 of observed and predicted API, 
respectively.  Predicted values of API were 
Calculated from regressions t h a t  excluded J u l y  28 
(Tables 4 and 5 ) .  The f igures  exh ib i t  good 
agreement of fea tures  l a rge r  than one degree of 
l a t i t u d e  and longitude; r e l a t i v e  maxima and minima 
of API are located i n  the name general  regions. 
b e v e r  mall scale fea tu res  show rmuch less 
agreement. Carlson & & (1984) found a s imi l a r  
Pa t te rn  of agreement between predicted moisture 
a v a i l a b i l i t y  and API. The l ack  of agreement f o r  
Small  s ca l e  f ea tu res  is expected s ince  the observed 
API pap represents  p i n t  measurements during the  
convective rainfall season when p rec ip i t a t ion  can 
be highly va r i ab le  over shor t  distances;  On the  
o ther  hand, predicted API were derived from 
var iab les  of lower h o r k o n t a l  resolution. 

5.0 WMIILBY CONCLUSIONS 

Data from Kansas and Nebraska co l lec ted  during 
a f i v e  day case study in Ju ly  1978 are Msimi la ted  
h t o  a case study da ta  set t o  ex t r ac t  s t a t i s t i c a l  
r e l a t ionsh ips  t h a t  i n f e r  s o i l  moisture. The da ta  
s e t  includes the  morning temperature change, dT , 
derived f r o m  GOBS in f ra red  images, a soil moisture 
var iab le  derived from raingauge da ta ,  a satell i te 
derived vegetation biomass index, and the  observed 
Surface dewpoint and geostrophic wind speed. A l l  
data were analyzed a t  the coordinates of raingauge 
Si tes .  These data a re  se lec ted  on the bas i s  of the 
modelling s tud ie s  of WAW. Surface dewpoints a r e  
included t o  cor rec t  f o r  the in te r fe rence  of 
atmospheric moisture to  t e r r e s t r i a l  rad ia t ion .  

A two-step regression procedure is  devised 
Which f i r s t  ad jus t s  dT 
Parameters except so i f  moisture. The res idua ls  
obtained from t h i s  regression a re  then regressed 
against  eo i l  moisture. The var iab les  chosen a re  
ahown t o  have a l i nea r  re la t ionship  to dTs. 

r e l a t ed ,  geveral reasons can be forwarded f o r  t h i s  
lack of agreement. The da ta  a re  not t ru ly  
independent s ince  they were obtained over 
Succeseive days. Also the coarseness of the V 
analysis and the lack  of v a r i a b i l i t y  in  V 

f o r  in te r fe rence  from a l l  

V and dT, a r e  found t o  be poorly 

have obscured the re la t ionship .  g 

The regression procedure is  tes ted  by 
excluding one day of da ta ,  developing the 
regre8,sions from the remaining four  days, and 
t e s t ing  the regressions on the excluded day. With 
the exception of the slopes associated with V , 
the regression coeff i c i e n t s  exhib i t  some e t a b i l f t y  . 
The tests ind ica te  tha t  the regressions diagnoee 
Soil  moisture with s t a t i s t i c a l l y  s ign i f  i can t  
Precision. Maps of predicted API f o r  Ju ly  28 show 
tha t  l a rge  sca l e  pa t te rns  of s o i l  moisture a r e  
represented wel l  by the regression procedure. 

Further t e s t i n g  of the regression procedure on 
independant da ta  periods a r e  required to  insure  
general appl ica t ion  of the technique and r e f i n e  the 
regression coeff i c i en t s .  This is  espec ia l ly  t r u e  
f o r  geostrophic wind. It is  a l so  expected t h a t  a 
technique t o  e x p l i c i t l y  cor rec t  in f ra red  surface 
@nissions fo r  v e r t i c a l l y  in tegra ted  atmospheric 
moisture w i l l  improve the r e s u l t .  

Fig. 5. Subjective ad i jb . i6  06 ohmtved APT don. 
&e cade b&l& on J d y  28, 1978.  

6 / 

F i g .  6. Subjective a n d y b r b  o d  phedicted API foh  
& caAe b t u d y  mea on J d y  28, 1 9 7 8 .  
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c .  5 

VERTICAL DISPLACEMENTS O P * W  

DERIVED FROM THE VISSR ATMOSPHERIC SOUNDER (VAS)16.7 iim CHANNEL 
MID-TROPOSPHERIC WATER VAPOR BOUNDARY IN~~THE TROPICS -, 

John Stout  and Joseph Sterankac 
General Software Cotpocation 

Landover, Maryland 20785 

Ralp,h A. Petersen  
NA&Ggddard Space F l i g h t  Center 

Greenbel t ,  Maryland 20771 

1. INTRODUCTION . 
- 

Vertical mosiona in tbe 'atmos h e r e .  
are d i f f i c u l t  t o  measure- dire 'c t l? .  
tlie'most commonly used b t h o d e ,  t h e  omega 
equat ion  and ' the kinema'tic and a d i a b a t i c  
methods,, are i n a i r e c t .  Over t h e  t r o p i c a l  
odeans, however, evenpthese techniques a r e  
hdmpered by insuff iL ' ient  measurements of 
p teseure ,  wind or temperature. 

P Consequently 

.- -_ .I V k r t b a l  wfim ~ ~ t t e r o ~  o.yer,- I - 
t r o p i c a l  oceans have been i n f e r r e d  using a 
v a r i e t y  of techniques. Downward motions have 
been implied f f o h : t h e  supprees ibn  of Uaw-level 
clouds observed by satellite ( SKenk an 
Rodgers, 1978). Schoeberl and Krueger 
es t imated  v e r t i c a l  motion neam&e tropopause 

communication)). Rodgers, et. &. (1976) found 

chatigde 'of; thie a l t i t u d e  t o  i n f e r ,  p8fSer;ne ,qf. 
i i i i r ig -and  sinltrirg.' 

2. METHOD 

2.1 Soncept  

af t h e  watatil vapor (upper, boundary1 are I deglned r 
and tha5r3wrprFelatlons a r e ,  q u a n t i f i e d ,  Phi8 ' ,  1 : 

a l l w e  th9I~Q~t3tKUCCbn of topbgraphfcraL,mapsbof.. 
the,  preeeWe I o f  theorwaterifvapor ypper bound+ry*3 
Changes t h e  I be;Cgbt oft: the- watew vapor upper, 
boundary are then, moaicored i ovet tp .f iltedr .( (,I 2 L~ 
geographical  area by not ing  observed sate i l i t e  
temperature  and radiance decreases  o r  increases .  
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2.2 Relationship of the brightness 
temperature to the altitude of the 
water vapor upper boundary. 

In order to define the relationship 
which exists between the radiance of the 6.7 pm 
channel and the pressure of the water vapor 
upper boundary, we define a pressure P and 
precipitable water depth d as: d. is the amount 
of precipitable water above P. A depth d, of 
1.0 mm, for example will have a high pressure 
when the water vapor upper boundary is at a low 
altitude and vice-versa. 
a distribution of pressure levels P. 
Calculations of P as a function of d are shown 
in Fig. 1 for the saturated and the dry mean 
tropical atmosphere (Jordan, 1958) and the mean 
of 100 clear air soundings in thebGulf of Mexico 
and the Caribbean during September, 1982. The 
moister the atmosphere, the higher the water 
vapor is found. 

Each depth d will have 

Correlations between P and the 
brightness temperature T* (measured within 
100 km of the sounding site) were determined for 
the full range of possible water vapor boundary 
depths at the 100 observation sites (Fig. 2). 
Since the correlation (0.70) is highest at d = 
1.0 mm, T* can be considered as a measure of 
the pressure of' the first 1 .O mm of precipitable . 
water. However, since the maximum is broad, any 
d between 0.5 mm and 1.5 mm m y  be acceptable., 
The broad maximu@ and the strength (0.70) Qf the 
correlation support the finding of Rambnd, s. - al. (1981) that 730 European moisture soundings 
in the water vapor upper boundary were well 
approximated as vertical translations of a 
standard water vapor boundary profile. 
shows the scatter and the linear regression line 
relating T* and P at d - 1.0 mm precipitable 
water as 

Fig. 3 

-(P :I471 n&) = 11.17 mb K-lI(T -'244.,6 K) (1) 
' 1 ,  

Since radiosonde@ do not measwe these Jpw 
amounts of moisture well, q r e  awurate poistwe 
measurements might yield stronger relationships. 

d (mm) 

' Figure 1. Precipitable water depth 
d accumulated above P vs pressure P. The top 

a dewpoint depression of 30 K. 

Y 
W 

L 

coefficienq begwe 
pressure P,,,{Qr. l O Q  Caribbean soundlnga. 

of 6.7 pm water vapor data are dAscuassdyTr, I :  

Changes of T* are noted and related to the 
local change , ~ f i  ,the ,wat@u, ,wapor, gpper boundary 

* 1 :  < V ! , , < W ?  137 8 %l,  6, I f  , l  , * / ( l  & 1 

latitude and 35"-75"W longitude during September 



1982, the 5th at 1500 GMT, the 6th at 0000 and 
1500 GMT, and the 7th at 0000 GlfT, using the 
GEHPAK Barnes scheme (Koch, et. g., 1983) on 
the Atmospheric and Oceanographic Information 
Processing System (AOIPS) at Goddard Space 
Flight Center. 
average T* for areas of 0.5O latitude by 
0.5O longitude spaced at l.Oo latitude and 
longitude intervals. The results for 6 
September at 0oOO and 1500 GlfT are shown in 
Pas. 4 and 5.  
nid-tropospheric sky conditions. Regions of 
middle and high clouds were identified and 
eliminated using the 11.2 pin window channel 
measuremmts (values < 285 K were considered to 
contain middle or high level clouds). 

The analyses are based upon 

The fields reprqsent only clear 

The correlations shom above suggest 
that the T* field can provide an adequate 
representation of the topography of the water 
vapor upper boundary. For example, the boundary 
is depressed (high T*) in an elongated 
region on Pig. 4 found on the southern side of 
the major ridge on the 500 mb chart shown in 
Pig. 6. This dry streak moves to the southwest 
between the twg times, and rises (cools) slightly. 
Large falls (T 
the western end of this dry streak, along the 
southwesterly extension of the upper level ridge. 

increases) are also observed at 

Using the above derived relationship 
between T* and pressure P of the water vapor 
upper boundary, the local change of P was 
calculated from the difference of the T* 
analyses in Figs. 4 and 5. While the true 
vertical motion at this level is a complex 
function of diffusion and horizontal advection, 
the local height change shown in Fig. 7 seems to 
portray a fairly accurate first approximation of 
the vertical motion field. A maximum of 
downward displacement (positive aP/at) during 
this 15 hour period is on the leading 
(southwest) side of the dry streak, while a 
second maximum is noted farther to the west, 
associated with the T* increase along the 
ridge axis. The leading edge of the dry streak 
coincides with the dilatation axis of a col in 
the 200 mb flow, as indicated by aircraft and 
satellite winds. 
s$milarly found a dilatation axis of the 200 mb 
wind field near where T" was warm (dry). 
The maximum of downward displacement is 1.5 pb 
8-1 (3 cm 8-1); the maximum of upward 
displacement is 1 pb 8-l (2 cm 8-l). 
These values are within the range of previous 
maximum estimates of synoptic scale vertical 
motion in the tropics: 
have 3 pb 8-l for upward and downward 
motion, Reed and Recker (1971) have 
1 pb s-l for upward motion, and Holton 
(1979) has 0.3 pb 8-l for downward motion 
in dry systems. 

Shenk and Rodgers (1978) 

Yanai and Nitta (1967) 

Fig. 8 shows the section AB in 
Figs. 4, 5, and 7 throughout the period of 
study. 
downward displacement (positive aP/at) on the 
leading side of the dry etreak appear as a 
consistent feature moving southwestward along 
the section at 3-4 m 8-l throughout the 
45 hour period. 

Both the dry streak In T" and the 

40 I I I I I I '  I 

1 I I I I I I 
70 EO 60 

WEST LONQITUDE 

40 2 

Figure 4. Brightness temperature of 
the 6.7 
GMT. AB is the cross section in Fig. 8. 
Scalloped areas are missing data due to 
cloudiness. Contour intervals are 2 K. 

channel for 6 September 1982 at 0000 

4 I I 

1 I I I I J 
* O L - - L - - . l  70  60 50 40 

WEST LONOITUDE 

Figure 5. Brightness temperature of 

AB is the cross section in Fig. 8. 
the 6.7 pm channel for 6 September 1982 at 1500 
GMT. 
Scalloped area8 are miming data due to 
cloudiness. Contour intervals are 2 K. 

Figure 6. Analysis in 20 m 
intervals of the NMC 500 mb height field for 6 
September 1982 at 0000 GMT. 
section in Fig. 8. 

AB is the cross 
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4. CONCLUSIONS. 

The 6.7 urn T* has been shown 
to represent the level of the upper boundary of 
the water vapor in the tropics. 
(0.70) correlation was found between T* and 
the level of the 1.0 mu depth of precipitable 
water. Topographical maps of the water vapor 
upper boundary derived from the 8.7 urn T* 
shawed physical consistency. While the 
topographical interpretation of the 6.7 Um 
T* presented here depends on the elpall 
variability of temperature found in the tropics, 
the procedure might be adapted to the 
mid-latitudes by including temperature soundings 
in the method. 

A strong 

An approximation of the 
mid-tropospheric vertical motion was also 
obtained from the local change of the water 
vapor boundary. 
with the available nearby conventional upper-air 
data. For a more accurate vertical motion 
estimate, horizontal advection and diffusion 
should be taken into account. The vertical 
displacement rates found by this method, 
however, fall within the range of other 
estimates of vertical motion. 

These results were consistent 
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Figure 7. Analysis of the local 
change of the pressure of the water vapor upper 
boundary field for 
September 1982 from 0000 GMT to 1500 CM 
calculated from the analyses in Pigs. 4 and 5 
using the method of this paper. 
section in Fig. 8. 

the 15 hour period 6 

AB is the cross 
Scalloped areas are missing 

data due to cloudiness. Contour intervals are 
0.5 Ub 9-l. 
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Figure 8. Cross section of (a in 
Figs. 4 to 7) of T* and apiat, the local 
change of the pressure of the water vapor upper 
boundary, across the dry streak from 5 September 
1982 to 1500 C M  to 7 September 1982 at 0000 
CMT. A represents 22'N, 56'W; B represents 
31'N, 47'~. T* and apiat sections, the 
vertical coordinate increases downward. 
Scalloped areas are missing data due to 
cloudiness. 
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Q.7  

ON A SIMPLE METHOD FOR DE'PERMIUING~THE 

RELATIVE SHIFT BETWEEN THE VISIBLE AND INFRARED' 

GOES IMAGES 

A. A. TSONIS 

Atmospheric Environment S e h i e e  
4905 Duffer in  S t r e e t  

Downsview, Ontar io  M3H 5T4 
Canada 

1. JNTROQUCTIQg 

x,hergc'$pe been .many , %nndicat+oqs 
+$$Aft $ &q5?r.4gqerif?l 9 , P l N  id?ePlacerqmt , r , ,  

be'tween t h e  v i s i b l e  and i 
e x i s t s  i n  some d a t a  sets. 

red  GOES i ~ g e 4 ~ ,  
This  prablem is 

f e a t u r e s ,  small cumulus c l y d s  , 
al.,  1982). The'*,purpose $€ thi 
present  prel iminafy r e s u l  ' s  of :a ?pqc,llpd MhkttcH 
c o r r e c t s  t h i s  r e l a t i v e  s h i f t  aa tomat ica l ly .  F 

DATA - 2'i 

The d a t a  used i,h,f$is work c o n s i s t s  
of GOES v i s i b 3 e  (b.7 juri wdeleqgth)  and 
i n f r a r e d  (11.5 p m  davelenkth)  images,. 
t h e  processing,  t h e  d a t a  lare pr;es&t'd i n  
Car tes ian  cooydinates wi jh  a sCat4al r e s o l u t i o n  
of+ x 4 km.; " ' h t  should b e  notea  tit t h i s  po in t  
t p a t \ t h e  t r u b , s p a t i a l  r e s o l u t i o n  of t h e  sensed 
+nfraFedA+ e's is 8 x 8 km. From t h e s e  images 
4 x 4 k.y.'res!&tion images have,b,++n 
cons t ruc ted  f o r  a b e t t e r  r e a b l u t i o n  equivalence 
between t h e  vis ible ,and infpareq  d a t a c i  More 
d e t a i l s  on t h i s  can b e  koynd i n  Bel lon (1979). 
The tempora1,fgeolution of t h e  GOES-data is 30 
b i n u t e s .  The i n t e n s i t y  range of t h e  v i s i b l e  
b a g e , . i s  0-63cand t h a t  of t h e  i n f r a r e d  is 0-255. 

&ter 

3 ,  METHOD 

The employed method (can be presented 
I n  t h e  f i r s & h t e e , $ h e  var iance  i n  two s t e p s .  

t h e  secpnd s t e p  t h e  
en two p a t t e r n s  is used. 

where i 
IC1 I J+' 

For any poin t  (k ,  1 )  , f ( k ,  1 )  is t h e  i n f r a r e d  
count;'when*Che l n f r a r e d  i m a g e * l s  considered,  o r  

I I .  , 

t h e  var lance  bpera tor ,  i t  became. apparent t h a t  
t h e  main f e a t d r e s  of t h e  'image , i n  both' t h e  
v i s i b l e -  and' in f ra red .  channels g i v e  rise t o  high 
var iance  opera tor  va lue  i n  t h e  boundarieb of 
the'fnain 5ea tdres .  (It w a s  a l e o  obsdrved t h a t  
t h e  pohiti6ntof thesb'bdundaViee d i d  n b t  
coinclde!'ln t h e v i e l b l e  &d t n f r a r e d  images. 
This  gave t h e  i d e a  t h a t  a s h l f t  between t h e  two 
vtlriance o p e r a t o r  f i e l d s ,  in such a way SO t h a t  
t h e  b e s t  matcblng i s  achieved, w i l l  i n d i c a t e  t o  
a f a i r  degree t h e  a c t u a l  s h i f t  between t h e  
v i s i b l e  ana i n f r a r e d  images. 
are exlimples o f l v a r l a n c e  opera tor  f i e l d s  f o r  t h e  
v i s i b l e  and i n e r a r e d  image, r k s p e c t l v e l y ,  over  
t h e  Toronto, Ontar io  area on December 4, 1980 
a t  1600 2: It should be.mentioned t h a t  on t h i s  
d a t e  and o v e r ' t h i s  area t h e  ek iee  are mainly 
clear. Some clouds are also p r e s e n t ,  The 
geographical  boundaries around t h e  Toronto area 
aFe a l s o  ind ica ted .  The, hatched areas i n d i c a t e  
va lues  of t h e  var iance.opeyator  g r e a t e r  than 8. 
Thie is an a r b i t r a r y  coneidera t ion  based on 
v i s u a l  inspec t ion  of t h e  images and t h e i r  
var iance  opera tor  f i e l d s ,  It was observed t h a t  
wi th in  reg ipns  t h a t ,  represent  smooth fj.eJ.dE (e.g. 
l a k e s ,  pverspst  qnwoth land  etc . )  t h e  var iance  
opera tor  hard ly  exceeds t h e  va lue  of e i g h t .  On 
t h e  o t h e r  hand, i n  t h e  boundary of two d i f f e r e n t  
c l a e s e s ,  t h i s  va lue  is  usual ly  h igher  than e i g h t .  
I n  any case ,  t h i s  v a l u e  qan b e  regarded s a 
l i m i t  which w i l l  s e p a r a t e  h igher  from l o q e r  
va lues  and it is used f o r  i l l u s t r a t i o n  purposes 

Figures  1 and 2 
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. , ~ % @ r a t o r .  va lues)  greater, than  8 . .  )The1 

Figure 2: Variance opera tor  f i e i d  of t h e  
i n f r a r e d  image over t h e  Toronto area, 
a t  16:OO 2 ,  December 4, 1980. Hatched 
areas represent  region& with var iance  
opera tor  va lues  g r e a t e r  than 8. 
a c t u a l  geographical  boundaries are 
a l s o  ind ica ted .  

The 

later. 

* '  1 

tld l a g  at which itb . c rose- ror re la t ion  
c o d 6 f i c l e n t ~ ~ i a  m d d a e d  w i l l  i n d i c a ~ d  t h e  
displacement+'dn t h e  west*leas% ,(.x$ and hQrth- 
south Cy)' d.irectiLon5. Fo 
(@he computat;tan of 1 d/.(ro 
Au8t.h' (L96L) .> 

1 1  

1 

gives some p r e l l m h a r y  r e s u l t s  
tA t h e  libove procedure, ovkr 

t h e  atea of F Q u r e  1. The BkY a o n d i t l a n s '  are 
apso given f o r  each day,I* Thernorthbaouth Bnd 
west-east dbplacetoent  i s ,  kiveh: kh km. 
displacements mean t h a t  t h e  tnfraked '  ima& is 
disp laced  south-eastwards with respec t  t o  t h e  
v i s i b l e  image. The number i n  t h e  parenthes is  
is a comparison with r e s u l t s  obtained by Bellon 
(1982), who t r i e d  t o  naviga te  t h e  v i s i b l e  and 
lmfrared by examining, v i s u a l l y ,  sharp  c o a s t l i n e  
f e a t u r e s  e t c .  An apparent agreement between t h e  

P o b l t t v e  

ds is rafbqr clear. 
a t i s f a c t o r i l y  f o r  d i f f e r e n t  
s such \as ( ;par t ly  cloudy, .'cloddy *or  

The m e t  

This was expected because 
"classes"  w i l l  e x i s t  and 

therecore  boundariee ,between those  l'clihweistt 
T 

ge of a method l i k e  t h e  above present  
def ined by t+e var iance  operqt.or. 

is t t h a t ' v i s u a l  i n s p r d t i o n  is not! necessary  and 
t h e  naviga t ion  between v i s i b l e  and i n f r a r e d  
image can b e  done f a s t  and previous t o  any 
a n a l y s i s  of t h e  d a t a  which w i l l  involve both 



-images. Since, some times, the r e l a t i v e  s h i f t  
varies even from one time s t e p  t o  the  other 
(i. e. every 30 minutes), it is obvious t h a t  the 
use of t he  above method shows some advantages. 

5. CONCLUSIONS 

A simple method WLLB presented f o r  the 
correction of t he  r e l a t i v e  s h i f t  between the 
v i s i b l e  and infrared GOES images. 
employs the  variance operator and the  cross- 
correlat ion between two patterns.  
t he  variance operator r e s u l t s  in a variance 
operator f i e l d  with higher values in the  bound- 
aries of the various classes t h a t  exist in a 
satellite image. After t ha t ,  t h e  cross- 
correlat ion between t h e  variance operator f i e l d s  
of t he  v i s i b l e  and infrared images can be used 
effect ively t o  determine the  s p a t i a l  lag at 
which the best  matching between t h e  two f i e l d s  
is achieved. This s p a t i a l  l ag  indicates  t he  
r e l a t i v e  s h i f t  between the  two variance 
operator f i e l d s  and consequently between the 
v i s i b l e  and infrared images. Comparison of t he  
r e s u l t s  with those taken by visual  inspection 
of the images indicates  t ha t  t he  method appears 
t o  be very promising. It should be mentioned 
t h a t  t he  use of t he  variance operator is neces- 
sary because a d i r ec t  cross-correlation between 
the v i s i b l e  and infrared images is not very 
effect ive.  The cross-correlathn is very 
e f f ec t ive  when strong gradient is present and 
.this is b e t t e r  achieved by using the  variance 
operator. Finally,  even though a correction 
of t he  r e l a t i v e  s h i f t  between the  two images 
is very important f o r  point t o  point 
comparisons, f o r  c l a s s i f i ca t ion  purposes etc., 
a correction between the  s h i f t  of the images 
and the  actual geography is always desirable.  
Such s h i f t s  are a l s o  present and are usually 
caused by satellite manouvres. 
ongoing on t h i s  problem and some methods have 
been proposed. Bellon et al., 1982, f o r  example 
used r a i n  areas as determined from radar and 
satellite t o  correct f o r  t h e  s h i f t ,  assuming the  
radar as "ground truth". 
no r a i n  such a method cannot be applied. 

following: Geographical boundarl,es could be 
superimposed in t he  eatellire images. 
weather s i t ua t ion  is mainly clear skies then 
most of the high values i n  the  variance 
operator f i e l d s  of t he  v i s i b l e  and infrared 

The method 

The use of 

Research is 

However, i f  there  is 

One idea which is under study is the  

I f  t he  

DATE - 
December 4, 1980 
April 1, 1981 

June 6, 1980 
July 23, 1980 

October 13, 1981 

images are due t o  the  terrain.  For example, in 
Figures 1 and 2 around the  boundaries of Lake 
Ontario the re  are high variance operator values 
resul t ing from the  d i f f e ren t  v i s i b l e  and 
infrared values f o r  w a t e r  and land. I f  there  
is a s h i f t  between the  images and the actual 
geography then the  geographical boundaries 
generated in the  variance operator f i e l d s  w i l l  
not coincide with the  actual  superimposed 
geographical boundaries. In such cmes the 
superimposed geography can "act" as a t h i r d  
variance operator f i e l d  where high values have 
been aesigned t o  the geographical boundaries, 
and similar procedure t o  the one described 
above could be employed. However, such a 
method could only be applied when it is 
mainly clear skies and most of t he  "noise" in 
t he  variance operator f i e l d s  is generated by 
the geography. 
undoubtedly create problems and i f  t he  amount 
of clouds is high such a method cannot be 
applied. 
applicable t o  a l l  weather s i t ua t ions  is not 
feaeible  at t h i s  t i m e .  
t ha t  research on t h i s  subject w i l l  be  forth- 
coming. 

The presence of clouds w i l l  

It is believed t h a t  one method 

It is t he  author's hope 
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1900 z Mainly Clear 6 (6) 4 (3) 
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1 .  INTRODUCTION 

The VAS (VISSR Atmospheric Sounder) 
instrument  on t h e  GOES sa te l l i t e  t r a n s m i t s  d a t a  
f r a n  twelve d i f f e r e n t  channels  i n  a d d i t i o n  t o  t h e  
v i s i b l e  imagery. Each channel  measures outgoing 
r a d i a t i o n  from t h e  earth-atmosphere system f o r  a 
p a r t i c u l a r  wavelength. S p e c i f i c  information about  
each channel  i s  included i n  Table  1. I n i t i a l  
research  w i t h  VAS concentrated on d e r i v i n g  
v e r t i c a l  p r o f i l e s  of temperature  and water vapor 
based on t h e  observed radiances.  These p r o f i l e s ,  
o f t e n  r e f e r r e d  t o  as r e t r i e v a l s ,  are generated 
r o u t i n e l y  f o r  real- t ime a p p l i c a t i o n s  by t h e  
Cooperative I n s t i t u t e  f o r  Meteorological  S a t e l l i t e  
S t u d i e s  (CIMSS) a t  t h e  Univers i ty  of Wisconsin 
(Smith, 1983) .  R e t r i e v a l s  have been used t o  
r e f i n e  d a t a  i n i t i a l i z a t i o n  

S p e c t r a l  
Channel 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

C e n t r a l  
Wavelength 

(urn = 10-6,) 

14.7 

14.5 

14.2 

14 .O 

13.3 

4.5 

12.7 

11.2 

7 . 2  

6.7 

4.4 

3.9 

numerical models (Trac ton ,  e t  a l ,  1 9 8 0 ) .  Smith, 
e t  a l ,  ( 1 9 8 2 ) ,  demonstrated t h e  c a p a b l i l i t y  of VAS 
generated parameters i n  d e t e c t i n g  temperature ,  
mois ture ,  and j e t  s t r e a k  condi t ions ,  important  t o  
severe  thunders  torm development. Dynamically 
consis  t e n t  synopt ic-scale  g e o p o t e n t i a l  ana lyses  
have been generated from VAS d a t a  (Lewis, e t  a l ,  
1983) .  

S e v e r a l  examplee of short-range f o r e c a s t  
problems and mesoscale a p p l i c a t i o n s  of 
g e o s t a t i o n a r y  s a t e l l i t e  images, were presented by,  
Purdom ( 1 9 8 2 ) .  The more d i f f i c u l t  problems 
involve  thunderstorms and t h e  a n a l y s i s  of t h e  
subsynopt ic  f o r c i n g  mechanisms which c o n t r o l  t h e  
e v o l u t i o n  of deep convect ive cloud systems. The 
new observa t iona l  d a t a  from VAS in combination 
wi th  o t h e r  d a t a  sources  should lead  t o  a b e t t e r  

f o r  o p e r a t i o n a l  understanding of a v a r i e t y  of mesoscale phenomena. 

Table 1 

VAS Instrument  C h a r a c t e r i s t i c s  

Ab8 o r b i  ng 
Cons t i tuent  

co 2 

co 2 

co 2 

co2 

co2 

m2 

H 2 0  
window 

window 

Peak Level Representa t ive  Surface  o r  Cloud 
Thickness (mb) Emission E f f e c t  (mb) 

40 

70  

300 

150-10 

200-30 

500-10 

u s u a l l y  none 

nothing below 500 mb 

nothing below 800 mb 

450 800-300 weak 

9 50 SFC-500 moderate 

moderate 850 SFC-500 

s u r f a c e  SFC-700 s t rong  

s u r f a c e  ---- s t rong  

600 800-400 weak a t  s f c  

450 

500 

nothing a t  s f c  700-250 

800-100 

weak i 
s u r f a c e  ---- s t r o n g  



Fiqiiro 1 - CrJF '>- ra? t  jinafjc , inrl a n a l y s i s  of t h a t  jmage f o r  31 Ju ly  1977 a t  2023 GMT. The 
thunr l~rs torm a c t i v i t y  may be thought of as being observed i n  a 3-dimensional presentat ion--  
showinq t h e i r  bases. s i d e s  and tops .  

t = t, t = tl 

B 

? 

J 

t = t.7 

Figure  2 - I l l u s t r a t i v e  example of a cloud t h a t  qrows from to t o  t i  and then begins  t o  decay by 
t 2 -  The poss ib le  v e c t o r s  r e p r e s e n t  c loud motions determined by t r a c k i n g  var ious  p a r t s  of t h e  
cloud: A ( b a s e ) .  B ( t o p ) ,  C ( c e n t r o i d ) ,  D ( b r i g h t e s t  s p o t ) .  

s t ronq  l o w  l e v e l  f low,  cumulus clouds move r a p i d l y  
a s  they evolve over  s h o r t  t i m e  per iods .  Under 
such c o n d i t i o n s ,  t h e  t o p  p o r t i o n  of a cumulus may 
be v e r t i c a l l y  qrowing while  a lso moving i n  a 
d i r e c t i o n  t h a t  i s  d i f f e r e n t  from i t s  lower 
por t ion .  The rap id  movement and growth of t h e  
cumulus i n  a sheared environment can  produce a 
confusing p i c t u r e  to  t h e  cloud t r a c k e r s  and make 
t h e  de te rmina t ion  of a c c u r a t e  cloud motions very 
d i f f i c u l t .  With t h e s e  thoughts  i n  mind, a s  w e l l  
as those  d iscussed  i n  t h e  previous s e c t i o n ,  a new 
and simple method f o r  mesoscale c loud t rackinq  was 
developed f o r  t h e  CSU IRIS system.* 

I n  t h e  new method, a sequence of up t o  seven 
images are p r e c i s e l y  land mark r e q i s t e r e d ,  and t h e  
a r e a  f o r  cloud t rackinq  is expanded t o  cover  t h e  
e n t i r e  512 x 512 CRT p i c t u r e  element a r r a y .  The 
cloud f i e l d  o f  in te res t  i s  observed i n  animation 
i n  an e a r t h  r e l a t i v e  frame,  and a cloud whose 

*Information on t h e  CSU In tens ive  Research and 
Imaqinq System, IRIS, may be found i n  Green and 
Kruidenier  (1982) .  

motion is r e p r e s e n t a t i v e  of t h e  cloud f i e l d  of 
i n t e r e s t  is i d e n t i f i e d .  That  cloud i s  then 
t racked ,  and i t s  motion i s  used t o  renaviqa te  t h e  
o r i q i n a l  sequence of imaqes over  the  a r e a  of 
interest .  A l l  images are now r e - r e g i s t e r e d  and 
d isp layed  i n  a cloud r e l a t i v e  framework. when 
t h i s  r e - r e g i s t e r e d  image sequence is viewed i n  
animation,  t h e  " r e p r e s e n t a t i v e  cloud" ( o r  t h e  
proper  p a r t  of  i t )  i s  s t a t i o n a r y  a s  a r e  o t h e r  
c louds  l i k e  it. With t h e  mean motion having been 
e x t r a c t e d  from t h e  cloud f i e l d ,  v a r i a t i o n s  i n  
motion between similar clouds a s  w e l l  as growth, 
decay and shear  are r e a d i l y  d e t e c t a b l e .  Clouds of 
i n t e r e s t  are now t racked  keepinq i n  mind t h e  
p o i n t s  brought  o u t  i n  t h e  previous s e c t i o n ,  wi th  
h e i q h t  de te rmina t ions  beinq made 8 t e r e o q r a p h i c a l l y  
usinq d a t a  from both GOES s p a c e c r a f t .  The 
advantaqes of usinq s te reographic  means f o r  h e i g h t  
de te rmina t ion  v e r s u s  i n f r a r e d  h e i g h t  assignments 
has  been discussed previous ly  by Hasler  (1981) .  

While t h e  t rackinq  of c louds  i n  a c loud 
r e l a t i v e  mode may seem t h e  same i n  p r i n c i p a l  t o  
t h a t  i n  an e a r t h  r e l a t i v e  framework, i t  i s  not .  



There  is a v e r y  b a s i c  and fundamenta l  d i f f e r e n c e .  
For  now i n s t e a d  of f o l l o w i n q  a c loud  from one  
P o i n t  t o  a n o t h e r ,  t h e  f u n c t i o n  o f  t h e  c loud  
t r a c k e r  h a s  changed. The a n a l y s t  i s  now 
moni to r inq  c loud  qrowth  and chanqes  o v e r  a f i n i t e  
amount of  t i m e  and a s s i q n i n q  d i s p l a c e m e n t s  t o  
a p p r o p r i a t e  p o r t i o n s  o f  t h a t  c loud  - t h i s  i s  e a s y  
t o  do  s i n c e  t h e  c l o u d  i s  b a s i c a l l y  s t a n d i n q  s t i l l  
and w e  are o b s e r v i n q  i t s  e v o l u t i o n .  T h i s  same 
f u n c t i o n  is e x t r e m e l y  d i f f i c u l t  t o  d o  i n  e a r t h  
r e l a t i v e  c o o r d i n a t e s  where a c loud  i s  s e e n  t o  
r a p i d l y  t r a n s l a t e  as i t  chanqes  c h a r a c t e r .  

4 .  EXAMPLE OF RFLATIVE FLOw FIELDS 

While t h e  methodoloqy a d d r e s s e d  t h u s  f a r  h a s  
focused  o n  q u a n t i t a t i v e  d e  t e r m i n a t i o n s  of cumulus 
mot ions  and s h e a r s  i n  a deve lop inq  s e v e r e  s t o r m  
env i ronmen t .  i t s  a p p l i c a t i o n  does  n o t  s t o p  t h e r e .  
I n  cases where i n t e n s e  thunde r s to rms  are 
d e v e l o p i n q ,  t h e  r e n a v i q a t i o n  may be done r e l a t i v e  
t o  a thunde r s to rm.  I n  such  cases, t h e  f l o w s  a t  
d i f f e r e n t  l e v e l s  w i t h  respect t o  t h e  storm may b e  
i n s p e c t e d  w i t h  t h e  hope of improvinq  o u r  i n s i q h t  
i n t o  t h e  n a t u r e  of t h e  storm's e v o l u t i o n .  Such a 
s t u d y  i s  underway f o r  t h e  s to rm which produced  t h e  
Wich i t a  F a l l s  t o r n a d o  on A p r i l  1 0 ,  1979. A GOES- 
E a s t  v iew of t h a t  storm a t  6 : 1 5  pm CST is shown i n  
f i q u r e  3a.  Note t h e  arc c loud  l i n e  e x t e n d i n q  W e s t  

from t h e  s t o r m  and t h e  f l a n k i n q  l i n e s  whose b a s e s  
a r e  a t  t h e  l e v e l  of t h e  arc c loud  l i n e  w h i l e  a t  
upper  l e v e l s  t h e y  e x t e n d  v e r t i c a l l y  i n t o  t h e  
OVershootinq t o p  area. F i q u r e  3b shows t h e  
r e l a t i v e  f l o w  d e r i v e d  from 3 minu te  i n t e r v a l  GOES- 
E a s t  d a t a  a t  l o w .  midd le  and h iqh  l e v e l s  w i t h  
respect to  t h e  Wich i t a  F a l l s  s torm.  I t  i S  

i n t e r e s t i n q  t o  n o t e  how c l o s e l y  t h a t  r e l a t i v e  f l o w  
compares t o  t h a t  proposed  by Rrowninq (1964)  f o r  
s e v e r e  storms which t r a v e l  t o  t h e  r i g h t  of t h e  
wind, f i q u r e  4a .  and  s to rm r e l a t i v e  p rox imi ty  
Soundinqs  from Maddox ( 1 9 7 6 ) ,  f i q u r e  4b. 

5.  Two APPLICATIONS FOR SEVERE STORM 
INVESTIGATIONS 

As mentioned i n  s e c t i o n  2 ,  i t  is  w e l l  known 
t h a t  v e r t i c a l  wind s h e a r  p l a y s  an  i m p o r t a n t  role 

f 

i n  d e t e r m i n i n q  t h e  c h a r a c t e r  o f  storms t h a t  e v o l v e  
i n  a mesoscale envi ronment .  Fu r the rmore ,  r e c e n t  
n u m e r i c a l  c loud  model inq  s t u d i e s  have shown t h e  
impor t ance  o f  v e r t i c a l  wind s h e a r  i n  t h e  fo rma t ion  
o f  r o t a t i o n  i n  qrowinq thunde r s to rms  (Klemp and 
W i  lhe lmson , 1978 ,  Rleckman , 1981 ) . H o w e v e r ,  a 
s e v e r e  storm envi ronment  i s  one i n  which b o t h  t h e  
dynamic and thermodynamic c h a r a c t e r i s t i c s  of t h e  
a tmosphere  a r e  chanq inq  on mesoscale space and 
t i m e  domains.  T h i s  h a s  been  shown r e p e a t e d l y  i n  
d a t a  from N A S A ' s  Atmospher ic  V a r i a b i l i t y  
Exper iment ,  A.V.E. ( H i l l ,  e t  a l ,  1979) .  
De te rmina t ion  o f  v e r t i c a l  wind s h e a r  i n  r e q i o n s  of 
qrowinq cumulus u s i n q  r a p i d  s c a n  s a t e l l i t e  imaqery  
a p p p a r s  t o  he  a f e a s i b l e  method o f  s t u d y i n q  
suhmesosca le  v a r i a t i o n s  i n  t h a t  pa rame te r  o v e r  
l a r q e  a r e a s  t h a t  may encompass s e v e r a l  s ta tes .  
Work i s  c u r r e n t l y  underway a t  C I R A  t o  s t u d y  
v a r i a t i o n s  i n  v e r t i c a l  wind s h e a r  and storm 
i n t e n s i t y  u s i n q  t h e  c l o u d  t r a c k i n q  methodology 
d e s c r i b e d  i n  s e c t i o n  3 .  

GOES VAS (VISSR Atmospher ic  Sounder)  h a s  t h e  
un ique  a b i l i t y  to  f r e q u e n t l y  obse rve  a tmosphe r i c  
s t r u c t u r e  ( sound inq)  and  i t s  c loud  c o v e r  ( v i s i b l e  
and i n f r a r e d )  from t h e  s y n o p t i c  s c a l e  down t o  t h e  
c loud scale . S a t e l l i t e  soundinq  d a t a ' s  
a p p l i  cab1  li t y  f o r  s t udy inq  t h e  s e v e r e  s to rm 
env i ronmen t  i s  c u r r e n t l y  a s u b j e c t  o f  i n t e n s e  
i n v e s t i s a t i o n .  With VAS d a t a ,  c loud  c o v e r  w i l l  
o f t e n  make i t  so t h a t  no r e t r i e v a l s  are p o s s i b l e .  
However. t h e  c l o u d s  and c loud  p a t t e r n s  i n  a 
s a t e l l i t e  imaqe or  an imated  series of imaqes 
r e p r e s e n t  t h e  i n t e q r a t e d  e f f e c t  o f  onqoinq  dynamic 
and thermodynami c p r o c e s s e s  i n  t h e  a tmosphere .  
Knowledqe o f  t h e  h o r i z o n t a l  v a r i a t i o n  i n  t h e  
v e r t i c a l  wind s h e a r  shou ld  b e  able t o  be combined 
w i t h  knowledqe of t h e  the rma l  f i e l d  from VAS i n  
clear r e q i o n s  t o  p rov ide  v e r y  h i q h  r e s o l u t i o n  
t h r e e  d imens iona l  a n a l y s e s  of t h e  a tmosphere .  
Work i s  also c u r r e n t l y  underway a t  C I R A  i n  t h i s  
a r e a .  

E 

~ ~ [ T I I ~ P  3 - ( ; I > I T . - I ' , I ~ : ~  i i n . i r l < ~  ,>ml n n . 3 l y * , i s  of th r i t  i r n , r i l r  f o r  10  A p r i l  1979 a t  6 :15  pm CST. Cloud 
f l o w  r e l a t l v e  t o  t h e  s to rm shows how c l o u d  mot ions  v e e r  from l o w  l e v e l s  (K 105O) through midd le  
l e v e l s  ( 1  170') t o  h lqh  l e v e l s  ( n  250'). 
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I FIO I b  F I G  l a  I 

WINOS RELATIVE 
TO GROUND 

WINDS REIATIVE 
TO STORM 

OWINDRAFT UPDRAFT 

AIRROW I N  PLAN VIEW 1 
Figure  4a - (From Browninq. 1964) Diagrams Fiqure  4b - (From Maddox, 1976) sw type tornado 
i l l u s t r a t i n q  how t h e  a i r f l o w  wi th in  an SR Storm is  sounding mean hodoqraph. SW type h a s  mean 
governed by t h e  environmental wind f i e l d  and i t s  d i r e c t i o n  210° to 235* and a mean Speed >. 30 k t .  
own d i r e c t i o n  of t r a v e l .  Wind d i r e c t i o n s  i n  t h e  Also included are t h e  computed Storm r e l a t i v e  

winds, mean numbers of repor ted  SeVerQ events ,  hodoqraphs are represented  as  d i r e c t i o n s  toward 

T o t a l s  Index,  and mean d e v i a t i o n .  which t h e  winds are blowinq. I n  each case t h e  
v e l o c i t y  of t h e  storm i s  denoted by a n  open 
c i rc le .  

6. CONCLUSION 

A new method i n  cloud t r a c k i n g  and observing 
storm development us ing  satell i te imagery i n  a 
cloud r e l a t i v e  mode has  been presented.  Using 
t h i s  method, t h e  f u n c t i o n  of t h e  a n a l y s t  has  
changed. The a n a l y s t ' s  main f u n c t i o n  i s  now t o  
monitor c loud growth and changes over  a f i n i t e  
t i m e  per iod  and i d e n t i f y  p o r t i o n s  of t h e  cloud 
t h a t  are s u i t a b l e  f o r  use as tracers. A s  we extend 
cloud motion s t u d i e s  i n t o  more complex (mesoscale) 
a p p l i c a t i o n s  t h e  a n a l y s t  must be more 
d i s c r i m i n a t i n g  than was previous ly  requi red  f o r  
estimates of  la rqe-sca le  f low f i e l d s .  

I f  c loud t a r q e t s  are sought  o u t  i n  areas of  
cumulus shear ,  t h e n  through proper  heigh t 
i d e n t i f i c a t i o n  t h e  v e r t i c a l  wind s h e a r  i n  t h e  
v i c i n i t y  of s t r o n g e r  storms may be def ined .  T h i s  
h a s  impor tan t  i m p l i c a t i o n s  f o r  d e f i n i n g  mesoscale 
reg ions  t h a t  are favorable  f o r  t h e  product ion of  
r o t a t i n g  storms. The information should  also be 
u s e f u l  i n  combination w i t h  GOES-VAS sounder d a t a  
i n  cons t r u c t i n g  d e t a i l e d  t h r e e  dimensional  
mesoscale ana lyses .  
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1.  INTRODUCTION 

The importance of clouds i n  d e f i n i n g  t h e  
state o f  t h e  atmosphere has long been recognized. 
A s  w a s  pointed o u t  by Schereschewsky (1945) ,  
"Every f e a t u r e  of  t h e  a i r  masses ... i s  r e f l e c t e d  
by t h e  shape, amount, and s t r u c t u r e  of t h e  clouds. 
Thus close s c r u t i n y  of  c louds  w i l l  assist  an 
a n a l y s t  i n  i d e n t i f y i n q  and ana lys ing  a i r  masses. 'I 
A t  t h e  t i m e ,  Schereschewsky w a s  speaking about  
usinq s u r f a c e  based observa t ions  f o r  l a r g e  scale 
a i r  mass a n a l y s i s .  Today. such a s ta tement  might 
read.  "Features  t h a t  are impor tan t  i n  t h e  
development of weather ,  from t h e  s y n o p t i c  scale to  
t h e  mesoscale, are r e f l e c t e d  i n  t h e  evolu t ion  of 
t h e  clouds and cloud p a t t e r n s  observed i n  GOES 
Imagery. Thus, close s c r u t i n y  of t h e  evolving 
c louds  and cloud p a t t e r n s  shown by GOES w i l l  
assist t h e  a n a l y s t  i n  i d e n t i f y i n g  and ana lys ing  
impor tan t  f e a t u r e s  t h a t  e f f e c t  mesoscale weather 
development . I' 

The importance of c loud imagery t o  t h e  
meteorological  sate111 te program has  been 
recognized s i n c e  it incept ion .  According t o  
Kel log ( 1982) : 

The i d e a  t h a t  sa te l l i t es  could be used as 
weather reconnaissance v e h i c l e s  seemed f a i r l y  
obvious.. - What w e  needed w a s  evidence t h a t  
observa t ions  from a sa te l l i t e  would be  u s e f u l  
i n  meteorology. 

I n  January,  1949, Delber t  Crowson 
(Crowson, 1949)...  publ ished a s h o r t  paper  i n  
t h e  @l-lEti_n o_f_ the A-W-. . . I n  it he showed f o r  
t h e  f i r s t  t i m e  a photograph taken looking down 
on clouds f r m  a r o c k e t ,  and he  inc luded  a 
s h o r t  a n a l y s i s .  

JOC Bjerknes had great enthusiasm f o r  t h e  
i d e a  o f  doing a d e t a i l e d  a n a l y s i s  of r o c k e t  
p i c t u r e s .  .. Bjerknes wrote 'I.. . rocke t  p i c t u r e s  
add a cons iderable  amount of i n t e r e s t i n g  
informat ion  to t h e  o r d i n a r y  weather map 
a n a l y s i s  and, i n  a d d i t i o n ,  t h a t  t h e  accumulated 
knowledge from t h e  maps h e l p  us  i n  t h e  new 
problem of i n t e r p r e t i n g  what we see from high- 
l e v e l  r o c k e t  p i c t u r e s .  I t  may be  added 
t h a t . .  .accumulated exper ience  from s e v e r a l  
ana lyses  from j o i n t  r o c k e t  and convent ional  
methods would make i t  p o s s i b l e  t o  a r r i v e  a t  t h e  
r i g h t  a n a l y s i s  by r o c k e t  p i c t u r e s  only."  

I t  was n o t  u n t i l  a f t e r  t h e  launch of TIROS-I 

on A p r i l  1 ,  1960 t h a t  c loud imagery from space 
became a v a i l a b l e .  I n  t h e  decades t h a t  have 
e lapsed  s i n c e  t h e  f l i g h t  of TIROS-I, tremendous 
advances i n  t h e  sc ience  and technology of 
meteorological  s a t e l l i t e s  have been made. These 
advances inc lude  an improvement i n  imaging 
c a p a b i l i t y  from t h e  i n f r e q u e n t  views of t h e  e a r l y  
TIROS t o  t h e  hiqh r e s o l u t i o n  v i s i b l e  and i n f r a r e d  
imagery a v a i l a b l e  a t  f requent  i n t e r v a l s  from GOES. 

Alonq with advances i n  technology have come 
advances i n  our a b i l i t y  t o  i n t e r p r e t  and analyze 
meteoro logica l  s a t e l l i t e  imagery. This  paper  w i l l  
address  some of t h e  mesoscale a p p l i c a t i o n s  of GOES 
s a t e 1  li te  imagery . 
2. MESOSCALE ANALYSIS lWR DEEP CONVECTIVE 

DEVELOPMENT 

A lack  of information on t h e  mesoscale 
evolu t ion  of deep convect ive c louds  and t h e i r  
l o c a l  environment e x i s t e d ,  i n  l a r g e  p a r t  due t o  a 
gap i n  meteoroloqical  observing c a p a b i l i t y ,  p r i o r  
t o  t h e  high r e s o l u t i o n  g e o s t a t i o n a r y  s a t e l l i t e .  
The q e o s t a t i o n a r y  s a t e l l i t e  has t h e  unique a b i l i t y  
t o  f r e q u e n t l y  observe atmospheric s t r u c t u r e  
( sounders )  and i t s  cloud cover  ( v i s i b l e  and 
i n f r a r e d )  f r m  t h e  s y n o p t i c  s c a l e  down t o  t h e  
cumulus s c a l e .  The clouds and cloud p a t t e r n s  i n  a 
s a t e l l i t e  imaqe or animated series of images 
r e p r e s e n t  t h e  i n t e g r a t e d  e f f e c t  of ongoing dynamic 
and thermodynamic processes  i n  t h e  atmosphere. 
When t h a t  information is combined with r a d a r ,  
s u r f a c e  and upper a i r  observa t ions ,  then many of 
t h e  impor tan t  processes  i n  storm development may 
be  b e t t e r  analyzed and understood. I t  l e  wi th  
t h a t  philosophy t h a t  sa te l l i t e  d a t a  should be  used 
t o  h e l p  understand mesoscale weather development. 

With GOES cloud imagery, we have an 
observa t ion  of  t h e  atmosphere i n  t h e  form o f  i t s  
clouds and cloud cover every  1 km ( v i s i b l e )  t o  8 
km ( 1 l u  i n f r a r e d ) .  Many of  t h e  mesoscale t o  cloud 
s c a l e  f e a t u r e s  important  i n  t h e  development and 
e v o l u t i o n  of convect ion are only de tec ted  i n  t h e  
imaqery. Phenomena important  i n  t h e  i n i t i a t i o n  
and maintenance of  s t r o n g  convec t ion ,  such as d r y  
l i n e s  (Rhea, 1966s Purdom, 1971) ,  areas of pre- 
s q u a l l  l i n e  developnent  ( M i l l e r ,  1972) ,  areas of 
convect ive cloud merger (Woodley and Sax, 1976) ,  
and mesoscale high p r e s s u r e  systems ( F u j i t a ,  
1963) , which meteoro logis t s  prev ious ly  t r i e d  t o  
i n f e r  from macroscale p a t t e r n s ,  are r e a d i l y  
detectable i n  GOES Imagery. For s e v e r e  weather 
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a p p l i c a t i o n s ,  s a t e l l i t e  d a t a  can  b e  combined w i t h  
c o n v e n t i o n a l  o b s e r v a t i o n s  t o  c o n s t r u c t  an a c c u r a t e  
and t i m e l y  mesoscale a n a l y s i s  and i so l a t e  areas 
w i t h  a h i g h  p o t e n t i a l  f o r  s e v e r e  wea the r .  Fo r  
example.  a rc  cloud l i n e s  (Purdom, 1973)  and o t h e r  
s h a l l o w  b a r o c l i n i c  zones  d e t e c t e d  u s i n g  s a t e l l l .  te 
imaqery have been shown t o  be i m p o r t a n t  i n i t i a t o r s  
of  s e v e r e  convec t ion  and t o r n a d i c  thunde r s to rms  
(Purdom. 1976: P a r k e r  and Hickey, 1980: Maddox. e t  
a l ,  1980) .  I t  is i n t e r e s t i n q  t o  n o t e  t h a t  o u r  
unde r s  t and inq  of  such o b s e r v a t i o n s  h a s  been 
improved us inq  i n s i q h t  qa ined  from h iqh  r e s o l u t i o n  
numer i ca l  s i m u l a t i o n s  of  t h e  t o r n a d i c  r e g i o n  
w i t h i n  mature  thunde r s to rms  (Klemp and Rotunno, 
1983) .  

P r i o r  t o  s a t e l l i t e s ,  m e t e o r o l o q i s t s  were 
f o r c e d  t o  make i n f e r e n c e s  a b o u t  t h e  mesoscale from 
macroscale p a t t e r n s .  Many o f  t h e  mesoscale 
phenomena i m p o r t a n t  i n  t h e  i n i t i a t i o n  and 
maintenance o f  c o n v e c t i o n  are r e a d i l y  d e t e c t a b l e  
i.n q e o s t a t i o n a r y  s a t e l l i t e  imaqery. The s e c t i o n s  
t h a t  f o l l o w  w i l l  r e f e r  t o  p r e v i o u s  work a t  C I R A  as  
w e l l  a s  new i n f o r m a t i o n  conce rn inq  u s e s  of 
s a t e l l i t e  imaqery f o r  a n a l y s i n q  and unde r s t and inq  
mesoscale wea the r  development.  

3. MESOSCALE ANALYSIS AND UNDERSTANDING 

An a c c u r a t e  mesoscale  ana1ysi.s  is one o f  t h e  
most j -mportant  too ls  a v a i l a b l e  f o r  d e t e c t i n q  
phenomena t h a t  l ead  to  c o n v e c t i v e  development  and 
j - n t e n s i f i c a t i o n .  GOES imaqery is a n  u n p a r a l l e l e d  
tool f o r  u s e  i n  improvinq mesoscale a n a l y s i s  and 
providl.nq a b a s i s  f o r  t h e  mesoscale  r eason inq  t h a t  
must  accompany i t .  With GOES d a t a ,  a "reportf .nq 
s t a t i o n "  e x i s t s  e v e r v  1 km u s i n q  t h e  i"fo_~-~&o_n_ 
i n  v i s i h l e  d a t a ,  and eve ry  8 km w i t h  i n f r a r e d  
d a t a .  The c l o u d s  and c loud  p a t t e r n s  i n  a 
s-.~te-l-&i..e :'_la.qe may b e  thouqh t  o f  a s  a 
v i  - - s u a l i z  . . - . - .. a - . t i o n  - - o_f- y e - s ~ s - ~ ~ ~ e  me-ttom;o-q-i.cp.1_ 
p r o c e s s e s .  When t h a t  imaqery i s  viewed i n  
a n i m a t i o n ,  t h e  movement, o r i e n t a t i o n  and 
development  o f  i m p o r t a n t  mesoscale f e a t u r e s  c a n  be 
o b s e r v e d ,  add inq  a new dimension t o  mesoscale 
a n a l y s i s .  Fu r the rmore ,  an ima t ion  p r o v i d e s  
o b s e r v a t i o n s  of  c o n v e c t i v e  b e h a v i o r  a t  temporal  
and spa t i a l  r e s o l u t i . o n s  compati.ble w i t h  t h e  scale 
of t h e  p h y s i c a l  mechanisms r e s ' pons ib l e  f o r  
t r i q q e r i  ng deep  and i n t e n s e  c o n v e c t i v e  s torms . 

- - . - . . . - . 

An i n t e r e s t i n g  o b s e r v a t i o n  conce rn ing  l oca l  
t r i q q e r  mechanisms f o r  convecti .ve deve lopnen t  is 
t h e  s t r o n q  i n f l u e n c e  e x e r t e d  by  d i f f e r e n t i a l  
h e a t i n q ,  a s  w e l l  as t h e  many "masks" i t  wears. A 
w e l l  unde r s tood  d i f f e r e n t L a 1  h e a t i n g  mechanism 
whose c o n v e c t i v e  development  i s  r o u t i n e l y  obse rved  
i n  s a t e l l i t e  h a q e r y  i.s t h e  l a n d  sea b r e e z e  
(Purdom, 1976) .  Another ,  t h a t  s u r e l y  would have 
qone unno t i ced  w i t h o u t  geos t a t i o n a r y  s a t e l l i t e  
imaqery i s  t h e  e f f e c t  o f  e a r l y  morninq c loud  c o v e r  
on a f t e r n o o n  thunde r s to rm development  (Purdom, 
1 9 8 2 ) :  see f i q u r e  1.  A r c  c loud  l i n e s  ( S e c t i o n  4 ) ,  
t h e  d r i v i n q  f o r c e  f o r  deep  convec t ion  over t h e  
s o u t h e a s t  Un i t ed  S t a t e s ,  r e p r e s e n t  a n o t h e r  t r i g g e r  
mechanism t h a t  is due  t o  d i f f e r e n t i a l  h e a t i n q  - 
produced v e r y  q u i c k l y  due t o  r a i n  coo led  a i r .  

When u s i n q  s a t e l l i t e  imaqery and worki.nq w i t h  
c o n c e p t s  such as t h o s e  mentioned above,  one m u s t  
r e a l i z e  what t hey  r e p r e s e n t .  T h a t  j.s, t h e  s e t t i n q  
u p  of local  converqence zones t h a t  are q e n e r a t e d  

Fj  qurr 1 - M ; l y  ? 7 ,  1977 G O l ' S - i % ~ s t  v i s i b l e  I innqt'1-y 
o v r r  Alabama a t  1030 EST (left p a n e l )  and 1330 EST 
( r i q h t  p a n e l ) .  N o t e  t h a t  t h e  e a r l y  clear r e q i o n  
i n  SW Alabama ( C )  i s  becominq f i l l e d  w i t h  
c o n v e c t i o n  d u r i n q  t h e  day as t h e  e a r l y  c loudy  
r e q i o n  ( A  .B .D) is evo lv inq  toward mos t ly  clear 
s k i e s .  S t r o n g e r  a c t i v l  t y  deve lops  i n  t h e  "notch" 
of t h e  clear r e q i o n  ( E )  due t o  merginq c loud  
b r e e z e  f r o n t s .  

due t o  d i f f e r e n t i a l  h e a t i n q .  O the r  p r o p e r t i e s  of 
t h e  atmosphere h e l p  d e t e r m i n e  t h e  e f f e c t i v e n e s s  of 
t h o s e  local  mechanisms i n  t h e i r  a b i l i t y  t o  
q e n e r a t e  new deep convec t ion .  They i n c l u d e  
i n s t a b i l i t y  l a r q e  scale dynamics,  and t h e  
t r a j e c t o r y  of t h e  l o w  l e v e l  a i r  w i t h  respect t o  
t h e  converqence zone (amount of time an  a i r  p a r c e l  
wi 11 exper i ence  v e r t i c a l  motion i n  t h e  local 
f o r c i n q  r e q i o n ) .  For example, an  e n t i r e l y  
d l f f e r e n t  e f f e c t  from t h a t  mentioned above may be  
r e a l i z e d  due to  e a r l y  morninq c l o u d  c o v e r  under  
condl t f o n s  of s t r o n q  dynamic f o r c i n g  (Purdom and 
weaver ,  1983) .  

4 .  ARC CLOUD LINES 

Movie f i l m  s t r i p  a n a l y s e s  us lnq  g e o s t a t i  ona ry  
s a t e l l i t e  imaqery have shown convec t ive  scale 
i n t e r a c t i o n  i s  o f  pr imary importance i n  
de t e rmin inq  t h e  e v o l u t i o n  of deep  c o n v e c t i o n  
(Aohan, 1981 ). T h i s  i n t e r a c t i o n  m a n i f e s t s  i t s e l f  
a s  t h e  marqer and 1 n t e r s e c t i o n  o f  thunderstorm- 
produced o u t f l o w  boundar i e s  (a rc  c loud  l i n e s  
(Purdom, 1 9 7 3 ) )  w i t h  o t h e r  convec t ive  l i n e s ,  areas 
and boundar i e s  (Purdom, 1 9 7 9 ) .  A r c  c loud  l i n e s  
and t h e i r  a t t e n d a n t  convec t ive  scale i n t e r a c t i o n s  
are fundamental  t o  t h e  e v o l u t i o n  and maintenance 
o f  deep  c o n v e c t i v e  a c t i v i t y .  I n  f a c t ,  
t hunde r s to rm e v o l u t i o n  t h a t  a p p a r s  a s  a random 
p r o c e s s  on r a d a r  i s  o f t e n  observed t o  be  well 
o r d e r e d  when viewed i n  time l a p s e  us inq  s a t e l l i t e  
imaqery. 

F l q u r e  2 shows t h e  c h a r a c t e r i s t i c  appearance 
of a r c  c loud  l i n e s  i n  s a t e l l i t e  imaqery. I n  t h i s  
c a s e  i n t e r a c t i o n  o f  an arc  c loud  and sea b r e e z e  
f r o n t  I n  Texas produced a l a r q e  thunderstorm 
complex t h a t  c o n t i n u o u s l y  r e q e n e r a t e d  a lonq  t h e  
J n t e r s e c t l o n  (Zehr .  1982) .  

Usinq GOES s a t e l l i t e  l.maqery, Purdom and 
Marcus (1  982)  c1assifl .e.d convec t ive  deve lopnen t  
o v e r  t h e  s o u t h e a s t  l l n i t ed  S t a t e s .  T h e i r  r e s u l t s ,  
f i q u r e  3 .  show t h a t  when t h e  most i n t e n s e  
convectl .on has  developed,  t h e  dominant q e n e r a t i o n  
mechanism is c o n v e c t i v e  scale i n t e r a c t i o n .  The 
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a n a l v s i s  of the imarie ( m i d d l e )  and r a d a r  e c h o  movements c e n t e r e d  on 1600 CST ( r i g h t ) .  The l a r g e  
thunde r s to rm q e n e r a t e d  a t  t h e  sea b r e e z e  and arc  c loud  l i n e  merger p ropaga ted  ( c o n t i n u o u s l y  
r e q e n e r a t e d )  a l o n q  t h e  movinq i n t e r s e c t i o n  of  t h o s e  t w o  boundar i e s .  

r e s u l t s  of  Purdom and Marcus have been ex tended  t o  
i n c l u d e  r a i n f a l l  o v e r  t h e  s o u t h e a s t  d u r i n g  t h e  
s t u d y  p e r i o d .  F i q u r e  4 shows t h e  cumula t ive  
amount of r a i n f a l l  (no rma l i zed )  by hour  f o r  a l l  
h o u r l y  r a i n f a l l  r e c o r d i n q  s ta t ions i n  t h e  s t u d y  
area: n o t i c e  t h e  dominance o f  arc  q e n e r a t e d .  
r a i n f a l l .  During t h e  s t u d y  p e r i o d  no mesoscale 
convectl .ve complexes (Maddox, 1980)  moved th rouqh  
t h e  s t u d y  area. 

The c h a r a c t e r  o f  arc c l o u d  l i n e s  has  been t h e  
s u b j e c t  of d i r e c t  a i r c r a f t  measurements ( S i n c l a i r  
and Purdom, 1982,1983,19841. The pu rpose  o f  t h o s e  
f l i q h t s  w a s  t o  improve ou r  u n d e r s t a n d i n g  of arc  
c loud  l i n e s  as t h e y  re la te  t o  f u t u r e  c o n v e c t i v e  
development.  T h e i r  most r e c e n t  r e s u l t s  conce rn ing  
t h e  s t r u c t u r e  and o r q a n i z a t i o n  of  arc c loud  l i n e s  
are c o n t a i n e d  e l s e w h e r e  i n  t h i s  p r e p r i n t  volume 
( i b i d ,  1 9 8 4 ) .  

5 .  ISOLATION OF SEVERE STORMS 

A r c  c l o u d s  and t h e i r  c o n v e c t i v e  scale 
i n t e r a c t i o n s  are a n a t u r a l  p a r t  of  t h e  c o n v e c t i v e  
cloud q e n e s i s  and e v o l u t i o n  p r o c e s s .  They occur 
anywhere i n  t h e  United S t a t e s  and a re  o f t e n  t h e  
c a u s e  o f  s e v e r e  thunde r s to rm development  (Purdom, 
1976) .  An extreme example w a s  t h e  s e v e r e  s torm 
a s s o c i a t e d  w i t h  t h e  most d e s t r u c t i v e  t o r n a d o  i n  
Wyominq h i s t o r y  ( P a r k e r  and Hfckey, 1980) .  F i q u r e  
5 shows t h e  mesoscale c o n v e c t i v e  environment  p r i o r  
t o  t h e  Chicago to rnadoes  of June 1 3 ,  1976. The 
t o r n a d i c  a c t i v i t y  began s h o r t l y  a f t e r  t h e  w e s t  to  
east  oriented arc c loud  l i n e  s o u t h  of  Chicago 
moved n o r t h  and i n t e r a c t e d  w i t h  t h e  storm o v e r  
t h a t  area. The a i r c r a f t  o b s e r v a t i o n s  o f  S i n c l a i r  
and Purdom ( F b i d )  p o i n t  t o  t h e  impor t ance  o f  arc 
c loud  l i n e s  i n  t h e  p r o d u c t i o n  o f  bo th  v o r t i c i t y  
and converqence.  A d d i t i o n a l l y ,  r e c e n t  model ing 
e f f o r t s  by Klemp and Rotunno (1983)  s u p p o r t  t h e s e  
o b s e r v a t i o n s  from sa te l l i t e  imaqery on  t h e  
impor t ance  of arc c loud  l i n e s  ( o u t f l o w )  i n  
p roduc inq  t o r n a d o e s .  A s  s t a t e d  on page 365 o f  
t h e i r  pape r  ( i b i d )  : 

W e  emphasize t h a t  w i t h i n  t h e  s i m u l a t i o n ,  
l a r q e  p o s i t i v e  v o r t i c i t y  does  n o t  f i r s t  d e v e l o p  
a t  m i d l e v e l s  and t h e n  descend w i t h i n  t h e  storm 
t o  t h e  qround: r a t h e r ,  s t r o n g  v e r t i c a l  
v o r t i c i t y  is q e n e r a t e d  a t  l o w  l e v e l s  i n  
r e s p o n s e  t o  t h e  i n c r e a s e d  convergence.  

O f t e n  o rqan ized  converqence 1J.nes t h a t  
t r i q q e r  s t r o n q  convec t ion  ( d r y  l J .nes ,  f r o n t s ,  e t c )  
a r e  d e t e c t a b l e  i n  GOES imaqery p r i o r  t o  deep  
c o n v e c t i o n  forminq on them (Purdom. 1976) .  Under 
p r o p e r  dynamic f o r c i n q  when t h e  thunde r s to rms  t h a t  
form a l o n q  such l i n e s  i n t e r a c t  wi.th o t h e r  
boundar i e s  s e v e r e  storms d e v e l o p  (Mi l le r ,  1 9 7 2 ) .  
I n  many i n s t a n c e s  s a t e l l i t e  imaqery is e x t r e m e l y  
u s e f u l  i n  d e t e c t i n q  such b o u n d a r i e s  and i s o l a t i n q  
r e q i o n s  f a v o r a b l e  €or to rnad i - c  s torm development .  
For  example,  on May 6 ,  1975.  s t r o n q  to rnado  
a c t i v i t y  t h a t  began i n  n o r t h e a s t  Nebraska 
developed sou theas tward  i n t o  t h e  Omaha a r e a  a l o n g  
a s q u a l l  l i n e  and warm f r o n t a l  i n t e r s e c t i o n .  
F i q u r e  6 shows how t h e s e  f e a t u r e s  as i d e n t i f i e d  i n  
s a t e l l i t e  imaqery c o u l d  he t r a c k e d  d u r i n q  t h e  
o u t b r e a k .  The deve lop inq  s q u a l l  l i n e  appea red  a s  
a n  o r q a n i z e d  l i n e  o f  c o n v e c t i v e  c l o u d s  a lonq  a 
s u r f a c e  w i n d s h i f t  l i n e  s e p a r a t i n q  moist and d r y  
a i r .  The warm f r o n t a l  boundary appeared a s  
a n o t h e r  o r q a n i z e d  l i n e  o f  convect i -on sepa ra t j . nq  
w a r m  moist  a i r  embedded i n  s o u t h e r l y  f l o w  from 
s l i q h t l y  cooler and d r i e r  ai .r  i n  s o u t h e a s t e r l y  t o  
e a s t e r l y  flow. Othe r  c l u e s  h e l p f u l  i n  t h e  p r e c i s e  
l o c a t i o n  o f  t h e  w a r m  f r o n t a l  boundary may b e  found 
by in spec t i . nq  t h e  chanqe i n  c loud t y p e  a c r o s s  i t  
(cumulus v e r s u s  s t r a t u s ) ,  a s  w e l l  a s  t h rouqh  c loud  
t r a c k  winds.  

6 .  CONCLUSIONS 

S a t e l l i t e  imaqery i s  an  u n p a r a l l e l e d  tool  
t h a t  c a n  be used t o  improve o u r  mesoscale 
reason inq- - thus  p r o v i d i n q  a means f o r  b e t t e r  
u n d e r s t a n d i n q  of mesoscale m e t e o r o l o q i c a l  
processes. Many of  t h e  mesoscale  c loud  f e a t u r e s  
i m p o r t a n t  i n  t h e  development  and e v o l u t i o n  o f  d e e p  
c o n v e c t i o n  are o n l y  d e t e c t a b l e  i n  t h e  j.maqery. 
When s a t e l l i t e  imaqery is viewed i n  a n i m a t i o n ,  t h e  
movement, o r i e n t a t i . o n  and development  o f  h p o r t a n t  
mesoscale f e a t u r e s  can be  o b s e r v e d .  add inq  a new 
dimension t o  mesoscale a n a l y s i s  and s h o r t  r ange  
f o r e c a s t i n s .  

The b a s i c  p remise  of  t h i s  p a p e r  i s  t h a t  t h e  
c l o u d s  and c l o u d  p a t t e r n s  i n  a s a t e l l i t e  image o r  
animated series of  imaqes r e p r e u e n t  t h e  onqoinq 
e f f e c t  o f  dynamic and thermodynamic p r o c e s s e s  i n  
t h e  atmosphere.  While i t  is p o s s i b l e  to 
m i s i n t e r p r e t  the imaqery ,  t h e  imaqery w i l l  n o t  
m i s r e p r e s e n t  t h e  atmosphere.  
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3 and 4 - F i q u r e  3 ( l e f t )  adapted from Purdom and Marcus ( 1 9 8 2 )  shows t h e  importance  of ~ I C  

l i n e s  i n  t h e  q e n e r a t i o n  of d e e p  c o n v e c t i o n  ( c o l d e r  than -20 C )  over t h e  s o u t h e a s t  U n i t e d  
Fiqure  4 ( r i q h t )  e x t e n d s  t h e  r e s u l t s  from f i q u r e  3 i n t o  r a i n f a l l  d u r i n q  t h e  C l d S S i f i C a t i O n  

Period.  

w i t h  t h e  storm complex o v e r  t h e  Chicaqo area. 
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1800 G . M . T .  

Magnet F4+ 

tornado 

Merging 

____I 
1800 - 2100 GMT - 

Kansas 

lansas 

!lo0 G.M.T. - 
Fiqurc? 6 - Five  panel f i q u r a  showinq GOES imaqery 
f o r  6 May 1 9 7 5 .  t h e  day of the  Omaha tornado. 
1200 CST imaqt? (upper l e f t ) ,  1500 CST imaqe (Upper 
r i q h t )  , hand a n a l y s i s  1200 CST and 1500 CST imaqes 
immediately below the  GOES imaqe, r e l a t i o n s h i p  of 
tornadoes  to path of merqinq (lower l e f t ) .  For 
o t h e r  informat ion see t e x t .  
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1.0 INTRODUCTION 

Clouds form as a r e s u l t  of atmospheric 
processes  t h a t  o f t e n  are complex. 
conta ins  information about  t h e  r e l e v a n t  process- 
es, and knowledge of t h e  atmosphere may be  in- 
creased by s tudying  them i n d i v i d u a l l y  o r ' i n  
groups. S a t e l l i t e s  f u r n i s h  d a t a  t h a t  are unsur- 
passed f o r  examining c e r t a i n  a s p e c t s  of cloud 
behavior .  T h i s  paper d e s c r i b e s  methods employed 
a t  Colorado S t a t e  Univers i ty  t o  diagnose t h e  
s t a t i s t i ca l  behavior  of c louds from Geostat ionary 
Opera t iona l  Environmental S a t e l l i t e  (GOES) d i g i -  
t a l  d a t a ,  and some a p p l i c a t i o n s  of the r e s u l t s  
t o  t h e  s tudy  of t h e  atmosphere. 

Thei r  behavior  

The S i e r r a  Cooperat ive P i l o t  P r o j e c t  (SCPP) 
is a weather modi f ica t ion  experiment which seeks  
t o  manage and enhance snowpack i n  t h e  S i e r r a  
Nevada Range of C a l i f o r n i a .  An important  p a r t  of 
SCPP examines p r e c i p i t a t i o n  from small orographic  
convect ive cells dur ing  t h e  win ter .  The success- 
f u l  conduct of t h a t  experiment r e q u i r e s  knowledge 
of how o f t e n  convect ive clouds s u i t a b l e  f o r  modi- 
f i c a t i o n  are a v a i l a b l e ,  where they form, t h e  
optimum cloud seeding l o c a t i o n ,  and the n a t u r a l  
e f f e c t  of topography on cloud p r o p e r t i e s  f o r  
eva lua t ion  purposes. The satel l i te  he lps  answer 
those  ques t ions  by supplying information about  
d i s t r i b u t i o n s  as a f u n c t i o n  of l o c a t i o n  of areal 
cloud coverage and cloud top  temperature. 

Another a p p l i c a t i o n  of s a t e l l i t e - d e r i v e d  
cloud f i e l d  s ta t is t ics  is as i n p u t  t o  a numerical 
a i r  p o l l u t i o n  model a t  t h e  Environmental Protec-  
t i o n  Agency (EPA) [Lamb (1983)l. That model 
s imula tes  t h e  formation and t r a n s p o r t  of photo- 
chemical ox idants .  
i n p u t  f o r  t h e  cloud amount and l o c a t i o n ,  which 
are used t o  parameter ize  t h e  photochemical for -  
mation of p o l l u t a n t s .  I n  a d d i t i o n ,  cumulus 
cloud top  temperatures  der ived  from t h e  GOES d a t a  
are converted t o  cloud top h e i g h t s .  Those cloud 
top h e i g h t s  are used t o  estimate t h e  ver t ical  
mixing of p o l l u t a n t s ,  which is bel ieved  t o  occur  
mostly i n  convect ive cel ls  during summertime. 
Hor izonta l  p o l l u t a n t  t r a n s p o r t  then is accom- 
p l i s h e d  by t h e  v e r t i c a l l y  sheared wind. 

2.0 METHOD 

S a t e l l i t e  d a t a  provide model 

The d a t a  u t i l i z e d  i n  t h e s e  s t u d i e s  were 
obtained at  CSU's Direct Readout S a t e l l i t e  Ear th  
S t a t i o n  from t h e  V i s i b l e  and I n f r a r e d  Spin  Scan 
Radiometer (VISSR) aboard GOES. Data from both 
t h e  v i s i b l e  (0.55 pm t o  0.75 pm) and i n f r a r e d  
window (10.0 pm t o  12.6 pm) s p e c t r a l  channels  
were employed. The h o r i z o n t a l  r e s o l u t i o n  of t h e  

v i s l b l e  d a t a  a t  n a d i r  w a s  .9 h, whereas t h e  
i n f r a r e d  d a t a  had a 6.9 km n a d i r  r e s o l u t i o n .  
The r e s o l u t i o n  of those  d a t a  was s l i g h t l y  de- 
graded a t  the l a t i t u d e s  and longi tudes  s t u d i e d ,  
which encompassed t h e  e a s t e r n  U.S. f o r  t h e  EPA 
research  and c e n t r a l  C a l i f o r n i a  f o r  t h e  SCPP 
work. It is worth not ing  that  t h e  apparent  
r e s o l u t i o n  of t h e  i n f r a r e d  d a t a  rece ived  a t  CSU 
was doubled ( t o  3 .5  km) i n  t h e  x-d i rec t ion  due 
t o  oversampling performed by t h e  Nat iona l  Envi- 
ronmental S a t e l l i t e ,  Data, and Information 
S e r v i c e  w i t h i n  t h e  s i g n a l  processing cha in .  

The satel l i te  d a t a  ana lyses  were accom- 
p l i shed  wi th  t h e  a i d  of CSU's I n t e r a c t i v e  
Research Imaging System (IRIS) ,  which is a 
computerized d i s p l a y  system. S p e c i a l l y  designed 
i n t e r a c t i v e  sof tware  wi th in  t h e  IRIS s i m p l i f i e d  
r o u t i n e  d a t a  manipulat ions and made p o s s i b l e  t h e  
more complex process  of computing t h e  cloud 
f i e l d  s t a t i s t i c s .  Some e f f o r t  was devoted t o  
t h e  c a r e f u l  naviga t ion  of t h e  s a t e l l i t e  d a t a  
b e f o r e  t h e  s ta t i s t ica l  c a l c u l a t i o n s  were begun. 
The accuracy of t h e  mapping of s a t e l l i t e  coordi- 
n a t e s  i n t o  e a r t h  ( la t i tude- longi tude)  coord ina tes  
w a s  important  f o r  t h e  subsequent i n t e r p r e t a t i o n  
of r e s u l t s .  

The f i r s t  t a s k  i n  t h e  a c t u a l  computation of 
s t a t i s t i c s  was t o  s e p a r a t e  cumulus clouds from 
c louds  of o t h e r  types.  That was accomplished by 
simultaneous a n a l y s i s  of co inc ident  v i s i b l e  and 
i n f r a r e d  d a t a  on t h e  IRIS. 
f o r  t h i s  method is i l l u s t r a t e d  i n  F igure  1. It 
is founded on t h e  o b s e r v a t i o n a l  evidence t h a t  
d i f f e r e n t  c loud types u s u a l l y  f a l l  on d i f f e r e n t  
p a r t s  of a two-dimensional histogram of v i s i b l e  
b r i g h t n e s s  versus  I n f r a r e d  b r i g h t n e s s  [Desbois, -- et a l .  (1982)l .  The a n a l y s t  i n t e r a c t i v e l y  se- 
l e c t e d  b r i g h t n e s s  thresholds  f o r  t h e  v i s i b l e  and 
i n f r a r e d  channels  t h a t  allowed t h e  computer t o  
d i s t i n g u i s h  cumuli from t h e  s u r f a c e  and from 
o t h e r  c louds.  The computer then c a l c u l a t e d  t h e  
f r a c t i o n a l  coverage of a l l  c louds and cumulus 
c louds  w i t h i n  each ce l l  of a l a t i t u d e - l o n g i t u d e  
g r i d .  

The phys ica l  b a s i s  

The computation of cumulus cloud tempera- 
t u r e s  a l s o  was based on both t h e  i n f r a r e d  and 
v i s i b l e  d a t a .  Br ightness  temperatures  o r d i n a r i l y  
are der ived  from i n f r a r e d  d a t a  a l o n e  by appl ica-  
t i o n  of t h e  Planck func t ion  t o  t h e  raw i n f r a r e d  
rad iance  va lues .  However, t h a t  technique could 
cause s e r i o u s  e r r o r s  where small cumulus clouds 
w e r e  p resent  because those  clouds only p a r t l y  
f i l l e d  t h e  f i e l d  of view of t h e  i n f r a r e d  sensor .  
The top  temperatures  of small cumulus clouds 
would have been overest imated because of contami- 
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Fig.  1. Sample his togram of i n f r a r e d  v e r s u s  
v i s i b l e  b r i g h t n e s s .  

n a t i o n  by t h e  s u r f a c e  temperature .  Th i s  e f f e c t  
was c o r r e c t e d  by computing t h e  cloud top temp- 
e r a t u r e  a s  a f u n c t i o n  of t h e  observed b r i g h t n e s s  
t empera tu re ,  ahe background s u r f a c e  temperature ,  
and t h e  p e r c e n t  c loud  cover  w i t h i n  t h e  i n f r a r e d  
p i x e l  ob ta ined  from t h e  h ighe r  r e s o l u t i o n  
v i s i b l e  d a t a .  The weighted b r i g h t n e s s  tempera- 
t u r e  from a s i n g l e  observed i n f r a r e d  p i x e l  is 
given by 

where To is t h e  temperature  from t h e  observed 
p i x e l ,  TCT is t h e  cloud top  temperature ,  T 
t h e  background s u r f a c e  temperature ,  and N 9s t h e  
f r a c t i o n a l  c loud amount w i t h i n  t h e  i n f r a r e d  
p i x e l .  Equat ion (1)  was i n v e r t e d  t o  g i v e  t h e  
cloud top  temperature:  

is 

I n  app ly ing  Equat ion ( 2 > ,  TB was es t ima ted  from 
t h e  maximum TO w i t h i n  t h e  g r i d  c e l l  being pro- 
ces sed .  Th i s  method of  computing cloud top  
t empera tu res  i s  analogous t o  Reynolds and Vonder 
Haar (1977) i n  s e v e r a l  r e s p e c t s .  

3.0 RESULTS 

A sample of t h e  ou tpu t  c loud f i e l d  s ta t is-  
t ics f o r  t h e  SCPP r e g i o n  from March 2 ,  1982 are 
shown i n  F igu res  2 and 3. F i g u r e  2 d e p i c t s  a 
l a t i t u d i n a l  c r o s s  s e c t i o n  a c r o s s  t h e  b a r r i e r  of 
t h e  S i e r r a  Nevada of f r a c t i o n a l  cumulus cloud 
coverage w i t h i n  each g r i d  ce l l ,  and F i g u r e  3 
shows a similar c r o s s  s e c t i o n  of  cumulus cloud 
top  temperatures .  The f o u r  cu rves  i n  each f i g -  
u r e  correspond t o  c r o s s  s e c t i o n s  a t  s l i g h t l y  
d i f f e r e n t  l a t i t u d e s .  Each g r i d  ce l l  had dimen- 

Fractional Cumulus Cloud Coverage 
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foothills crest basin 
I J 

122'W 121-w I 2 0 " W  
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Fig .  2. L a t i t u d i n a l  c r o s s  s e c t i o n s  of  f r a c t i o n -  
a l  cumulus cloud coverage.  
corresponds t o  a d i f f e r e n t  l a t i t u d e .  

Each cu rve  

CUMULUS CLOUD TOP TEMPERATURES 

crest I ' basin 
I20OW 

Longitude 

Fig .  3. L a t i t u d i n a l  c r o s s  s e c t i o n s  of c loud 
t o p  temperature .  Each cu rve  co r re -  
sponds t o  a d i f f e r e n t  l a t i t u d e .  
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s i o n s  of 20 lan per  s i d e .  
t i o n s  of t h e  f o o t h i l l s ,  crest, and downwind 
bas ins  of t h e  S i e r r a  Nevada are  indica ted  i n  
Figures  2 and 3 i n  order  t o  help i n t e r p r e t  oro- 
graphic  inf luences  on t h e  r e s u l t s .  
t h e  northwest t o  southeas t  o r i e n t a t i o n  of t h e  
mountain b a r r i e r  a t  t h e  l a t i t u d e s  s t u d i e d  is 
u s e f u l  f o r  a p r e c i s e  i n t e r p r e t a t i o n  of r e s u l t s ,  
however. 

The approximate loca- 

Awareness of 

Both Figure 2 and Figure 3 c l e a r l y  show t h e  
F igure  2 i n d i c a t e s  s i g n i f i -  topographic e f f e c t .  

can t  increases  i n  f r a c t i o n a l  cumulus cloud 
coverage from a poin t  w e s t  of t h e  f o o t h i l l s  t o  
approximately midway up t h e  b a r r i e r .  
ence of a mean cloud formation zone is implied by 
Figure 2 i n  t h e  northern h a l f  of t h e  region 
s tudied ,  whereas t h e  southern por t ion  experi-  
enced more gradual  i n c r e a s e s  i n  coverage. 
a s s o c i a t i o n  of a formation zone with t h e  i n i t i a l  
region of forced ascent  a t  t h e  f o o t h i l l s  sugges ts  
t h a t  t h e  orographic  release of convect ive i n s t a -  
b i l i t y  dominated purely atmospheric t r i g g e r i n g  
mechanisms i n  t h e  nor thern  por t ion .  Coverage 
maxima downwind of t h e  crest were caused by high 
peaks o r  s m a l l  mountain ranges i n  those  areas. 
It is  i n t e r e s t i n g  t o  n o t e  t h e  decrease  i n  cumulus 
cloud coverage t o  t h e  west of t h e  crest a t  most 
l a t i t u d e s .  The cloud cover genera l ly  became 
s t r a t i f o r m  i n  n a t u r e  i n  t h a t  area on March 2 ,  
which w a s  c o n s i s t e n t  wi th  t h e  observat ion of a 
temperature invers ion  near  3 km on t h a t  day. 
The cloud top temperature c r o s s  s e c t i o n s  i n  
Figure 3 a l s o  show t h e  topographic e f f e c t .  
creases i n  cloud top temperature began a t  t h e  
f o o t h i l l s  a t  a l l  bu t  one of t h e  l a t i t u d e s  s tud ied .  
Those decreases  began t o  t h e  east of t h e  s t a r t i n g  
poin t  f o r  increases  i n  areal coverage, however. 
Temperature minima were found t o  be somewhat w e s t  
of t h e  b a r r i e r  crest i n  t h e  nor thern  p a r t  of t h e  
s tudy area, and a t  t h e  crest f u r t h e r  south.  The 
a p p l i c a t i o n  of cloud top temperature c r i t e r i a  
e s t a b l i s h e d  f o r  SCPP (-20°C 5 T 2 10°C) i n d i c a t e  
t h a t  t h e  optimum seeding l o c a t i o n  on March 2 was 
20 t o  40 !a downwind of t h e  western edge of t h e  
f o o t h i l l s .  

The pres- 

The 

De- 

The r e s u l t s  of t h e  e f f o r t  t h a t  provided 
cloud f i e l d  s t a t i s t i c s  t o  t h e  EPA f o r  p o l l u t i o n  
model i n p u t  w i l l  n o t  b e  d iscussed  h e r e  because 
they were not  designed f o r  s e p a r a t e  in te rpre-  
t a t i o n .  The usefu lness  of t h e  cloud statist ics 
suppl ied t o  t h e  EPA must be judged by t h e  i m -  
provement c a u s e d i n t h e  a i r  p o l l u t i o n  model, which 
i s  unprecedented i n  i ts  at tempt  t o  s imula te  a l l  
of t h e  processes  r e l e v a n t  t o  t h e  formation and 
t r a n s p o r t  of p o l l u t a n t s .  

4.0 CONCLUSION 

This  s tudy has  demonstrated s e v e r a l  appl i -  
c a t i o n s  of sa te l l i t e  d a t a  t o  t h e  phenomenology of 
cloud f i e l d s .  
generated observa t iona l  ana lyses  which would have 
been very d i f f i c u l t  o r  impossible  t o  o b t a i n  with- 
ou t  sa te l l i t e  data .  
s t ra ight forward  a n a l y s i s  of t h e  d a t a  were t h e  
use  of i n t e r a c t i v e l y  s e l e c t e d  b i s p e c t r a l  thresh-  
o l d s  t h a t  allowed t h e  IRIS t o  d i s t i n g u i s h  cloud 
types and t h e  i n f r a r e d  br ightness  temperature 
c o r r e c t i o n  f o r  p a r t i a l l y  f i l l e d  sensor  f i e l d s  of 

The d a t a  and methods employed 

Improvements made over 

view. Fur ther  a p p l i c a t i o n s  of cloud f i e l d  sta- 
t is t ics  may be envisioned anytime t h a t  d e t a i l e d  
cloud observat ions are needed. 
drawn from endeavors such as mesoscale diagnos- 
t i c  s t u d i e s  and mesoscale and cloud s c a l e  model 
input  and v a l i d a t i o n .  
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D . 5  
THUNDERSTORM CLOUD TOP DYNAMICS AS INFERRED FROM 

SATELLITE OBSERVATIONS AND MODELS 

R o h e r t  F. A d l e r  

Goddard L a b o r a t o r y  f o r  A t m o s p h e r i c  S c i e n c e s  
NASA/Goddard S p a c e  F l i g h t  C e n t e r  

G r e e n b e l t ,  MD 20771 

1. INTRODUCTION 

S a t e l l i t e  o b s e r v a t i o n s  o f  
c o n v e c t i v e  towers p e n e t r a t i n g  t h e  t r o p o p a u s e  
h a v e  r e v e a l e d  a number of c h a r a c t e r i s t i c s  t h a t  
n e e d  t o  he e x p l a i n e d  i n  o r d e r  t o  e n h a n c e  o u r  
u n d e r s t a n d i n g  o f  c l o u d  t o p  p r o c e s s e s  and  a l s o  i n  
o r d e r  t o  i n f e r  c l o u d  t o p  h e i g h t  From s a t e l l i t e  
i n f r a r e d  ( I R )  d a t a  and  storm i n t e n s i t y  f rom t h e  
same o b s e r v a t i o n s .  I n  t h i s  p a p e r ,  s a t e l l i t r  
o b s e r v a t i o n s  are summarized and t h r e e  c l a s s e s  oE 
s t o r m  t o p s  are d e s c r t b e d  and t h e  c a u s e s  of t h e i r  
u n i q u e  t e m p e r a t u r e / h e i g h t  s t r u c t u r e s  a r e  
e x p l o r e d  w i t h  a o n e - d i m e n s i o n a l  c l o u d  p a r c r l  
model applied i n  t h e  o v e r s h o o t f n g  r e g i o n .  

2. SATELLITE-OBSERVED THUNDERSTORM TOP 
STRUCTURE 

T h u n d e r s t o r m  t o p s  t y p i c a l l y  appear 
i n  11 m i c r o n  i n f r a r e d  (TR) s n t e l l i t c  images  as 
p o i n t s  o f  r c l a t i v e  minimum i n  IR h r i g h t n e s s  
t e m p e r a t u r e ,  T The p o i n t  o f  T mjnlmum 

w i t h  t h e  p o i n t  of maximum h e i g h t .  
o b s e r v e d  by GOES ( w i t h  a 10 km Tnstantan?!3s 
F I e l d  o f  V i e w  ( I F O V )  a t  m i d - l a t i t u d e s )  c a n  h e  ns 
much as 10-12 K lower t h a n  t r o p o p a u s e  ( o r  
n e r t t r n l  p o i n t )  t e m p e r n t u r e  ( A d l e r  and Markus ,  
1983). A V H R R  o h s e r v a t l o n s  ( 1  km I R )  i n d i c a t e  
t h a t  t h e  GOES IFOV a c c o u n t s  f o r  3-10 K warm bins 
i n  m a t u r e  o v e r s h o o t  Lng t h u n d e r s t o r m s  ( A d l e r  e t  
a l . ,  1 9 8 2 1 ,  so  t h a t  a c t u a l  ( h i g h  r ~ s o l u t i o n )  
T m i n v s  may h e  up t o  15-20 K c o l d e r  t h a n  t h e  
t r o p o p a u s e  a n d / o r  a m b i e n t  t e m p e r a t u r e s  a t  c l o u d  
t o p  l e v e l .  

( T ~  n ) ,  or  c o l a ' p o i n t ,  is  u s u a l l y  n c o - l o r a t r ~ l  

The T 

I n  t h e s e  " t y p i c a l "  o v e r s h o o t i n g  
t o p s ,  t h e r e  i s  e v i d e n c e  t h a t  t h e  e f f e c t  of 
m i x i n g  is r e l a t i v e l y  weak and t e m p e r a t u r e - h e i g h t  
r e l a t i o n s  a r e  m w h  c l o s e r  t o  a d i a b a t i c  t h a n  
a m b i e n t  ( A d l e r  e t  a l . ,  1983;  N e g r i ,  19R2),1 F o r  
e x a m p l e ,  N e g r i  ( 1 9 8 2 )  h a s  shown a n  8 K km 
t e m p e r a t u r e - h e i g h t  r e l a t i o n  among a c o l l e c t i o n  
oE p e n e t r a t i n g  s t o r m s  usin): AVHRR ( 1  km) T m i n v s  
and maximum h e i g h t  deduced  f r o m  s t e reo  
c a l c u l a t i o n s  f rom GOES-East and  GOES-West. 
T h e s e  t y p i c a l  p e n e t r a t t n g  t h u n d e r s t o r m  t o p s  w i l l  
he  t e r m e d  C l a s s  1 t h u n d e r s t o r m  t o p s  i n  t h i s  
p a p e r .  A m a j o r t t y  o f  storm t o p s  f a l l  i n t o  t h i s  
c a t e g o r y .  

Tn a s e c o n d  c l a s s  o f  p e n c t r a t j n g  
storms, a c o l d  V-shaped f e a t u r e  i n  t h e  1K i s  
p r o d u c e d  w i t h  t h e  a p e x  of t h e  V ( w i t h  t h e  I R  
c o l d  p o i n t )  p o f n t e d  upwind and  a r e l a t i v e  
maximum i n  T i n s i d e  t h e  V s h a p e  ( H e y m s f i e l d  e t  
a l . ,  19838,  8;  F u j i t a ,  1982) .  T h i s  p r o d u c e s  a 
cold-warm c o u p l e t  i n  t h e  T R  image, as shown i n  
F i g .  l b  i n  t h e  s o i i t h w r s t  p o r t i o n  of t h e  a n v i l .  
T h e s e  c l o s e - i n ,  cold-warm c o u p l e t s  h a v e  n 
d i m e n s i o n  of ~ 4 0  km, are s i t u a t e d  o v e r  t h e  

R o b e r t  A .  Mack 

G e n e r a l  S o f t w a r e  C o r p o r a t i o n  
L a n d o v e r ,  MD 20785 

c o n v e c t i v e  t o p s ,  and  s h o u l d  n o t  b e  c o n f u s e d  w i t h  
t h e  l a r g e r  a n v i l - s c a l e  f e a t u r e  of  t h e  same 
p a t t e r n  (see H e y m s f i e l d ,  1983a .  b €or  a more 
c o m p l e t e  d e s c r i p t i o n ) .  The g e n e r a l  V-shaped 
c o l d  f e a t u r e  and cold-warm c o u p l e t  h a v e  b e e n  
shown by McCann ( 1 9 8 3 )  and  A d l e r  and Markus 
( 1 9 8 3 )  t o  h e  c o r r e l a t e d  w i t h  t h e  o c c u r r e n c e  of 
s e v e r e  w e a t h e r .  S a t e l l i t e  s t e r eo  h e i g h t  
p a t t e r n s  d o  n o t  show a V-shaped or  h i g h / l o w  
c o u p l e t ,  h u t  i n d i c a t e  i n s t e a d  a t y p i c a l  p a t t e r n  
o f  c o n c e n t r i c  h e i g h t  c o n t o u r s  ( s e e  
F i g .  1).  Tn t h i s  class (Class  21,  t h e  storm 
t o p s  h a v e  a c o - l o c a t e d  c o l d  and h i g h  p o i n t  w i t h  
t h r  warm p o i n t  l o c a t e d  i n  a n  a r e a  o f  downward 
s l o p i n g  c o n v e c t i v e  c l o u d s  downwind of t h e  
summit . 

The C l a s s  3 storm is n v a r i a t i o n  on  
Class 2 ,  when, i n  a d d i t i o n  t o  cold-warm c o u p l e t .  
t h e  c o l d  p o i n t  i s  o f f s e t  upwind f rom t h e  h i g h  
p o i n t ,  w i t h  t h e  cold-warm c o u p l e t  s t r a d d l i n g  t h e  
c o n v e c t i v e  cloiid t o p  (as d e t e r m i n e d  f rom 
s te reo) .  An example  of A C l a s s  3 t h u n d e r s t o r m  
t o p  is shown i n  F i g .  2. The r e l a t i o n  of Tmin to  
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Fig. 2. An IR image 0 6  a RhundeMtokm t o p  oven- 
t & M  UJith AAkh?CJ hkkgklf CfJk'LkJLb'LA CJyl 

May 2 ,  1979 .  The w h i t e  mea han ROLL) 
T ' A  w a h  t h e  boxed  p o i n t  !zavina a T 01 199  K ,  w l u l e  t h e  boxed paink i n  &;in 
b%ck m e a  .in a t  215 K .  The  rlintance 
b e m e e n  c o l d  a n d  cumm p [ i i i i t  
A d a p t e d  @vm Nack e t  d. ( 1 9 8 3 ) .  

$40 km,  

Z for a collection of storms in this 
s?&Gation i s  a l s o  quite different, as  seen in 
Fig. 3 €or the storm complex on May 2, 1979, of 
which the thunderstorm top in Fig. 2 was a part. 
The data points in Fig. 3 connected by 
horizontal lines are storm tops with cold-high 
offsets. The point on the right end of the line 
i s  the TB at the point of 2 . The left hand 
point is the coldest T in ??% area, thus the AT B represents the TB difference between the cold 
point and the high point. The observed "lapse 
rate" of the collection of thunderstorm tops is 
near isothermal, closer to the ambient than 
adiabatic, indicating a larger effect of mixing 
than the storms in Class 1. 

MAY 3,1979 
00 GMT 

OKLAHOMA, OK 

MINIMUM Tg (K) FROM GOES 

The causes for the IR V-shaped cold 
feature and imbedded warm point of classes 1 and 
2 have been discussed by Heymsfield et al. 
(1983a, b) and Fujita (1982). Heymsfield 
pointed out that the warm point sometimes is  
located close-in to the cold point or apex of 
the cold V with a cold-warm separation of 
4 0  km, as mentioned in the Class 2 description 
before. Additionally, another point can occur 
much farther downwind, about 100 km from the 
cold point. These two points may exist at the 
same time (as  in Heymsfield's case study) and 
probably have different causes. The large-scale 
(anvil-scale), V-shaped cold area with the 
downwind (100 km) warm point is probably related 
to the distribution of Ice Water Content (IWC) 
i n  the anvil and its effects on the upwelling 
radiance (Heymsfield et al., 1383b). An 
alternate hypothesis for the warm point is the 
presence of above-anvil cirrus in the 
stratospherr radiating at temperatures warmpr 
than the anvil background and producing the 
interior warm point (Fujita, 1982). 

The close-in warm point ( 4 0  km) may 
be related to the dynamics of the overshooting 
top itself and its interaction with the lower 
stratosphere (Heymsfield et al., 1983a), where 
the warm point i s  related to subsidence in the 
convection region and mixing with the 
stratospheric environment. Schlesinger (1982) 
has used a three-dimensional cloud model to 
simulate the temperature and height pattern at 
cloud top in an intense storm in a high-shear 
environment and the resulting patterns are shown 
in Fig. 4 .  The model produces the cold-warm 
couplet (only 12 km apart) with the high point 
just slightly upwind of the cold point and the 
warm point on the sloping cloud surface downwind 
of the cold-high point. These model results 
support the dynamic cause for the close-in 
feature. An alternate hypothesis is that of the 
above-anvil cirrus (Fujita, 1982). This current 

paper centers on exploring the dynamic 
explanation for the close-in, cold-warm couplet, 
and for convective top structure and T -Z R relations for all three classes of storms. 
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3. PARCEL MODEL DESCRIPTION 

19.0 

"" 

17.5 

17.0 

E 

The vertical equation of motion 
appropriate for cloud-scale dynamics given by 
Schlesinger (1980, 1983) is 

I I l l  I I I I 1 1 1 1  

b - LARGE MIXING 

- (1) WO = 30 m8- 
( Z ) W O =  45rns-1  

- 
- 
- 

where w - vertical velocity, P * air density, 
p - pressure, z - height, g - gravity, 6 = 
potential temperature, a - R /Rd-1 ( .606), Rd - 
gas constant for dry air, RvV= gas constant for 
water vapor, qv - water vapor mixing ratio, Cp - 
specific heat of dry air at constant pressure, 
Cv - specific heat of dry air at constant 
volume, and ql - liquid water mixing ratio. The 
individual terms on the right-hand side are, 
from left to right: the perturbed vertical 
pressure gradient force which nearly always 
opposes the thermal buoyancy; the moist thermal 
buoyancy which accelerates an air parcel upward 
if it is warmer or more moist than it8 
surroundings; the pressure buoyancy which will 
accelerate an air parcel upward if it is at 
lower pressure than its surroundings; the liquid 
water drag and, finally, the vertical friction. 

In our one-dimensional parcel (or 
Lagrangian) model, the pressure perturbation 
terms cannot be calculated directly, but are 
parametertzed as usually done in one-dimensional 
Lagrangian models (e.g., Simpson and Wiggert, 
1969). This formulation is given by 

5 16.0 : 
T 15.5 

15.0 

14,s 

14.0 

13.5 

Te where T = cloud parcel temperature, 
environmental temperature, Y apparent mass 
coefficient, and uw - vertical momentum mixing 
coefficient. 

I- 
- 
- 
- 
- 
- 

The first term on the right-hand side of Eq. (2) 
is a combination of the thermal buoyancy force 
and the effect of the pressure perturbation 
terms. The apparent mass coefficient, Y ,  
(Simpson and Wiggert, 1969) is used in Eq. (2) 
to parameterize the pressure gradient and 
pressure buoyancy terms in Eq. (11, i.e., 

The magnitude of y near the cloud top was 
selected based on an analysis of 
three-dimensional cloud model parcel 
trajectories from Schlesinger (1983). The 
magnitudes of the terms on the right-hand side 
of Eq. ( 3 )  were determined at various heights 
above the tropopause from parcels (KM1, LM2) in 
the Schlesinger study. The sum of these three 
terms at various heights along the parcels' path 
near the cloud top were plotted versus the 
thermal buoyancy. A regression line was fit to 
the points and a correlation coef€icient of 0.87 
was found. The regression line has a slope of 
0.22 and an intercept near zero. This indicates 
that the pressure gradient and pressure buoyancy 
forces at cloud top act to reduce the thermal 
buoyancy to about one-fourth its value. 
Therefore, a y - 3.0 was used to parameterize 
the effect of these two terms on the parcels' 
vertical motion. 

To solve for the parcel temperature 
(T) in Eq. ( 2 ) ,  the following relation is used: 

(4) dT ' - dt = -w(g/cp) - w u~(T-T~) , 
where pT is the thermal mixing coefficient and 
is set equal t o  3 uW, similar to 
three-dimensional model work. 

A fourth-order Runge-Kutta 
numerical scheme with a 5 sec time step was used 
to solve simultaneously Eqs. (2) and (41, thus 
calculating a parcel trajectory in T and Z 
space. 
initiated by starting a parcel at the neutral 
point with w set equal to some initial value, 
w , and parcel temperature (T) set equal to the 
ehronment a1 temperature (T,) 

The one-dimensional parcel model is 

17.0 - 

i 
$ 18.0 - 
8 

- 

T 15.5 - 
15.0 - 
14.5 - 
14.0 - 
13.5 - 

180 181 im 10s 100 20s 210 qis 220 225 230 235 240 
13.0' I '  I ' I ' I I ' ' 

TEMPERATURE (K) 
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4. RESULTS Fig. 6 shows a summary of the 
temperature and height at the parcel peak height 
for the isothermal runs. The distribution for 
the small mixing hasla temperature height 
relation of 7 K km in the first 2 km above 
the neutral point, similar to observations of 
Negri (1982). 

a 3 K km-I inversion, similar to that observed 
with the May 2, 1979, case discussed in the 
observations. The starting neutral point is 
realistic for that case also. The first parcel 
(Fig. 7a), for small mixing, is  similar to the 
results for the isothermal situation, except the 
parcel paths on the upward path are farther from 
adiabatic because of the greater distance of the 
environmental lapse rate from adiabatic. 

Fig. 7 gives the model results for 

For the moderate (uT = 0.75 km-l) 
and large mixing, the stratospheric inversion 
begins to produce cold-high offsets and downwind 
warm points. For the moderate mixing (Fig. 7b), 
the run with 30 m s has a-fo-located co d and 
high point. For the 45 m s and 60 m s runs 
in Fig. 7b, the coldest point (C) of the run is 
achieved before the maximum height. The 
occurrence of the cold-high offset in the model 
is due to the strong inversion, relatively large 
mixing, and strong updraft. Run (3) in Fig. 7b 
also produces a warm point (W), but at a low 
point, not on a downward slope as observed (see 
Section 2). 

-1 

With still larger mixing (Fig. 7c), 
the relative warm point on the downward path 
appears. The cold point-warm point temperature 
difference of 10-15 K is approximately in 
agreement with observations. The appearance of 
the warm point on the descent leg is critically 
dependent on a lczge drag in the model. 
value of .08 m g3 used here corresponds to a 
value of 1.5 gm in Ice Water Content (Iwc). 
This is a large value, but perhaps not out of 
the question for very strong updrafts. The 
cold-high-warm points of run ( 3 )  in Fig. 7c 
represent the Class 3 storm of the ohservations. 
Fig. 8 summarizes the minimum 
temperature-maximum heights of the model runs 
for the small, moderate, and large mixing, with 
the points connected by curves being the 
temperatures at the maximum height and the 
circled points offset toward lower temperature 
being the Tmin, where there is a cold-high 
offset. The general isothermal distribution for 
the moderate and large mixing, the occurrence of 
cold-high offsets for storms at higher heights, 
and the increase of the temperature offset as a 
function of height agree, at least 
qualitatively, with the plotted observations of 
Fig. 3 .  

The 

The observations of Class 2 storms, 
which have co-located cold-high points and a 
warm point on the downward-sloping cloud 
surface, are not reproduced in Fig. 7. The 
April 10, 1979 case that is the example Class 2 
storm (Fig. 1) occurred with an apparent near 
isothermal above-cloud lapse rate and although 
our simple model will not produce a warm point 
for an i othermal lapse rate, a small inversion 
(1 K km ) produces a parcel trajectory (Fig. 9) 
with a relatively small cold-high offset and 

-7. 

The simple model attempts to 
reproduce the parcel path in temperature-height 
space for a parcel ascending through the updraft 
core to the top of the overshooting dome and 
then descending down the downwind side of the 
dome. Fig. 5 gives a synopsis of parcel runs 
with an isothermal-ftratosphere, with Fig. 5a 
having uT n-P.3 km and Fig. 5b having 
uT = 1.5 km . The variation in mixing as 
parameterized by variations in P and M 
represents differences in cloud Top-envyronment 
interactions, which may be a direct function of 
the magnitude of the cloud top air flow relative 
to storm motion. 

In Fig. 5a, two model runs are 
shown. Both start at the same neutral point (as 
all runs do) at 13.6 km and 206 K (an arbitrary 
point). 
except the w in the two runs, both runs 
initially hace the same parcel path, up-€0 
15.6 km where run ( l ) ,  with w , 
reaches its maximum height an8 beg127 to descend 
as shown. Run (2)  with w = 45 m s ascends 
farther to 16.8 km and tooa lower Tmin (by 
'15 K). In Fig. 5b, the scye runs are shown for 
large mixing (11 1.5 km 1. The larger mixing 
obviously tends to pull the parcel trace toward 
the ambient lapse rate and produces lower 
maximum heights and higher Tmin's for the same 
w ' 8  as in Fig. 5a. 

Because every variable is identical 

= 30 m s 

T 

In all parcel runs displayed in 
Fig. 5, the cold point (C) is co-located with 
the high point (2) and there is no point along 
the trace where a point of relative maximum of 
temperature (W) is produced. An examination of 
the model equations indicates that in our simple 
system the parcel trajectories can only be 
between adiabatic and environmental lapse rates 
(on the way up), so that for an isothermal 
stratosphere or a lapse of temperature with 
height no cold-high offset can occur and no 
downside, or downwind warm point, can occur. 
The model runs in Fig. 5a represent the Class 1 - 
storm observations. 

19.0 

17.5 

17.0 

13.5 l 4 . O l  

I I I I I I  

1.5km-') 

.1" 
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Fig. 6 .  Sunmtatry v h  m a h u m  height-mivLimum 

ternpetratme model hu,uL.tx dah .hvthe.h- 
mal AthatVbphme d o t  v d v w  mixing 
cv e d l J i c i e n b  . 
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with the cold point significantly higher than 
the warm point. This is in contrast to run ( 3 )  

in Fig. ?c, which is identical except for the 
environmental lapse rate. Thus. Class 2 storms 1 
probably have a small, but difficult to observe, 
cold-high offset and occur when the 
environmental lapse rate has ofily a weak 
inversion. 
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Fig. 10. 

terms of 
Interpreting the parcel results in 

the instantaneous image or contour 
flelds of the satellite data is not always 
obvious. First of all, one has to assume steady 
state so that the Lagrangian model results can 
be thought of in the space domain. Second, for 
those storms with a cold-high offset, the cold 
point location has been interpreted as on the 
cloud surface, whereas it could be buried from 
satellite "view" in the Interior of the tower, 
below the high point. We have assumed that the 
cold point location on the satellite image is 
the updraft location at cloud top. 

5. SUMMARY 

Typical thunderstorm tops have a 
monotonic temperature-height pattern with the 
highest point being the coldest and a collection 
of storm tops with different maximum heights 
(above the tropopause) having a maximum 
height/minimum TB relation closer to adiabatic 
than ambient (Class 1). 
relation is reproduced by the model for low 
values of mixing, presumed to relate to small 
relative ambient winds at tropopause level. 

This temperature-height 

TWO classes of storms with an 
observed cold-warm IR TB couplet 
(%40 km dimension) have been identified and 
simulated with the simple model. In the Class 2 
storm, the cold point is co-located (or nearly 
co-located) with the highest point and the warm 
point is on the downward slope to the rear 
(downwind) of the highest point (Pig. loa). The 
occurrence of the warm point is due to a 
combination of intense mixing, a strong updraft, 
large drag, and the presence of a weak 
inversion. This explanation is applicable to 
the example shown in Fig. 1. 

As the inversion steepens, the 
cold-high offset grows until the cold and warm 
points are at about the same altitude 
(Fig. lob). This is a Class 3 storm and is 
represented by the example in Fig. 2. Minimum 
temperature-maximum height plots from the model 
also indicate that, in these situations, the 
larger mixing will produce temperature-height 
relations closer to ambient, in agreement with 
observations. 

The success Of this simple model 
and the results of Schlesinger (1982) indicate 
that a dynamical explanation for the close-in 
cold-warm couplet is very plausible. 
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D.6 

ESTIMATING PRECIPITATION AREAS OVER THE EASTERN PACIFIC USING GOES SATELLITE IMAGERY 
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P a c i f i c  Weather Cen t re  

Vancouver, B r i t i s h  Columbia, Canada 

1. THE CHALLENGE 

Knowledge concerning areas of p r e c i p i t a t i o n  
a t  a n a l y s i s  t ime is a necessa ry  requirement f o r  
t h e  p r e p a r a t i o n  of a c c u r a t e  f o r e c a s t s .  
However, d e l i n e a t i n g  p r e c i p i t a t i o n  areas over 
t h e  d a t a  s p a r s e  P a c i f i c  Ocean p rov ides  a 
d i f f i c u l t  c h a l l e n g e  t o  o p e r a t i o n a l  meteor- 
o l o g i s t s .  I n  many i n s t a n c e s  s h i p  r e p o r t s  are 
v e r y  s c a r c e ,  and t h e  removal of t h e  weather 
s h i p  a t  Ocean S t a t i o n  PAPA f u r t h e r  d e t e r i o r a t e d  
t h e  s i t u a t i o n .  As  a r e s u l t  t h e  f o r e c a s t e r  must 
r e l y  q u i t e  h e a v i l y  upon s a t e l l i t e  imagery. 
Although t h i s  imagery is r ece ived  i n  a t ime ly  
manner, and adequa te ly  cove r s  t h e  e a s t e r n  
P a c i f i c ,  d i s c r i m i n a t i n g  between p r e c i p i t a t i n g  
cloud a r e a s  and non-p rec ip i t a t ing  cloud areas 
based on t h e  s a t e l l i t e  d a t a  has proven t o  be 
d i f f i c u l t .  

T h i s  paper  d e s c r i b e s  a procedure f o r  
d e t e r m i n i n g  areas of p r e c i p i t a t i o n  which is 
based on elementary atmospheric  dynamics 
t h e o r y .  The procedure u t i l i z e s  t h e  unique 
s a t e l l i t e  d a t a  p rocess ing  system a v a i l a b l e  a t  
t h e  P a c i f i c  Weather Cen t re .  I n  t h e  f u t u r e  t h e  
t echn ique  which is employed w i l l  be p a r t i a l l y  
automated,  and u t i l i z e d  on a n  o p e r a t i o n a l  b a s i s  
i n  t h e  Weather Centre. 

2 .  THE CONCEPT 

Wi th in  a deve lop ing  s y n o p t i c  scale cloud 
system, t h e  mean v e r t i c a l  motion is upward. 
T h i s  is t r u e  no twi ths t and ing  t h e  mesoscale 
downward motions which t a k e  place.  I n  o r d e r  t o  
be a b l e  t o  estimate p r e c i p i t a t i o n  amounts 
f a l l i n g  under t h e  cloud ( o r  f o r  t h a t  matter t o  
de t e rmine  whether o r  n o t  a c loud area is 
p r e c i p i t a t i n g  a t  a l l ) ,  some knowledge of t h e  
mean v e r t i c a l  v e l o c i t y  of a i r  w i t h i n  t h e  cloud 
is r equ i r ed .  From t h e  c o n t i n u i t y  equa t ion  i t  
f o l l o w s  t h a t  f o r  upward v e r t i c a l  v e l o c i t y  t o  
occur ,  convergence must be p r e s e n t  a t  low 
l e v e l s  and d ive rgence  a t  high l e v e l s .  Low 
l e v e l  convergence is a very d i f f i c u l t  q u a n t i t y  
t o  measure, as is v e r t i c a l  v e l o c i t y .  I n  many 
cases , however , d ive rgence  a t  high l e v e l s  can 
be e s t i m a t e d  by examining t h e  amount of 
expans ion  i n  t h e  cloud t o p s  over some time 
i n t e r v a l .  

S e v e r a l  r e s e a r c h e r s  have p rev ious ly  
u t i l i z e d  t h e  i d e a  t h a t  expanding cloud tops  
imply upward v e r t i c a l  v e l o c i t y  and hence 
sugges t  a l i k e l i h o o d  of p r e c i p i t a t i o n  f a l l i n g  
beneath them. However t h e i r  work, f o r  t h e  most 
p a r t ,  d e a l t  w i th  mesoscale c loud systems. I n  
p a r t i c u l a r ,  S t o u t  e t  a1 (1979) produced 
estimates of p r e c i p i t a t i o n  amounts from 
cumulonimbus c louds  over t h e  t r o p i c a l  A t l a n t i c .  
Wylie (1979) p r e s e n t e d  evidence t o  suggest  t h a t  
t h e  same t echn ique ,  w i t h  some m o d i f i c a t i o n s ,  
would work a t  h ighe r  l a t i t u d e s .  G r i f f i t h  e t  a1 
(1981) developed a scheme t o  provide estimates 
of convec t ive  r a i n f a l l  i n  t h e  t r o p i c s  beyond 
t h e  range of c a l i b r a t e d  r a d a r s .  T h e i r  
t echn ique  involved t h e  change with time i n  t h e  
s i z e  of echo areas. S c o f i e l d  and O l i v e r  (1982) 
designed a t echn ique  u t i l i z i n g  both i n f r a r e d  
and v i s i b l e  imagery. Th i s  procedure was 
implemented i n  t h e  form of a d e c i s i o n  tree, and 
was e s p e c i a l l y  designed f o r  use i n  p r e d i c t i n g  
f l a s h  f l oods .  Fenner (1982) a p p l i e d  similar 
concep t s  i n  h i s  r e s e a r c h  on e x t r a t r o p i c a l  
cyc lones  over Europe. 

Desp i t e  t h e  c o n s i d e r a b l e  amount of work 
which was being c a r r i e d  o u t  on mesoscale 
p r e c i p i t a t i o n  areas, it  was not  u n t i l  Ingraham 
and Russe l  (1979) exp lo red  t h i s  concept  i n  
terms of s y n o p t i c  scale p r e c i p i t a t i o n  t h a t  its 
f u l l  p o t e n t i a l  began t o  be r e a l i z e d .  More 
r e c e n t l y ,  Spagnol (1980) and Siermacheski  
(1983) have cont inued t o  r e f i n e  t h e  b a s i c  
concep t s  d e s c r i b e d  by Ingraham. It is from 
t h i s  b a s i s  t h a t  t h e  t echn ique  desc r ibed  i n  t h i s  
paper  is der ived .  

3. THEORY 

Assuming t h a t  a l l  condensate  is immedicltely 
p r e c i p i t a t e d ,  t h e  maximum p o s s i b l e  r a t e  of 
p r e c i p i t a t i o n  a t  t h e  bottom of an atmospheric  
column is given by t h e  vapour f l u x  through t h e  
column. The re fo re ,  bax 9 p wW where 
pw  is t h e  d e n s i t y  of water vapour and 

W - d z / d t  is t h e  ver t ical  v e h c i t y  (see F igure  
1). Futhermore,  s i n c e  p w  - dm/dz where m 
is t h e  p r e c i p i t a b l e  water, we have: 

%ax dm W 
dz 
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Assume t h a t  t h e  real rate of p r e c i p i t a t i o n  a t  
t h e  s u r f a c e  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
maximum rate of p r e c i p i t a t i o n  through t h e  
bottom of t h e  c loud  l a y e r ,  i.e. 

From t h e  c o n t i n u i t y  equat ion. .  . 
dW 
dz A d t  d t  

- -- 1 dA = - d(1nA). - 
(3)  

Let  t h e  area enc losed  by a c e r t a i n  con tour  of 
r a d i a n c e  on t h e  i n f r a r e d  imagery ( o r  a c e r t a i n  
con tour  of r e f l e c t i v i t y  on v i s i b l e  imagery) a t  
some t i m e  t be r e p r e s e n t e d  by "A". Then from 
t h e  c o n t i n u i t y  equa t ion ,  t h e  rate of change i n  
t h e  cloud t o p  area A is r e l a t e d  t o  t h e  change 
i n  v e r t i c a l  v e l o c i t y  through a l a y e r  dz.  
Extending t h i s  t o  t h e  deep l a y e r  based a t  t h e  
l e v e l  of non-divergence (LND) and t o p p e d . a t  t h e  
c l o u d  t o p  l e v e l ,  it can be seen  t h a t  t h e  change 
i n  cloud t o p  area should be r e l a t e d  t o  t h e  
v e r t i c a l  v e l o c i t y  a t  t h e  LND. It is t h e  
premise of t h i s  paper  t h a t  t h i s  is g e n e r a l l y  
t r u e  even though t h e  a i r  d i v e r g e s  throughout  
t h e  a tmosphe r i c  column above t h e  LND, and n o t  
s o l e l y  at t h e  cloud t o p  l e v e l .  Then... 

where GC i n d i c a t e s  "is approximately 
p r o p o r t i o n a l  to" .  

dt 

F i g u r e  1 
Schematic model of a cloud cel l .  
See t e x t  f o r  a n n o t a t i o n .  

( 4 )  

To f u r t h e r  s i m p l i f y  t h e  e q u a t i o n s ,  assume t h a t  
t h e  v e r t i c a l  d i s t r i b u t i o n  of p r e c i p i t a b l e  water 
through a cloud v a r i e s  l i n e a r l y  through i ts  
c r o s s  s e c t i o n ,  i.e. 

(5) 
Combining e q u a t i o n s  (1) t o  ( S ) . . .  

o r  l e t t i n g  P = p r e c i p i t a t i o n  amount... 

I f  t h e  moi s tu re  c o n t e n t  is assumed t o  d e c r e a s e  
t o  z e r o  at  t h e  t o p  of t h e  column, then: 

( 7 )  

where m is t h e  p r e c i p i t a b l e  water c o n t e n t  
through a v e r t i c a l  c r o s s  s e c t i o n  of t h e  cloud,  
and P2 - P1 is t h e  p r e c i p i t a t i o n  
amount t h a t  f a l l s  d u r i n g  some t i m e  i n t e r v a l  
A t .  Then P2 - P1 can be w r i t t e n  as 
a f u n c t i o n  of t h e  product  of p r e c i p i t a b l e  water 
c o n t e n t  and change i n  cloud area.. . 

p2 - P1 A P  - f [mAlnA] .  

Now i f  a f u n c t i o n  f ( x )  is d i f f e r e n t i a b l e  
and con t inuous  over a n  i n t e r v a l  i n  q u e s t i o n ,  an 
approx ima t ing  polynomial f u n c t i o n  g ( x )  of 
d e g r e e  n can be found such t h a t :  

i n0  

Then t h e  f u n c t i o n  f o r  A P  can  be approximated 
by a polynomial of degree n... 

where a i  are e m p i r i c a l l y  de r ived  
c o e f f i c i e n t s .  I n  o t h e r  words,  A P can be 
r e p r e s e n t e d  by t h e  series... 

A P  %ao + a , m A l n A  + a,(mAlnAf +... 
+ a,(mAlnA)". 

(10) 
The t r u e  a r e a  of a P i x e l  on a s a t e l l i t e  

image is g iven  by A a r 2 A 8 ,  where 
As is t h e  area of t h e  p i x e l  ( p i c t u r e  
e l emen t )  a t  t h e  sa te l l i t e ' s  subpoint  and r is a 
r e s o l u t i o n  f a c t o r  de f ined  by t h e  geographic  
p o s i t i o n  of t h e  p i x e l ,  and by t h e  s a t e l l i t e ' s  
p o s i t i o n .  Also, As is d i r e c t l y  
p r o p o r t i o n a l  t o  N ,  t he  number of p i x e l s  on t h e  
imagery con ta ined  i n  t h e  cloud top .  So 
e q u a t i o n  ( 9 )  becomes... 

where ai are e m p i r i c a l  c o n s t a n t s .  

4 .  THE APPROACH 

From a l a r g e  number of cases of c loud  
systems moving over  c o a s t a l  B r i t i s h  Columbia, a 
s u b s e t  c o n s i s t i n g  of t hose  c a s e s  where t h e  
c loud  area was expanding o r  remaining c o n s t a n t  
was chosen f o r  a n a l y s i s -  Seven such test c a s e s  
were s t u d i e d  i n  d e t a i l  and t h e s e  c o n s t i t u t e d  a 
dependent  sample. P r e c i p i t a t i o n  amounts are 
a v a i l a b l e  f o r  a number of ground s t a t i o n s  a long  
t h e  B r i t i s h  Columbia c o a s t .  P r e c i p i t a b l e  water  
c o n t e n t  is a v a i l a b l e  from TOVS ( 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) d a t a .  The 
r e s o l u t i o n  f a c t o r  r is e a s i l y  c a l c u l a t e d ,  and 
t h e  number of p i x e l s  con ta ined  in a cloud area 
c a n  be measured a t  t h e  P a c i f i c  Weather Cen t re  
u s i n g  t h e  METDAS (Meteo ro log ica l  Data Ana lys i s  
System) s ta t is t ics  program. Two GOES images 
were used,  taken one hour a p a r t ,  t o  measure t h e  
change i n  cloud top area i n  each case. Hence 
a l l  of t he  r equ i r ed  in fo rma t ion  was a v a i l a b l e  
f o r  t h e  compi l a t ion  of a dependent sample. 
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Cases i n  which t h e  cloud area was 
d e c r e a s i n g  were a l s o  i n s p e c t e d  though i n  a more 
s u p e r f i c i a l  manner t o  ensu re  t h a t  t h e  
p r e c i p i t a t i o n  from such  systems was only l i g h t .  
T h i s  was g e n e r a l l y  t r u e  f o r  t h e  c a s e s  s t u d i e d  
t h u s  f a r .  

The degree  of t h e  polynomial which b e s t  f i t  
t h e  observed d a t a  was then  determined,  and t h e  
e m p i r i c a l  c o n s t a n t s  ob ta ined  by a p p l i c a t i o n  of 
t h e  p r i n c i p l e  of least squa res .  Once t h e  
e m p i r i c a l  c o n s t a n t s  were determined,  
p r e c i p i t a t i o n  amounts cou ld  t h e o r e t i c a l l y  be 
p r e d i c t e d  f o r  any cloud area where GOES imagery 
and TOVS d a t a  are a v a i l a b l e .  However, a8 a 
f i r s t  s t e p  we only wish t o  f i n d  whether a 
d e t e r m i n a t i o n  of "widespread r a i n "  v e r s u s  
" l i t t l e  o r  no r a i n "  can be made u s i n g  t h i s  
t echn ique ,  and n o t  a c t u a l l y  t o  q u a n t i f y  
p r e c i p i t a t i o n  amounts. A s  a second s t e p ,  t h e  
r e s u l t s  of t h i s  t echn ique  w i l l  be used i n  a 
procedure f o r  de t e rmin ing  more s p e c i f i c a l l y  t h e  
l o c a t i o n  . o f  p r e c i p i t a t i o n  w i t h i n  a c loud 
s y s t e m  . 
5 * COMPLICATIONS 

T h i s  approach can only work f o r  c loud areas 
i n  which t h e  term A l n ( r Z N )  i n  e q u a t i o n  
(11), t h e  governing e q u a t i o n ,  is  p o s i t i v e  o r  
z e r o .  A d i s c o n t i n u i t y  e x i s t s  where t h i s  term 
becomes n e g a t i v e ,  and t h e  r e l a t i o n s h i p  i s  no 
l o n g e r  v a l i d .  However s p o t t y  p r e c i p i t a t i o n  may 
s t i l l  occur  even i n  weakening systems where t h e  
cloud area is  d e c r e a s i n g ,  due mainly t o  a i rmass  
i n s t a b i l i t y .  The q u e s t i o n  of whether o r  n o t  a 
d i r e c t  measure of s t a b i l i t y  should be inc luded  
i n  t h i s  r a i n  e s t i m a t i o n  t echn ique  is something 
which w i l l  have t o  be determined on t h e  b a s i s  
of  o b s e r v a t i o n  and expe r imen ta t ion .  It is  
p robab le  t h a t  a s u b j e c t i v e  d e t e r m i n a t i o n  of 
s t a b i l i t y  by t h e  m e t e o r o l o g i s t  w i l l  be t h e  best 
method of approaching t h i s  problem. 

Orographic  e f f e c t s  obv ious ly  have a s t r o n g  
i n f l u e n c e  on cloud systems. The n e c e s s i t y  of 
c o l l e c t i n g  d a t a  f o r  t h e  development sample over 
a n  a r e a  f o r  which p r e c i p i t a t i o n  v a l u e s  are 
a v a i l a b l e  meant t h a t  t h e  c o a s t a l  mountains 
i n f l u e n c e d  t h e  r e s u l t s .  I n  g e n e r a l ,  
p r e c i p i t a t i o n  v a l u e s  a l o n g  t h e  c o a s t  can be 
assumed t o  be h i g h e r  t han  they would have been 
ove r  t h e  ocean (Spagnol,  1982).  The f a c t  t h a t  
many of t h e  c o a s t a l  s t a t i o n s  are l o c a t e d  i n  
"rainshadows" compensates f o r  t h e  topograph ica l  
enhancement of p r e c i p i t a t i o n .  

A t h i r d  compl i ca t ion  a r i s e s  due t o  t h e  f a c t  
t h a t  t h e  p a r t i c u l a r  t h r e s h o l d  r ad iance  v a l u e  
t h a t  i s  s e l e c t e d  t o  d e l i n e a t e  a meaningful  
c loud t o p  on t h e  imagery may i n f l u e n c e  t h e  
r e s u l t s  when u s i n g  t h i s  technique.  I n  g e n e r a l  
i t  was found t h a t  no s i n g l e  t h r e s h o l d  v a l u e  
cou ld  be used i n  a l l  cases. Th i s  a g r e e s  w i t h  
t h e  f i n d i n g s  of Blackmer (1975) i n  h i s  s t u d i e s  
of convec t ive  c louds .  Rather ,  t h e  t h r e s h o l d  
v a l u e  g i v i n g  t h e  b e s t  r e s u l t s  was one nea r  t h e  
middle  of t h e  s t r o n g e s t  g r a d i e n t  i n  p i x e l  
v a l u e s  ( F i g u r e  2 ) .  I n  p a r t i c u l a r  i t  was found 
t h a t  a t h r e s h o l d  v a l u e  nea r  t h e  c o l d e s t  t o p s  

should not be chosen, as t h e s e  areas were no t  
a lways r e p r e s e n t a t i v e  of c loud systems as a 
whole.  I n  one case, t h e  area of c o l d e s t  t ops  
was d e f i n i t e l y  seen  t o  be dec reas ing ,  wh i l e  t h e  
c l o u d  system as a whole was expanding. Another 
g u i d e l i n e  which can be fol lowed i n  choosing t h e  
t h r e s h o l d  c o n t o u r s  is t o  i n c l u d e  c loud  areas 
below which p r e c i p i t a t i o n  is being r e p o r t e d  by 
s u r f a c e  based s t a t i o n s .  

S u r t a  observatlonehowiog /7- precipitation 

OY isotherm: at 

-/ 

6 .  

F i g u r e  2 
An example showing a method of choosing a 
t h r e s h o l d  temperature  f o r  measuring t h e  
change i n  area of c louds  on GOES i n f r a r e d  
imagery. I n  t h i s  c a s e  t h e  -4O'C i so the rm 
was chosen as most s u i t a b l e .  

DATA ANALYSIS AND RESULTS: 
THE DEPENDENT SAMPLE 

Data was c o l l e c t e d  f o r  a number of cases 
ove r  a seven week pe r iod  d u r i n g  t h e  la te  autumn 
of 1983. Changes i n  area of wel l -def ined cloud 
systems were measured from GOES-Wes t images 
ove r  a one hour t ime i n t e r v a l  as t h e y  moved 
ove r  t h e  B r i t i s h  Columbia c o a s t ,  Only i n f r a r e d  
images were used f o r  t h i s  purpose,  s i n c e  
s o f t w a r e  t o  e n a b l e  no rma l i za t ion  of v i s i b l e  
imagery t o  noon l o c a l  t i m e  was n o t  y e t  
o p e r a t i o n a l  a t  t h e  P a c i f i c  Weather Centre .  

A s  a r u l e ,  e n t i r e  s y n o p t i c  scale c loud  
systems were analyzed f o r  changes i n  s i z e .  
However s u b s e t s  of t h e  system c loud ,  where they 
were w e l l  d e f i n e d  and s i g n i f i c a n t ,  were used at  
times. I n  p a r t i c u l a r ,  i n  areas of widespread 
b a r o c l i n i c  c l o u d i n e s s  i t  was sometimes u s e f u l  
t o  ana lyze  changes i n  more l o c a l i e e d  areas of 
enhanced c loud  a s s o c i a t e d  wi th  shortwave 
f e a t u r e s .  A n o t e  of c a u t i o n  is i n  o r d e r  he re .  
T h i s  t echn ique  is f o r  u s e  w i t h  l a r g e  c loud  
systems;  i f  smaller c loud  elements  are measured 
( approach ing  t h e  mesoscale) ,  d i f f e r e n t  
c o n s t a n t s  are needed f o r  t h e  equa t ion .  T h i s  is  
because  such  mesoscale c loud systems change 
t h e i r  r e l a t i v e  s i z e  much more q u i c k l y  than 
s y n o p t i c  scale systems,  ~ s i n c e  d i f f e r e n t  
p r o c e s s e s  are involved.  

Hourly p r e c i p i t a t i o n  amounts over B r i t i s h  
Columbia's  c o a s t a l  weather  s t a t i o n s  f o r  t h e  
hour  spanned by two GOES-West images was 
e s t i m a t e d  us ing  six hour s y n o p t i c  r e p o r t s  and 
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hourly av ia t ion  reports.  The t i m e  l a g  between 
p rec ip i t a t ion  events and cloud top expansion 
t h a t  has been noted by researchers  dealing wi th  
mesoscale cloud systems (Stout et  a l ,  1979) was 
not  noticed i n  t h i s  study. Rather, i f  there  
was a t i m e  l a g  involved it appeared t o  be i n  
t h e  opposite d i rec t ion .  Especially i n  the  case 
of rapid development, heavy p rec ip i t a t ion  
continued f o r  some t i m e  a f t e r  t he  s t ronges t  
growth i n  the  cloud system had been evident. 
This  is presumably due t o  the  l a rge  amounts of 
moisture which s a t u r a t e  the  atmospheric column 
during such development. Considerable t ime  is 
required f o r  t h i s  moisture t o  p r e c i p i t a t e  out 
of the system. 

TOVS da ta  appeared t o  give cons is ten t  and 
r e l i a b l e  values of p rec ip i t ab le  water content 
over the  area. Although accura te  p rec ip i t ab le  
water values cannot be obtained i n  areas of 
t h i ck  ( i . e .  p rec ip i t a t ing )  cloud, values 
immediately on the w a r m  s ide  of the cloud band 
can be considered t o  be representative.  
I s o l i n e s  of p rec ip i t ab le  water were drawn 
around the  cloud area  f a c i l i t a t i n g  the  
ana lys i s .  

The degree of the  polynomial which best f i t  
t h e o r e t i c a l  expectations a s  w e l l  a s  the 
observa t iona l  da ta  turned out t o  be of order 2. 
Therefore t runca t ing  the  series a t  n-2, 
equation (11) becomes: 

AP = a0 + almA1n(r2N) + a2[mAln(r2N)J2. (12) 

Theore t ica l ly ,  one would expect a l i m i t  t o  the 
amount of p rec ip i t a t ion  tha t  would f a l l  i n  some 
f i n i t e  time i n t e r v a l  given an a r b i t r a r y  value 
of m,  the p rec ip i t ab le  water content. Equation 
(12) y ie lds  j u s t  such a r e s u l t  i n  explaining 
the  va r i a t ion  i n  p rec ip i t a t ion  r a t e s  within the 
range covered by the  dependent sample. 

Table 1 shows a summary of the r e s u l t s  of 
t he  seven case s tud ie s  which have been analyzed 
t o  date.  The r e s u l t s  a r e  depicted graphically 
i n  Figure 3. The curve bes t  f i t t i n g  the  da ta  
was found t o  be... 

AP - -.12 + .78 mAln(r2N) - . 05 [mAln( r2~) ]2 .  

37 11 -35 1.29 
.FA 12 -20 2.w 
,l3 10 -20 ,150 
2*48 15 -45 9.915 
1,67 12 -20 2.172 
1,67 12 4 2,448 

8 8 8  15 -50 1,125 

Table 1 
Table summarizing r e s u l t s  of the t e s t  
cases which cons t i tu ted  the  dependent 
sample. 

3.01 
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Figure 3 
Graph showing the r e l a t ionsh ip  between 
p rec ip i t a t ion  versus the product of 
p rec ip i t ab le  water content and change 
i n  the  logarithmic value of cloud area 
over a one hour period. The seven 
da ta  points are seen p lo t ted  along 
with the curve of best  f i t .  

It can be seen from the graph tha t  the 
curve f i t s  the  data reasonably well ,  with a 
c o e f f i c i e n t  of determination of .87 and 
standard e r ro r  of the estimate Of .36 mm. This 
i m p l i e s  t ha t  87% of the va r i a t ion  i n  prec ip i t -  
a t i o n  amount tha t  was observed i n  the dependent 
sample was explained by the change i n  cloud 
a rea  together with p rec ip i t ab le  water values. 
Although the sample s i z e  Was too small to  y ie ld  
a s t a t i s t i c a l l y  S igni f icant  value fo r  standard 
e r r o r ,  the  value of -36 does suggest t ha t  the 
equation could predic t  hourly p rec ip i t a t ion  
amounts t o  within approximately 15% of t h e i r  
a c t u a l  value. 68% of the time. 

The decrease i n  expected p rec ip i t a t ion  
amounts predicted f o r  very rapid cloud 
expansion rates is not reasonable i n  a physical  
sense,  though a l i m i t  is l i k e l y  approached i n  
r h i s  region f o r  maximum Prec ip i t a t ion  amounts. 
This  s i t u a t i o n  is explained by the f a c t  t ha t  
only small cloud systems could r e a l i s t i c a l l y  be 
expected t o  expand by more than 60% over a one 
hour period (an expansion corresponding to  a 
Aln(r2N) value of 0 . 5 ) .  This was i n  f a c t  
t h e  s i t u a t i o n  i n  one of the cases cons t i t u t ing  
t h e  dependent sample (case 4). The reason why 
t h i s  case was not re jec ted  from the development 
(dependent) sample w a s  t h a t  i t  shows the  
e f f e c t i v e  l imi t ing  of p rec ip i t a t ion  amounts for  
rap id  increases  i n  cloud. This technique 
should be used wi th  grea t  caution, however, for 
va lues  of Aln(r2N)> - 5  i f  ac tua l  
p r e c i p i t a t i o n  values a re  desired.  
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7. POSSIBLE OPERATIONAL USE 

I n  t h e  i n i t i a l  s t a g e s  of development at t h e  
P a c i f i c  Weather Centre ,  a l l  t h a t  w i l l  be 
requi red  of t h i s  technique is t h a t  i t  c l a s s i f y  
cloud systems i n t o  one of t h r e e  c a t e g o r i e s ,  as 
shown i n  F igure  4 .  Typical  p r e c i p i t a t i o n  
p a t t e r n s  under clouds i n  each category and f o r  
t h r e e  d i f f e r e n t  types  of synopt ic  S i t u a t i o n s  
are shown. These p a t t e r n s  are based on cloud 
models i l l u s t r a t e d  by Weldon (1979) and a l s o  
from p a t t e r n s  observed dur ing  t h e  case s t u d i e s ,  
and i n  day-to-day f o r e c a s t  opera t ions .  Using 
t h e s e  models, t o g e t h e r  with any information 

suppl ied  by sur face  observa t ions  and o t h e r  
sources ,  t h e  meteorologis t  should be a b l e  t o  
make a much improved estimate of where 
p r e c i p i t a t i o n  is f a l l i n g  under a given cloud 
system. 

Much of the  d a t a  required i n  u t i l i z i n g  t h i s  
technique is a v a i l a b l e  t o  t h e  P a c i f i c  Weather 
Cent re ' s  METDAS computer system. Only t h e  
p r e c i p i t a b l e  water conten t ,  because it is not  
der ived  through GOES, needs t o  be input  i n t o  
t h e  system by the  meteorologis t .  Consequently, 
t h i s  procedure lends  i t s e l f  very handi ly  t o  
p a r t i a l  automation. 

CATEGORY rY 

precipitation 
rate In m m  

from governing 
quation) 

I. 

QP( .2!5 

2. 

.25< AP< 1.0 

3. 

LIP> 1.0 

TYPF A 

- syetems a5sociated with 
upper level wind maxima 
on backs& of trough 

> Tt 

SY5TEM TYPE 

TYPE 0' 
- cysterne associated 4 t h  upper 
level wind maltima on front 
side of tmuqh 

- systcrnb embedded in bsMcliniC 
-ne cloudine% 

Figure  4 
T y p i c a l  p r e c i p i t a t i o n  p a t t e r n s  f o r  each of t h e  t h r e e  cloud expansion c a t e g o r i e s ,  ,and f o r  t h r e e  
d i f f e r e n t  types  of synopt ic  s i t u a t i o n s .  
are enclosed by dashed l i n e s  and s t i p p l e d ,  while  probable  areas of widespread continuous 
p r e c i p i t a t i o n  are enclosed wi th in  s o l i d  l i n e s  and shaded. 
th reshold  temperatures  ( i . e .  r e l a t i v e l y  cold cloud t o p s ) .  
*E 
add one t o  t h e  ca tegory  number, e.g. ca tegory  "1" becomes ca tegory  "2" .  

Areas of occas iona l  or patchy convect ive p r e c i p i t a t i o n  

Scal loped l i n e s  represent  s e l e c t e d  

For type  B systems, i f  s t rong  development has occurred dur ing  the preceeding s i x  hours ,  
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8. SUMMARY 10. REFERENCES 

The technique descr ibed  i n  t h i s  paper f o r  
d e f i n i n g  p r e c i p i t a t i o n  areas from sa te l l i t e  
imagery u t i l i z e s  a manhachine  mix which can be 
expected t o  be q u i t e  e f f i c i e n t  i n  an 
o p e r a t i o n a l  s e t t i n g .  The scheme w i l l  be t e s t e d  
over  t h e  next  year  a t  t h e  P a c i f i c  Weather 
Centre. The same procedures w i l l  be appl ied  t o  
normalized v i s i b l e  data .  Also, combinations of 
v i s i b l e  and i n f r a r e d  thresholds  w i l l  be used t o  
determine whether more a c c u r a t e  r e s u l t s  can be 
obtained.  I f  t h e  technique performs as 
expected,  it w i l l  be implemented o p e r a t i o n a l l y  
a t  t h e  Weather Centre. 
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D. 7 

NIMBUS 7 SMMR DERIVED SEASONAL 
VARIATIONS IN THE WATER VAPOR, LIQUID WATER, 

AND SURFACE WINDS OVER THE GLOBAL OCEANS 

C. PRABHAKARA 
DAVID A. SHORT 

Goddard Laboratory for Atmosphere Sciences 
NASA/Goddard Space Flight Center 

Greenbelt, Maryland 20771 

1. INTRODUCTION 

The Scanning Multichannel Microwave Radiometer 
(SMMR) flown on the Nimbus 7 satellite measured the 
brightness temperature of the earth-atmosphere system at five 
frequencies (6.6, 10.7, 18, 21 and 37 GHz) in dual polariza- 
tion. This instrument is designed with the objective of map- 
ping over the open ocean sea surface temperature (SST), sur- 
face wind speed, atmospheric integrated water vapor content, 
integrated liquid water content and rain fall and to determine 
sea-ice type and extent (Gloerson and Barath, 1977). In this 
study we are limiting the scope to the examination of at- 
mospheric water vapor and liquid water, and surface wind 
speed. The SMMR derived SST information is not included 
here as the antenna side lobe contamination introduces 
significant errors in the vicinity of land masses (Njoku, 1980). 
A brief discussion of the retrieval technique used to derive 
these parameters is presented. 

The atmospheric and surface parameters sensed by 
SMMR over oceans strongly reflects the state of the at- 
mospheric boundary layer. The ocean-atmosphere interactions 
that take place through this boundary layer can thus be infer- 
red from an examination of the SMMR observations. 

This study is based on monthly mean maps of water 
vapor, liquid water and surface winds over the oceans 
generated from 13 months of SMMR data. These maps are 
presented with detailed discussion in a study by Prabhakara 
and Short (1984). The December 78 and June 79 maps of 
these parameters are shown here to reveal the seasonal 
changes. Zonal averages for December and June of these 
parameters are compared with information derived from con- 
ventional measurements. 

2. RETRIEVAL TECHNIQUE 

The SMMR brightness temperature measurements in the 
18 and 21 GHz channels strongly reflect the atmospheric 
water vapor information. The difference, T2, - T,*, between 
the two brightness temperatures is mainly dependent on the 
water vapor content in the atmosphere. This difference is 
nearly independent of SST and is only weakly affected by 
surface winds and liquid water in the atmosphere. Utilizing 
this signal we have derived atmospheric water vapor over the 
oceans with an accuracy of about 0.25 g/cmz. 

The 6.6 GHz channel of SMMR is least affected by the 
atmospheric absorption due to  water vapor and liquid water. 

The sea surface emissivity at this frequency is nearly indepen- 
dent of SST (Wilheit and Chang, 1980). Applying a small cor- 
rection (0.3K per lg/cm2 of water vapor in the atmosphere) to 
the brightness temperature at 6.6 GHz in the vertical polariza- 
tion we have estimated the SST. Measurements affected by li- 
quid water in the atmosphere and winds are objectively 
eliminated in the SST retrievals. 

Moderate winds ( 10m/s) produce a relatively weak ef- 
fect on the SMMR brightness temperatures when compared to 
that of the liquid water in the atmosphere. Furthermore, the 
combined effect of the liquid water and surface wind in the 
SMMR brightness temperatures is non-linear. For this reason 
the surface winds and liquid water are estimated, respectively, 
under divergent and convergent circulation regimes in the 
boundary layer. The technique used to identify the divergent 
and convergent wind regimes as well as the methods to 
estimate the liquid water and surface winds are described in a 
study of Prabhakara, et. a1 (1983). 

3. SEASONAL VARIATIONS 

Monthly mean maps of water vapor and liquid water, 
and the surface wind derived from SMMR over the oceans for 
Dec. 78 and June 79 are presented in Figures'l and 2 respec- 
tively. In order to appreciate the information contained in the 
satellite measurements monthly mean maps of lOOOmb wind 
vectors derived from FGGE data are shown in these figures. 

The intertropical convergence zone (ITCZ), about 5' 
north of the equator, and the south Pacific convergence zone 
are characterized by maxima in the liquid water content and 
water vapor. On the east side of the subtropical oceans where 
subsidence generally prevails there is a minimum in the water 
vapor and liquid water. In the regions where there are warm 
ocean currents such as the Gulf Stream, Kuroshio, Brazil and 
Agulhas currents there is above average liquid water content 
in the atmosphere. The surface wind speed maps show weak 
winds of about 5 m/s in the low latitudes and stronger winds 
in excess of 10 m/s in the middle and high latitudes par- 
ticularly over the regions of warm ocean currents. The 
seasonal changes in the strength and position of several of 
these water vapor, liquid water, and surface wind features 
may be noticed by comparing December and June maps. The 
wind vector maps deduced from FGGE data, when compared 
with the SMMR water vapor maps, show that the water vapor 
in the atmosphere is a good tracer of the large scale at- 
mospheric motions. 
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In Figure 3 zonal averages (over the ocean) of the water 
vapor, liquid water, and surface wind speed derived from 
SMMR observations for December and June are shown. The 
zonal average of water vapor (Fig. 3a) is compared with that 
of the climatology of air temperature over the oceans (Fig. 
3b). Notice the water vapor in Fig. 3a is displayed on a non- 
linear scale that reflects the vapor pressure dependence on the 
temperature. The seasonal change of air temperature over the 
oceans is somewhat larger than that of the SST and the at- 
mospheric water vapor seems to follow this surface air 
temperature. 

Zonal averages of atmospheric liquid water (Fig. 3c) 
clearly show the maximum associated with the ITCZ. This 
maximum is shown to move from about 7"N in June to 
about 4ON in December. The liquid water content in the mid- 
dle and higher latitudes particularly in the northern 
hemisphere is significantly larger in winter compared to sum- 
mer suggesting the importance of the mid latitude baroclinic 
activity in winter. In the southern hemisphere the seasonal 
changes are considerably smaller. Zonal average precipitation 
estimates (See for eg. Dorman and Bourke, 1979) deduced 
from conventional observations show several features that 
resemble the zonal average liquid water measurements made 
by SMMR. 

Zonal average wind speed derived from SMMR over the 
oceans (Fig. 3d) is compared with that of the FGGE wind 
speed (Fig. 3e). Although a close quantitative agreement is 
not obtained, the SMMR wind estimates show the minimum 
near the equator and a seasonal variation somewhat similar to 
FGGE data. 

4. CONCLUSIONS 

The SMMR measurements of surface and atmospheric 
parameters over the oceans describe the state of the at- 
mospheric boundary layer. The water vapor distribution on 

the oceans not only follows the surface-air temperature but is 
strongly influenced by the advective, subsidence and rising 
motions in the atmosphere. The seasonal and spatial distribu- 
tions of liquid water content in the atmosphere derived from 
SMMR over the oceans resemble the climatological precipita- 
tion patterns. The spatial and temporal variations in all the 
parameters sensed by SMMR suggest potential application of 
these data to  air-sea interaction studies. 
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ARCTIC ATMOSPHERE - ICE INTERACTION STUDIES USING NIMBUS-7 SMMR 

Mark R. Anderson and Robert G. Crane 

Cooperative Institute for Research in Environmental Sciences 
University of Colorado 

Boulder, Colorado 

1. INTRODUCTION 

The interaction between sea ice and 
atmospheric dynamics and thermodynamics has been 
the subject of numerous recent empirical and 
modeling studies (cf. reviews by the Polar Group, 
1980; Crane, 1981). Most analyses, however, have 
been on seasonal, interannual, or longer time 
scales. Short term variations in ice extent have 
been noted and synoptic scale ice-atmosphere 
interactions have been examined, for example, by 
Ackley and Keliher (1976), Carleton (1981) and 
Overland and Pease (1982). 

seen primarily in the heat exchange at the 
surface, and also in the effect of surface winds 
on ice drift. Very rapid changes in sea ice 
distribution are possible in the marginal ice 
zone due to ablation and to ice advection as a 
response to changes in atmospheric circulation. 
The present paper describes two such events, one 
in the Greenland Sea and one in the Sea of 
Okhotsk, both for April/May 1979. 

Analysis of such rapid events have been 
hampered, in the past, by the lack of accurate 
data on a suitable time and space scale. 
Research in this direction has been improved 
following the availability of satellite borne 
microwave radiometers. 
passive microwave sensors is the ability to "see" 
through cloud and the polar night. Data from the 
single channel Nimbus-5 Electrically Scanning 
Microwave Radiometer (ESMR) have been analysed in 
the context of ice-atmosphere interactions by 
Cavalieri and Parkinson (1981) for the Southern 
Ocean and by Crane et al. (1982) and Crane (1983) 
for regions of the Arctic. 

The ESMR data provide a valuable resource for 
sea ice research. In the absence of 
supplementary data on ice temperatures and ice 
type or concentration, however, studies based on 
the single channel ESMR data are limited by their 
inability to resolve quantitatively these 
separate surface parameters. 
alleviate this problem has been made with the 
launch of the Scanning Multichannel Microwave 
Radiometer (SMMR) on board Nimbus-7. Using SMMR 
data, ice concentration, the multi-year ice 
fraction, and the physical ice temperature have 
been derived sequentially from the multiple 

The influence of the atmosphere on the ice is 

The major advantage of 

An attempt to 

channel and dual Polarization information. These 
parameters are produced by NASA Goddard Space 
Flight Center and are Currently available for the 
first year of SMMR operation (November 1978 - 
October 1979). The derived sea ice concentration 
data for April and May 1979 are used here in the 
analysis of ice edge movement and ice 
concentration changes for the two study periods 
mentioned above. 

2. NIMBUS-7 SMMR SEA ICE PARAMETERS 

The Nimbus-7 SMMR records passive microwave 
radiation, at both horizontal and vertical 
polarizations, for each of five wavelengths: 
6.6GHz (4.6cm); 10.7GHz (2-8cm); 18 GHz(l.7cm); 
21GHz (1.4cm); and 37GHz (0.81cm). 
retrieving ice concentration, multi-year ice 
fraction and the physical ice temperature has 
been described by Cavalieri et al. (in press). 
The procedure defines a Polarization ratio, given 
by : 

A method for 

R - (TBV - TBh) / (TBV + TBh) 

where TB and TB are the vertical and 
horizontk brighkness temperatures recorded in a 
given channel. 
polarization difference between open water and 
sea ice to estimate ice concentration at the 
18GHz wavelength (water vapor has little effect 
on atmospheric attenuation at this wavelength). 
The use of the polarization ratio enables the 
derivation of the parameters to be virtually 
independent of the physical temperature of the 
surface. 
fraction is used to obtain an approximate sea ice 
concentration, and an iterative procedure is then 
used to arrive at final values of ice 
concentration and multi-year ice fraction. 
physical ice temperature is inferred from the ice 
concentration and the 6.6GHz vertical brightness 
temperature, and the multi-year ice fraction is 
used to obtain the ice concentration at 37GHz. 

Correspond to a spatial resolution of 
approximately 60km, while those at 37GHz 
correspond to a 30km resolution. 
ice fraction has a 60km resolution and the 
multi-year ice fraction, since it makes use of 
the 6.6GHz channel, has a resolution of 150km. 

Use is made of the large 

An initial value of 50% multi-year ice 

The 

The ice concentration retrievals at 18GHz 

The multi-year 
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3. THE GREENLAND SEA 

Ice extent in the Greenland Sea is largely 
determined by ice export from the Arctic Basin 
via the East Greenland Current (EGC), and by the 
formation of new ice within the current. This 
ice forms a continuous flow from north to south 
along the east Greenland coast. 
of the ice, however, is also influenced by an 
oceanic gyre (the Jan Mayen Gyre) north of 
Iceland. In winter this frequently causes an 
extension eastwards of a lobe of ice, referred to 
as "Odden", (Vinje, 1980) in the southern limb of 
the gyre. 

The distribution 

An examination of the U.S. Navy-NOAA Joint 
Ice Center (JIC) sea ice analyses shows this 
feature to be particularly well developed in 
MarchIApril 1979. 
SMMR in the determination of the ice edge 
location. 
based primarily on visual analysis of higher 
resolution visible and infrared imagery from the 
NOAA and Defense Meteorological Satellite Program 
(DMSP) series of satellites. Ice analyses from 
these sensors, however, are restricted by cloud 
conditions. 

surface winds, Odden was separated from the main 

The JIC analyses routinely use 

Ice concentration within the pack is 

During April, under conditions of weak 

- _  
Figure 1. Nimbus-7 SMMR sea ice concentrations in the Greenland Sea for: a) 28 April; b) 30 April; 

c) 2 May; d) 4 May 1979. - 0 -  - ice edge; --- - - 30%; and - - 50% ice concentration. 
The hatched areas are greater than 90% concentration. 
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coastal flow by a strip of open water 80-15Okm 
wide. The weekly JIC ice charts show that the 
lobe disappears sometime between the 29 April and 
8 May. The daily DMSP visual and IR imagery 
shows extensive cloud cover over the region for 
much of the period, limiting its usefulness for 
ice analysis. 
data, however, indicates that the change took 
place between the first and the fourth of May 
(Figure 1). 

The ice band is present in the SMMR data 
through the end of April (Figure 1a;b). The next 
data day on the 2 May (SMMR operates only on 

A detailed analysis of the SMMR 

Figure 2. Sea level pressure patterns for: 
a) 26 April and b) 2 May 1979. 

alternate days due to power limitations), showed 
a rapid decrease in ice extent and concentration 
(Figure IC). 
completely disappeared from the region northeast 
of Iceland. 
extent in the EGC decreases between about 71N and 
74N, and that there is a slight increase in the 
Denmark Strait between Greenland and Iceland. 

An analysis of the surface pressure charts 
shows weak high pressure in the region in late 
April; a representative surface pressure map is 
shown in Figure 2a. During this period the ice 
distribution is determined by the oceanic gyre 
(vinje, 19801, with the weak atmospheric 
circulation having very little influence. 

towards the end of April. The system intensifies 
and moves southeast during the first four days of 
May (eg. Figure 2b). The change in wind speed 
results in the rapid break-up of Odden. 
strong cyclonic flow may also account for the 
apparent ice convergence in the Denmark Strait 
(cf. Aagaard, 1972). 

4 .  SEA OF OKHOTSK 

On 4 May (Figure Id) the ice had 

Figure Id also shows that the ice 

A low pressure system develops in the region 

The 

The seasonal sea ice distribution in the Sea 
of Okhotsk has been described by Parkinson and 
Gratz (1983), using Nimbus-5 ESMR data. Their 
results suggest that there is a rapid retreat of 
ice from the Kamchatka Coast in mid-March, with 
the ice remaining along the northern and western 
coasts through April /May 

A similar situation to the Greenland case can 
be seen in early May in the Sea of Okhotsk. The 
JIC ice analyses show a change occurring from one 
weekly analysis to the next. Again, analysis of 
the sea ice extent is hindered by cloud cover in 
the visual and IR DMSP imagery, while variations 
in ice cover can be clearly seen in the SMMR 
data. 

Prom late April to early May, ice extent and 
concentration remains fairly stable (ice extent 
between 4-1 May is  given i n  Figure 3a). 
data for 8-10 May shows little change in ice 
extent, but a substantial decrease in ice 
concentration in the northern part of the region 
(Figure 3b). 
rapid break-up of the ice pack with large changes 
in both,ice concentration and areal extent. 
atmospheric circulation again changes from one of 
weak anticyclonic flow (Figure 4a) to a more 
intense cyclonic flow (Figure 4b) 

Parkinson and Gratz (1983) found that the 
typical ablation pattern in April/May consisted 
of ice lingering along the western coasts with in 
situ break-up as a result of polynya formation. 
A similar situation is observed in the SMMR data, 
except that in this case, the change in 
atmospheric circulation results in the rapid 
disintegration of the ice cover. It would appear 
that the break-up is accelerated by warm air 
advection. The resulting ice distribution 
(Figure 3c) is probably related to the Okhotsk 
gyre north east of Sakhalin Island. 

5. DISCUSSION 

SMMR 

Figure 3c for 12-14 May shows a 

The 

The temporal and spatial resolution available 
with the satellite - borne microwave radiometers 
provide a va,luable source of information for sea 
ice analysis and monitoring in the marginal ice 
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Figure 3. Nimbus-7 SMMR sea ice concentrations 
in the Sea of Okhotsk for: a) 4-7 May; 
b) 6-10 May; c) 12-14 May 1979. - 0 -  - ice 
edge; - - 50% ice concentration, and the 
hatched areas are greater than 90%. 

Using the SMMR data, rapid changes in ice 
extent and concentration have been observed in 
association with changes in synoptic atmospheric 
circulation. 

Case studies and analyses of sample data 
indicate that ice concentration estimates may be 
accurate to within 10% (Cavalieri et al., in 
press). Limitations in ice concentration 
retrievals exist in the marginal ice zone due to 
ocean surface roughness and precipitation, both 
of which tend to return erroneous ice 
concentration values over areas of open water. 
Work is still in progress to improve the sea ice 
algorithms. 

In the case studies described above, orbital 
characteristics provide sufficient overlap to 
permit data every two days in the Greenland Sea. 
Three-day averages are used for the Sea of 
Okhotsk due to the limited orbital 
coverage at this latitude. 
multi-channel microwave radiometer will be 
included on a DMSP platform. 
operate at four frequencies: 19.3, 22.2, 37.0 
and 85.5 GHz. Vertical and horizontal 
polarizations will be provided for all 
frequencies except the 22.2 GHz, which will only 
have vertical polarization. The lower frequency 
channels will have a scene station resolution of 

In 198516 a 

The sensor will 
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Figure 4. Sea level pressure patterns for: 
a) 4 May and b) 9 May 1979. 

25km, and the 85.5 GHz channel will have a 
resolution o f  12.5km. 

permit improved temporal coverage compared to 
SMMR, with repeat global coverage every 24 
hours. In the polar regions, complete coverage 
will be possible every 12 hours due to orbital 
overlap. The first launch is scheduled for late 
1985, with subsequent launches in 1986 and 1987. 
This sensor will, therefore, provide the primary 
sea ice data source for the remainder of the 
decade and permit more extensive studies of the 
type reported here. 

The satellite orbital characteristics will 
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ANALYSIS OF TROPICAL SYNOPTIC DISTURBANCES USING SATELLITE-DERIVED 
SOUNDINGS AND RADIANCE DATA FROM SELECTED CHANNELS 

A.H. Thompson, J.P. McGuirk, L.L. Anderson, Jr., and N.R. Smith 

Texas A&M University 
College Station, Texas 77843-3146 

1. INTRODUCTION 

Recent interest in the Southern Oscil- 
lation, the Walker circulation, and El Nifio has 
led to increased demand for reliable analyses of 
the structure of the atmosphere of the eastern 
Portion of the tropical and subtropical Pacific 
Ocean. Our own interest in these analyses is 
related to the phenomena listed above, but also is 
because of concern with plumes, or bursts, of 
middle and high clouds which originate in or near 
the intertropical convergence zone (ITCZ) of the 
eastern Pacific Ocean. These bursts move north- 
eastward into middle latitudes, as either a jet- 
stream or merging there with the jet stream; they 
are often associated with cyclogenesis and pre- 
cipitation events over the southern tier of states. 
We require analyses of the area mentioned above 
to examine the origin and subsequent behavior of 
the moisture plumes or "moisture bursts" as we 
have chosen to call them. The most satisfactory 
Procedure in attaining analyses for such data- 
Poor regions as the eastern Pacific is to combine 
Conventional meteorological data with data re- 
trieved from satellite radiance measurements. 
This paper presents some of the results of com- 
Paring and combining information from the two 
sources (satellite and conventional) in deter- 
mining the atmospheric structure associated with 
a portion of the life cycle of an eastern Pacific 
moisture burst. 

The cloud bands we refer to as moisture 
bursts have been observed by others, for example, 
Morel et al. (1978), Davis (19811, and Thepenier 
and Cruette (1981). McGuirk and Thompson (1984) 
describe the bursts in some detail and suggest 
that they may be related to the behavior of the 
Hadley circulation. Figure 1 shows a schematic 
depiction of the moisture burst of the period de- 
scribed in the paper. Thepenier and Cruette 
suggest that if the bursts are associated with 
(subtropical) Jet formation and/or with subsequent 
cyclogenesis and precipitation events, then it 
seems essential to understand more of the trig- 
gering and development processes. McGuirk and 
Thompson also note that clouds in the vicinity 
Of the burst genesis region sometimes move into 
the region from the southern hemisphere. 
the clouds sometimes exhibit winds with the meri- 
dional component exhibiting "jet stream" speeds 
near, or eouth of, the ITCZ. Neither observation 
is consistent with conventional understanding of 
the subtropical circulation or of the Hadley cell. 
Such concepts require further evaluation. 

Further, 

Fig. 1. Schematic depiction of the time evolution 
of the high cloud boundary of a moisture burst 
occurring between 21 and 25 January 2979. Flagged 
numbers give the date of the associated cloud 
leading edge. 

2. DATA AND ANALYSES 

(From McGuirk and Thompson, 2984.) 

The current investigation uses data 
from the First GARP Global Experiment (FCGE) 
Special Observing Period (SOP). 
ern Pacific Ocean is characteristically a data- 
sparse region. The supplementary radiosondes, 
dropsondes and pibals, together with an expansion 
of the operationally available aircraft, surface 
and ship reports aid in making the FGGE SOP more 
amenable to study. 
however, leave the coverage far from ideal. 

The tropical east- 

Even these special data, 

The satellite coverage also was in- 
creased during the SOP. 
satellite-derived winds and temperatures and rad- 
iance data for several wavelength channels were 
available for melding with the conventional data. 

Enhanced coverage of 

Data from two satellite systems were 
used. These systems were the Geostationary 
Operational Environmental Satellite (GOES) system 
(especially GOES-West) and the sun-synchronous 
TIROS-N satellite. 
in polar orbit, have been prepared but are not 
included in this paper. Infrared radiances mapped 
out as pictures of the cloud cover were obtained 
from the GOES system. Information from the TIROS- 
N Operational Vertical Sounder (TOVS) was also 
used. The TOVS was described by Smith et al., 
(1979). We are using mapped data from several of 
the individual channels of TOVS radiance measure- 
ments, and also retrieved atmospheric temperature 
soundings. 

Data from the NOAA-5 system, 

In this paper we have used information 
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from only four of the channels. The channels 
used include Channels 10 and 12 of the High reso- 
lution Infrared Radiation Sounder (HIRS-2) and 
Channels 1 and 2 of the Microwave Sounding Unit 
(MSU). For convenience, we have chosen in our 
diagrams to refer to the two MSU channels as 
Ch. 21 and Ch. 22, respectively. 

Another form of information retrieved 
from the satellite data is the wind obtained by 
tracking identifiable portions of the cloud 
patterns, or the "cloud-tracked winds". 
cloud-tracked winds are based on cloud elements 
estimated to be at or above the 30 kPa pressure 
level. The lower cloud-tracked winds are presumed 
to represent flow below the 70 kPa pressure level. 
These data are available from the FGGE Level I1 
archive. 
cloud-tracked winds on the brightness temperature 
analysis of the Ch. 12 data, while the lower-level 
winds are on the corresponding chart of the Ch. 
10 information. 

The upper 

We have superimposed the upper-level 

Extensive use was made of the Level IIb 
and Level IIIb data as prepared by the European 
Center for Medium Range Weather Forecasts (ECMWF). 
Gridded data from the ECMWF set were extracted 
for an area bounded by latitudes 20's and 30'N 
and by longitudes 180' and 90'W on a 3.75' x 3.75' 
lat/lon grid. 
data cover the same area when possible, and are 
our own objective analysis based on the Level 
IIb data. 

Analyses of the satellite-derived 

The period examined in detail extended 
from 21 January 1979 to 28 January 1979. The 
examples presented in this paper were selected 
from mappings for the 24th and 25th. 

3. SYNOPTIC PATTERNS DETECTED BY TOVS 
MICROWAVE AND WATER VAPOR CHANNELS 

The four TOVS channels are selected to 
depict synoptic scale systems over the Pacific 
Ocean. The two microwave channels discussed 
herein represent, approximately, brightness tem- 
peratures in the vicinity of 70 kPa (Ch. 22) and 
the surface (Ch. 21). The infrared channels 
measure,approximately, moisture (expressed as 
brightness temperature) at the 50 kPa (Ch. 12) 
and 90 kPa (Ch. 10) levels. Additionally, 20 kPa 
temperature and 85 kPa geopotential height and 
relative humidity fields from the ECMWF Level 
IIIb analyses are used. Comparisons are made 
between the synoptic patterns for 00 GMT on 24 
January and those for 00 GMT on 25 January. 

The microwave channels are used because 
of their ability to probe through clouds where 
IR channel data are not available. The water 
vapor channels are used to delineate moisture- 
rich areas and also to track wind maxima (Martin 
and Salomonson, 1970). The cloud-tracked winds 
are unreliable in the presence of an overcast 
cloud cover. 

3.1 Case 1: 00 GMT on 24 January 1979 

3.la Upper Troposphere (70 kPa and above) 

There are two upper tropospheric 
microwave channels available from the TOVS MSU. 

The uppermost channel has a peak energy contribu- 
tion from near the 30 kPa level. The features in 
this channel are not shown because they are very 
broad and lack detail. The MSU Channel 2, [here 
referred to as TOVS Channel 221 is discussed 
instead. North of 20'N (see Fig. 2) the tempera- 
ture field is predominantly zonal with small-ampli- 
tude short waves embedded. The striking feature is 
the deep cold axis near 145"W extending from 20'N 
to a position south of the equator. In addition, 
there is a southern hemisphere cold axis near 
140'W which also extends across the equator into 
the northern hemisphere. These two cold axes 
could be interpreted readily as a single cold axis 
extending across the equator between 140'W and 
150'W. The eastern and western equatorial regions 
are dominated by broad zonally-oriented warmer 
regions 

The HIRS Water Vapor Channel 12 (50 kPa) 
and the cloud-tracked winds above 30 kPa are 
illustrated in Fig. 3. As can be seen, there is 
good synoptic-scale detail in the satellite-derived 
pattern, with extensive troughs and ridges. 
also appear to be large embedded mesoscale (500- 
1,000 km) features. 

There 

A warm (or dry) axis extends from lO'N, 
170'W to 25'N, 140'W to 25'N, 120'W, where the data 
become sparse; it appears again at 30'N, 95"W. 
According to Martin and Salomonson (1970), certain 
water vapor channel radiances have a strong rela- 
tionship to the southwesterly subtropical jet 
stream (STJ) maxima over the United States, The 
suggestion is that the STJ Parallels the high 
(dry) temperature axis which extends deep into the 
tropics. 
the eastern Pacific Ocean, and alsoone is centered 
at lo's, 135'W to 2'N, 142 OW. The cloud-tracked 
winds, denoted in the figures by arrows, appear to 
lie in the areas of tight gradient except at 15'N 
between 125'W and 105'W, where they tire transverse 
to the low temperature (wet) axis. 

Other high temperature axes exist in 

Low temperature axes in this channel 
should delineate moisture-rich areas. Since 
this is an IR channel peaking at approximately 
50 kPa, it is not a mapping of cloud tops, but 
primarily of water vapor. An extensive cold (wet) 
axis (Fig. 3) extends from 5'S, 165'W to the equa- 
tor at 150'W where it splits into northern and 
southern branches. The northern branch runs from 
2'N, 147'W to 20'N, 115'W while the southern branch 
curves from 2'N, 147'W to 2"N, 131'W then south- 
eastward. The two branches suggest a moisture 
"canal" extending from the southern hemisphere 
tropics into the mid-latitudes and also a branch 
circulating near the equator in the southern 
hemisphere. 
in the Level IIIb relative humidity analysis 
for 70 kPa (not shod. 

These two features are well depicted 

The Level IIIb 200-mb temperature anal- 
ysis for 20 kPa (Fig. 4) shows an extensive cold 
axis from lO'N, 145'W northeastward and a cold 
core near 15'S, 140'W. By comparing Figs. 2 ,  3 
and 4, we can see that the cloud-tracked winds 
are closely associated with both microwave and 
20 kPa temperature patterns. Also, the moisture 
"canal" present in the water vapor channel lies 
just east of the microwave cold axis and generally 
parallels the cold axis at 20 kPa. The southern 
hemisphere moisture "canal" is easily associated 
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Fig. 2. Mapping of grid-point values of bright- 
ness temperature (Celsius) of Ch. 22 (6%. 2, 
0.558 cm, of the MSU, with peak energy contribu- 
t ion from near 70 @a) radiances. 
Approdmately 00 GMT 24 January 1979. 

Fig. 5. Mapping of grid-point values of bright- 
ness temperature (Celsius) of Ch. 21 (&. 1, 
0.596 cm, of the MSU, with peak energy contribu- 
t i o n  from the surface) radiances. Approximately 
00 GMT 24 January 1979. 

3 

Fig. 3. Fig. 6. Mapping of grid-point values of bright- 
ness temperature (Celsius) of HIRS Ch. 12 (6.70 ness temperature (Celsius) of HIRS Ch. 10 (8.30 
p, a water vapor channel with peak energy con- p, a water vapor channel with peak energy con- 
tr ibut ion from near 50 kPa) radiances. The tr ibut ion from near 90 kPa) radiances. The lower 
upper cloud-track winds are superimposed (speeds cloud-track winds are superimposed (speeds i n  
i n  m/sec). Approdmately 00 GMT 24 January 2979. m/sec). Approximately 00 GMT 24 January 1979. 

Mapping of grid-point values of bright- 

Fig. 4. 
surface from the ECMWF Level I I I b  analysis. 
F o r  0000 GMT 24 January 1979. 

with t h e  microwave channel and t h e  20 kPa a n a l y s i s  
p a t t e r n s .  

Temperatwe (Celsius) a t  the 20 @a 

Appropriate  TOVS channels and Level I I I b  
ana lyses  i n  t h e  lower t roposphere are now 
discussed.  

3 . lb  Lower Troposphere (below 70 @a) 

The lower t ropospher ic  microwave channel 
[MSU Channel 1, h e r e  r e f e r r e d  t o  as TOVS Channel 
211 is a "window" channel with peak energy con- 
t r i b u t i o n  from t h e  sur face .  Figure 5 shows t h a t  
cons iderable  d e t a i l  is a v a i l a b l e  i n  t h i s  channel, 
with a major warm a x i s  a long t h e  equator  from 
180' t o  155"W then northeastward t o  30°N, 105PW. 

Fig. 7. 
surface from the ECMWF Level I I I b  analysis. 
stippled areas have relat ive  humidities a t  85 
!Pa between 70 96 and 90 X. F o r  00 GMT 24 
January 3979. 

This  warm a x i s  co inc ides  very c l o s e l y  with t h e  
upper t ropospher ic  moisture  "canal" ( see  Fig. 3) 
and t h e  upper microwave cold a x i s  (Fig. 2). The 
Channel 2 1  cold a x i s  from lo's, 115'W t o  25'N, 
135"W does not  relate as w e l l  t o  t h e  upper tropos- 
pher ic  warm axis. 
i t s  s i g n a l  throughout t h e  depth of t h e  t roposphere 

TOVS Channel 10 is a water vapor channel, 
As with t h e  upper t ropospher ic  

Height f g p m )  of the 85 kPa (850 mb) 
The 

Thus, t h e  moisture  b u r s t  shows 

peaking a t  90 kPa, 
water vapor channel, cold axes should d e l i n e a t e  
moisture-rich areas ("canals"). The lower 
t ropospher ic  cold (wet) axes  (Fig. 6 )  r e f l e c t  t h e  
upper t ropospher ic  p a t t e r n s  (Fig. 3) but  wi th  
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Fig. 8. Same as Fig. 2 except for 00 GMT 25 
January 1979. 

Fig. 11. Same as Fig. 5 except for  00 GMT 25 
January 1979. 

Fig. 9. 
January 1979. 

Same as Fig. 3 except for 00 GMT 25 Fig. 12. Same a8 Fig. 6 except for 00 GMT 25 
January 1979. 

Fig. 10. Same as Fig. 4 except for 00 GMT 25 
January 1979. 

much less detail. There are broad warm (dry) 
areas in the eastern and western parts of the 
region which are similar to upper tropospheric 
patterns, but the upper warm (dry) axis parallel- 
ing the STJ is not reflected near the surface. 
The cloud-tracked winds (Fig. 6 )  indicate the 
expected easterly (trade) winds in the east and 
relatively strong easterlies a short distance 
east of the dateline. 
is the belt of strong westerlies, up to 16 m/s, 
along the equator near 175'W and along the 
moisture "canal" to 10"N. 
Pacific Convergence Zone was located 30' to 40' 
east of its normal position, these westerlies do 
not seem to be a northward extension of that 
complex. The lower water vapor channel does not 
appear to be as useful a signal of the wind 
pattern as the upper water vapor channel, with 
the possible exception of the unusually strong 
westerlies feeding the moisture "canal". 
also the cross-equatorial f l w  in the moisture 
"canal" denoting the southern hemisphere's con- 
tribution to northern mid-latitude moisture. 

The interesting feature 

Although the South 

Notice 

Fig. 13. Same as Fig. 7 except for  00 GMT 25 
J a n q  1979. 

The Level IIIb height and relative 
humidity fields for 85 kPa are shown in Fig. 7. 
The height field shows an extensive trough 
throughout the tropics from 2OoS, 160'W to 25%, 
125"W. This trough coincides with the microwave 
warm axis and the water vapor channel cold (wet) 
axis (moisture "canal"). The cloud-tracked winds 
correspond quite well to the height field: paral- 
lel to the contours at locations away from the 
equator and blowing from high to low along the 
equator. The 85 kPa relative humidity field is 
captured well by the moisture "canals" with the 
exception of the eastern equatorial region in 
which the Level IIIb analysis denotes high rela- 
tive humidity and the satellite data indicate 
dryness; which is representative in this case i s  
uncertain. 

3.2 Case 2: 00 GMT on 25 January 1979 

We discuss the same TOVS Channels and 
Level IIIb analyses as are presented for Case 1. 
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3.2a Upper troposphere (70 kPa and above) 

The synoptic-scale patterns detected in 
the microwave temperature (Channel 22) data (Fig. 
8 )  are similar to those 24 h earlier, but moved 
10" to 15" of longitude to the east. Zonal 
patterns still are predominant north of 20"N with 
broad warm regionb over most of the equatorial 
region. The cross-equatorial cold axis is now 
located near 140"W and is less distinct than 
before. The cloud-tracked winds (Fig. 9) indicate 
that the southern hemispheric circulation has ex- 
tended northward across the equator to nearly 10"N. 

The cloud-tracked winds (Fig. 9) also 
indicate some upper-level troughing near the 
equator in the eastern part of the region. 
is supported by a cold axis in the microwave 
channel and a warm dry axis in the water vapor 
Channel 12. The cloud-tracked winds, as earlier, 
appear parallel to the warm dry axes in the Chan- 
nel 12 high gradient areas. Also, the Channel 12 
cold wet axes, or moisture "canals", coincide with 
the circulation inferred from the cloud-tracked 
winds with the exception of the troughing near 
the equator in the east. The moisture "canal" 
once again extends from the southern hemisphere 
near 155"W northeastward into the mid-latitudes. 
The southern hemisphere branch is still evident, 
now near 13OoW. 
for the most part parallel the microwave cold 
axes. 

This 

The moisture "canal" branches 

The Level IIIb 20 kPa temperature 
analysis (Fig. 10) shows a strengthened cold cell 
in the southern hemisphere which is stationary. 
The northern hemisphere cold axis has greatly 
diminished while moving northeastward. The 
cloud-tracked wind trough near the equator at 
105"W is not discernable in the 20 kPa temperature 
analysis. 

The features are consistent during the 
24 hour period up to 00 GMT on the 25th except 
for the appearance of a cold axis in the microwave 
pattern from 15"N, 115"W to the equator at 105"W. 
The new cold axis is reflected in the troughing 
in the cloud-tracked winds. It also appears that 
the southern hemisphere circulation pattern is 
nearly stationary near 140"W while the northern 
hemisphere cold axis moves eastward. 

3.2b Lower Troposphere (below 70 kPa) 

The microwave channel (21) shows that 
the warm axis has moved east approximately 5" of 
loncitude to lo's, 155OW northeastward to 25"N, 
l0O'W (Fig. 11). This warm axis is the only clear 
synoptic scale feature as there are no continuous 
cold axes present. 

As before, the microwave warm axis is 
approximately colocated with the lower water vapor 
charinel (10) cold (wet) axis. This cold axis 
(Fig. 12) extends from the equator near 16OOW to 
30"N, 105"W approximately 5" longitude east of 
its previous position. 
axis, or moisture "canal", into the southern hemi- 
sphere is not apparent at this time. 
regions flank the moisture "canal" near 10"N. 
The cloud-tracked winds (Fig. 12) indicate easterly 

Extension of the cold 

Zonal warm 

(trade) winds persisting in the east and northwest 
while the previous strong westerlies feeding the 
moisture "canal" in the west are not detected. 
However, higher level cloud-tracked winds are now 
indicated (Fig. 9) over the low-level moisture 
"canal", suggesting changes in cloud height and/ 
or depth. Thus, the low-level cloud motions 
which would reveal the westerlies (if present) 
have been masked by higher clouds. Comparison of 
the two 85 kPa analyses (Figs. 7 and 13; see also 
the next paragraph) suggests that the low-level 
westerlies may still be present, though perhaps 
shifted eastward a few degrees. 

The 85 kPa Level IIIb height analysis 
bears little resemblance to the microwave temper- 
ature field. The 85 kPa trough (Fig, 13) extending 
from lo's, 160"W to 30°N,115"W, broadly bounds 
the water vapor cold axis, or moisture "canal". 
The trough in the height field has moved little 
in the equatorial region and weakened somewhat. 
Figure 13 also shows that the 85 kPa humidity 
field has become less distinct and the cross- 
equatorial continuity, observed 24 hours earlier, 
is no longer present. 

3 . 3  Atmospheric cross sections 

Vertical sections along the west coast 
of North America and along zonal transects at 8"N 
and 3"N were constructed using radiosondes and 
dropsondes. Temperature retrievals from the TOVS 
were utilized to prepare satellite-derived cross 
sections for approximately the same times and 
locations. 
herein, we expect to show and discuss results in 
the verbal Conference presentation. 

Although these data are not described 

4. SUMMARY AND REMARKS 

The satellite-derived data, consisting 
of microwave and water vapor channel brightness 
temperature fields and cloud-tracked winds, de- 
tect synoptic scale patterns of temperature, mois- 
ture and winds. 
not available in overcast cloud areas; the 
cloud-tracked winds are limited to cloudy areas 
and are normally mutually exclusive high cloud 
winds or low cloud winds. The microwave channel 
temperatures provide "all weather'' coverage but 
require special interpretation in rain areas. 
The satellite data do capture time variation in 
synoptic scale features, as illustrated by the 
changes over the 24-h period between 00 GMT 
24 January and 00 GMT 25 January 1979, even in the 
equatorial tropics where horizontal contrasts are 
thought to be weak. 

The water vapor channel data are 

Promising results include the ability of 
the upper tropospheric microwave channel to detect 
temperature variations in the tropical region 
and the presence of a moisture "canal" in the water 
vapor channels. The moisture "canal" extends from 
the southern hemisphere or near the equator north- 
ward toward mid-latitudes in both time periods. 

Microwave temperatures, the water vapor 
channel moisture "canals" and the cloud-tracked 
winds all suggest a quasi-stationary southern 
hemisphere circulation "coupled" with a transient 
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northern hemisphere system. 

Strong equatorial westerlies are 
initially present at low levels, apparentJy feed- 
ing the moisture "canal," but are not detected 
24 h later. Also, the lower tropospheric micro- 
wave warm axis lying in the moisture "canal" is 
a persistent feature. These two observations are 
among features requiring further investigation. 
Parallelism between satellite-derived analyses 
and more conventional analyses is not perfect, 
even though the satellite data are incorporated 
into the FGGE Level IIIb analyses. 
evaluation and experience should allow us to 
improve our abilities to infer structure from.the 
satellite-derived information. Further investi- 
gation will include analysis of satellite channel 
brightness temperature fields using an empirical 
orthogonal function (EOF) synoptic mapping 
technique. Emphasis will be placed on using the 
microwave channels because of their "all weather" 
capability. 

Continued 
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E. 3 

SATELLITE DERIVED ATMOSPHERE WATER VAPOR 
AS A TRACER O F  LARGE SCALE INTERACTIONS 

BETWEEN THE ATMOSPHERE AND OCEAN 

DAVID A. SHORT 
C. PRABHAKARA 

Goddard Laboratory for Atmospheric Sciences 
Goddard Space Flight Center 
Greenbelt, Maryland 20771 

INTRODUCTION 

Observations from the Scanning Multichannel Microwave 
Radiometer (SMMR), flown aboard the Nimbus 7 satellite, 
have been utilized to remotely sense the vertically integrated 
atmospheric water vapor and liquid water, and surface wind 
speed over the global oceans (Prabhakara, et al., 1982, 1983). 
Maps of monthly averages of these quantities for the period 
December 1978-November 1979 are presented in Prabhakara 
and Short (1984). The vertically integrated atmospheric water 
vapor is strongly coupled to the sea surface temperature and 
further modified by the vertical motion field in the at- 
mosphere. Convergent low level winds over a warm sea sur- 
face and rising motion through a deep layer of atmosphere 
(as in the intertropical convergence zone) results in water 
vapor amounts in the range of 4 to 6 g/cm2. Conversely, over 
the eastern subtropical coastal upwelling regimen, low level 
divergence, sinking motion and cool surface temperatures 
result in water vapor amounts as low as 1.5g/cm? Liquid 
water amounts are highest in the presence of precipitating 
clouds; the liquid water distribution detected by SMMR close- 
ly resembles the climatological precipitation distribution 
(Prabhakara and Short, 1984) and thereby the latent heat 
released to the atmosphere. Wind stress on the ocean surface, 
the mixed layer depth and latent heat and sensible heat fluxes 
to the atmosphere are all dependent on the surface wind- 
speed. Satellite observations of the water vapor, liquid water 
and surface windspeed provide important information on the 
state of the atmosphere over the ocean and the ocean- 
atmosphere interaction. 

The purpose of this report is to describe two anomalous 
water vapor distributions and accompanying circulation pat- 
terns which occurred over the North and South Atlantic 
Ocean during February 1979, FGGE data (as analyzed by the 
ECMWF) are used to provide corroborative evidence of the 
events revealed in the satellite observations. 

NORTH ATLANTIC 

Fig. l a  shows the monthly averaged water vapor for 
February 1979 over the Atlantic Ocean. Notice the tongue of 
higher values projecting northeastward towards Europe from 
the central Atlantic and the minimum near the African coast. 
The 1OOOmb wind field shows an area of strong southwesterly 
flow associated with the water vapor maximum, an an- 
ticyclonic gyre centered at 30°NN, 20"W and northeasterly 

winds along the African coast. This troughlridge configura- 
tion persisted throughout most of the month, but was not evi- 
dent in January and March (Dickson, 1980). The circulation 
anomaly is consistent with atmospheric subsidence and 
oceanic upwelling near west Africa; both mechanisms tending 
to decrease the atmospheric water vapor. In the central Atlan- 
tic over the area of low pressure and storminess SMMR 
observations (figs. IC and Id) show surface wind speeds in the 
range of 10 to 15 m/s liquid water content 10mg/cm2 and 
water vapor enhanced by a factor of one third as compared 
to adjacent months. The water vapor increase could be due to  
advection of warm moist air from the southwest, an increase 
in sea surface temperature, an increase in the depth of the 
moist layer because of low level convergence or all of the 
above. TIROS-N AVHRR observations show a similar pat- 
tern of enhanced cloudiness (W. K. M. Lau, personal com- 
munication). 

SOUTH ATLANTIC 

From figs. la  and Ib  we can see in the South Atlantic, a 
basin wide atmos'pheric gyre with southerly winds and low at- 
mospheric water vapor along the south western coast of 
Africa. This is a region of persistent atmospheric subsidence 
and oceanic upwelling; desert conditions exist along the coast 
as far north as 14"s (see, for example, Matthews, 1983). The 
annual average precipitation at  Mocamedes (15"12'~,12~9'E) 
is a scant 50mm (the February average is 1Omm). 

In fig. 2a the atmospheric water vapor for the last week 
of January shows an equatorial ITCZ maximum, a minimum 
along the African coast and a maximum projecting 
southeastwards from the South American coast. This latter 
feature is consistent with the stationary atmospheric wave pat- 
tern observed by Kalnay and Paegle (1982) which persisted 
during January but not February 1979. For the first week of 
February fig. 2b shows a more zonal orientation of the South 
American maximum and surprisingly, a maximum of 5 g/cm2 
at 20"s on the eastern side of the basin. Values as high as 
5 g/cm2 are usually seen only in conjunction with the ITCZ 
and its deep layer of moist air. By the second week of 
February (fig. 2c) the pat:ern has returned to  a more 
climatological configuration (it remains this way for the rest 
of the month). The remainder of this study presents evidence 
of the atmospheric events which accompanied the early 
February episode and speculations on mechanisms of 
atmosphere-ocean interaction which may have taken place. 
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(a) 
1979 FEBRUARY WATER VAPOR 

-90 -60 -30 0 30 
(g/cm2) 

,- -60 

7 - 7 0  

-90 -60 -30 0 i o  
LONGITUDE 

(b) 
FEBRUARY 1 979 

-80 -60 -40 -20 0 2 0  

FGGE 1000mb WINDSPEED 
AND DIRECTION ( - 10m/s) 

Fig. 1. a) Vertically integrated atmospheric water vapor from SMMR. 
from SMMR. d) surface windspeed from SMMR. 

(a 
1979 FEBRUARY LIQUID WATER 

--60 

7 - 7 0  

-90 -60 LONGITUDE -30 0 30 

1979 FEBRUARY WIND (rnls) 
(d) 

-90 -60 -30 0 3’0 
LONGITUDE 

b) 1 OOOmb wind vectors. c) liquid water in clouds and rain 
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Fig. 2. Vertically integrated atmospheric water vapor from 
SMMR a) last week in Jan. 1979. b) first week in Feb. 1979. 
C) second week in Feb. 79. 

A time series of the meridional winds (fig. 3a) near the 
surface at 1 8 5 ,  IOOE shows a consistent component from the 
south throughout January and February 1979. It is not 
unreasonable to expect that the water vapor increase seen in 
fig. 2b may have been due in part to a local relaxation of the 
wind stress, a cessation of the oceanic upwelling and an in- 
crease in the SST (Philander and Pacanowski, 1981). 
However, we see that the winds during the first week of 
February do not appear to be uniquely different from the rest 
of the time period. 

At 700mb the meridional winds are more variable (fig. 
3b). Major fluctuations with strong flow from the north take 
place in early February. These variations were associated with 
a disturbance which was centered between 5-10”s and propa- 
gated westward across the basin. The disturbance seems to 
have originated over the continent in late January during a 
strong surge of southeasterly winds along the east coast of 
Africa following the passage of a major trough in the 
midlatitude westerlies. The locations of the tropical low 
pressure center is indicated by the circled numbers in fig. 2b. 

Regional weather forecasters have long been aware of 
westward moving disturbances and their effects on the coastal 
weather. The circulation pattern with this particular episode is 
similar to those which have been described as producing “El 
Niiio-like” conditions along the Angolan coast (see pages 
31-36 in the GARP WMO WAMEX publication No. 21, 
1978). Other sources consider a comparison with the South 
American El Niao events as dubious (see Trewartha, 1981 and 
references therein). At the present time, however, detailed 
studies of westward moving disturbances are lacking in 
tropical Africa, except for the easterly waves of west Africa 
in northern summer (Asnani, 1982). This is due in part to a 
lack of comprehensive observations over the oceans. During 
the FOGE year we have found even surface observations in 
the Angolan sector fragmentary. Satellite observations are 
able to fill in many observational gaps and promise to con- 
tribute more information in the future. 

The upper level winds are generally easterly from East 
Africa across to South America from about IO’S to 20”s dur- 
ing the southern summer. The time series of V(700mb) at 
lo’s, 10°E (fig. 3c) suggests that disturbances in the easterlies 
are not uncommon. Minima in the V component are 
separated by 5-10 days. The average speed of the Feb. 1-7 
disturbance was approximately 6 m/s and its scale was consis- 
tent with that observed for “easterly waves.’’ The IOOOmb 
winds at IO’S, 10°E (fig. 3d) are not as variable as the upper 
level winds but they do show a significant relaxation during 
the first week of February. Observations of SST from 
TIROS-N AVHRR measurements in this area indicate an in- 
crease of 14°C from late January to early February. (W. 
Pichel, personal communication). Thus, a local cessation of 
upwelling may have increased SST in the region providing a 
richer source region of water vapor to be advected to  the 
south by winds in the lower troposphere. We also see that the 
water vapor enhancement observed by SMMR took place as 
the wave trough passed through the area (fig. 30. Cloudiness, 
precipitation and a deep moist planetary boundary layer after 
trough passage are commonly observed characteristics of 
disturbances in the easterlies. The horizontal divergence field 
at 850mb (fig. 3g) shows an area of significant convergence 
along the Angolan coast. The convergence at lOOOmb is con- 
siderably weaker. This may be due to the strong low level 
trade wind inversion. Apparently the low level wind field re- 
mains somewhat isolated from the free atmosphere above 
(compare figs. 3e and 30. The vertical stratification of the at- 
mosphere can have a significant effect on the structure of 
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Fig. 3. a) lOOOmb meridional winds at 18"S, 10"E. b) 700mb meridional winds at 18"S, 10"E. c) 700mb meridional winds at lO"S, 10"E. d) IOOOmb meridional winds at IOOS,  10"E. 
e) lOOOmb wind vectors 02/02/00Z, 1979. f) 700mb wind vectors 02/02/00Z, 1979. g) 850mb divergence 02/02/00Z, 1979. 



tropical disturbances and their associated cloud fields 
(Thompson, et al., 1979). 

The maximum water vapor event along the Angolan 
coast appears to have peaked on Feb. 4, 1979. Fig. 4 shows a 
METEOSAT infrared image for I155 GMT on the 4th. The 
trailing edge of a frontal cloud band is visible across the 
southern tip of Africa. High cold cloud tops off the Angolan 
coast are suggestive of convective cloud elements. The surface 
observation for Mocamedes on this date indicates surface 
winds from the west, thunderstorms in the area and recent 
precipitation. During the proceeding days the arid coastal 
region again becomes clearly visible from space as strong 
southerly flow becomes re-established along the coast and 
conditions return to normal. 

toward the west throughout December 1978-February 1979. A 
crude estimate of the variations in westerly wind stress is 
shown in fig. 5 when the daily and areally averaged (u)2 is 
plotted. Notice that the most precipitous decrease occurs in 
early January 1979, about one month before the February 
event described above. This is approximately the time scale 
for propagation of large scale oceanic waves across the basin. 
Monthly averaged rainfall and SST anomalies along the 
eastern side of the basin frequently occur one to two months 
after major relaxations of the wind stress on the western 
equatorial side (Hirst and Hastemath, 1983, Servain and 
Picaut, 1982). As a matter of interest we also show SMMR- 
derived monthly and areally averaged scalar wind speed 
squared for the same region. 

METEOSAT . .  

Fig. 4. METEOSAT infrared image 02/04/1155Z, 1979. 
(Repeated on following page.) 

There are interesting questions which can be raised in re- 
examining fig. 3c-d. Why is it that each major thrust of winds 
from the north at 700mb is not accompanied by a complete 
relaxation of the southerly winds near the surface, and an in- 
crease in atmospheric water vapor? Does a strong response at 
the surface occur only when the environment has been 
Preconditioned by an oceanic event? Does remote forcing of 
the ocean play an important role in these short time scale 
phenomena? Are these short time scale events related to the 
monthly and seasonal anomalies examined in previous in- 
vestigations (Hirst and Hastenrath, 1983; Servain and Picaut, 
1982)? 

Time series of SST at several stations along the Guinea 
Gulf show a rapid increase of several degrees centigrade in 
early February 1979 (see Picaut, 1983, fig. 7). Although the 
coastal ocean responds to a variety of forcing mechanisms 
(Philander, 1977) this early February response may be related 
to the SST increase observed farther south, in the satellite 
observations mentioned previously. The SST increase may 
represent a response to local forcing or it may have been 
remotely forced. 

The east-west component of the lOOOmb winds averaged 
over the western equatorial Atlantic (4ON-4'54 4OoW-1O0W) is 

at IDOOrnb 
%STERN EQUATORIAL ATLANTIC 
PN.4-S. 4O"W.lO"W 

I I I I I I u 1  
12/1 12/11 12/21 12/31 1/10 1/20 2/2 2/12 2/22 

DECEMBER JANUARY 1979 FEBRUARY 

Fig. 5 .  Westward windspeed squared (at 1000mb) in western 
equatorial Atlantic. 

Time and space have allowed only a cursory presentation 
of the dynamical aspects of this particular atmospheric- 
oceanic disturbance. Nevertheless we feel that the information 
and ideas discussed thusfar may be useful in further studies 
of such phenomena. SMMR observations for the four year 
period 1979 through 1982 will soon be available for more ex- 
tensive investigations. 
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1. INTRODUCTION 

The concept of tropopause f o l d  has  been 
s tudied  by Reed (1955) , S t a l e y  (1960) , 
Danielsen (1968, 1977),  Danielsen e t  a l .  
(1980), Shapiro (1978, 1980) and Shapiro e t  
a l .  (1980). Using t h e  p o t e n t i a l  v o r t i c i t y  
as a c r i t e r i o n  t o  d e f i n e  t h e  tropopause, they 
showed t h a t  i n  t h e  v i c i n i t y  of an upper je t  
stream, t h e  tropopause can f o l d  d e l i n e a t i n g  t h e  
upper f r o n t a l  zone. With t h e  LJorld Heteorolo- 
g i c a l  Organizat ion 's  thermal d e f i n i t i o n  of 
t h e  tropopause only a tropopause break could 
be observed. 

With measurements from research  a i r c r a f t  , 
they showed t h a t  both p o t e n t i a l  v o r t i c i t y  
and ozone wi th in  lower s t r a t o s p h e r e  are hori-  
z o n t a l l y  and v e r t i c a l l y  d isp laced  by a c t i o n s  
of three-dimensional motions near  t h e  tropo- 
pause and t h a t  a i r  from lower s t r a t o s p h e r e  
descends wi th in  t h e  f r o n t a l  zone. 

Shapiro (1980) and Gidel  e t  a l .  (1979) 
suggested t h a t  t h e  turbulen t  mixing wi th in  
tropopause f o l d s  is of importance as a mecha- 
nism f o r  s t ra tospher ic - t ropospher ic  exchanges 
i n  t h e  v i c i n i t y  of upper jet-stream 
systems. The eva lua t ion  of t h i s  kind of 
exchange mechanism has y e t  only been conducted 
f o r  few cases  ; t h e  determinat ion of i ts  impor- 
tance i n  comparison wi th  o t h e r  mechanisms of 
s t r a t o s p h e r i c  t ropospheric  exchanges a l ready  
known r e q u i r e s  a c l imato logica l  s tudy of tropo- 
pause f o l d s  f o r  t h e  determinat ion of the  
frequency of events  and of t h e  involved volumes. 

f r o n t a l  

The d e t e c t i o n  of tropopause f o l d s  by t h e  
means of radiosonde d a t a  r e q u i r e s  a r e l a t i v e l y  
dense network and a consequent ia l  work of d a t a  
a n a l y s i s  t h a t  kind of means seems thus  more 
a p p r o p r i a t e  t o  cases s t u d i e s  than t o  a clima- 
t o l o g i c a l  study. S a t e l l i t e  d a t a  appear more 
promissing f o r  t h a t  kind of c l imato logica l  
s tudy i n  regards  t o  t h e i r l a r g e  s p a t i a l  cove- 
rage. We present  i n  t h i s  paper a s tudy of 
f e a s i b i l i t y  of tropopause f o l d  d e t e c t i o n  
using sa te l l i t e  da ta .  

I n  t h e  f r o n t a l  zone de l inea ted  by the  f o l -  
ded tropopause, t h e  subsiding a i r  of s t r a t o s -  

pher ic  o r i g i n ,  p resents  a higher ozone concen- 
t r a t i o n  and a lower water vapor concentrat ion 
as compared t o  t h e  surrounding t ropospher ic  a i r .  
It could t h e r e f o r e  be expected t h a t  tropopause 
f o l d s  may have a s i g n i f i c a n t  s i g n a t u r e  i n  
s a t e l l i t e  d a t a  r e p r e s e n t a t i v e  of ozone and 
water vapor. For t h e  present  s tudy,  w e  use  d a t a  
from channel 12 (6.3 Um water vapor v ibra t ion-  
r o t a t i o n  band) of the  High Resolut ion I n f r a r e d  
Spectrometer 2 (HIRSZ), flown on the  TIROSN 
sa te l l i t e  series, and t o t a l  ozone d a t a  from t h e  
Tota l  Ozone Mapping Spectrometer (TOMS), flown 
on t h e  NIMBUS 7 sa te l l i t e .  

Ramond e t  a l .  (1981) (RA) have s tudied  t h e  
s i g n a t u r e  of tropopause f o l d s i n  t h e  Meteosat 
water vapor (WV) channel radiance f i e l d s  ; they 
showed t h a t  maximum radiance bands are associa-  
ted with upper je t -s t reams and accura te ly  
d e l i n e a t e  t h e  tropopause breaks.In the  present  
paper, w e  show t h a t  t h e  r e s u l t s  they presented 
can be extended t o  t h e  HIRS 2 channel 12 Radiance 
f i e l d .  

Then, w e  p resent  a s tudy of t h e  tropopause 
f o l d s a i g n a t u r e  i n  t h e  t o t a l  ozone f i e l d s , a n d  a 
case s tudy which compares TOMS observat ions and 
HIRS 2 Channel 12 Radiance f i e l d s  with t h e  
r e s u l t s  of a three-dimensional i s e n t r o p i c  ana- 
l y s i s  of t h e  radiosonde network da ta .  

2. SIGNATURE OF TROPOPAUSE BREAKS I N  HIRS 2 
CHANNEL 12 RADIANCE FIELDS 

TIROSN/HIRS 2 Channel 12 (C 12) has a res- 
ponse func t ion  similar t o  Meteosat WV Channel. 
BBriot e t  a l .  (1982) have shown t h a t  i n  s p i t e  
of t h e i r  d i f f e r e n c e  i n  t h e  s p e c t r a l  range, s t rong  
c o r r e l a t i o n s  e x i s t  between s y n t h e t i c  radiances 
computed f o r  t h e  both channels, and f o r  scenes 
observed under t h e  same zeni th  angle  they pro- 
posed an empir ica l  l inear  r e l a t i o n  between t h e  
two radiances.  We must thus examine the  i n f l u -  
ence of t h e  z e n i t h  angle  on t h e  radiance i n  
order  extend t h e  r e s u l t s  of t h e  Meteosat WV 
channel t o  C 12. 

Indeed along a s l a n t  path of t h e  HIRS 2 
sensor  t h e  z e n i t h  angle  v a r i e s  from 0" up t o  
58" while  t h e  viewing (or  nadi r )  angle  varies 
from 0" t o  45".  Using LOWTRAN 4 Transmittance/ 
Radiance code (Selby e t  a l .  1978), we have 
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atmospheres as func t ion  of t h e  z e n i t h  angle  
f o r  t h i s  range of va lues  ; t h e  r e s u l t s  show 
t h a t  the  r e l a t i v e  v a r i a t i o n  of rad iance  is less 
than 2 %. Thus t h e  inf luence  of t h e  z e n i t h  
angle  i n  a f i r s t  o rder  approximation can be 
neglected,  as f a r  as w e  are p a r t i c u l a r y  i n t e -  
r e s t e d  i n  l o c a l  r e l a t i v e  v a r i a t i o n s  of radiance 
t o  d e t e c t  tropopause breaks,  and the  results 
given by (RA) f o r  t h e  Meteosat W channel 
rad iance  f i e l d s  can be extended t o  t h e  HIRS 2 
C 12 rad iance  f i e l d s .  

3. TROPOPAUSE FOLDS AND TOTAL OZONE FIELDS. 

A v e r t i c a l  ozone d i s t r i b u t i o n  i n  a c r o s s  
s e c t i o n  of an upper jet-stream, obtained from 
measurements from research  a i r c r a f t  by 
Shapiro (1980) is shown on Figure 1 ; it 
presents  t h e  same c h a r a c t e r i s t i c s  as those 
presented bv o t h e r  au thors  (Danielsen e t  a l . ,  

1977, 1980 ; Shapiro 1979). On Figure 2,  
t h e  wind speed, p o t e n t i a l  temperature analy- 
sis from t h e  same author  i n  t h e  same c r o s s  
s e c t i o n  as Figure 1 is presented.  The tropo- 
pause is defined as a threshold of p o t e n t i a l  
v o r t i c i t y  K/(mb s) ) .  The a n a l y s i s  of 
ozone is divided i n t o  two p a r t s  corresponding 
t o  two f l i g h t  pa ths  : because of temporal 
changes i n  03 concent ra t ion  between the  two 
f l i g h t s ,  t h e  author  was n o t  a b l e  t o  mesh t h e  
two d i s t r i b u t i o n s .  

Fig. 1. Ozone concentration anazysis (parts 
per 100 millions b y  volume (pphm/voZ)). Analysis 
for upper f l i g h t  track data, doted l i nes  ; 
lower f l i g h t  track, solid l ines ; troposphere, 
s t ipeled aera. A f t e r  S k p i r o  (19801. 

The 0 3 d i s t r i b u t i o n  p r e s e n t s  t h e  characte-  
r is t ic  i n t r u s i o n  of ozone-rich a i r  wi th in  t h e  
f r o n t a l  zone de l inea ted  by t h e  folded tropo- 
pause. As i t  can be seen from Figure 1 above 
t h e  p o l a r  tropopause l e v e l  l a r g e  h o r i z o n t a l  
g r a d i e n t s  of 03 
t h e  jet-stream. The columnar amount of 0 3  
computed between t h i s  level  and t h e  150 mb- 
pressure  l e v e l ,  must thus  a l s o  present  a l a r g e  
h o r i z o n t a l  g r a d i e n t  a c r o s s  t h e  jet-stream. 
Between the  l e v e l  of po lar  tropopause and t h e  
ground, t h e  h o r i z o n t a l  v a r i a t i o n  of t h e  colum- 
n a r  amount of ozone depends on one hand on 
t h e  d i f f e r e n c e  of t ropospher ic  ozone d i s t r i -  

concent ra t ion  are found a c r o s s  

I n  regard t o  these  va lues ,  t h e  tropopause 
f o l d s  might be d e t e c t a b l e  i n  t o t a l  ozone f i e l d s ,  

Fig.  2 .  Cross section through a tropopause 
folding event. Potential temeerature TK) t he i r  
solid l i n e s  ; w i n d  speed (me I )  heavy dashed 
Zinee ; a i rcra f t  fZight  track, t h in  daehed 
l i nes  ; tropopause, heavy solid l i ne  ; t r o p e -  
phere, stipped area. A f t e r  Shapiro (1980).  

but ion  between cold polar  a i r  and w a r m  subtro-  
p i c a l  a i r  and on t h e  o ther  hand on t h e  cont r ibu t ion  
on t h e  i n t r u s i o n  of ozone-rich a i r  wi th in  t h e  
tropopause f o l d .  However because of t h e  l i m i -  
ted a l t i t u d e  range of research  a i r c r a f t ,  i t  
has  n o t  been y e t  p o s s i b l e  t o  i n v e s t i g a t e  t h e  
mesoscale d i s t r i b u t i o n  of ozone above t h e  
150 mb-pressure l e v e l  and s o  t o  a s c e r t a i n  t h e  
e x t e n t  t o  which t h e  v a r i a t i o n  of columnar 
amount of ozone below t h i s  l e v e l  would modulate 
t h e  t o t a l  columnar amount of ozone, and thus  
g i v e  a s i g n i f i c a n t  s i g n a t u r e  i n  t o t a l  ozone 
f i e l d s .  

I f  we  assume t h a t  middle and high s t r a t o s -  
phere are n o t  s e n s i t i v e  t o  f a s t  (< 24 h) v a r i a -  
t i o n s  of t h e  dynamics of upper je t -s t reams a t  
mesoscale (< 1 000 km), i. e. t h a t  t h e  maxi- 
mum concent ra t ion  l a y e r  of ozone is not  d i s t u r -  
bed. The s i g n a t u r e  of tropopause f o l d  could be 
poin t  o u t  from t h e  v a r i a t i o n s  of columnar ozone 
amount below the  150 mb pressure  l e v e l .  

The 03 d i s t r i b u t i o n  from research  a i r c r a f t  
are too scare i n  t roposphereandlower s t r a t o s -  
phere, and t h e  ozone radiosonde network i s  not  
dense enough t o  au thor ize  an accura te  es t imat ion  
of t h e  v a r i a t i o n  of t h e  columnar amount of 
ozone below 150 mb pressure  l e v e l .  However, 
Muramatsu (1979) and Piage t  (1971) showed t h a t  
t h e  t h i n  l a y e r s  of high 0 3  concent ra t ion  obser- 
ved on ozonograms below the  conventionnal t ro-  
popause l e v e l  are assoc ia ted  with the  i n t r u s i o n  
of s t r a t o s p h e r i c  a i r  wi th in  t h e  tropopause f o l d s .  
Using t h e i r  d a t a  and ozonograms of t h e  West 
European ozonesonde network, w e  have computed the  
i n c r e a s e  of columnar O 3  amount brought by these  
t h i n  l a y e r s .  The va lues  we found, are highly 
v a r i a b l e  as func t ion  of t h e  p o s i t i o n  of t h e  
sounding with regard t o  t h e  jet-stream, and can 
reach 20 DU (matm - c m )  with a mean va lue  
around 15 DU. . 
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i f  t h e  method of ozone r e s t i t u t i o n  from TOMS 
i n  s e n s i t i v e  enough. 

AS compared w i t h  ground t r u t h  s t a t i o n s  
t h e  t o t a l  ozone can b e  determined from TOMS 
wi th  a p r e c i s i o n  less than 2 X (Klenk e t  a l .  
1982). For an amount of 400 DU which is t h e  
spr ing  average amount of ozone over Europe 
(Handbook of Geophysics and Space Environment) 
the  e r r o r  i n  TOMS t o t a l  ozone is l e s s  than 8 DU. 

4.  CASE STUDY 

A case  has  been s t u d i e d ,  which i l l u s t r a t e s  
t h e  d e t e c t i o n  of a tropopause f o l d  event  us ing  
TOMS t o t a l  ozone f i e l d s  and C 1 2  Radiance 
f i e l d s .  This  example is taken from two conse- 
c u t i v e s  days dur ing  which a f o l d i n g  of tropo- 
pause occured and was d e t e c t e d  over Cent ra l  
Europe through a three-dimensional i s e n t r o p i c  
a n a l y s i s  of t h e  radiosonde network d a t a .  

F igures  3 and 4 p r e s e n t  t h e  300 mb wind 
a n a l y s i s  f o r  t h e  0000 GMT 19 march 1980 (TI)  
and t h e  1200 GMT 20 march 1980 (Tz) using 
radiosondes d a t a .  On march 19 , t h e  ana- 
l y s i s  shows t h a t  t h e  polar  jet-stream is divided 
i n t o  two branches re ferenced  as JS1 and J S 2 .  On 
Figure  3. J S 1  f lows from Norway t o  Scot land 
withamaximum wind speed exceeding 50 m 8 '. 
JSZ f lows over Sweden, then incurva tes  over 
Denmark towards Cent ra l  Europe wi th  a maximum 
wind speed of 51 me-'. Between march 19 and 
march 20, a c u t  o f f  low process  occures  over 
Great B r i t a i n  and r e s u l t s  i n  t h e  disappearance 
of t h e  JS1 branch on march 20. 

I n  t h e  nor thern  p a r t  of JSp, t h e  wind 
speed decreases  t o  va lues  less than 30 m s - ' .  
Over Cent ra l  Europe, t h e  j e t  s t r e a k  moves south- 
eastwards,  w i t h  an i n c r e a s e  of t h e  maximum wind 
speed (55 m 8 '). The wind a n a l y s i s  shows a 
new branch of  t h e  p o l a r  jet-stream referenced 
as JS3 on Fig.  4 ,  which f lows over North Atlan- 
t i c .  Our s tudy focuses  on t h e  JSz branch which 
f lows over a region of high d e n s i t y  radiosonde 
network and is a s s o c i a t e d  t o  a s u r f a c e  f r o n t .  

I n  order  t o  have a b e t t e r  three-dimensional 
knowledge of t h e  f r o n t a l  zone a s s o c i a t e d  t o  
JSz a set  of 25 v e r t i c a l  s e c t i o n s  roughly per- 
pendicular  t o  t h e  j e t  a x i s  W&S analysed (wind, 
p o t e n t i a l  temperature) every 12 hours  between T I  
and Tz .  

This  a n a l y s i s  shows t h e  development of a 
s t r o n g  upper and mid t ropospher ic  f r o n t  over 
Cent ra l  Europe. F igures  5 and 6 i l l u s t r a t e  i ts  
spreading o u t  : they p r e s e n t  t h e  wind speed, 
p o t e n t i a l  temperature  and f r o n t a l  a n a l y s i s  i n  
t h e  c r o s s  s e c t i o n  along t h e  l i n e  AA' of  Fig. 
3 and 4 a t  T1 and T z  r e s p e c t i v e l y .  AS i t  
can be  seen, t h e  j e t  core  i s  r e l a t i v e l y  s t a b l e  
i n  p o s i t i o n  and wind speed. A t  TI the f r o n t a l  
zone is confined w i t h i n  t h e  upper t roposphere,  
then spreads  o u t  dur ing  t h e  fol lowing 36 hours,and 
descends towards t h e  ground. A t  T2 i t  extends 
h o r i z o n t a l l y  over  more than 600 km. 

The o r i g i n  of t h e  a i r  c o n s t i t u t i n g  t h e  newly 
formed f r o n t a l  zone has  been i n v e s t i g a t e d  through 
a set of i s e n t r o p i c  t r a j e c t o r i e s  cons t ruc ted  

F i 
26 lurch 3980. 

according t o  t h e  method proposed by Danielsen (1961) 
F igure  7 p r e s e n t s  t h e  t r a j e c t o r i e s  cons t ruc ted  
along t h e  22" ,  24', and 26 "C i s e n t r o p i c  sur faces .  
These s u r f a c e s  i n t e r s e c t  t h e  f r o n t a l  zone over 
Cent ra l  Europe a t  Tz. On them, t h e  a i r  p a r c e l s  
which a r e  on t h e  cyc lonic  s i d e  of t h e  j e t  a t  T i  
a r r i v e  on t h e  a n t i c y c l o n i c  s i d e  of t h e  j e t  a t  Tz. 
The t r a j e c t o r i e s  present  an apprec iab le  s ink ing  
and p e n e t r a t e d e e p l y  i n  t h e  t roposphere whi le  
remaining wi th in  t h e  f r o n t a l  zone. A t  TI, t h e  
a i r  p a r c e l s  were s t r a t o s p h e r i c  o r  wi th in  t h e  upper 
p a r t  of t h e  f r o n t a l  zone assoc ia ted  t o  JSz over 
Scandinavia a t  TI, which shows t h a t  t h e  f r o n t a l  
zone is mostly cons t i tued  by a i r  from s t r a t o s p h e r i c  
o r i g i n .  

The TOMS t o t a l  observa t ions  corresponding t o  
t h e  synopt ic  s i t u a t i o n s o f  Figs. 3 and 4 a r e  shown 
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Fig. 5. Cross section analysis along l ine Afl'-of 
f i g .  3 a t  0000 GMT 19 March 1980. Isotachs (ms ' I  
sol id  l ines ; i s o l i n e s  of potential  temperature 
( O C I  every 1 OC below the highest tropovause leva% 
ana every 70 OC above, t h in  sol id  l ines.  ; tropopau'- 
se,  dashed dotted l ines  j Ji.ontaZ boundaries dashed 
l ines  ; radiosonding s tat ions , black triangles.  
The location o$ tropopause break i s  indicated 
by a black rectangle allowing $or a +_ 50 km error 
i r c  posivion. 

Fig. 6. Same as Fig. 5 a t  1200 GM' 20 March 1980 
on f i g u r e s  8 and 9 r e s p e c t i v e l y .  Each ozone map 
incorpora tes  two consecut ive  o r b i t s  : 0759 GMT 
and 0947 GMT f o r  Ti  and 0741 GMT and 0929 GMT 
f o r  TZ . On t h e s e  f i g u r e s ,  t h e  maximum radiance  
bands, as d e t e c t e d  by t h e  TIROSN/HIRS2 channel  12 
sensor ,  a long t h e  JSz branch are a l s o  drawn. 
Two o r b i t s  were used t o  l o c a t e  them on March 19 
(0651 and 0831 GHT) and two more on March 20 
(0629 and 0810 GMT). These maximum radiance  bands 
g i v e  t h e  l o c a t i o n  of t h e  t ropopause break  asso-  
c i a t e d  with J S z ,  as  it has been v e r i f i e d  by 

Fig. 7. Isentropic trajectories  along the 22, 
24, 26 OC surfaces between 0000 GMT or 1200 GMl' 
19 March 1980. Al t i tude of a i r  parcels every 
12 hours i n  hm. Frontal zone projection a t  
1200 GMT 20 March 1980 stippled area. 
i s e n t r o p i c  a n a l y s i s .  The ozone a n a l y s i s  a t  T i  
(Fig. 8) r e v e a l s  t h a t  t h e  ozone i s o p l e t h s  a r e  
n e a r l y  p a r a l l e l  t o  t h e  wind d i r e c t i o n  i n  t h e  
v i c i n i t y  of t h e  j e t  c o r e  of JSn, t h e  area of 
maximum g r a d i e n t  of t o t a l  ozone content  being 
c l o s e  t o  t h e  je t  axie. The l a r g e  o c d c  Lsaturrs 
of t h e  t o t a l  ozone d i s t r i b u t i o n  show t h a t  high 
va lues  a r e  assoc ia ted  with t h e  through over North 
E a s t  Europe and t h a t  t h e  lower va lues  a r e  found 
w i t h i n  t h e  a n t i c y c l o n i c  flow over North At lan t ic .  
These f e a t u r e s  are r e l a t e d  t o  t h e  mpan al.tits!c 
of t h e  t ropopause wi th in  t h e s e  r e s p e c t i v e  geogra- 
phic  reg ions .  A t  Tz  t h e  ozone i s o p l e t h s  no more 
fo l low t h e  wind d i r e c t i o n  in t h e  v i c i n i t y  of JS:! 
over  Cent ra l  Europe. The t o t a l  ozone h o r i z o n t a l  
g rad ien t  found a t  TI in t h e  v i c i n i t y  of t h e  j e t  
a x i s  d i l u t e s  whi le  t h e  a r e a  of high t o t a l  ozone 
extends a c r o s s  t h e  j e t  a x i s .  This  extension 
co inc ide  w e l l  w i t h  t h e  spreading w i t h i n  t h e  t r o -  
popause f o l d  of t h e  subsiding a i r  of s t r a t o s p h e r i c  
o r i g i n ,  a s  i t  can be seen on Fig. 9. 

Coming back t o  t h e  assumption t h a t  t h i s  l o c a l  
v a r i a t i o n  i n  t h e  t o t a l  ozone, which seems t o  be 
c l o s e l y  r e l a t e d  t o  t h e  je t - s t ream dynamics, does not 
r e s u l t  from ozone content  f l u c t u a t i o n s  i n  t h e  mid- 
d l e  and high s t r e t o s p h e r e ,  it remains pnas ib le  tLae 
it may r e s u l t  from advect ion i n  t h e  lower s t r a t o -  
sphere.  In order  t o  i n v e s t i g a t e  such an eventua l i ty '  
t r a j e c t o r i e s  were constructed on t h e  s t r a t o s p h e r i c  
i s e n t r o p i c  s u r f a c e s  50' and 120' C (about 10 and . 
15 km in a l t i t u d e  r e s p e c t i v e l y ) .  They are prestnt"+ 
on fig. 10. I f  advect ion i n  t h e  lower s t r a t o s p h e r e  
was t o  b e  t h e  major f a c t o r  of t h e  i n c r e a s e  of t h e  
t o t a l  ozone in t h e  a r e a  of  t h e  spreadins  f r o n t a l  
zone, then t h e  t r a j e c t o r i e s  reaching t h i s  a r e a  
should have o r i g i n s  i n  reg ion  having a t  least 
an equa?. amount of t o t a l  ozone. Nm it  can be 
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Fig. 8. Total ozone isopZeths fion TOMS i n  D. U. 
(rnatm,- em) for two consecutive ??imbus 7 orbi ts  
0759 MY' and 0947 GMT 19 March 1980. 300 rnb j e t  
m i s  a t  0000 GMT 19 March 1980 heavy sol id  l ines-,  
fo r  dashed l ines when wind speed less  than 30 rns 
The m a x i m  radiance band associated t o  JSn as 
dedut$ed by the analysis of the HIRSYO channel 12  
radiance f i e l d  i s  schematically represented by 
a dashed area. 

). 

Fig. 9 .  Same as f i g .  12 for two consecutive 
orbi ts  a t  0742 GMT and 0929 GMT 20 March 1980. 
Frontal zone projection as deducted from the cross 
sections analysis, st ippled area. Location of 
tropopause breaks along analyzed vert ical  cross 
eectione are indicated by black rectangles allo- 
Wing for a f 50 km error i n  posit ion.  

Seen on Fig.  10 t h a t  t h e  t o t a l  ozone a t  t h e  o r i g i n  
of t h e s e  t r a j e c t o r i e s  is a t  l e a s t  50 DU below t h e  
Value encountered i n  t h e  f r o n t a l  zone a r e a .  Thus,  
t h e  i n c r e a s e  of t o t a l  ozone is l i k e l y  t o  come 
most ly  from t h e  i n t r u s i o n  of s t r a t o s p h e r i c  a i r  , 

Fig. 10. Isentropic trajectories  along the 50' 
and 120 O C  surfaces between the 0000 GMT or 
1200 GMT 19 March 1980 and 1200 GMT 1980. Alti tude 
o f  a i r  parcels every 12  hours in hm. Total ozone 
content a t  the beginning and the end of each 
trajectory in DU (rnatrn - cm in brackets. 300 rnb 

j e t  as i s  same as f i g .  4. 

w i t h i n  t h e f o l d .  The observed v a l u e  of t h e  temporal  
change i n  t h e  r e g i o n  of t h e  f o l d  is about 40 DU : 

which can be  expected from t h e  estimate w e  have 
g iven  f o r  t h e  mean c o n t r i b u t i o n  ( 1 5 - 2 0  DU) of 
t h e  t h i n  l a y e r s  of h i g h  ozone c o n c e n t r a t i o n  
a s s o c i a t e d  w i t h  t h e  t ropopause f o l d s .  However, 
Pigs. 8 and 9 show a bu lk  i n c r e a s e  of t h e  t o t a l  
ozone about  20 DU over  t h e  whole e a s t e r n  h a l f  
of t h e  map. The o r i g i n  of t h i s  b u l k  i n c r e a s e  is 
d i f f i c u l t  t o  de t e rmine  a c c u r a t e l y  : it  would 
r e q u i r e  t h e  knowledge of t h e  threedimensionnal  
ozone d i s t r i b u t i o n  and of t h e  motion of a i r  
p a r c e l s  w i t h i n  t h e  whole s t r a t o s p h e r e .  

i t  is f n e x c e s s  of t h e  i n c r e a s e  of t o t a l  ozone 

However, i f  w e  t a k e  t h i s  phenomenon i n  account  
and s u b s t r a c t  t h e  g e n e r a l  t r e n d  from t h e  l o c a l  
change i n  t h e  r e g i o n  of t h e  t ropopause f o l d ,  t h e  
r e s u l t i n g  v a l u e  is very  c l o s e  t o  t h e  expected 
one ( 1 5 - 2 0  DU) .  

What has  been s a i d  above emphasizes t h e  
importance of t h e  h o r i z o n t a l  g r a d i e n t  of t o t a l  
ozone t o  i n t e r p r e t a t e  t h e  ozone f i e l d s  i n  terms 
of j e t - s t r e a m  dynamics. On f i g u r e  11, w e  p r e s e n t  
t h e  i s o c o n t o u r s  of t h e  h o r i z o n t q l  g r a d i e n t  of 
t o t a l  ozone (gradh (Os) computed from TOMS obser- 
v a t i o n s  a t  Tz. The a n a l y s i s  r e v e a l s  t h a t  t h e  areas 
of maximum v a l u e s  f o l l o w  t h e  j e t  axis i n  t h e  r eg ion  
where t h e  upper  f r o n t a l  zone is of small e x t e n t  
and fo l low t h e  edge of t h e  f o l d  i n  t h e  r e g i o n  of 
t h e  t ropopause  f o l d .  The v a l u e s  observed a t  t h e  
edge of t h e  f o l d  (about 20 DU/100 km) are h i g h  
enough t o  come o u t  of  t h e  n o i s e  i n  t h e  TOMS 
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Fig.  11. Isopleths of horizontal gradient of ' 
t o t a l  ozone (lo-' DlJ / km)  from TOMS observations 
presented i n  F i g .  3 .  Frontal zone projection as 
deducted from cross sections analysis, st ippled 
area, band of m a x i m  radiance of HIRS2 channel 12 
associated t o  the  j e t ,  dashed area, 300 mb JSZ j e t  
a i s  same US P i g .  4. 

o b s e r v a t i o n s ,  which a l l o w s  t o  c o n s i d e r  t h e  f e a s i b i -  
l i t y  o f  a n  o p e r a t i o n a l  mapping of t h e  edge of t h e  
f o l d .  A s  t h e  l o c a l i z a t i o n  of t h e  t ropopause  b r e a k  
c i n  t e  ?one tk-orlgh t h e  u s e o f  s a t e l l i t e  d a t a  i n  WV 
channe l ,  i t  is t h e  whole t ropopause  f o l d  t h a t  can  
be mapped by s a t e l l i t e .  

5. CONCLUSION 

From v e r t i c a l  d i s t r i b u t i o n s  of ozone i n  s e c -  
t i o n s  a c r o s s  j e t - s t r e a m - f r o n t a l  systems from 
r e s e a r c h  a i r c r a f t  and from ozonagrams, i t  h a s  been 
po in ted  ou t  t h a t  t h e  i n t r u s i o n  of s t r a t o s p h e r i c  
a i r  w i t h i n  t h e  t ropopause  f o l d s  may have a non 
n e g l e c t a b l e  r e sponse  i n  t o t a l  ozone f i e l d s ,  which 
is confirmed by a c a s e  s t u d y  o f  a t ropopause  f o l d  
even t  u s i n g  b o t h  t h e  TOMS t o t a l  ozone . f i e l d s  and 
a th reed imens iona l  i s e n t r o p i c  a n a l y s i s .  

It h a s  been shown t h a t  t h e  mapping of t h e  f o l d s  
is l i k e l y  t o  be done by t h e  mean o f  b a t e l l i t e  d a t a .  
A band of maximum h o r i z o n t a l  g r a d i e n t  o f  t o t a l  
ozone d e l i n e a t e  t h e  edge of t h e  f o l d ,  w h i l e  a 
maximum r a d i a n c e  band o f  HIRS2  channe l  12 r a d i a n c e  
f i e l d s  d e l i n e a t e t h e  beg inn ing  of t h e  f o l d  ( i . e .  t h e  
t ropopause  b reak ) .  However i t  is clear t h a t  more 
s t u d i e s  are t o  b e  performed i n  o r d e r  t o  a s c e r t a i n  
t h e  d e t e c t i o n  c r i t e r i a  b e f o r e  e s t a b l i s h i n g  opera-  
t i o n a l  d e t e c t i o n  a l g o r i t h m s .  A f irst  s t e p  would b e  
t o  i n c o r p o r a t e  t h e  r e s u l t s  o b t a i n e d  by Mul l e r  and 
Cayla (1982) on t h e  r e t r i e v a l  of t o t a l  ozone from 
HIRS2 d a t a ,  which shou ld  e n a b l e  t h e  whole t ropo-  
pause  f o l d  mapping from a s i n g l e  sa te l l i t e .  
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1 INTRODUCTION 

S a t e l l i t e  imagery has become an 
important t o o l  f o r  today ' s  meteorolo- 
g i s t .  S i g n i f i c a n t  mesoscale and sub- 
synopt ic  scale (10-1000 km) meteorolog- 
i c a l  phenomena , not r e a d i l y  d i s c e r n i b l e  
through e i t h e r  synopt ic  o r  airway sur- 
f a c e  observa t ions  o r  12-hourly upper- 
air r e p o r t s ,  o f t e n  can be determined 
from an i n t e r p r e t a t i o n  of s a t e l l i t e  
imagery. I n t e r p r e t a t i o n  of s a t e l l i t e  
imagery, however important ,  is o f t e n  
neglected because of t h e  excessive time 
required and t h e  s u b j e c t i v e  n a t u r e  of 
t h e  a n a l y s i s .  Because of  these  con- 
s t r a i n t s ,  o p e r a t i o n a l  meteoro logis t s  
o f t e n  r e l y  on t h e  imagery a s  a source 
of  information f o r  determining only t h e  
gross  synopt ic  s c a l e  f e a t u r e s ,  such a s  
f r o n t a l  placement, r i d g e  axes and sur- 
f a c e  pressure  c e n t e r s .  This does not 
adequately u t i l i z e  t h e  p o t e n t i a l  
information a v a i l a b l e .  

This  paper descr ibes  a d e t a i l e d  
automated cloud and p r e c i p i t a t i o n  in- 
t e n s i t y  a n a l y s i s  f o r  t h e  Navy's i n t e r -  
a c t i v e  S a t e l l i t e  Data Processing and 
Display System (SPADS). S p e c i f i c a l l y ,  
t h i s  program was designed t o  produce i n  
real-time (10 minutes) ana lyses  o f  par- 
t i c u l a r  important cloud and weather 
f e a t u r e s ,  namely; c loud types ,  cloud 
amounts , cloud-top h e i g h t s  , cloud-top 
temperatures  and p r e c i p i t a t i o n  inten-  
s i t y .  This  system c o l l e c t s  and 
analyzes  d i g i t a l  s a t e l l i t e  d a t a  from 
t h e  v i s u a l  and i n f r a r e d  channels  which 
have a one-half hour temporal and 0.5 
t o  4.0 n m i  s p a t i a l  r e s o l u t i o n  respec- 
t i v e l y ,  from t h e  Geostat ionary Opera- 
t i o n a l  Environmental S a t e l l i t e  (GOES) 
Visual-Infrared Spin Scanner Radiometer 
(VISSR) . 

The o b j e c t i v e  of t h i s  paper is t o  
descr ibe  and eva lua te  t h e  automated 
cloud and p r e c i p i t a t i o n  i n t e n s i t y  
a n a l y s i s  program u t i l i z i n g  t h e  SPADS a t  
t h e  Naval Environmental P r e d i c t i o n  
Research F a c i l i t y  (NEPRF) i n  Monterey, 
C a l i f o r n i a .  Systematic  eva lua t ion  of 
s i g n i f i c a n t  meteoro logica l  f e a t u r e s  are 
conducted wfth a v a i l a b l e  imagery, par- 
t i c u l a r l y  GOES EAST, f o r  regions i n  t h e  
southeas te rn  United S t a t e s .  Ver i f ica-  
t i o n  d a t a  w i l l  c o n s i s t  of a s u b j e c t i v e ,  
manual a n a l y s i s  of t h e  imagery with a 
c o r r e l a t i o n  of s u r f a c e  observa t ions ,  
upper-air observa t ions ,  p i l o t  r e p o r t s  
and t h e  automated r a d a r  summary. 

2. CLOUD AND PRECIPITATION INTENSITY 
ANALYSIS 

The SPADS automated cloud and pre- 
c i p i t a t i o n  i n t e n s i t y  a n a l y s i s  model and 
program is  a composite of  previous 
work, namely, L i l j a s '  (1982) cloud 
threshold  and q u a l i t a t i v e  p r e c i p i t a t i o n  
model, Reynolds and Vonder Hear 's  
(1977) b i s p e c t r a l  cloud-top temperature 
c a l c u l a t i o n ,  and Harr i s  and Barrett's 
(1978) cloud amount es t imate  tech- 
niques.  Addi t iona l ly ,  a t e x t u r e  test 
f o r  determining p a r t i c u l a r  cloud types 
i s  included.  Each previous model input  
t o  t h e  SPADS model is b r i e f l y  descr ibed  
i n  t h e  fol lowing s e c t i o n s .  

Cloud Type. The L i l j a s  model 
(1982) u t i l i z e s  t h e  v i s u a l  and i n f r a r e d  
thresholds  i n  t h r e e  sensor  channels  
from the  TIROS-N Advanced Very High 
Resolut ion Radiometer (AVHRR) t o  type 
clouds and d i s c r i m i n a t e  between water 
and land.  These t h r e s h o l d s  were con- 
v e r t e d  f o r  t h e  GOES V I S S d  d a t a .  Only 
v i s u a l  and thermal i n f r a r e d  a s p e c t s  of 
t h e  method are used due t o  t h e  non- 
a v a i l a b i l i t y  of t h e  near - inf ra red  
channel i n  t h e  GOES VISSR da ta .  The 

155 



procedure f o r  ca lcu la t ing  cloud type 
cons i s t s  of ca l cu la t ing  p ixe l  a r ray  
values f o r  t he  average v i sua l  bright- 
ness,  in f ra red  brightness counts and 
the  standard devia t ion  of the  cloudy 
v i sua l  counts. The standard devia t ion  
values representing t ex tu re  discrimi- 
na tes  between s t r a t i fo rm and cumulus 
humilis,  small and l a rge  cumulus con- 
ges tus ,  and a l t o s t r a t u s  and c i r ro-  
s t r a t u s .  The i n i t i a l  standard devia- 
t i on  values were approximated from the  
Harr i s  and Barre t t  (1978) and Pye 
(1978) s tud ies .  

Cloud-Top Temperature/Height and 
Cloud Amount. The method fo r  determin- 
ing cloud-top temperature requi res  the 
ca lcu la t ion  of the  average cloud amount 
from the  number of cloud decisions i n  
the  g r id  space (based on comparing the  
v i sua l  d i g i t a l  count of each p ixe l  i n  
the g r id  t o  a no-cloud threshold value) 
divided by the  t o t a l  number of p ixe ls  
per g r id  space [Harris and Bar re t t ,  
19781. 
combining cloud and ground portions 
using appropriate emis s iv i t i e s .  The 
values f o r  emissivity used a r e  0.55 f o r  
c i r r u s ,  1.0 f o r  nimbostratus and 
cumulonimbus and 0.9 f o r  a l l  other 
cloud types. Using Planck's function a 
cloud-top temperature appropriate fo r  
s ca t t e r ed ,  broken and overcast  s i tua-  
t i ons  is produced. These temperatures 
a r e  subsequently compared to  the  repre- 
s en ta t ive  upper-air soundings t o  y ie ld  
cloud-top he ights  i n  mi l l i ba r s .  

Cloud-top radiance is given by 

P rec ip i t a t ion  In t ens i ty .  L i l j a s  
model (1982) adopted h i s  p rec ip i t a t ion  
thresholds from the  r e s u l t s  of Muench 
and Keegan (1979). When cumulonimbus 
o r  nimbostratus clouds a r e  iden t i f i ed  
from the  cloud type method, the  preci- 
p i t a t i o n  i n t e n s i t y  subroutine is ca l l ed  
and produces an i n t e n s i t y  p r o f i l e  of 
the prec ip i ta t ion .  The p rec ip i t a t ion  
i n t e n s i t y  ca tegor ies  a r e  broken down 
according t o  the  sumat ion  of the in- 
f ra red  radiance and the  v i sua l  bright- 
ness. L i l j a s '  model u t i l i z e s  s i x  cate- 
gor ies .  The SPADS model u t i l i z e s  three  
ca tegor ies  t o  spec i fy  l i g h t  , moderate 
and heavy r a i n f a l l .  The SPADS precipi-  
t a t i o n  i n t e n s i t y  ca tegor ies  a r e  given 
as r a i n f a l l  r a t e s  s imi l a r  t o  the  rain- 
f a l l  r a t e s  es tab l i shed  by the  sur face  
observation rain/rainshower in tens i -  
t i e s ,  a s  in fer red  from Muench and 
Keegan (1979). 

The upper-air and sur face  tempera- 
t u re s  are obtained from the g r id  point 
upper-air p r o f i l e s  from Flee t  Numerical 
Oceanography Center (FNOC) i n  Monterey, 
California,  

After obtaining the  GOES and FNOC 
data ,  the SPADS program is implemented 
and i n i t i a l l y  ca l cu la t e s  the  average 
v i sua l  and I R  brightness,  standard de- 
v i a t ion  and cloud amount. From these 
values,  the cloud types can be produced 
through the  use of two t e s t s ,  a compar- 
i son  of the inf ra red  and average v i sua l  
counts and a tex ture  test (standard de- 
v i a t ion )  a s  a supplement. I f  nimbo- 
s t r a t u s  o r  cumulonimbus a r e  iden t i f i ed  
i n  the cloud type sec t ion ,  the  precipi- 
t a t i o n  i n t e n s i t y  portion of the  program 
is i n i t i a t e d  i n  order t o  determine a 
q u a l i t a t i v e  estimate of the  in t ens i ty .  

The cloud-top temperature and 
height portion of the program is in i -  
t i a t e d  f o r  a l l  cloud cases and u t i l i z e s  
the FNOC upper-air soundings f o r  tem-  
perature and height d i s t r ibu t ions .  

Each portion of the program pro- 
duces output fo r  ve r i f i ca t ion ;  cloud 
amount, cloud type, p rec ip i t a t ion  in- 
t ens i ty ,  cloud-top temperature and 
cloud-top height.  These a r e  ava i lab le  
fo r  d i sp lay ,  contouring or  permanent 
f i l e .  The average v i sua l  brightness,  
standard devia t ion  and the amount of 
cloud corresponding t o  each inf ra red  
p ixe l  can be printed f o r  va l ida t ion ,  
reference o r  fu r the r  t e s t ing .  

3 EVALUATION 

The geographical loca t ion  of t h i s  
research is centered over the eas te rn  
United S ta t e s  with the  center-point of 
t he  512x512 s a t e l l i t e  array located a t  
35'N 8OoW. The d ig i t i zed  s a t e l l i t e  
da ta  were acquired from the Geostation- 
a ry  Operational Environmental S a t e l l i t e  
EAST (GOES EAST) by the NEPRF SPADS 
system. The geographic loca t ion  was 
se lec ted  i n  order to :  

. Maximize the  coverage of s ign i f i can t  
meteorological phenomena; 

. Maximize the  surface and upper-air 
s t a t i o n  v e r i f i c a t i o n  da ta  network 
and the  meteorological observational 
p i l o t  repor t s ;  

. F a c i l i t a t e  the  s a t e l l i t e  r e t r i e v a l  
by NEPRF (GOES EAST); and 

. F a c i l i t a t e  t he  u t i l i z a t i o n  of the  
automated s a t e l l i t e  cloud ana lys i s  
program on the  recent ly  opera t iona l  
SPADS un i t  a t  the  Naval Eastern 
Oceanography Center (NEOC) at  
Nor fo lk ,  Virginia.  
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GOES v i s u a l  and i n f r a r e d  d a t a  were 
e x t r a c t e d  from t h e  1530 GMT image f o r  
l o c a l  i n p u t  t o  t h e  SPADS. The d a t a  
r ece ived  were modif ied t o  provide a 
c e n t e r  po in t  a t  35'N 8OoW on a 512x512 
g r i d  a t  2x2 n m i  v i s u a l  r e s o l u t i o n  
( i n f r a r e d  r e s o l u t i o n  2x4 n m i )  f o r  an 
approximate 1024 x 1024 n m i  a r e a  
coverage.  

Concur ren t ly  FNOC d a t a  f i e l d s  were 
ob ta ined  f o r  t h e  model from t h e  1200 
GMT a n a l y s i s .  S i x t e e n  g r i d  p o i n t s ,  
each cen te red  on t h e  s i x t e e n  64x64 I R  
g r i d s  (128x128 VIS g r i d s )  were estab- 
l i s h e d .  Su r face  and upper-level t e m -  
p e r a t u r e  p r o f i l e s  were e x t r a c t e d  f o r  
each c e n t e r  p o i n t .  

A t  t h e  same t i m e ,  t h e  v e r i f i c a t i o n  
d a t a  a r e  acqu i r ed  through an automated 
r e t r i e v a l  system. The s u r f a c e  observa- 
t i o n  v e r i f i c a t i o n  d a t a  a r e  acqu i r ed  
from t h e  hour ly  airway obse rva t ions .  
The 1200 GMT u p p e r a i r  o b s e r v a t i o n s  a r e  
u t i l i z e d  f o r  t h e  v e r i f i c a t i o n .  A s  each 
s a t e l l i t e  case  s tudy  was s e l e c t e d ,  a 
s u r f a c e ,  upper-air  and p i l o t  r e p o r t  
network of v e r i f i c a t i o n  d a t a  a r e  se l ec -  
t i v e l y  po l l ed  from t h e  Automated Wea- 
t h e r  Network (AWN) and r ece ived  v i a  t h e  
C o n t i n e n t a l  U.S. Meteoro log ica l  Data 
System (COMEDS) t o  c o i n c i d e  wi th  t h e  
s a t e l l i t e  image t i m e .  The s u r f a c e  and 
u p p e r a i r  s t a t i o n  v e r i f i c a t i o n  d a t a  
network c o n s i s t s  of  approximately 62 
s u r f a c e  s t a t i o n s  and 22 u p p e r a i r  s t a -  
t i o n s  s c a t t e r e d  throughout  t h e  geo- 
g raph ic  s tudy r eg ion .  The Automated 
Radar Summary (ARS) Chart  i s  rece ived  
hourly on t h e  half-hour  from t h e  
Na t iona l  Me teo ro log ica l  Center (NMC) 
v i a  l a n d l i n e  f a c s i m i l e .  The 1535 GMT 
ARS c h a r t  is u t i l i z e d .  

Five c a s e  s t u d i e s  w i l l  e v a l u a t e  
t h e  accuracy,  u t i l i t y  and t i m e l i n e s s  of 
t h e  SPADS cloud a n a l y s i s .  Data c o l l e c -  
t i o n  c o n s i s t s  of  c a p t u r i n g  c o i n c i d e n t  
i n f r a r e d  and v i s u a l  d a t a  a long  wi th  t h e  
v e r i f i c a t i o n  d a t a  f o r  1530 GMT on 02 
Aug 83,  11 Aug 8 3 ,  23 Aug 83 ,  31 Aug 83 
and 02 Sep 83. 

As an example of  t h e  program out- 
p u t ,  d a t a  f o r  11 Aug c a s e  a r e  pre- 
s e n t e d .  F ig .  1 A and B shows t h e  GOES 
v i s i b l e  and I R  s e c t o r s  f o r  t h e  e a s t  
c o a s t  r eg ion .  Ob jec t ive  a n a l y s e s  of  
c loud type  and p r e c i p i t a t i o n  (F ig .  2 A 
and B) from t h e  program can be compared 
with a composite o f  r a d a r  and s u r f a c e  
v e r i f i c a t i o n  d a t a  on Fig .  3. 

Th i s  case  p re sen ted  R l a r g e  v a r i -  
e t y  of c loud and p r e c i p i t a t i o n  f e a t u r e s  
t o  ana lyze  inc lud ing  low s t r a t u s  t o  t h e  
west of a major cyc lone ,  embedded fron- 
t a l  convec t ion ,  l a r g e  warm f r o n t a l  
c loud band, ocean ic  thunderstorms,  f a i r  
weather cumulus and t h i n  c i r r u s .  
Details of  t h e  e v a l u a t i o n  a r e  found i n  
Moren (1983). Key r e s u l t s  a r e :  

. s u c c e s s f u l  mapping of s t r a t u s ,  
cumulus and cumulonimbus a r e a s .  

. good p r e c i p i t a t i o n  a r e a  determina- 
t i o n  bu t  l e s s  s u c c e s s f u l  a t  preci-  
p i t a t i o n  i n t e n s i t y .  

. a c c u r a t e  cloud t o p  temperature  and 
p r e s s u r e  a n a l y s e s .  

4 

Figure  ZB. GOES Infrared Imager?/ for 21 
Augun t 1983. 
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A B 

Figure 2A. SPADS Analysis of Cloud Type ( A )  
and Precipitation ( B )  for 11 
August 1983. 

Figure 3 .  Surface Observation and ARS 
Veri f icat ion Chart for 12 August 
1983. 
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4. RESULTS 

The SPADS automated cloud and pre- 
c i p i t a t i o n  i n t e n s i t y  a n a l y s i s  program 
produced information on cloud amount, 
cloud type ,  cloud-top temperature/ 
he ight  and p r e c i p i t a t i o n  i n t e n s i t y  
r a p i d l y  a f t e r  d a t a  r e c e i p t .  
s t u d i e s  were s u c c e s s f u l l y  analyzed 
u t i l i z i n g  a s  many c u r r e n t  s p e c i f i c  
v e r i f i c a t i o n  t o o l s  as were a v a i l a b l e .  
The fol lowing SPADS program output  suc- 
cesses were observed: 

Five case  

. The cloud amount a n a l y s i s  is 
s k i l l f u l .  Alignment and or ien ta-  
t i o n  are e x c e l l e n t .  

. The cloud type a n a l y s i s  is s k i l l -  
f u l  but  can be improved. Classi- 
f i c a t i o n  of cumuliform cloud types 
is successfu l  , p a r t i c u l a r l y  f o r  
cumulonimbus. C i r r u s  typing was 
t h e  l e a s t  s u c c e s s f u l .  

. The cloud-top temperaturefheight  
a n a l y s i s  is e x c e l l e n t .  R e a l i s t i c  
temperatures  and h e i g h t s  were 
e s t a b l i s h e d  in most i n s t a n c e s  and 
were c o n s i s t e n t  wi th  o t h e r  SPADS 
generated output .  

. The p r e c i p i t a t i o n  i n t e n s i t y  analy- 
sis is f a i r .  D i f f e r e n t i a t i o n  Of 
i n t e n s i t y  l e v e l s  was d i f f i c u l t  t o  
e s t a b l i s h .  The p r e c i p i t a t i o n  in- 
t e n s i t y  a n a l y s i s  does provide evi- 
dence of p o t e n t i a l  p r e c i p i t a t o n  
a r e a s .  
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1 .  INTRODUCTION 
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Nowcasting and the  very-short-range 
forecas t ing  of mesoscale weather events a r e  
c r i t i c a l l y  dependent on our perception and 
understanding of the phenomena causing those 
events.  A r C  cloud l i n e s ,  as detected i n  Satell i te 
imagery, have been shown t o  be important 
i n i t i a t o r s  of new s t rong  convection (Purdom and 
Marcus, 1982). I n  f a c t ,  Purdom (1984) has  shown 
most of t h e  r a i n f a l l  occurring over t he  
southeastern United S t a t e s  during summertime can 
be a t t r i b u t e d  t o  storms generated by arc cloud 
l i nes .  Furthermore, under proper conditions 
thunderstorm outflow boundaries ( a r c  cloud l i n e s )  
can provide t h e  organized flow f i e l d  required f o r  
t he  development of severe and tornadic storms. 
This has been shown both i n  case  study analyses 
(Purdom, 1976, Maddox e t  al.,  1980, Parker and 
Hickey 1980), and r ecen t ly  with advanced numerical 
cloud modeling (Klemp and Rotunno, 1983). 
Understanding t h e  a r c  cloud l i n e ' s  dynamic and 
thermodynamic cha rac t e r i s  tics is imperative if w e  
are to understand the  development and evolution of  
deep convection. 

During the  summer's of 1982 and 1983, NOAA 
and NASA co-sponsored a research f i e l d  program i n  
the  Colorado high p la ins*  (1982) and i n  Florida** 
(1983) t h a t  combined research a i r c r a f t  f l i g h t s  
w i t h  rap id  scan ( 3  minutes i n t e r v a l )  GOES imagery. 
The purpose of the  program w a s  t o  improve our 
understanding of the  dynamic and thermodynamic 
c h a r a c t e r i s t i c s  of a r c  cloud l i n e s  a s  they relate 
t o  f u t u r e  convective development a s  w e l l  a s  
determine how t h e i r  f low f i e l d s  might impact 
a i r c r a f t  and space shu t t l e  operations.  
Penet ra t ions  were made of a r c  cloud l i n e s  on 
seve ra l  f l i g h t  days i n  both 1982 and 1983. I n  
c o n t r a s t  to our previous a i r c r a f t  measurements 
( S i n c l a i r  and Purdom, 1982, 1983) which were 
confined t o  the  subcloud l aye r  above the dens i ty  
surge l i n e ,  s ee  f i g u r e  3,  a por t ion  of the  1982 
f l i g h t s  and a l l  of the 1983 f l i g h t s  were made a t  
lower l e v e l s  through the dens i ty  surge l i n e .  

*NOAA NA82RA-C-00103 
**NOM NAB2RA-C-00103 and NASA & NOAA NA82AA-H- 
00026 

2. THE EXPERIMENT 

2.1 e n . B r a l  

2.1 .a. Colorado - The a r c  cloud l i n e  
inves t iga t ions  i n  the  Colorado high p l a ins  were 
ca r r i ed  o u t  i n  l a te  Ju ly  and e a r l y  August of 1982. 
The main purpose of those inves t iga t ions  was to 
e s t a b l i s h  s i m i l a r i t i e s  and d i f fe rences  between a r c  
cloud lines i n  the  more moist southeas t  United 
S t a t e s  ( i b i d )  and those t h a t  a r e  generated over 
t h e  more a r i d  high p l a ins .  A r c  cloud l i n e s  were 
inves t iga ted ,  with pene t ra t ions  being made through 
the  dens i ty  surge l i n e  ( D S L )  region a s  w e l l  a s  i n  
the  subcloud l aye r  above the  DSL. 

For a va r i e ty  of reasons, including 
l o g i s t i c s ,  f u e l  a v a i l a b i l i t y  and access t o  weather 
information operations were based o u t  of Chrisbnan 
Fie ld  a t  Colorado S t a t e  University. General a r eas  
f o r  pene t ra t ions  were chosen using near r e a l  time 
GOES satelUte da ta  from t h e  CSU IRIS system 
(Green and Kruidenier, 1982). Once the a i r c r a f t  
reached an a rea  f o r  inves t iga t ion ,  decisions 
concerning penet ra t ions  poin ts  were made v isua l ly .  
A i r c r a f t  pos i t i on  was determined from VOR-DME and 
Doppler navigation systems, and could be cross  
referenced using v i s u a l  landmarks such a s  towns, 
roads and o the r  ground fea tures .  This is 
important because LORAN-C is not always usable i n  
t h e  N.E. Colorado area ,  and low l e v e l  penetrations 
might a t  times be too low t o  acqui re  the VORTAC 
s igna l .  

2.lb F lor ida  - The a r c  cloud l i n e  inves t iga t ions  
i n  Florida were car r ied  o u t  during the  las t  two 
weeks of August, 1983. The main purpose of those  
inves t iga t ions  was t o  determine t h e  dynamic and 
thermodynamic cha rac t e r i s t i c s  of the dens i ty  surge 
l i n e  region. This was our  most successfu l  s e r i e s  
of f l i g h t s  ( 7 )  t o  date, with a r c  cloud l i n e s  of 
varying i n t e n s i t y  being inves t iga ted  on each of 
f i v e  f l i g h t  days. Penetrations were made i n  the  
clear a i r ,  w e l l  below cloud base and i n  the DSL. 
Generally, multiple t raverses  were made through 
the  VSL a t  a l t i t u d e s  ranging from 120 m t o  650 m. 
One reason f o r  our high success r a t e  during t h i s  
s e r i e s  of experiments was the f i n e  support  
provided us, i n  terms of both l o g i s t i c s  and 
weather support ,  by t h e  USAF a t  Pa t r ick  AFB and 
Cape Canaveral AFS (see acknowledgments). General 
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areas of penetration were chosen using near r e a l  
time GOES satell i te da ta  t h a t  were transmitted 
Over closed c i r c u i t  TV from Cape Canaveral AFS t o  
Patrick AFB Operations. Once the  a i r c r a f t  reached 
an area where arc a c t i v i t y  had been detected,  
decisions concerning penetration p i n t s  were made 
Visually. Aircraf t  pos i t ion  was determined from 
VOR-DME, LORAN-C , and Doppler navigation systems. 
A t  a11 times a i r c r a f t  loca t ion  accuracy was w e l l  
Within the  reso lu t ion  of one GOES v i s i b l e  p ixe l  
(1 km). 

The CSU Atmospheric Research F l igh t  F a c i l i t y  
(ARFF) has developed a number of Airborne 
Atmospheric Data Systems (AADS-1A t o  5A) from 
d i r e c t  measurement of the three-dimensional 
ve loc i ty  f i e l d ,  temperature, dew point,  pressure,  
atmospheric gases and pa r t i cu la t e s  , e tc .  These 
instrumentation systems have been spec ia l ly  
designed f o r  various a i r c r a f t  (McDonnell F-lOlB,  
North America T-6 and T-28, Beech Queen A i r ,  
Cessna T207, Shinn 215A, and La i s t e r  Kaufmann 
sa i lp lane)  f o r  measurements i n  atmospheric systems 
ranging from mesoscale systems and thunderstorm 
complexes t o  waterspouts and d u s t  dev i l s  (S inc la i r  
1969, 1973, 1974, 1977). A miniaturized version 
(AADS-5A) of these previous systems has been 
designed and constructed by ARFF f o r  a Cessna T207 
a i r c r a f t .  T h i s  is the f i r s t  i n s t a l l a t i o n s  of this 
type on a l i g h t ,  single-engine a i r c r a f t .  The 
gus t  ve loc i ty  measurement system is designed so a s  
to be independent of the a i r c r a f t  s e n s i t i v i t y  t o  
atmospheric motion and/or p i l o t  induced motions. 
The measurement technique (S inc la i r ,  1969, 1973) 
requires knowledge of t he  motion of the a i r  
r e l a t i v e  t o  the a i rp l ane  (Vasp) and the  motion of 
the a i rp lane  r e l a t i v e  t o  the  ground ( V p y g )  i n  
order t o  ca l cu la t e  the atmospheric motion with 
respec t  t o  the ground (Va,g) thus 

Which f o r  the v e r t i c a l  component (wa,g) can be 
expressed a s  

(0) + LO - VTa + VT%4 - VTO + Jo t azdt  + wp 
aYg sg 

Where vT is the t r u e  airspeed; a the  angle of 
a t tack}  0, 8, and 9 t he  p i t ch ,  yaw and r o l l  
angles , respectivelyi a Z  the  v e r t i c a l  acce le ra t ion  
Of the aircraft; w (0) $he v e r t i c a l  motion of 
the a i r c r a f t  a t  0 ;  0 t he  p i t ch  r a t e j  and 
b t he  accelerometer displacement f r m  the angle of 
a t t ack  measurement point.  The measurement of a a 
end fi a r e  made with l ightweight,  bu t  durable, flow 
Vanes (response <0.05 sec ) .  The a i r c r a f t .  p i t ch  
and r o l l  angles and the  p i t ch  r a t e  (0) a r e  
measured wi th  high prec is ion  v e r t i c a l  and r a t e  
gyros. Accelerations a r e  measured by a three-axis 
accelerometer system a t  the  aircraft  center  of 
gravity.  True airspeed and s t a t i c  temperature a r e  
determined from the  compressible, subsonio flow 
equations using measurements of  t o t a l  and s t a t i c  
Pressures and t o t a l  temperature. Rela t ive ly  f i n e  
S t ruc ture  of the turbulen t  ve loc i ty  spectrum 
(0.04-10 Hz) can be obtained from the  da ta  which 
a r e  recorded on a 1000 charac te r  per  second, 
d i g i t a l ,  incremental magnetic tape recorder. The 
entire gus t  probe system is mounted below the  l e f t  
Wing of the a i r c r a f t  i n  a modified drone t i p  tank. 
The a - 8 vane System and p i l o t  tube are l o c a t d  
a t  the f r o n t  of the instrumentation boom which 

extends from the nose of the t i p  tank t o  a point 
ahead of the wing and the plane of the propellor.  
~ l l  of the gus t  vane e lec t ronics  as w e l l  as the 
pressure transducers and gyros are r i g i d l y  
fastened t o  the boom s t ruc tu re  in s ide  the  drone 
t i p  tank. 

I n  addi t ion  t o  the gus t  ve loc i ty  (u '  , v' , w1 ) 
measurement system, an on-board doppler wind 
sys t em (APN-153V) provides accurate (+- 0.5 - 

1.0 m sec  ) measurements of ground sped and 
d r i f t  angle which coupled wi th  aircraft  heading 
and t r u e  airspeed provide mean (25 sec.  avg.) 
horizontal  wind components 05, 8 ) .  Precise f l i g h t  
t racks  over the ground can be programmed i n t o  the 
doppler computer t o  s a t i s f y  a wide va r i e ty  of 
sampling requirements. The dew point and the  
t o t a l  temperature a r e  a l s o  continuously recorded 
with the  other parameter a t  a sampling r a t e  of 
0.04 8ec ( t h e  gus t  vanes a r e  f a s t  sampled a t  0.02 
sec). The measurement loca t ions  a r e  obtained 
continuously from LORAN-C (+. 70 km), VOR-DME 
( <  2 10 m ) ,  and/or doppler navigation coordinates 
( <  .+_ 500 m r e l a t i v e ) .  

2.3 G F  @!a 

For a l l  bu t  one of the case study days, 
nominal 3 minute in t e rva l  GOES imagery were taken 
during the  f l i g h t  periods: the  scheduling was the 
same a s  was used i n  SESAME Operations (Barnes, 
1981). The three minute images covered the study 
area  very well, and i n  a l l  cases su f f i c i en t  
landmarks were ava i lab le  t o  insure  a i r c r a f t  and 
s a t e l l i t e  cloud locations t o  within the  reso lu t ion  
of the GOES image. Inspection of the s a t e l l i t e  
da ta  versus a i r c r a f t  locations leave no doubt t h a t  
the a i r c r a f t  measurements represent continuous 
da t a  s e t s  through the a r c  cloud l i nes  i n  the sub- 
cloud region. 

3. OBSERVATIONS 

I n  Florida,  seven research f l i g h t s  were made 
on f i v e  f l i g h t  days, w i t h  a r c  cloud l i n e  DSL's of 
varying i n t e n s i t y  being encountered on each day. 
Among the  more in t e re s t ing  of the research days 
was the l as t  f l i g h t  i n  August when an a rc  cloud 
l i n e  region was studied near the northwest coast 
of F lor ida ,  f igure  1. We f e e l  that  the 

30N t 
83W 

Gulf of Mexico Florida 

1 
Figure 1 - Cloud a r c  l i n e s  location (hatched-line) 
f o r  penetrations i n  N.W. Florida.  A i rc ra f t  
penetration d i rec t ions  a re  shown by the  arrow 
through the hatched area. 
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c i r c u l a t i o n s  encountered on this day are  
r e p r e s e n t a t i v e  of those found wi th  t h e  a c t i v e  arcs 
p e n e t r a t e d ;  consequent ly  o n l y  t h i s  case w i l l  b e  
d iscussed  i n  d e t a i l .  P e n e t r a t i o n s  w i t h i n  the DSL 
were made between approximately 620 meters and 180 
meters (AGL). The drawing shown i n  F igure  2 
summarize t h e  r e s u l t s  of t h e  p e n e t r a t i o n s ,  a l l  i n  
a coord ina te  system r e l a t i v e  t o  t h e  DSL boundary. 
A t  d i f f e r e n t  l e v e l s ,  t h e  wlnd s h i f t  between the 
DSL and t h e  warm uns tab le  aimaas i n t o  which it 
w a s  moving w a s  between 9 and 15 m / s .  Ahead of t h e  
DSL v e r t i c a l  motion which was unorganized, became 
organized i n t o  a n  upvard moving c u r r e n t  of warm 
moist a i r  as it moved i n t o  t h e  r e g i o n  of  t h e  DSL. 
A t  t h e  DSL i n t e r f a c e  v e r t i c a l  motions increased  
s h a r p e l y  and t h e  a i r  w a s  very  t u r b u l e n t  i n  na ture .  
S o l i d  uprard motion, wi th  peaks as high as 10 m / s  
w e r e  found i n  this i n t e r f a c e  region.  I n  t h e  
out f low a i r ,  between 2 and 7 km behind t h e  DSL 
i n t e r f a c e  a sharp t r a n s i t i o n  zone w a s  found 
between upward moving a i r  and s h a r p l y  descending 
a i r .  Vertical  motions i n  t h e  s ink ing  a i r  ranged 
from -3 t o  -5 m / s .  T h i s  downward motion g r a d u a l l y  
diminished w i t h  deeper  p e n e t r a t i o n  i n t o  t h e  cool 
a i r  ( n o t e  however, we never encountered t h e  
thunderstorm r a i n  s h a f t ) .  The e n t i r e  f l i g h t  
wi th in  t h e  DSL and rain-cooled a i r  w a s  t u r b u l e n t .  
When f l y i n g  i n  t h e  rain-cooled a i r  toward t h e  DSL 
i n t e r f a c e  an e f f e c t i v e  t a i l  wind of 12 t o  18 m / s  
w a s  r e a l i z e d .  During t h e  e n t i r e  t i m e  of  t h e  
p e n e t r a t i o n s  t h e r e  w a s  no nearby p r e c i p i t a t i o n  o r  
v i r g a .  I n  f a c t ,  estimates placed a l l  v i s i b l e  
p r e c i p i t a t i o n  s h a f t s  i n  e x c e s s  of 20 km from t h e  
f l i g h t s .  I t  should be noted t h a t  t h e s e  l a t t e r  
f a c t s  concerning p r e c i p i t a t i o n  were n o t  t r u e  of  
t h e  o t h e r  arc's w e  i n v e s t i g a t e d .  

S e v e r a l  important  d i f f e r e n c e s  e x i s t  between 
t h e  a i r  and f l o w  f i e l d s  i n  t h e  DSL and i n  the 
subcloud l a y e r  above t h e  DSL. F igure  3 is  from 
our  earlier work ( S i n c l a i r  and Purdom, 19831, and 
is a composite from our f l i g h t s  i n  t h e  sub cloud 
l a y e r  above t h e  DSL. Comparison of Figure  3 wi th  
F igure  2 shows t h a t  s t r o n g  d i f f e r e n c e s  i n  dynamic 
c h a r a c t e r i s t i c s  of a i r  w i t h i n  and above t h e  DSL. 
A i r  motions w i t h i n  t h e  DSL were much more 
t u r b u l e n t ,  and both  s t r o n g e r  upward and downward 
motions were encountered w i t h i n  t h e  DSL than i n  
t h e  subcloud l a y e r  above t h e  DSL. The s t r o n g  
turbulence  and s h e a r  i n  the v e r t i c a l  wind across 
t h e  DSL i n t e r f a c e  suppor ts  our  hypothes is  t h a t  
mixing of  a i r  from t h e  DSL w i t h  t h e  warm uns tab le  
a i r  ahead o f  i t  provides  a modified u p d r a f t  
s t r u c t u r e  that f e e d s  t h e  cumulus clouds of t h e  arc 
cloud l i n e  ( S i n c l a i r  & Purdom, 1983 1 .  
A d d i t i o n a l l y ,  t h e  s t r o n g  ta i lwind  wi th in  t h e  co ld  
out f low a i r  w a s  on ly  experienced w i t h i n  t h e  
v e r t i c a l  e x t e n t  of  t h e  DSL and n o t  above it. 

S i m i l a r  r e s u l t s  to those  d iscussed  above were 
found i n  o u r  p e n e t r a t i o n s  of  co lorado  high p l a i n s  
arc c loud  l i n e s .  The major d i f f e r e n c e  found 
between t h e  Colorado arcs and those  i n  F l o r i d a  w a s  
t h e  s t r e n g t h  of a l l  f i e l d s  were s t r o n g e r  i n  t h e  
high p l a i n s  cases. 

4.  CONCLUSIONS 

1 .  The la teral  e x t e n t  of  t h e  v e r t i c a l  motion 
f i e l d  compared t o  t h e  cloud scale 
( F i g u r e s  2 and 3 )  i n d i c a t e s  t h a t  t h e  main d r i v i n g  
f o r c e  f o r  t h e  i n i t i a l  c loud development a long t h e  
a r c - l i n e  is c o n t r o l l e d  by t h e  thunderstorm 
outf low ( 8 )  i n t e r a c t i n g  w i t h  t h e  convec t ive ly  
u n s t a b l e  a i r  of t h e  environment. The i n d i v i d u a l  

Gently -of Arc 
sinking Cloud 
air 

i- I 

Warm *- - Q I u n IVI 

Figure  2 - Schematic i l l u s t r a t i o n  of t h e  A r c  Cloud 
Line f e a t u r e s  i n  t h e  DSL. For a d e s c r i p t i o n  of 
t h e  v e r t i c a l  motions and outf low speeds,  see the  
t e x t  t o  the  l e f t .  The thunderstorm t h a t  produced 
t h e  arc cloud was over  20 km from t h e  mixing zone 
req ion  (see f i g u r e  1 ). 

cumulus cloud scale motions along t h e  arc l i n e  c a n  
then be v i s u a l i z e d  as being superimposed on this 
somewhat l a r g e r - s c a l e ,  i n i t i a t i n g  process .  

2. Arc cloud l i n e s  and t h e i r  a s s o c i a t e d  DSL 
reg ion  can  pose extreme hazards t o  a i r c r a f t  
opera t ions .  One of  s e v e r a l  c r i t i ca l  s i t u a t i o n s  
might involve  a n  arc cloud l i n e  approaching t h e  
end of an airport  runway w i t h  i ts  parent 
thunderstorm 15 t o  20 km away. An a i r c r a f t  i n  a 
landing p a t t e r n  might c i rcumnavigate  the 
thunderstorm and then  descend through t h e  top  of 
t h e  DSL, a t  perhaps an a l t i t u d e  of  500 meters. If 
the outf low is s t r o n g ,  a ta i lwind  of 15 t o  20 m / S  
might suddenly be encountered upon descent  i n t o  
t h e  DSL. Depending on a i r c r a f t  speed p r i o r  t o  i t s  
descent  i n t o  t h e  DSL, t h e  loss of r e l a t i v e  f low 
across t h e  wing i n  t h e  DSL can  cause c r i t i ca l  s i n k  
rates which may lead  t o  a n  a i r c r a f t  acc ident .  

3. An arc cloud l i n e ' s  major t h r e a t  t o  space 
s h u t t l e  o p e r a t i o n s  l i e  i n  i t s  a b i l i t y  t o  genera te  
new thunderstorm a c t i v i t y  a long  t h e  s h u t t l e  g l i d e  
p a t h  i n  t i m e  frames t h a t  occur  a f t e r  t h e  d e c i s i o n  
f o r  r e e n t r y  has  been made. I n  t h i s  case 
requirements  f o r  cloud cover ,  p r e c i p i t a t i o n  and 
weather type could a l l  be s e r i o u s l y  v i o l a t e d .  
Addi t iona l ly ,  l a te ra l  wind s h e a r s  across t h e  
runway could exceed s h u t t l e  landing requirements  
i n  e i t h e r  an arc cloud DSL environment or t h e  
environment o f  t h e  thunderstorm it  might have 
t r i g g e r e d .  
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i g u r e  3 - Schematic i l l u s t r a t i o n  o f  t h e  A r c  Cloud Line f e a t u r e s  i n  t h e  subcloud l a y e r  above t h e  
DSL, from S i n c l a i r  and Purdom (1983). 
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1. INTRODUCTION 

Wind estimates i n  t h e  e a r t h ' s  t roposphere 
have been der ived  from cloud motions seen i n  
s a t e l l i t e  imagery d a t i n g  back t o  t h e  use  o f  ATS 
p i c t u r e  sequences i n  t h e  l a t e  1960's. Global 
and synopt ic  use  o f  c l o u d - d r i f t  winds quick ly  
became an o p e r a t i o n a l  r e a l i t y  i n  t h e  e a r l y  1970's  
even though many problems and l i m i t a t i o n s  s t i l l  
remained. Hubert (1979) gives  an e x c e l l e n t  r e -  
view of a l l  a s p e c t s  o f  t h e  s a t e l l i t e  c l o u d - d r i f t  
wind problem d e s c r i b i n g  t h e  many r e s e a r c h  acaom- 
pl ishments  and o p e r a t i o n a l  systems f o r  synopt ic -  
scale wind es t imat ion  as t h e y  evolved dur ing  t h e  
1970's. 

By t h e  mid 1970's, t h e  SMS/GOES s p a c e c r a f t  
was providing unique 1 km r e s o l u t i o n  v i s i b l e  
imagery o f  c loud f i e l d s  over  l i m i t e d  reg ions  a t  
time i n t e r v a l s  o f  a few minutes dur ing  s p e c i a l  
r e s e a r c h  rapid-scan per iods .  
manually e x t r a c t  unique and meaningful mesoscale 
wind f i e l d s  from t h e s e  d a t a  sets was demonstrated 
by s e v e r a l  i n v e s t i g a t o r s  (Negri  and Vonder Haar, 
1980, Maddox and Vonder Haar, 1979, Wilson and 
Houghton, 1979, Rodgers e t  a l . ,  1979, Pes len ,  
1980, and o t h e r s ) .  
d i f f i c u l t  and very time-consuming t o  produce so 
t h a t  mesoscale c loud  winds are not  c u r r e n t l y  
a v a i l a b l e  i n  real-time or f o r  many r e s e a r c h  
a p p l i c a t i o n s .  

The a b i l i t y  t o  

However, t h e s e  d a t a  sets are 

The purpose of t h i s  paper i s  t o  d e s c r i b e  a 
new m u l t i s p e c t r a l  image-processing system for 
e x t r a c t i n g  mesoscale wind f i e l d s  au tomat ica l ly  
from sequences o f  GOES imagery. This  system is  
unique for  many reasons  i n c l u d i n g  1) no l imi ta -  
t i o n s  on t h e  computat ional  power r e q u i r e d  for 
system execut ion was used as a c o n s t r a i n t  on 
system des ign ,  2)  a new pa t te rn- recogni t ion  
technique was used,  3) t h e  system i s  mul t i -  
s p e c t r a l  i n  des ign  so  t h a t  bo th  v i s i b l e  and infra- 
red  d a t a  are r e q u i r e d  and new VAS water vapor 
t r a c k i n g  and C02-sl ic ing cloud h e i g h t  ass ignments  
w i l l  be an i n t e g r a l  p a r t  o f  t h e  f i n a l  system, 4 )  
wind v e c t o r s  are generated a t  mesoscale reso- 
l u t i o n  i n  space ( % l o  km s p a c i n g ) ,  5)  q u a l i t y  
c o n t r o l  i s  done o b j e c t i v e l y  based upon image 
process ing  parameters  r e q u i r i n g  much less than  
1% o f  t h e  computed winds t o  be e d i t e d  by objec-  
t i v e  or s u b j e c t i v e  meteoro logica l  procedures  and 
6 )  quasi-real- t ime ( w i t h i n  1 hour)  mesoscale 
wind f i e l d s  can be generated for research  or 
o p e r a t i o n a l  e v a l u a t i o n s  over  a 512 X 512 image 
us ing  super  minicomputers with a r r a y  processors  

(< 1 minute o f  class 6 computer time i s  requi red  
f o r  real-time purposes  s i n c e  t h e  computer code is 
vec tor ized .  ) 

This  system was appl ied  i n  t h i s  paper toSMS 11 
five-minute imagery on A p r i l  24 ,  1975 i n  which 
s e v e r a l  i n v e s t i g a t o r s  have manually computed and 
ex tens ive ly  analyzed t h e  e x t r a c t e d  cloud wind 
estimates. S t r u c t u r a l  and kinematic  ana lyses  of 
t h e  automated v s  manual winds are performed t o  
demonstrate t h a t  t h e  automated wind estimates 
have an o v e r a l l  s t a t i s t i ca l  e r r o r  smaller than  
t h e  manual winds and produce s p a t i a l l y  and tempor- 
a l l y  c o n s i s t e n t  r e s u l t s  down t o  t h e  small meso-$ 
scale i n  numerous pre-thunderstorm areas. 

2. THE AUTOMATED MESOSCALE CLOUD-WIND SYSTEM 

2.1 Preprocessing GOES V i s i b l e / I n f r a r e d  D i g i t a l  
Imagery 
After e x t r a c t i n g  image s e c t o r  p a i r s  ( e i t h e r  

512 X 512 or 1024 X 1024 p i x e l  m a t r i c e s )  a t  f u l l  
r e s o l u t i o n  from t h e  GOES f u l l  d i s c  or l i m i t e d -  
scan scenes ,  t h e  fol lowing image-prvcessing 
func t ions  are requi red  b e f o r e  wind estimates a r e  
begun: 

1 )  Image clean-up t o  reduce random missing 
elements and l i n e s  using nearest-neighbor  averag- 
ing .  

value range over t h e  s e c t o r s  t o  t h e  f u l l  0-255 
dynamic p i x e l  r e s o l u t i o n .  

t o  account  for e lement -sh i f t  o f f s e t .  

equiva len t  r e s o l u t i o n  o f  t h e  v i s i b l e  scene using 
a n  approximation o f  t h e  i d e a l  s i n  X/X i n t e r p o l a -  
t i o n  func t ion  (Moik, 1980 and Bernstein, 1976) 

5 )  Edge-preserving f i l t e r i n g  of  t h e  v i s i b l e  
d a t a  (Yo0 e t  a l . ,  1979) t o  d e - s t r i p e  and remove 
random noise  as w e l l  as t o  enhance cloud-edge 
boundaries .  

2)  C o n t r a s t - s t r e t c h  t o  expand t h e  image count- 

3) Alignment of t h e  v i s i b l e / i n f r a r e d  scenes 

4 )  Resample t h e  i n f r a r e d  imagery t o  an 

2.2 Cloud subscene t r a c k i n g  and h e i g h t  assignment 
Figure 1 shows t h e  b a s i c  concept of  cloud- 

subscene templa tes  def ined i n  t h e  r e f e r e n c e  image 
t h a t  are compared wi th  a l l  equiva len t  subscene 
candida tes  i n  t h e i r  r e s p e c t i v e  search  a r e a s  o f  
t h e  search  image t o  def ine  t h e  (jfi, k*) p o s i t i o n  
of %&t match.'' 
given. c loud subscene motion i's d i r e c t e d  from t h e  
center; df t h e  search  area t o  p o i n t  ( jn,  kn). For 
mesoscale wind c a l c u l a t i o n s ,  t h e  optimal s i z e  of 
t h e  template  mat r ix  (MXN) was found t o  vary from 
about  25 X 25 t o  50 X 50 v i s i b l e  p i x e l s  depending 

The displacement  v e c t o r  for a 
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Fig. 1. Concept depiction of reference 
image, search image, subscene tem- 
p l a t e s  and search areas (from Moik, 
1900) 

upon the  cloud subscene s t ruc tu re  and r e su l t an t  
pa t te rn  matching success. 
cloud templates were examined every t e n t h  p ixe l  
loca t ion  along t h e  element d i r ec t ion  and every 
t en th  row was used so t h a t  a maximum mesoscale 
wind vector spacing of  about 10 km r e s u l t s .  Cal- 
cu la t ions  of template displacement were performed 
a t  each candidate loca t ion  f o r  template p ixe l  
s i z e s  of 25 X 25, 37 X 37, 49 X 49 only if both 
of t h e  following cri teria were met: 

was 100, ( i . e . ,  reasonable image s t r u c t u r e  f o r  
t racking  exis ts) .  

2)  t h e  inf ra red  variance over t h e  template 
was <loo, ( i . e . ,  black-bod8 scene temperature 
var ia t ions  a r e  usually < 10 C). 

The black-body temperature of  t he  cloud template 
was computed as the  average of t h e  i n f r a red  p ixe l  
temper8tures except when t h a t  average was less 
than 5 C and the  co ldes t  p ixe l  was used t o  
compensate for  c i r r u s  emiss iv i t ies  much less t h a n  
1.0 i n  portions of t he  template. 

In addi t ion ,  candidate 

1) t h e  v i s i b l e  variance over t h e  template 

The simplest form o f  height assignment f o r  
cloud winds involves posit ioning t h e  wind estimate 
i n  the  v e r t i c a l  a t  t he  loca t ion  where t h e  ambient 
a i r  temperature equals t he  template temperature. 
However, t h i s  and o the r  methods have various shor t -  
comings as discussed i n  d e t a i l  by Lee (19791, 
pa r t i cu la r ly  when mesoscale wind estimates are 
made i n  strong v e r t i c a l  shear conditions (Peslen 
e t  a l .  , 1984). Mengel e t  a l . ,  (1983) has shown 
t h a t t h e  use of addi t iona l  GOES/VAS in f ra red  
imagery i n  the  15 micron region can be used t o  
compute cloud heights with accuracies equal t o  o r  
g rea t e r  than t h a t  obtained by o the r  complicated 
methods such as b i -spec t ra l  and s t e r e o  techniques. 
However, t h e  cument  system uses only t h e  in f r a red  
cloud temperature method s ince  the  o r i g i n a l  system 
decign employed the  use of VAS radiances as a 
na tu ra l  improvement t o  t h i s  technique. 

Since t h e  template search ama s i z e  i n  Fig. 1 
(JXK) is a function of both wind speed and image- 
p a i r  separation time, a "first guess" of  t h e  
a c t u a l  wind speed is  made based upon a llgueeslt 
v e r t i c a l  wind p r o f i l e  and t h e  height aes ignmnt  
Just discussed in t a rpo la t e?  i n t o  t h a t  v e r t i c a l  

p ro f i l e .  A wind speed devia t ion  + t h e  first guess 
ac tua l ly  leads  t o  search areas t h a t  are e l l i p t i c a l  
i n  shape and are containe'd within t h e  search area 
matrices.  

The automatic determination of l o c a l  similar- 
i t y  between cloud templates and a l l  search loca- 
t i o n s  i n  t h e  search a rea  has t r a d i t i o n a l l y  been 
done using e i t h e r  c ross -cor re la t ion  methods 
(Leese e t  a l . ,  1971, Green e t  a l . ,  1975, Novak 
and Young, 1977) o r  p a t t e r n  recognition (Endlich 
e t  al . ,  1971, Wolf e t  a l . ,  Wolf and Endlich, 1980). 
However, Barnea and-erman (1972) describe a 
d i f f e ren t  class of d i g i t a l  image r e g i s t r a t i o n  
known as the  sequent ia l  s i m i l a r i t y  de tec t ion  
algorithm (SSDA). 
l a t i o n  of a f i e l d  of "template matching" numbers 
a t  every location i n  t h e  search  area, each of 
which is the  sum of t h e  absolu te  value d i f fe rence  
between every p ixe l  i n  t h e  template minus t he  
corresponding p ixe l  i n  t h e  search a rea  f o r  a given 
t e s t e d  template displacement. This method is 
unique i n  t h a t  it is computationally f a s t ,  requires 
no normalization of t h e  co r re l a t ion  surface,  and, 
t h e r e m e ,  v ie lds  an exact 0011 minimum value 
template match i n  the  i d e a l  nonnormalized 
r e g i s t r a t i o n  case.  Therefore, SSDA involves the  
search f o r  a minimum "template matching" number 
and pos i t ion  over t h e  search a rea  where inter-  
p ixe l  displacements a r e  estimated by quadra t ic  
i n t e rpo la t ion  i n  two-dimensions. 
here only t o  t h e  v i s i b l e  imagery i n  determining 
mesoscale wind estimates. 

- 

SSDA involves t h e  simple calcu- 

SSDA is applied 

2.3 Earth navigation and vector qua l i t y  con t ro l  
Earth navigation of the  image p ixe l s  i n  both 

t h e  reference and search images is performed with 
t h e  same navigation package cur ren t ly  used by 
McIDAS (Suomi e t  a l . ,  1983) and NOAA. Navigation 
e r r o r s  of  Llp ixe l  o r  more are frequently €ound i n  
opera t iona l  imagery but must be eliminated before 
unbiased wind estimates can be made. Furthermore, 
t h ree  objective.image-processing qua l i ty  con t ro l  
parameters were developed for use wi$h t h e  SSDA 
method with t h e  goal of eliminating almost a l l  
subjec t ive  meteorological ed i t ing .  

The first involves 'SSDA minima t h a t  f a l l  on 
the  borders o f  t he  search a rea .  These vec tors  
a r e  eliminated. The second and t h i r d  involve 
wind vector template match qua l i ty .  Define 

TMQ1= SSDA mean (over the  e n t i r e  search 
SSDA minimum a rea )  

and the  SSDA secondary minimum parameter a s  

SSM = TMQ, . 100. 
TMQ1 

where TMQ, = mean (over t h e  sea ch 
SSDA secondary min. area minus 

3x3 ar rav  . .. _ _ ~  
surround'ing first 
minimum) 

Successful qua l i t y  cont ro l  has cons is ten t ly  been 
achieved with 

TMQl 51.6 

and 88.>SSM> 0. , 
'so t h a t  &less than 1% of t h e  wind estimates 
requi re  meteorological ed i t i ng .  
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3 .  STRUCTURAL AND KIEMATIC ANALYSIS OF AUTOMATED 
SATELLITE MESOSCALE W I N D  ESTIMATES 

3.1 The 24 A p r i l  1975 (AVE IV) case s tudy 
During NASA's Atmospheric V a r i a b i l i t y  

Experiment I V  ( H i l l  and Turner ,  1977) i n  which 
s p e c i a l  3-h rawinsonde d a t a  were taken  a t  NWS sites 
and 5-min l imi ted-scan  VISSR d a t a  were recorded 
f r o m  SMS 11, e x t e n s i v e  low-level  ('LE50 m b )  cumulus 
and upper - leve l  c i r r u s  c loud f i e l d s  evolved over  
t h e  C e n t r a l  P l a i n s  dur ing  t h e  pre-thunderstorm 
per iod  between 1200 and 2100 GMT on 24 Apr i l  
( s e e  F igs .  2a and 2b) supported by a s t r o n g  upper- 
l e v e l  short-wave t rough moving eastward a c r o s s  
Texas, Oklahoma, and Kansas. Severe thunderstorms 
began developing wi th in  t h e  cumulus cloud f i e l d s  
p r i m a r i l y  i n  C e n t r a l  and Eas te rn  Oklahoma a f t e r  
2100 GMT t h a t  e v e n t u a l l y  evolved i n t o  t w o  h i s t o r i -  
c a l l y  s i g n i f i c a n t  s torms;  t h e  Neosho, MO t o r n a d i c  

storm and t h e  Wewoka, OK h a i l  storm ( s e e  Negri 
and Vonder Haar, 1980 for more d e t a i l s ) .  Five-  
minute SMS-I1 imagery around 2105 and 2130 GMT have 
previous ly  been used t o  e s t i m a t e  low-level p r e -  
storm mesoscale moisture  convergence and kinematic  
s t r u c t u r e  from manually e x t r a c t e d  s a t e l l i t e  winds 
computed on NASA's AOIPS computer (Maddox and 
Vonder Haar, 1979, and Negr i  and Vqnder Haar, 
1980). Automated cloud winds were ' a l so  produced 
by t h e  new system d e s c r i b e d  h e r e i n  t o  a l low f o r  
both o b j e c t i v e  and s u b j e c t i v e  e v a l u a t i o n s  of  t h e  
systems performance. F igures  3a and 3b show 
t h e  s u r f a c e  a n a l y s i s  and 850/300 mb composite 
rawinsonde winds, r e s p e c t i v e l y ,  for 2100 GMT 
24 A p r i l  f o r  comparison with t h e  s a t e l l i t e  
imagery i n  Figs .  2a and 2b onto which a r e  super -  
imposed a small percentage  o f  t h e  low-level  
(Z650 m b )  and upper - leve l  (%300 mb) automated 
winds. 

L 
c 
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3.2 Meso4 ana l  sis 
d a r e  shown t o  provide a 

qua l i t a t ive  comparison between all of t h e  low- 
l e v e l  automated cloud winds and the  AOIPS manu- 
a l l y  derived winds p lo t t ed  over a regional-scale 
area €or both t h e  2105 (F igs  4a and Sa) and 2130 
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1.9 98 97 96 OF, 94 93 92 91 90 

(Figs.  bb and Sb) GMT da ta  sets. Both techniques 
provide s imi la r  flow s t ruc tu re  but t h e  automated 
vector f i e l d s  contain near ly  s i x  times t h e  number 
of vectors and somewhat b e t t e r  coverage i n  areas 
like northern Missouri. 
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Fig.  4 .  Manually d e r i v e d  low-level  c l o u d - d r i l t  winds (from i ieFri  and Vonder Haar,  
1980) for a )  2105 GMT and b)  2130 GHT 2 4  A p r i l  1975. 

F ig .  5 .  Automated low-level  c l o u d - d r i f t  winds for  a)  2105 GNT and b )  2130 GMT 
24 A p r i l  1975. 
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Vonder Haar (1979) s t a t i s t i ca l  s t r u c t u r e  
f u n c t i o n s  were computed f o r  t h e  automated c loud  

comparing both  s p a t i a l  s t r u c t u r e  and random error 

M 

winds i n  Fig. 4a as a q u a n t i t a t i v e  means of 
70 

e s t i m a t e s  o f  manual v s  automated winds. P l o t s  o f  2 ~ 

E - t h e  wind-component s t r u c t u r e  f u n c t i o n s  f o r  t h e  
t w o  d a t a  s e t s  over  s e p a r a t i o n  d i s t a n c e s  extend-  E 

-J 
I I I I I I t I I I 1 4 . 1  I I !  mo 400 am sm 

RADIUS Ikml 

Fig. 6 .  S t r u c t u r e  func t ion  p l o t s  of t h e  u and v 
low-level  cloud-wind components a s  a 
func t ion  of s e p a r a t i o n  d i s t a n c e  for t h e  
manually der ived  AOIPS winds (from 
Maddox and Vonder Haar, 1979) and t h e  
automated winds for t h e  2105 GMT d a t a  
s e t .  Random e r r o r  e s t i m a t e s  (a) a r e  
a l s o  shown. 
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i n t e r e s t  is t h e  tempora l  cons is tency  of  t h e  
divergence p a t t e r n s  i n  r e l a t i o n  t o  t h e  cloud-  
f i e l d  s t r u c t u r e  and subsequent thunderstorm 
development. The s t r o n g  convergence p a t t e r n s  
seen  i n  southwest Oklahoma, n o r t h e a s t e r n  Oklahomq 
and Missouri each are a s s o c i a t e d  with s e v e r e  
thunderstorm development dur ing  t h e  next  t h r e e  
hours  a s  d i s c u s s e d  i n  t h e  next  s e c t i o n .  



3 . 3  Meso-R a n a l y s i s  
A meso-B s i z e  s u b s e t  of t h e  a n a l y s i s  area i n  

Sec t ion  3.2 cover ing  most o f  Oklahoma was chosen 
to provide a f i n e r - s c a l e  look a t  r e l a t i o n s h i p s  
between mesoscale cloud wind f i e l d s  and subsequent 
Severe thunderstorm development. Automated low- 
l e v e l  cloud winds were o b j e c t i v e l y  analyzed t h i s  
time onto  a 20 km g r i d  a g a i n  u s i n g  a Barnes 
technique.  The r e s u l t a n t  mesoscale divergence 
f i e l d s  (a), gr idded wind v e c t o r s .  ( b )  , and r a w  
wind-vector p l o t s  sur rounding  a growing thunder-  
storm i n  southwestern Oklahoma ( c ) , a r e  shown i n  
Figures  9 a-c and 10 a-c for  t h e  2105 and 2130 
GMT d a t a  sets,  r e s p e c t i v e l y .  
temporal cons is tency  of mesoscale divergence and 
Vector wind f i e l d s  i s  e x c e l l e n t  over  t h e  25- 
minute per iod,supported p r i m a r i l y  by t h e  high 
d e n s i t y  of  automated c loud  wind v e c t o r s  as shown 
surrounding t h e  thunderstorm complex i n  F i g s .  9c 
and 1Oc. 
a s s o c i a t e d  wi th  1 )  a meso-8 scale wind-f ie ld  
P e r t u r b a t i o n  i n  southwestern Oklahoma and 2)  f l o w -  
f i e l d  confluence i n  n o r t h e a s t e r n  Oklahoma w i t h i n  
cumulus c loud-f ie ld  l i n e s ,  relate w e l l  t o  t h e  
subsequent severe  thunderstorm development i n  
these r e g i o n s  d i s c u s s e d  earlier and shown i n  t h e  
v i s i b l e  imagery of F igure  11. 
GMT image sequence shown i n  F igs .  l l a  - l l c  
c l e a r l y  , i l l u s t r a t e s  t h e  r a t h e r  slow development 
:f t h e  Wewoka ha i l -producing  thunderstorm complex 

southwestern Oklahoma as  w e l l  as t h e  r a p i d  
Oowth of t h e  Neosho t o r n a d i c  thunderstorm i n  
nor theas te rn  Oklahoma from w i t h i n  t h e  cumulus 
clouds shown with an arrow i n  Fig.  lla. 

4 *  CONCLUSIONS 

AS b e f o r e ,  t h e  

Strong c e n t e r s  of meso-R wind convergence 

The 2145, 2240, 2330 

A new automated technique  f o r  e x t r a c t i n g  meso- 
scale wind f i e l d s  from GOES v i s i b l e / i n f r a r e d  
s a t e l l i t e  imagery has  been developed t h a t  can 
Produce e q u i v a l e n t  o r  s u p e r i o r  cloud-wind estimates 
as compared t o  t h e  time-consuming manual methods 
:sed on v a r i o u s  i n t e r a c t i v e  meteoro logica l  process-, 
lng systems. Analys is  of automated mesoscale c loud 

winds y i e l d  an e s t i m a t e d  random e r r o r  va lue  
and produce both r e g i o n a l  and mesoscale y e c t o r  
wind-f ie ld  s t r u c t u r e  and divergence p a t t e r n s  t h a t  
are c o n s i s t e n t  i n  time and h ighly  c o r r e l a t e d  with 
subsequent severe  thunderstorm development. 

1 m / s  

The f i n a l  automated system w i l l  incorpora te  
t h e  use o f  VAS i n f r a r e d  water vapor and C02 
imagery t o  y i e l d  wind e s t i m a t e s  o u t s i d e  o f  c loudy 
r e g i o n s  and provide  much improved cloud h e i g h t  
ass ignments .  
scan  m u l t i s p e c t r a l  dwell-imaging d a t a  se t  from t h e  
GOES-E VAS i s  scheduled for  Spring 1984 and w i l l  
allow t e s t i n g  of t h e  f i n a l  system. 
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STRUCTURE FUNCTION ANALYSES OF MESOSCALE VAS RETRIEVALS 

Paul  J. Meyer and Henry E. Fuelberg 

Sa in t  Louis University 
St. Louis, MO 63103 

1. INTRODUCTION 

The r ecen t ly  launched series of GOES 
satellites is equipped with an advanced 
Visible-Infrared Spin-Scan Radiometer (VISSR). 
This new instrument, ca l l ed  the  VISSR Atmospher- 
i c  Sounder ( V A S ) ,  has Imaging c a p a b i l i t i e s  i n  
numerous s p e c t r a l  channels, thereby permitt ing 
atmospheric sounding from geos ta t ionary  o r b i t  
f o r  the  first time. Major e f f o r t s  are underway 
t o  u t i l i z e  the  new sounding data i n  various 
mesoscale ana lys i s  and forecas t ing  techniques. 
Therefore, i t  is important t o  document its vari-  
ous s t r eng ths  and weaknesses. 

S t ruc tu re  func t ions  quant i fy  the  na- 
t u r e  of pa t t e rns  seen i n  a f i e l d  of data but 
about which t h e  ana lys t  has only q u a l i t a t i v e  
fee l ings .  The s t a t i s t i c a l  t o o l  has been used t o  
inves t iga t e  mesoscale rawinsonde data (Barnes 
and L i l ly ,  1975; Fuelberg and Meyer, 19841, 
sa te l l i t e -der ived ,  cloud tracked winds (Maddox 
and Vonder Haar, 1979), as well as radiances and 
r e t r i eved  soundings from the  NOAA 4 satell i te 
(Hillger and Vonder H a a r ,  1979). 

U s i n g  s t r u c t u r e  func t ion  analyses,  
t h i s  paper w i l l  compare VAS r e t r i e v a l s  obtained 
using a physical algorithm w i t h  those from a re- 
gress ion  technique. Results from both pro- 
cedures are evaluated aga ins t  those from a spe- 
c ia l  mesoscale network of radiosonde s t a t i o n s  
t h a t  was operated as part of the  1982 AVE-VAS 
F i e ld  Experiment. 

2. METHODOLOGY 

The use of s t r u c t u r e  func t ions  i n  
objec t ive  ana lys i s  procedures has been described 
by Gandin (1963). I n  the  cur ren t  study, calcu- 
l a t i o n s  were performed i n  a manner similar t o  
that  of Hillger and Vonder Haar (1979) and Mad- 
dox and Vonder Haar (1979). The s t r u c t u r e  func- 
t i o n  of quant i ty  f is deiined as 

where and are observing sites, N is the  
nyber+  of 8ata p a i r s  whose separa t ion  
Irl+- r21 is wi th in  t h e  i n t e r v a l  R, and 
f ' ( r  > =  f(; ) - - f where f is  t h e  s p a t i a l  
meadof  ' t h e i p a r t i c u l a r  data. A separa t ion  in- 
t e r v a l  ( R )  of 100 km is used i n  t h i s  study; 
thus,  ca tegor ies  are 0-100 km, 100-200 km, etc. 

The homogeneous and i so t rop ic  assumptions are 
made; therefore ,  the value f o r  a pa r t i cu la r  sta- 
t i o n  p a i r  depends only on t h e i r  s c a l a r  separa- 
t i o n  and not on t h e i r  pos i t ion  o r  o r i en ta t ion  i n  
t h e  f i e l d .  

Data were col lec ted  during the  6-7 
March day of the  1982 AVE/VAS Ground Truth F ie ld  
Experiment, Rawinsonde data were obtained a t  3 
h i n t e r v a l s  from 13 spec ia l  sites and 24 regular  
s t a t i o n s  operated by the  National Weather Ser- 
v i ce  (NWS). The spec ia l  sites have an average 
spacing of 125 km whereas the  WS network has a 
separa t ion  of approximately 400 km. Since the  
goa l  of t h i s  study is t o  inves t iga t e  mesoscale 
proper t ies  of the  da ta ,  only the  spec ia l  sites 
and eleven nearby NWS s t a t i o n s  were u t i l i z e d  
(Fig. 1). Data from f i v e  times were included i n  
our inves t iga t ion ,  i.e., 1200, 1500, 1800, and 
2100 6 March 1982 and 0000 GUT 7 March 1982. 

Two r e t r i e v a l  procedures were used 
t o  prepare soundings from the  VAS imagery. I n  
t h e  first, a physical inveraion technique 
(Smith, 1983) was u t i l i zed .  These da ta  were 
prepared by the  National Environmental S a t e l l i t e  
Service Development Laboratory a t  the  University 
of Wisconsin-Madison. The second set was made 
using a l i n e a r  regress ion  technique (Lee &&, 
1983). These soundings were created a t  the  NASA 
Ooddard Space F l igh t  Center, Both sets of VAS 
d a t a  were provided t o  us  by the  NASA Uarshall  
Space F l igh t  Center. I n  each case, t h e  sounding 

Fig. 1. The area  of interest (box) together 
with National Weather Service (dark 
c i r c l e s )  and special  s i t e  (open 
circles) rawinsonde s t a t i o n s .  
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apaoing was between 75-100 km over t h e  aloud 
free r e g i o n s  of t h e  area. The f i v e  observa t ion  
times, corresponding t o  t h e  beginning of  the  sa- 
t e l l i t e  soan, were 1100, 1435, 1735, 2035, and 
2335 GMT 6 Maroh 1982. 

Severa l  data handl ing prooedures 
were performed a t  NASA Marshall (Jedloveo,  
1984). F i r s t ,  t o  aooount f o r  non-simultaneous 
sonde releases and v a r i a b l e  aaoent  rates, t h e  
rawinsonde data were adjus ted  t o  a oommon time 
of  release by us ing  a l i n e a r  time i n t e r p o l a t i o n  
scheme (Fuelberg and Jedloveo, 1982). The 
s e l e o t e d  times oorrespond t o  when VAS was soan- 
n ing  t h e  mesonetwork area, i.e., 1100, 1445, 
1745, 2045, and 2345 QMT. A seoond t a s k  was t o  
oompute mixing ra t ios  from t h e  o r i g i n a l l y  re- 
ported dew poin t  temperatures. F i n a l l y ,  a inoe  
g e o p o t e n t i a l  h e i g h t s  were not provided as p a r t  
of  t he  r e g r e s s i o n  soundings, these v a l u e s  were 
oa loula ted  us ing  s tandard  teohniques. The f i n a l  
data set is i d e n t i o a l  t o  t ha t  orea ted  and em- 
ployed by Jedloveo (1984). 

Radiosonde soundings were a v a i l a b l e  
i n  both o l e a r  and oloudy areas; however, t he  VAS 
r e t r i e v a l s  were made only i n  r e l a t i v e l y  o l e a r  
areas. Therefore ,  t o  provide a better oomparia- 
on between t h e  two types  of data, radiosonde 
soundings i n  oloudy areas were exoluded. The 
a e l e o t i o n  prooedure was s u b j e o t i v e ,  a l though,  i n  
g e n e r a l ,  RAOBa farther than 150 km from the  
n e a r e s t  VAS sounding were deleted. This  t a s k  
was r e l a t i v e l y  s imple s i n o e  a single, well de- 
f i n e d  l i n e  of c l e a r i n g  moved eastward through 
t h e  area. Table 1 g i v e s  t h e  number of VAS and 
rawinsonde soundings t h a t  were oontained w i t h i n  
t h e  r e g i o n  of i n t e r e s t  (Fig.  1 )  and u t i l i z e d  i n  
t h e  o u r r e n t  i n v e s t i g a t i o n .  A t  1100 QMT 6 Maroh, 
only t h i r t e e n  RAQB sites oould be used s i n o e  t h e  
oloud l i n e  was along a north-south axis, approx- 
imate ly  midway through t h e  region.  However, a l l  
but  t h r e e  of  t h e  NWS sites were i n  t h e  o l e a r  re- 
g i o n  by 2345 GMT, t h e  l a s t  Observation time t h a t  
was used. 

It should be noted t h a t  t h e  s t ruo-  
t u r e  funot ion  is  a random funot ion.  Thus, Gan- 
d i n  (1963) urged t h a t  many aynopt io  s i t u a t i o n s  
be  inoluded i n  s t a t i s t i o a l  analyses .  Sinoe t h e  
o u r r e n t  oase is a s i n g l e  event ,  t h e  a t a t i o n a r i t y  
aeaumption must be invoked i n  t h e  o a l o u l a t i o n  of 
a l l  mean q u a n t i t i e s .  Similar assumptions were 
needed i n  previous s i n g l e  event  s t u d i e a  (e.g.1 
Maddox and Yonder Haar, 1979). 

3. RESULTS 

S t r u o t u r e  funot ions  were computed 
for  t h e  basic v a r i a b l e s  of  temperature ,  geopo- 
t e n t i a l  he ight ,  and mixing r a t i o  a t  f i v e  l e v e l s :  
850, 700, 500, 300, and 200 mb. The oomposite 
12 h per iod was eva lua ted ,  i . e . ,  t h e  combination 
of t h e  f i v e  3 h observa t ion  times. To aooount 
f o r  t h e  downwind d r i f t  of t h e  radiosonde i n s t r u -  
ments, a l l  oomputations u t i l i z e d  sonde p o s i t i o n s  
a t  t h e  i n d i v i d u a l  l e v e l s  i n s t e a d  of t h e  aur faoe  
s ta t ion looa t ions .  I n  t h e  diagrams t h a t  fo l low,  
r e s u l t s  were p l o t t e d  midway between s e p a r a t i o n  
i n t e r v a l s  of 100 km. The maximum number o f  sa- 
te l l i te  p a i r i n g s  w i t h i n  t h e  i n t e r v a l s  was 2,444, 
and no p l o t s  were made for fewer than  t e n  pair-  
ings ,  S e n s i t i v i t y  ana lyses  (Fuelberg and Meyer, 
1984) show t h a t  t h e  o u r r e n t  number of p a i r i n g s  

Table 1 .  Number of soundings at: each obser- 
vation time. 

Time VAS- VAS- 
RAoB Physical Regression (GMT) 

1100 13 36 37 
1445 17 48 69 
1745 18 57 67 
2045 20 84 87 
2345 2 1  99 113 

is s u f f i o i e n t  f o r  t h e  i n t e r p r e t a t i o n s  t h a t  f o l -  
low. 

F igure  2 c o n t a i n s  s t r u c t u r e  funo- 
t i o n s  of  temperature  a t  700 and 300 mb. Hillgel. 
and Vonder Haar (1979) noted t h a t  t h e  slope of 
t h e  s t r u o t u r e  p r o f i l e  is a measure of  mean non- 
d i r e o t i o n a l  g r a d i e n t s .  That is, rap id  changes 
i n  s t r u o t u r e  with i n o r e a s i n g  s t a t i o n  s e p a r a t i o n  
are i n d i o a t i v e  of l a r g e  h o r i z o n t a l  g rad ien ts .  
Thus, i n  t h e  o u r r e n t  oase,  i t  is o l e a r  t h a t  both 
t y p e s  of  VAS r e t r i e v a l s  underest imate  magnitudes 
of mean non-direot ional  g r a d i e n t s  t h a t  are 
de teo ted  by t h e  mesosoale radiosonde network. 
Similar f i n d i n g s  were seen  a t  a l l  l e v e l s  inves- 
tigated. A t  700 mb, f o r  example, t h e  d i f f e r e n o e  
i n  s t r u o t u r e  between t h e  physioal  gep- ieva ls  and 
the  oonvent ional  soundings is 6.0 C a t  500 km. 
T h i s  oorresponds t o  a sys teRat io  g r a d i e n t  
d i f f e r e n o e  of approximately 2.5 C over 500 km. 
Sinoe t h e  VAS instrument  and t h e  r e t r i e v a l  algo- 
rithms produoe volumetr io  averages,  whereas t h e  
radiosonde is approximately a poin t  souroe sen- 
s o r ,  t h e  weaker VAS-derived g r a d i e n t s  are t o  be 
expeoted. S i m i l a r  f i n d i n g s  were made f o r  t h e  
NOAA 4 satell i te (Hillger and Vonder Haar, 1979) 
and f o r  TIROS-N ( S o h l a t t e r ,  1981). 

F igure  3 p r e s e n t s  s t r u o t u r e  funo- 
t i o n a  for g e o p o t e n t i a l  h e i g h t  a t  t h e  same two 
l e v e l s .  A t  700 mb, s l o p e s  from t h e  t h r e e  d a t a  
souroes  are similar; thus ,  s t r e n g t h s  of t h e  mean 
non-direot ional  g r a d i e n t s  are comparable. The 
v e r t i o a l  displaoement of  t h e  ourve r e p r e s e n t i n g  
t h e  r e g r e s s i o n  r e t r i e v a l  is due t o  a g r e a t e r  
oomponent of  random e r r o r  and w i l l  be desoribed 
later. A t  300 mb, t h e  two forms of VAS re- 
t r i e v a l s  y i e l d  s i m i l a r l y  shaped s t r u o t u r e  
ourves,  but  as obaerved with temperature  (Fig. 
2 ) ,  both s l o p e s  are less than  produoed by t h e  
rawinsonde data. The s t r u o t u r e  d i f f e r e n o e  
between the  VAS data and convent ional  sounding9 
a t  500 km s e p a r a t i o n  is approximately 7,500 m 
whioh oorresponds t o  a mean g r a d i e n t  d i f f e r e n o e  
of  approximately 87 m over 500 km. 

Resul t s  for mixing r a t i o  a t  850 mb 
( ~ i g .  4 )  are somewhat d i f f e r e n t  from those  of 
t h e  previous two parameters. The phys ica l  re- 
t r i e v a l s  produoe oons iderably  s t r o n g e r  g r a d i e n t s  
t h a n  provided by t h e  radiosonde data o r  t h e  re- 
g r e s s i o n  soundings. Hor izonta l  ana lyses  of mix- 
ing r a t i o  ( n o t  shown) v e r i f y  ‘ the  s t r o n g e r  gra- 
d i e n t s  as well as a greater amount of  detail.  
S t a t i a t i o a l  parameters  (Table 2) show t h a t  hor- 
i z o n t a l  means of the  three data souroes  are 
s i m i l a r ,  approximately 2.0 g/kg; however, s tan-  
dard d e v i a t i o n s  f o r  t h e  phys ioa l  r e t r i e v a l s  are 
more than  twioe those  obtained from t h e  o t h e r  
two souroes  (0.8 v e r s u s  0.3 g/kg). Thus, i t  ap- 
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Fig. 2. Structure functions of temperature for 
the three data sources: regression 
(reg), physical (phy), rawinsonde 
(raob). 

p e a r s  t h a t  a t  850 mb, t h e  phys ica l  r e t r i e v a l s  
provide humidity informat ion  t h a t  was not  a v a i l -  
able from the radiosonde or r e g r e a s i o n  sound- 
ings.  

Resul t s  of  t h e  sa te ' l i t e -der ived  
mixing ra t io  a t  700 mb (Fig.  4) are less en- 
couraging. Mean non-direot ional  g r a d i e n t s  from 
t h e  phys ica l  r e t r i e v a l s  are somewhat weaker than  
observed by t h e  radiosondes;  whereas, for the  
r e g r e s s i o n  soundings, t h e  g r a d i e n t s  are much 
weaker. Table 2 shows t h a t  the  phys ica l  re- 
t r i e v a l s  produced a greater mean h o r i z o n t a l  mix- 
i n g  ratio than  t h e  RAOBs (1.4 v e r s u s  1.0 g/kg) 
a l though s tandard  d e v i a t i o n s  were s l i g h t l y  less 
(0.6 veraus  0.8 g/kg). On t h e  o t h e r  hand, hor- 
i z o n t a l  means of t h e  r e g r e a s i o n  data were aimi- 
lar t o  those from the sondes (0.9 and 1 .O g/kg) 
al though t h e r e  was muoh lese h o r i z o n t a l  var ia -  
t i o n  i n  t h e  s p a t i a l  p a t t e r n s  (0.2 v e r s u s  0.8 
g/kg). Thus, as noted by Jedlovec (19841, t h e  
regression-derived a n a l y s i s  merely seems t o  
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Fig. 3. Structure functions of geopotential 
height for the three data sources. 

r e p r e s e n t  t h e  mean of  the  rawinsonde-derived 
f i e l d .  

To i n v e s t i g a t e  t h e  i s o t r o p i c  assump- 
t i o n ,  a d d i t i o n a l  o a l c u l a t i o n s  oa tegor ized  t h e  
s t r u c t u r e  r e s u l t s  aocording t o  d i r e o t i o n s  of  
s e p a r a t i o n  v e g t o r s  between s t a t i o n  pairs. In- 
t e r v a l s  o f  30 were used. F igure  5 shows t h a t  
3OO mb h e i g h t s  are h i g h l y  a n i s o t r o p i c  dur ing  t h e  
per iod.  Gradien ts  are maximized along a 
northeast-southwest  d i r e a t i o n ,  approximately 
perpendicular  t o  t h e  area-averaged flow. 
R e s u l t s  from t h e  t h r e e  data seta are similar; 
t h u s ,  each p o r t r a y s  mean d i r e c t i o n a l  g r a d i e n t s  
i n  a s i m i l a r  manner. Although h o r i z o n t a l  ana- 
l y s e s  r e v e a l  that  o r i e n t a t i o n s  a t  s p e c i f i c  looa- 
t i o n a  and times e x h i b i t  more pronounced differ-  
enoea, i t  is nonethe less  important  t h a t  o v e r a l l  
p a t t e r n s  are comparable, The an iso t ropy  and de- 
g r e e  of agreement i n  Fig.  5 are comparable t o  
t h a t  seen  a t  o t h e r  l e v e l s  and for temperatures  
( n o t  shown). Resul t s  f o r  mixing r a t i o  ( n o t  
shown) i n d i o a t e  somewhat greater disagreement. 

An important  a t t r i b u t e  of  s t r u c t u r e  
funot iona  is  t h e i r  measure of random e r r o r  
w i t h i n  a data set  (Hillger and Vonder Haar, 
1979). S t ruc ture-der ived  v a l u e s  do not  inc lude  
b i a s  or sys temat io  e r r o r s ,  and a major advantage 
o f  t h e  procedure is  t h a t  r e s u l t s  are not based 
on comparisons with o t h e r  t y p e s  of data. Thus, 
sa te l l i te  data are not  d i r e o t l y  eva lua ted  
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Fig. 4. Structure functiops of mixing ratio 
for the three data sources. 

a g a i n s t  their  rawinsonde-derived oounterpar t s ,  
and t h i s  avoid8 t h e  problem8 assooia ted  w i t h  
rawinsonde data errors and wi th  soundings not  
being oo-looated i n  time and/or apaoe, The pro- 
oedure is t o  estimate the  random error8 by ex- 
t r a p o l a t i n g  s t r u o t u r e  ourvea t o  zero s e p a r a t i o n  
d i s t a n o e ,  i.e., 

2 STR(0) - 2a 

Based on Fuelberg and Meyer (1984), t he  least- 
squares  teohnique is used t o  f i t  the f u n o t i o n  

t o  s t r u o t u r e  v a l u e s  of t h e  first six s e p a r a t i o n  
oa tegor ies .  I n  t he  above equat ion ,  nXn is  
s e p a r a t i o n  d i s t a n o e ,  is t he  o o e f f i a i e n t  of 
ourva ture  and nBn i o  t h e  i n t e r c e p t  va lue  at  X = 
0. 

STR(X) - B exp(aX) 

Table 2. Means and standard deviations 
(parentheses) of mixing ratio (g/kg) 
from the three data sources. 

Physical Regression RAOB 
(mb) 

700 1.4 (0.6) 0.9 (0.2) 1.0 (0.8) 
850 2.2 (0.8) 1.8 (0.3) 2.1 (0.3) 

N 

E 

Random error ( a )  estimates for tem- 
p e r a t u r e  are given  i n  Table 3. Resul t s  ghow a Fig. 5. Anisotropic structure functions for 
v e r t i o a l l y  averaged random e r r o r  oJ 0.75 C for 
t h e  phys ioa l  r e t r i e v a l s  and 0.95 C for t h e  re- Structure units are210 m while 
g r e s a i o n  soundings. Using similar teohniqueg, separations are 10 km. 
Hillger and Vonder Hear (1979) obtained 0.5' C 

geopotential height at33002mb. 
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Table 3. RMS errors for temperature ("C) .  
Standard deviations of the RAOBs are 
given in parentheses. 

Physical Regression RAOB 
(mb) 

Table 4 .  RMS errore for geopotential height (m). 
Standard deviations of the RAOBs sre 
given in parentheses. 

Level RAOB Hoehne Lenhard 
(mb 1 Phys. Reg. (1980) (1970) 

200 0.5 0.9 0.7 (2.0) 
300 0.8 0.9 0.8 (3.0) 
500 0.7 1 .o 1.4 (3.7) 
700 0.9 0.7 0.8 (2.5) 
850 0.9 1.2 0.7 (2.6) 

44 200 20.0 25.4 19.0 (81) 30 
31  300 18.4 26.2 21.6 (83) 27 
26 500 12.3 15.0 13.1 (38) 19 

700 6.6 10.4 6.3 (19) 11 8 
850 3.1 8.4 6.1 (16) 6 - 

for soundings from NOAA 4. These va lues  compare 
t o  0.08 OC f o r  t h e  radiosonde data. An impor- 
t a n t  po in t  is  tha t  a l l  of the error v a l u e s  are 
muoh smaller than s tandard  d e v i a t i o n s  o f  t h e  
rawinsonde-derived p a t t e r n s  which are similar t o  
those of t h e  VAS r e t r i e v a l s  ( n o t  shown). Thus, 
the  s i g n a l  t o  noise  ratios of t h e  VAS tempera- 
t u r e  d a t a  are favorable .  Based on pa i red ,  
s imultaneous radiosonde a s c e n t s  , Hoehne ( 1900) 
obta ined  a n  u n c e r t a i n t y  of 0.6 OC whereas 
Lenhard (1970) noted the  va lue  0.35 OC. Thus, 
i t  appears t h a t  V A S ' s  temperature  u n c e r t a i n t y  is  
somewhat greater t h a n  t h a t  of radiosondes;  how- 
e v e r ,  t h e  d i f f e r e n c e s  do not  appear excessive.  
Resul t s  from a d d i t i o n a l  per iods  may s l i g h t l y  
modify t h e  f i n d i n g s  of t h i s  s i n g l e  caee, but  t h e  
effects would be expected t o  be a l i g h t  s i n c e  t h e  
s t r u c t u r e  curves  a l r e a d y  appear  q u i t e  smooth and 
" w e l l  behaved". 

Random e r r o r s  i n  g e o p o t e n t i a l  height 
(Table 4 )  show t h e  expected i n c r e a s e  with a l t i -  
tude t h a t  is a t t r i b u t a b l e  t o  i n t e g r a t i o n  of  v i r -  
t u a l  temperature  over progress ive ly  deeper 
layers .  E r r o r s  from t h e  r e g r e s s i o n  procedure 
are somewhat greater than  those of t h e  phys ica l  
r e t r i e v a l s .  Although t h e  r e s u l t s  are c e r t a i n l y  
not  conclus ive ,  it appears  t h a t  t h e  VAS sound- 
i n g s  c o n t a i n  comparable he ight  u n c e r t a i n t i e s  t o  
those  of rawinsondes. A s  observed w i t h  t he  tem- 
p e r a t u r e  data, u n c e r t a i n t i e s  i n  g e o p o t e n t i a l  
h e i g h t  are much smaller than  t h e  observed v a r i a -  
b i l i t y  t h a t  is descr ibed  by t h e  s tandard  devia- 
t i o n s .  

F i n a l l y ,  error estimates f o r  mixing 
r a t i o  are g iven  i n  Table 5. The two VAS re- 
t r i e v a l  sets e x h i b i t  similar random errors t o  
those of t h e  radiosondes. Even though the re- 
g r e s s i o n  algori thm produces t h e  smallest uncer- 
t a i n t i e s ,  one should recall t h a t  i t  a l s o  y ie lded  
v e r y  weak h o r i z o n t a l  g r a d i e n t s  (Fig.  4, Table  
2).  Therefore ,  a8 noted earlier, its informa- 
t i o n  conten t  is l e a s  than  t h a t  of t h e  o t h e r  d a t a  
sources .  

4. CONCLUSIONS 

VAS soundings dur ing  the  6-7 March 
1982 period produced mean non-direct ional  gra- 
d i e n t s  t h a t  were weaker than  those  of t h e  spe- 
cial mesoscale rawinsonde network. This  is ex- 
pected s i n c e  the VAS provides  a volumetr ic  sam- 
p l e  of  t h e  atmosphere. Depending on t h e  l e v e l  
and parameter, random errors w i t h i n  t h e  VAS re- 
t r i e v a l s  are comparable or only  s l i g h t l y  greater 
than  those from t h e  radiosondes.  These esti- 
mates do not i n c l u d e  s y s t e m a t i c  e r r o r s ,  and un- 

Table 5. RMS errors for mixing ratio (g/kg). 
Standard deviations of the RAOEo are 
given in Parentheses. 

Physical Regression M O B  (mb 1 

700 0.3 0.2 0.4 (0.8) 
850 0.3 0.1 0.3 (0.3) 

c e r t a i n t i e s  i n  t h e  rawinsonde data do not  i n f l u -  
ence t h e  satell i te s ta t i s t ics .  Thus, c u r r e n t  
va lues  are smaller than  would be expected from a 
direct comparison of sa t e l l i t e  and rawinsonde 
data -- t h e  more widely used procedure. 

An important  c o n s i d e r a t i o n  i n  t h e  
use  of  any type  of data is the  s i g n a l  t o  noiae  
ratio.  With radiosondes,  for example, uncer- 
t a i n t y  t h a t  can e a s i l y  be t o l e r a t e d  a t  t h e  
s y n o p t i c  scale, may render  t h e  data u e e l e a s  for 
some mesoscale a p p l i c a t i o n s .  The same ooncept 
appl ies  t o  VAS data. The o u r r e n t  t e n t a t i v e  
r e s u l t s  sugges t  t h a t  VAS r e t r i e v a l s  w i l l  provide 
v a l u a b l e  data a t  t h e  synopt ic  and meaoa-scales .  
However, i t a  u t i l i t y  as a meso 6 -scale data 
source  is  more u n o e r t a i n  at  t h i s  time because 
the  atmospheric s i g n a l  may approach t h e  noiae  
l e v e l  w i t h i n  the  soundings. 

Addit ional  v e r i f i c a t i o n  s t u d i e s  w i l l  
apeoify t h e  o h a r a c t e r i s t i o s  of VAS retrieval8 i n  
greater detai l .  We are c u r r e n t l y  us ing  atruo-  
t u r e  f u n o t i o n  ana lysee  t o  i n v e s t i g a t e  VAS- and 
rawinsonde-derived f i e l d s  of th iokness  and pre- 
c ip i t ab le  water. A better understanding of  VAS 
d a t a  hopefu l ly  w i l l  l ead  t o  improved data han- 
d l i n g  techniques  t h a t  w i l l  enable  us t o  t a k e  
maximum advantage of V A S ' s  s t r e n g t h s  as well as 
t o  c o r r e c t  o r  cope with i t a  l i m i t a t i o n s .  
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F. 3 APPLICATIONS OF AUTOMATIC CLOUO DETECTORS TO INTERACTIVE METEOROLOGICAL OPERATIONS 

John F. Moses 

Sate1 1 i t e  A p p l i c a t i o n s  Laboratory  
Na t iona l  Environmental S a t e l l i t e ,  Data and I n f o r m a t i o n  Serv ice 

Washington, D.C. 20233 

1. INTRODUCTION 

obvious and sometimes s u b t l e  events o r  
f e a t u r e s  i n  t h e  s t ruc tu re ,  o r g a n i z a t i o n  and 
e v o l u t i o n  o f  clouds through t h e  use o f  
sequences o f  enhanced I R  and v i s i b l e  GOES 
imagery. 
f e a t u r e s  are man i fes ta t i ons  o f  a phys i ca l  o r  
dynamic process which has occurred, i s  
o c c u r r i n g  o r  w i l l  occur i n  t h e  near fu tu re .  
Features such as very c o l d  expanding convec- 
t i v e  c loud  tops are so w e l l  known and occur 
so f r e q u e n t l y  t h a t  me teo ro log i s t s  have deve- 
loped s p e c i f i c  d i s c r i p t i o n s  o f  behavior  and 
e v o l u t i o n  which r e l a t e  t o  heavy r a i n f a l l  and 
severe convect ive storms. 

I n  heavy r a i n f a l l  and severe 
weat h e r  s i t u a t i o n s  me teo ro log i s t  must q u i c k l y  
recogn ize  o n l y  t h e  impor tant  mesoscale 
f e a t u r e s  i n  obscure c loud  p a t t e r n s  cove r ing  
l a r g e  geographic regions. The va lue o f  a 
p a r t i c u l a r  f e a t u r e  rmst be based on success 
and f a l s e  a larm r a d i o s  determined th rough  
a n a l y s i s  o f  past  events. 
i n t e r p r e t a t i o n  and c l a s s i f i c a t i o n  by a 
s k i l l e d  me teo ro log i s t  are r e q u i r e d  be fo re  
enough cases can be compiled t o  p rov ide  a 
f a i r  c o r r e l a t i o n  w i t h  h i s t o r i c a l  ground 
observed events. The most d e s i r a b l e  a l t e r -  
n a t i v e  t o  t h i s  t ime  consuming e f f o r t  r e q u i r e s  
an automatic procedure which de tec ts  t h e  
f e a t u r e s  as e f f e c t i v e l y  as t h e  me teo ro log i s t .  

The next best a l t e r n a t i v e  i s  t o  
employ a s t o c h a s t i c  modeling approach and 
examine c loud  fea tu res  which can be automat i -  
c a l l y  detected. 
t h e  shor t  l i v e d  appearance o f  small areas o f  
c l o u d  minimum temperature. Th is  paper 
desc r ibes  a s imple method f o r  examining t h e  
f e a t u r e s  and s t r u c t u r e  o f  t h e  t o p  o f  clouds 
observed i n  GOES d i g i t a l  imagery. The heavy 
p r e c i p i t a t i o n  event i n  M i s s i s s i p p i  and 
Lou is iana  on A p r i l  6, 1983, was se lec ted  t o  
i l l u s t r a t e  some i n i t i a l  a p p l i c a t i o n s  o f  t h e  
c l o u d  t o p  detector .  

Me teo ro log i s t  have observed many 

Experience shows t h a t  some o f  t hese  

Many hours o f  image 

The most noted f e a t u r e  i s  

2. A CLOUD DOME DETECTOR 

Experience wi th t h e  i n t e r p r e t a t i o n  
o f  convect ive r a i n  clouds observed i n  GOES 
i n f r a r e d  and v i s i b l e  imagery prov ided t h e  
impetus f o r  development o f  an automatic pro-  
cedure s p e c i f i c a l l y  designed t o  detect  t h e  
l o c a t i o n  o f  t h e  co ldest  c loud  tops  i n  GOES 
imagery. A t t e n t i o n  was g iven t o  producing a 
l i s t  o f  minimum values, t h e i r  contours, and 
l o c a t i o n  o f  t h e i r  c e n t r o i d s  from a l a r g e  a r r a y  
o f  GOES temperatures. The temperature con- 
t o u r s  i d e n t i f i e d  as unique i s o l a t e d  minimums 
a r e  t r e a t e d  as i n d i v i d u a l  c loud  domes which 
r i z e  above t h e  general c loud  top. A l l  c louds 
observed i n  a GOES image can be un ique ly  
re fe renced  i n  t h i s  manner. 

One degree c loud  temperature con- 
t o u r s  below t h e  co ldes t  c loud  dome contours 
a r e  a l s o  au tomat i ca l l y  t r a c e d  and t h e i r  edge 
l o c a t i o n s  r e t a i n e d  w i t h  t h e  detected c l o u d  
dome contours. For  p r a c t i c a l  purposes, t h e  
c l o u d  contours w i t h  areas l a r g e r  than  22,000 
sq. Km (an a r b i t a r y  maximum o f  350 GOES 8 Km 
p i x e l s )  a r e  discarded. 
assoc ia ted  w i t h  t h e  f i f t y  co ldes t  c loud  domes 
a r e  saved f o r  f u r t h e r  analys is .  I d e n t i f i c a -  
t i o n  numbers a re  assigned t o  each c loud  dome 
and they  a re  ranked accord iny t o  temperature. 

The shapes o f  t h e  c losed temperature 
contours are q u a n t i f i e d  by examining t h e  f i r s t  
and second d e r i v a t i v e  a t  each p o i n t  a long t h e  
contour .  I n  t h i s  process, t h e  edge p i x e l  
l o c a t i o n s  are f i r s t  t ransformed i n t o  p o l a r  
coo rd ina tes  w i t h  t h e  o r i g i n  a t  t h e  c e n t r o i d  
o f  t h e  dome. 
found a long t h e  c losed contour  are t h e  lowest 
and h ighest  g rad ien ts  assoc ia ted  w i t h  t h e  
c l o u d  dome. For  convenience, these are 
r e f e r r e d  t o  a5 moments and nodes o f  t h e  con- 
t o u r .  Moments and nodes o f  a p a r t i c u l a r  dome 
and contour  are un ique ly  d e f i n e d  by t h e i r  
d i s tance  and d i r e c t i o n  (heading)  f rom t h e  
dome's cen t ro id .  They p rov ide  t h e  e s s e n t i a l  
i n f o r m a t i o n  about t h e  c loud  t o p  shape. 
Table #1 summarizes t h e  d e t e c t o r  parameters. 

The c loud  contours 

The maximum and minimum dis tances 

TABLE 1 

GOES I R  CLOUD DETECTOR PARAMETERS 

o Dome I d e n t l f i c a t l o n  Number (1-50) 

o Contour Temperature ( O K )  

o Contour Area (GOES 8 km p i x e l s )  

o Contour C e n t r o i d  P o s i t i o n  ( l a t i t u d e ,  
l o n g i t u d e )  

Nodes (minimums) Heading and D is tances  
(degrees, GOES 8 km p i x e l s )  

o Moments (maximum) Heading and D is tances  
(degrees, GOES 8 km p i x e l s )  

o 
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3. LIFE HISTORY OF CLOUD TOPS 

Animation o f  t h e  GOES 30 minute 
i n t e r v a l  images has given me teo ro log i s t s  t h e  
o p p o r t u n i t y  t o  observe t h e  propagat ion o f  
c l o u d  a n v i l s  and embedded convect ive c loud  
tops. I n d i v i d u a l  convect ive domes appear t o  
r i s e  and f a l l  r a p i d l y  i n  t h e  imagery, and o f t e n  
t h e y  appear on l y  once i n  a p a r t i c u l a r  area o f  
a h a l f - h o u r  image. The a n v i l  moves as new 
c louds grow along t h e  upwind s ide  o r  l ead ing  
edge and o l d  c louds d i s s i p a t e  a long t h e  down- 
wind s ide  o r  t r a i l i n g  edge. 

The importance o f  measuring a n v i l  
growth and separa t i ng  new c loud  t o p  growth 
f rom o l d  d i s s i p a t i n g  c loud  tops  i s  recognized 
th rough  observat ions o f  i n tense  convect ive 
storms i n  t h e  GOES ha l f -hou r  imagery 
( S c o f i e l d / O l i v e r ,  1977), and GOES r a p i d  scan 
imagery ( A d l e r  and Fenn, 1979) Comparison 
w i t h  radar observat ions ( G r i f f i t h  e t  a l . ,  
1978) and h i g h  dens i t y  raingauge networks 
(Moses, 1980) show t h a t  t h e  most i n tense  
r a i n f a l l  i s  found i n  t h e  e a r l y  p a r t  o f  t h e  
convec t i ve  storm l i f e  cyc le .  Comparisons 
w i t h  severe storm s i g h t i n g s  i n d i c a t e  t h a t  
growth i s  a key fea tu re  o f  t h e  Enhanced V 
severe storm s igna tu re  (McCann, 1983). 

G r i f f i t h  f i r s t  employed a radar  
echo t r a c k i n g  technique f o r  measuring c loud 
growth au tomat i ca l l y .  S i m i l a r l y ,  t h e  tech -  
n ique  used here was developed by Oslund (1974). 
I n  p r i n c i p l e ,  i f  a c loud  c e n t r o i d  p o s i t i o n  
cannot be found w i t h i n  a c h a r a c t e r i s t i c  
search area i n  t h e  prev ious GOES image then  
t h e  c loud  area i n  t h e  cu r ren t  image i s  con- 
s i d e r e d  t o  have grown completely w i t h i n  t h e  
p i c t u r e  i n t e r v a l  (normal ly  one ha l f -hou r ) .  
The search rad ius  i s  de f i ned  from the  s i z e  
and c e n t r o i d  o f  t h e  detected c loud contour. 
A minimum search rad ius  has been de f i ned  a t  
18 km f o r  t h e  s tandard GOES r e s o l u t i o n  and 30 
minute p i c t u r e  i n t e r v a l .  The minimum search 
r a d i u s  can, be ad jus ted  up o r  down depending 
on t h e  ac tua l  p i c t u r e  i n t e r v a l ,  r e s o l u t i o n  o r  
speed o f  t he  p a r t i c u l a r  meteoro log ica l  
system. 

The t r a c k i n g  technique prov ides a 
method for de tec t i ng  c loud  con tou r  areas 
which have merged i n t o  one or s p l i t  i n t o  two 
o r  m r e  e n t i t i e s .  I n  the  present a p p l i c a t i o n  
an independent search i s  made f o r  each tem- 
p e r a t u r e  contour below t h e  cu r ren t  c loud 
dome. I n  add i t i on ,  for each c loud  dome, a 
search i s  made through a l l  t h e  prev ious c loud  
dome l o c a t i o n s  regardless o f  t h e i r  tem- 
perature.  Resul ts  from c loud  contour  
t r a c k i n g  p rov ide  vectors which belong t o  one 
o f  t h r e e  groups: (1) Vectors which a r e  a 
composite o f  t h e  ambient wind and storm p ro -  
pagat ion,  (2) Vectors which represent  thun-  
derstorm propagation and (3) Vectors which 
represent  thunderstorm d i r e c t i o n  o f  motion. 
(Moses 1981) 

4. SATELLITE MEASUREMENTS OF CLOUD DOMES 

The c loud dome de tec to r  has been 
t e s t e d  us ing  GOES i n f r a r e d  d i g i t a l  imagery 
o f  t h e  heavy p r e c i p i t a t i o n  event i n  
M i s s i s s i p p i  and Louis innna on A p r i l  6, 1983. 
An enhanced I R  image o f  t h e  t a r g e t  area a t  
2000 GMT (F igu re  1) conta ins severa l  convec- 
t i v e  c loud tops  embedded i n  a l a r g e  c loud 
a n v i l  spreading nor theast  over t h e  G u l f  
States. T o r r e n t i a l  r a i n s  began i n  t h e  e a r l y  
a f te rnoon  across southern M i s s i s s i p p i  i n  t h e  
area between A and B .  The heaviest  repo r ted  
r a i n s  were i n  t h e  v i c i n i t y  and northwest o f  
Pu rv i s ,  M i s s i s s i p p i ,  (PVS). For  t h e  h a l f -  
hour pe r iod  ending at  2100 GMT, 1.6 inches was 
repo r ted  at  Purv is .  One i n c h  o r  more per  
h a l f - h o u r  cont inued t o  f a l l  f o r  t h e  next 2 
hours. 

“EW 

f i y r c  1. T ~ I P  GOIS o h n r i c c t l  in~mncc~t i  i m q c  0 6  
t h c  douthe,m pm-t 0 6  alw tfinnge,t m e n  ai 2000 
GMT ( 2  p.m. CUT) A p ~ d  6, 1 9 8 3 .  Suhdacc 

pemtwle ( O F )  p l o t t e d  above. .the dew poi& 
(OF). Swtdace Win& .&indicate b m n g  con- 
vmgence into the b o u t k e m  edge 04 -the 
a n V i L .  

i n  t h e  sequence o f  images taken d u r i n g  t h e  
morning, a f ternoon and evening o f  A p r i l  6 t h  
i s  given i n  f i g u r e  2. A g raph ica l  represen- 

4CpOhtA at 2000 GMT ahe bhom With tm- 

The number o f  c loud  domes detected 
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t a t i o n  o f  t h e  d i s t r i b u t i o n  o f  c loud  dome tem- 
pe ra tu res  i s  shown i n  f i g u r e  3. Each 
a s t e r i s k  represents a c loud  dome detected a t  
t h e  temperature given on t h e  abscissa. The 
d i s t r i b u t i o n  begins w i t h  t h e  co ldes t  dome 
de tec ted  and ends a t  t h e  l i m i t  o f  50 domes. 
The l i m i t  i s  reached at  one o f  t h e  warmest 
c loud  domes i n d i c a t e d  f o r  each image. More 
c l o u d  domes were detected 225°K ( - 4 7 O C )  o r  
c o l d e r  a t  2100 GMT t h a n  f o r  any other  image 
t i m e  d u r i n g  t h e  period. 
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F i g u r e  3. 
detected image Limes. 
dent6 a d d e o t e d  Ceoud dome. 

Same a6 54me 2 except (oh 
Each W a A k  q m e -  

The d i s t r i b u t i o n  o f  c loud  dome area 
f o r  t h e  sequence o f  images on A p r i l  6 t h  i s  
shown i n  f i g u r e  4. I n  s i t u a t i o n s  where many 
convec t i ve  storms are o c c u r r i n g  such as on 
A p r i l  6 th ,  most o f  t h e  domes are sma l le r  t han  
t h e  GOES f i e l d - o f - v i e w  and are on ly  one 
p i x e l s  a t  t h e  t o p  (1  p i x e l  - 56 km 2) .  The 
l a r g e  areas o f  36 p i x e l s  a t  1800 GMT, 38 
p i x e l s  a t  1900 GMT, and 23 and 27 p i x e l s  a t  
2330 GMT a re  very co ld,  f l a t  areas i n  t h e  
downwind s ide  o f  t h e  a n v i l .  Areas g rea te r  
t h a n  20-25 p i x e l s  are u s u a l l y  not assoc iated 
w i t h  deep convection. 
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The c loud  domes detected i n  t h e  
t a r g e t  area on A p r i l  6 t h  f a l l  i n t o  t h r e e  
general cateqor ies.  The co ldest  

domes represent t h e  s t rongest  upward motion, 
reach w e l l  above t h e  anvi 1 l e v e l ,  and a r e  
u s u a l l y  two degrees o r  m r e  co lde r  than  t h e  
a n v i l .  The l o c a t i o n s  of t h e  co ldes t  c loud  
domes at  2100 GMT (#1 th rough  #8) a r e  shown 
i n  f i g u r e  5 f o r  an enlarged area around t h e  
most i n tense  convect ion. 

F igu re  5. Eneahged atrm 0 6  t h e  enhanced IR 
image ut 2100 GMT &owing .the cokYe.bX m u d  
dome Locatiand ( # I  . though n 8 l  MdoCiated 
cuith the  mobt intw#e convecti'an, 

A second category o f  domes which 
a r e  c lose i n  temperature t o  t h e  a n v i l  i t s e l f ,  
can be found downwind o f  t h e  co ldes t  tops. 
They are sometimes associated w i t h  a c t i v e  
convection, but  o f t e n  they  represent d e b r i s  
which has d r i f t e d  downwind from e a r l i e r  
storms. A t  2100 GMT about 12 o f  these c loud  
domes were l oca ted  downwind o f  t h e  co ldes t  
t o p s  i n  t h e  a n v i l .  Some o f  them are i n d i -  
ca ted  i n  f i g u r e  5 by t h e  w h i t e  c i r c l e s .  
These domes were a l l  214' near t h e  a n v i l  tem- 
p e r a t u r e  and correspond t o  t h e  peak a t  214OK 
i n  t h e  c loud  dome frequency d i s t r i b u t i o n  f o r  
2100 GMT ( f i g u r e  3). The peak a t  219'K i n  
t h e  c loud dome frequency d i s t r i b u t i o n  f o r  
1900 GMT i s  caused by t h e  same category of 
domes found i n  t h e  a n v i l  near t h e  a n v i l  tem- 
pe ra tu re .  

t h e  warmer t o p s  and are found toward t h e  
upwind s ide  o f  t h e  a n v i l .  
a c t i v e  new convect ive storms s ince t h e y  occur 
w i t h  a s t rong  gradient  about t h e  dome. 
Without a spec ia l  enhancement o f  t h e  i n f r a r e d  
imagery, t h e  g rad ien ts  about c loud  domes #39 
and #44 ( f i g u r e  5 )  a r e  d i f f i c u l t  f o r  t h e  
me teo ro log i s t  t o  i d e n t i f y .  The d e t e c t o r  
shows t h a t  both o f  these domes are a t  l e a s t  
two degrees co lde r  than  t h e  a n v i l  and and 
have a s t rong  gradient  assoc iated wi th them. 

The t h i r d  category o f  domes have 

These represent 



The cloud top s t ruc tu re  o f  cloud 
dome t1 and #2 i s  depicted i n  f i gu re  6. These 
cloud domes d isp lay  the  important features 
associated w i th  thunderstorms possessing 
strong updraf ts coupled with strong downdrafts 
and heavy rain.  The f i r s t  i s  a s m a l l  cold 
peak towards the upwind (southwest) s ide of 
t he  anvi l .  The anv i l  i s  elongated i n  the 
d i r e c t i o n  o f  the upper leve l  wind. Second i s  
a strong temperature gradient out from the  
co ld  peak usually corresponding t o  the  d i rec-  
t i o n  o f  strongest surface inf low. The t h i r d  

I 

i s  the appearance o f  a co ld  axis extending 
eastward i n  the  d i rec t ion  of ind iv idua l  c e l l  
propagatlon when the wtnds veer with height 
(Hoses, 1981). 

reveals these features by detect ing the  
moments (maximums) and nodes (minimums) along 
the  temperature contour associated with each 
dome. Figure 7 shows the d i rec t i on  and 
distance o f  the moments and nodes associated 
w i th  cloud dome #l 2100 GMT. A t  l eve l  4 
below the top  (-62% contour) t h e  moments 
have headings o f  45" (Northeast) and 265" 
(west). 
t he  downwind d i rec t ion  of  the anvi l .  The 
western maximum i s  caused by the  m r g i n g  o f  
clouds dSSOCiated w l th  the  contours o f  domes 
t 3  and 56. The minimum node a t  a l l  detected 
l eve l s  i s  south or southeast o f  the  dome 
{Figure 7b). This indicates tha t  the  
strongest temperature gradient at  the  top  i s  
al igned with d i rec t i on  o f  the  synoptic scale 
low leve l  In f low (see winds i n  Figure 1). 

I n  t h i s  exanple the computer 

The northeast maximum corresponds t o  

Figure 6. C l o u d  to b&ctwLe 0 6  &ud dome4 
# I  and W2 at 2100 G k , 
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The inf luence o f  synoptic scale low 
l e v e l  and upper leve l  winds on the  shape of 
t h e  cloud tops can be seen by looking a t  t he  
maximum mode and minumim mode o f  the  fou r th  
temperature contour below cloud domes during 
t h e  day ( f i g u r e  8). The most f requent ly 
observed d i r e c t i o n  o f  t he  maximum i s  a l igned 
w i t h  the  upper leve l  wind. 
scale veering can be seen from the  Northeast 
(60") a t  1500-16002 t o  an eastward d i rec t i on  
a t  0100-02002 on A p r i l  7, 1983. This 
corresponds t o  a s h i f t  i n  t he  upper leve l  
winds from the  southwest t o  more westerly. 

northwest through the  period, however a f a i r  
number of maximums are found i n  a west- 
southwest d i rec t ion .  These maximum moments 
are a t t r i b u t e d  t o  anv i l s  o f  new storms 
forming t o  the  west of e x i s t i n g  storms and 
merging w i t h  the  e x i s t i n g  anvi l .  
c loud domes #4 and #5 show the loca t ion  a 
l i n e  o f  convection which formed behind the  
convection associated w i th  domes #1 and #2. 

As expected, the  most f requent ly 
observed d i rec t i on  o f  the  highest gradient, 
o r  rninimum nodes are opposite of t he  maximum 
moments ( f i g u r e  8b). 

A slow synoptic 

Few maximums occur t o  the  nor th  and 

I n  f i gu re  5 

Through most o f  the  day 

the  synoptic scale in f low slowly s h i f t e d  from 
the  southeast t o  more southerly. There were 
more nodes found i n  the south and southwest 

for  the per iod o f  heaviest r a i n  between 2000 
and 2200 GMT. The increase o f  nodes t o  the 
no r th  f o r  the  per iod l a t e  i n  the day repre- 
sents a not icable change i n  the  d i s t r i b u t i o n  
o f  the alignment o f  upper leve l  gradients. 

5. CLOUD TOP TRACKING OBSERVATIONS 

As expected, the major i t y  o f  cloud 
domes detected are not associated w i t h  any 
previously detected dome i n  the hal f -hour 
GOES imagery. About 15% o f  the domes were 
normally tracked and the number o f  tracked 
domes increase up t o  a'maximum o f  22% as the  
dens i ty  o f  the detected domes increased i n  
the  target area during the per iod o f  heaviest 
r a i n f a l l .  Less than 2% o f  the domes were 
considered possible mergers or s p l i t s  where 
two or more domes were detected i n  the search 
a rea. 
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Figure &z. 
evening 06 Aph.X 6, 1983.  
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The heading between the previous 
cloud domes and current dome locat ions are 
shown in f igure  9. Cloud domes are found i n  
every sector except northwest where new 
growth i s  not favored and debris does not 
blow. An increase o f  domes are found i n  the  
southwest during the  heavy r a i n f a l l  per iod  
between 2000-2200 GMT. Domes tracked i n  t h i s  
sector are i nd i ca t i ve  of new thunderstorms 
i n i  t fa ted  by propagat ion t o  the southwest. 

Centroids o f  the contours several 
degrees warmer than the  dome were rou t i ne l y  
t racked i n  the general d i rec t i on  o f  propaga- 
t i o n  o f  the thunderstorin complex. 
ma jo r i t y  of t racks osc i l l a ted  between upwind 
propagation and downwind d r i f t i n g  o f  the 
c loud debris. For example, the cent ro id  of 

the  -62 contour around cloud top  #I and $2 a t  
2100 GMT ( f igures  5 and 6 )  was tracked from 
the  1800 GHT image. The heading a t  2100 GMT 
was southeast, the  heading a t  2030 GMT was 
northeast, the  heading a t  2000 GMT was again 
southeast . 
buted t o  growth o f  new convective c e l l s  a t  
2000 GMT and 2200 GMT and the  t rack ing  o f  
debr is a t  2030 GMT. Growth o f  t he  lower 
contours i s  as e r r a t i c  as t h e i r  t rack.  For 
t h e  above mentioned sequence, the greatest 
growth i n  contour area occurred between 2000 
GMT and 2030 GMT, when the  apparent mot ion  
was downwind. 

The 

The change i n  d i rec t i on  i s  a t t r i -  

6. SUMMARY AND FUTURE WORK 

Numerical techniques f o r  detect ing 
clouds, t h e i r  s t ruc tu re  and evo lu t ion  prov i -  
des the  essent ia l  informat ion from GOES ima- 
ges f o r  developing stochast ic models o f  cloud 
pa t te rns  associated w i t h  heavy p r e c i p i t a t i o n  
and severe weather. A simple model o f  l i n e a r  
convective systems l i k e  the  example on A p r i l  
6 th  f s  being developed t o  monitor intense 
convection and estfmate heavy r a i n f a l l .  This 
model uses maximum and mlnimum distances and 
d i rec t i ons  between the  cloud dome and 
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associated temperature contours t o  f i n d  the  
o r ien ta t i on  o f  the  cloud system w i t h  respect 
t o  synoptic scale surface and upper leve l  
winds. The parameters o f  t h i s  model w i l l  be 
t es ted  f o r  t h e i r  ef fect iveness through auto- 
mat ic comparisons w i th  special and opera- 
t i o n a l  networks o f  raingauge reports. 

More complex stochast ic models are 
required t o  recognize the Enhanced V severe 
storm signature, coma shaped systems or  
hurricanes. For example, t o  detect the  
Enhanced V, headings o f  adjacent contour 
moments iwSt be dif ferenced and compared t o  
t h e  node postioned between them. 
parameter must be modif ied t o  include piece 
wise on t i n  ous l i n e  segments which represent 
t h e  &ape oy comas. 

* Operational meteorologists can 
immediately use graphical d isplays o f  t h e i r  
most important parameters o r  cloud signatures 
i n  preparation of s i t e  spec i f i c  warnings. 
I n t e r a c t i v e  techniques would permit t he  t ime ly  
incorpora t ion  o f  the  meteorologist 's  
experience and i n t u i t i v e  observations i n t o  
a cloud pa t te rn  c l a s s i f i e r .  

The moment 
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1. INTRODUCTION 

Moisture imagery from the 6?7pm water vapor 
channel on the VISSR Atmospheric Sounder (VAS) has 
been available to scientists in the last few years 
in the research and operational communities on a 
somewhat regular basis. This imagery has also been 
substituted for the conventional infrared full disk 
image from the GOES West satellite every six hours 
making limited water vapor imagery available to those 
who regularly receive GOES data. This type of im- 
agery is not new, however, and similar moisture data 
has been available from the Nimbus, TIROS, and NOAA 
series polar orbiting satellites and the European 
geostationary satellite (METEOSAT). Normally this 
information is just one channel used to produce 
temperature and moisture soundings via various in- 
version techniques. In the last few years, however, 
studies have been performed using this moistrrre 
measurement for other purposes. Smith and Zhou 
(1982), Erye (1981), and POC et&. (1980) have dem- 
onstrated ways in which this radiance data can be 
used to produce mean relative humidity and precip- 
itable water values corresponding to the layer in 
which the radiation is emitted. More recent work 
(Petersen et al., 1982,1983) has used this imagery 
for diagnosing areas of potential instability by 
using this imagery to infer upper level dry regions 
which propogate over relatively moist low layers of 
the atmosphere. 

Anyone who has seen a few of these images re- 
alizes that there can often be much variability in 
brightness temperatures over a particular region. 
This variability often occurs at scales of motion 
much smaller than our current upper air observation 
network can detect. It is the purpose of this paper 
to present several case studies where interesting 
features appear in the 6.7pm water vapor data and 
try to relate the mesoscale variability seen in the 
images with special rawinsonde measurements. 

2. VAS AND RAWINSONDE MOISTURE DATA 

The VISSR Atmospheric Sounder (VAS) is a pas- 
sive radiometer on the current operational geo- 
stationary satellites. VAS has 12 channels which 
detect radiation emifted by the atmosphere in the 
infrared portion of the spectrum from 3.7 to 15.0 
Um (see Cheaters etc., 1982; Smith et al., 1981; 
or Menzel et al., 1981 for instrument description 
and operating modes). The radiance measurements in 
these channels typically have a horizontal resolution 
of 14km (nadir) providing detailed horizontal struc- 
ture with vertical resolution over rather deep 
layers. Three channels detect radiation emitted ’ 

from atmospheric water vapor at various levels of 
the atmosphere. Figure 1 shows the weighting 
functions depicting layers of the atmosphere in 
which moisture is detected by VAS for a standard 
atmospheric temperature and moisture profile. 
channel 10 (6.7~m) is the one often used to infer 
middle and upper tropospheric moisture. The struc- 
ture of the atmosphere can then be deduced from the 
horizontal distribution of moisture inferred from 
the images, its movement with time, and the dynam- 
ical relationships between jet streaks, subsidence. 
and the middle and upper level moisture distrib- 
utions associated with atmospheric features (Ramond 
-- et al., 1981). As seen in Fig. 1, most of the rad- 
iation emitted by water vapor from the standard at- 
mospheric conditions comes from the 600 - 300mb 
layer with the peak contribution coming from about 
450mb. For atmospheric profiles of temperature and 
moisture which depart significantly from the stand- 
ard, the weighting function for channel 10 can take 
on many different forms. For a very dry middle 
troposphere, contributions in this channel can oc- 
cur from moisture down to 8OOmb. 
upper level moisture, on the other hand, can domin- 
ate the channel radiances and mask the middle level 
moist or dry regions. 
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Figure 1. VAS water vapor channel weighting 
functions for the 6.7um band (lo), the 7.3~m 
band (9), and the 12.7pm band (7)  for standard 
atmospheric conditions (from Cheaters et al., 1982). 



The broadness of the weighting functions and 
the dependence of the radiation received by VAS on 
both the temperature and moisture, often make it 
difficult to determine what radiance variations in 
this channel actually represent. 
uate this variability with conventional observa- 
tions can be frustrating because of the courseness 
of synoptic scale moisture observations aloft. 
Upper level moisture measurements from convention- 
al rawinsonde observations are nearly point mea- 
surements having typical spacing of 400km which is 
at least an order of magnitude greater than VAS 
provides. A single radiance measurement from VAS 
(single field of view) in the 6.71.lm channel repre- 
sents some type of volumetric average over a couple 
hundred square kilometers in the horizontal and 
several kilometers in the vertical. Thus, what is 
measured by the synoptic scale rawinsonde network 
may not be representitive of the actual moisture 
distribution nor that measured by VAS. 

correspond to periods when mesoscale rawinsonde 
observations were made over a special network in 
central Texas and Oklahoma (Fig. 2) as part of the 
AVE/VAS experiment. 
and the data collected can be found in Greaves 
et al. (1982), Jedlovec (1982), and Hill and Turner 
(1983). Rawinsonde observations were made at three- 
hourly intervals from this special network and 24 
surrounding National Weather Service (NWS) rawin- 
sonde sites. Relative humidity measurements from 
these observations will be presented in order to 
describe the three dimensional moisture distribu- 
tion on the synoptic- and meso-scale in relation 
to the structure of the VAS t).71.lm imagery. 

Attempts to eval- 

The two case studies presented in this paper 

Details of this experiment 

-- 

Figure 2. National Weather Service (NWS) and 
special site locations participating in the 
AVE/VAS experiment. Solid diagonal line in 
central Texas indicates the location of 
the cross sections referred to in the text. 

3. CASE STUDY: 6 - 7 MARCH 1982 

Figure 3 presents atmospheric conditions at 
1100 GMT 6 March 1982 over the central part of the 
United States. At the surface, a low pressure 
center was present off the Gulf Coast with a sta- 
tionary front extending southwestward into Mexico. 
Behind this front, a shallow high pressure area 
was positioned over the Texas-Oklahoma panhandle. 
To the north, a cold front extending from a low 
up in Canada was pushing south through the upper 

Figure 3. Surface and upper air charts for 
1100 GMT 6 March 1982. 
contours are in millibars and temperatures in 
degrees Celsius. For the upper air analyses, 
geopotential heights are in meters, 500mb tem- 
peratures are in degrees Celsius, and 300mb 
isotachs are in meters per second. 

At the surface pressure 

Great Plains states. The thermal gradient over the 
central portion of the region was quite strong with 
a 15°C gradient over Texas and an equally strong 
gradient over Kansas and Nebraska. The regional 



network was predominantly cloud-free except for low, 
scattered middle and high clouds in east Texas and 
convective clouds with thunderstrom activity over 
Louisiana and Arkansas. Several inches of snow were 
present on the ground in portions of Oklahoma and 
west Texas but melted during the sunlight hours. 

At 500mb a large amplitude trough was position- 
ed over the regional network with a northeast-south- 
west orientation. A very strong temperature grad- 
ient was present on the leading edge of the trough 
line with a magnitude close to 3"C/100km. This 
strong baroclinic zone provided support for an 
upper level jet streak as it moved through the re- 
gion. Maximum winds of 60ms-1 occurred at 300mb 
at the base of the trough and propogated through 
Texas during the next 24h. 

Figure 4 presents the 6.7pm water vapor image 
from VAS at 1735 GMT 6 March 1982. This image was 
taken roughly 6h after the conditions described a- 
bove and shown in Fig. 3. Several major areas of 
interest need to be pointed out. First, a rather 
narrow dark band is present over the region with a 
trough-like shape and extends from the Great Lakes 
region down through west Texas where it begins to 
broaden and swings back into Arizona and Nevada. 
The darkest region exists over Arizona and a dual 
banded structure is present over Oklahoma and 
Missouri. Presumably these dark regions corres- 
pond to dry middle and upper tropospheric air sup- 
ported by dynamic interactions of the propogating 
jet streak. Away from this dark band, increasingly 
lighter gray-shades (colder temperatures) are pre- 
sent indicating increasing moisture content in this 
layer. Bright areas in this image represent clouds 
which contaminate the water vapor signal received 
by VAS. 

Conventional moisture analyses at the middle 
and upper levels (not shown) poorly define the 
moisture variability seen in the VAS image. This 
could occur for several reasons. First, the samp- 
ling constraints discussed in the previous section 

could make the moisture patterns delineated by the 
rawinsonde data misleading. Second, radiation 
measured by VAS in this channel depends on both the 
temperature and moisture of the atmosphere and does 
not directly relate to an absolute moisture quant- 
ity (POC and Koulleau, 1983). In an attempt to re- 
late a rawinsonde derived moisture parameter to the 
6.7pm image, relative humidity values from the ra- 
winsonde network were objectively analyzed to a 
grid, weighted in the vertical based on the stan- 
dard atmosphere weighting function (Fig. l ) ,  and 
then averaged i n  the vertical to produce a weighted 
mean layer relative humidity value. These values 

20 

Figure 5. Weighted mean layer relative hurn- 
idity over the regional area at 1745 GMT 6 
March 1982. Units are in percent. 

are presented for 1745 GMT in Fig. 5 for the re- 
gional network. This analysis bears a good like- 
ness to the water vapor image for the same time 

Figure 4 .  VAS 6.7pm water vnpor image at 1735 GMT 6 March 1982. Gray-shndr values ranging 
from black to white correspond to warm and cold blackbody temperatures, respectively. 
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(Fig. 4 )  except for over Illinois and Missouri 
where high moisture content from a cloudy sounding 
at Peoria affects the analysis in this region. 
This field lacks detailed mesoscale structure (as 
expected) since only large scale rawinsonde obser- 
vations were utilized. Figure 6 presents the same 
weighted relative humidity parameter but calculated 
over central Texas and Oklahoma using the special 
network rawinsonde sites having a spacing of about 
125km. Relating this analysis to the correspanding 
region of the VAS water vapor image provides only 
a slightly better verification of the satellite 
image but still lacks detail. This is probably due 
to the intricate emission of energy from the at- 
mospheric water vapor and the crudeness of the 
scheme used to produce the weighted mean relative 
humidity values. 

I 20 I 

Figure 6. Weighted mean layer relative hum- 
idity over the mesoscale rawinsonde network 
in central Texas and Oklahoma at 1745 GMT 6 
March 1982. Units are in percent. 

Figure 7 presents a cross section of relative 
humidity at 1745 GMT through the moist and dry re- 
gions as they appear in Fig. 4 over Texas (see Fig. 
2 for stations used in the cross section). A ra- 
ther detailed moisture structure is present in this 
cross section which corresponds fairly well with 
the water vapor image from VAS at the same time 
(Fig. 4 ) .  High relative humidity values associated 
with and around clouds are present in the lower 
and middle layers of the atmosphere at College Sta- 
tion and Hewitt, Texas. The water vapor image in- 
dicates bright cloudy features over these areas at 
this time. To the northwest of Hewitt, a deep lay- 
er of dry air is present in the cross section ex- 
tending to Crowell (single and double hashed areas). 
This dry region correlates well with the narrow 
dark slot observed in the image. At Crowell, a 
thin layer of middle level moisture is present and 
seems to be indicated in the 6.7um image. At Ama- 
rillo this moisture is not present in the cross 
section and the only significant moisture resides 
below 700mb. It is doubtful that this low level 
moisture is responsible for the increasing gray- 
shade values observed in the imagery from Crowell 
to Amarillo. It may be possible, however, that the 
increasing grayshades are due to a deep layer of 
cold air behind the upper level trough. Ramond -- et al. (1981) ,  investigating METEOSAT moisture im- 
agery on a case similar to this one, have shown 
that the radiance field can reflect the tempera- 
ture along an isosteric surface on the cyclonic 
side of a propogating polar jet streak. This 

theory is the focus of ongoing research. 
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Figure 7 .  Cross sectional analysis of relative 
humidity from rawinsonde data at 1745 GMT 6 
March 1982. The station locations used are 
indicated in Fig. 2 .  Units of relative hum- 
idity are in percent. 

4 .  CASE STUDY: 24 - 25 APRIL 1982 

Figure 8 presents the atmospheric conditions 
at 1100 GMT 24 April 1982 over the central part of 
the United States. At the surface, a weak warm 
front was located off the Gulf Coast. Over-running 
moisture produced stratus clouds and light precip- 
itation ahead of this front and covered the eastern 
half of Texas and all of Louisiana, Arkansas, and 
Oklahoma. 
sure center over Colorado extended down through eastC 
ern New Mexico and separated only mildly moist air 
over west Texas from slightly drier air over the 
mountains. This trough gradually moved eastward 
throughout the day producing a narrow line of thund- 
erstorms out ahead of it. A major high pressure 
region over the Appalachian mountains dominated the 
weather over the east coast. Aloft, a closed low 
pressure system was positioned over Colorado at both 
500 and 300mb. An isotherm analysis at 500mb indi- 
cated a weak temperature gradient over northwest 
Texas extending from the cold core low. A weak jet 
core existed at 300mb over southern Texas and Mexico 
which propogated eastward with the slow movement of 
the entire weather system. 

Figure 9 presents the 6.7pm water vapor image 
from VAS at 1745 GMT 24 April 1982 over the south- 
centra1,part of the United States. The very bright 
areas in this image over east Texas, Arkansas, 
Louisiana, Missouri, and in the Gulf of Mexico cor’ 
respond to cloudy regions in the middle and upper 
troposphere which contaminate the radiation received 
by VAS from atmospheric water vapor. There are also 
some scattered cloud contaminated areas associated 
with convective activity around the low pressure 
system in Colorado. 
varying gray-shades can be seen around this low. 
In a time lapse sequence of water vapor images (not 
presented) these bands move in a circular pattern 
around the low . A rather dark area in the image 

A trough associated with a weak low pres’ 

Away from these bright features’ 
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Figure 8 .  Surface and upper air charts for 
1100 GMT 24 April 1982.  Contours shown are 
labeled as in Fig. 3 .  

is present over Texas and extends back into south- 
New Mexico, Arizona, and northern Mexico. As in 
the March case study, this feature seems to cor- 
respond to the upper level jet (Fig. 8 )  although 
both the dark region and the upper level jet 
streak are less well defined in this case. 

relative humidity over the regional area at 1745 
GMT 24 April 1982.  This parameter was calculated 
as before and described in Section 3 above. High 

Figure 10 presents the weighted mean layer 

values of this parameter appear over cloudy regions 
previously denoted. Lower values of layer relative 
humidity are present over northern Colorado and 
western Kansas where the VAS water vapor image in- 
dicates small areas of dark gray-shades (warmer 
blackbody temperatures). 
relative humidity patterns in this region and in 
east Texas appear to be due to the coarse resolution 
of upper air moistyre measurements. A large region 
containing low valies of layer relative humidity is 
present in the southwestern portion of the analysis 
region (Fig. 10) and correlates well with the dark 
region in the water vapor image. 

Figure 11 presents a cross sectional analysis 
of relative humidity at 1745 GMT from the rawin- 
sonde observations which run diagonally through 
Texas (Fig. 2 ) .  Note that the water vapor image 
for this time (Fig. 9) indicates a variety of gray- 
shades from Amarillo down through College Station 
with the darkest values occurring near Crowell. 
The cross section of relative humidity indicates 
a major area of high relative humidity associated 

with clouds over Stephenville. Hewitt, and College 
Station. 
and are detected in the water vapor imagery as rather 
bright areas. 
show a very dry profile above 700mb with only a 
moderate increase in moisture below this level. 
Crowell's location and dry profile corresponds to 
the darkest region in the cross section plane. 
This dry region gives way to significant moisture 
near Amarillo as shown in the cross section and 
depicted by the VAS image. 

5. CONCLUSIONS 

The misalignment of the 

These clouds extend up to the 500mb level 

Relative humidity values at Crowell 

The VAS 6.7vm water vapor images presented in 
this paper indicated much gray-shade (blackbody 
temperature) variability associated with several 
different synoptic conditions. It is not as easy 
as one might expect to relate these variations to 
the atmospheric water vapor distribution. 
characteristics of the two measurements are contrast- 
ingly different and often prevent 
son. Mesoscale moisture observations help in de- 
terminating small scale variability, however, vari- 
ations in the imagery can occur at wavelengths down 
to about 15 - 30km. A simple weighted layer rela- 
tive humidity parameter was produced from the ra- 
winsonde measurements and served to verify the larg- 
er scale features in the water vapor imagery but 
failed, even with mesoscale observations, to account 
for smaller scale variations. Cross sections through 
various features provided a better representation 
of the moisture structure depicted by the VAS im- 
agery but also hinted that other parameters might 
be related. The variation of temperature in deep 
layers of the atmosphere might significantly affect 
the radiation received by the satellite in this 
channel despite negligible variations in water 
vapor. 
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F. 5 

REMOTE SENSING OF TEMPERATURE PROFILES BY A COMBINATION OF GROUND-BASED PROFILER 
AND SATELLITE-BASED MSU RADIOMETRIC OBSERVATIONS 

Ed R. Westwater and Wang Zhenhui* 
NOAA/ERL/Wave Propagation Laboratory 

Boulder, CO 80303 

and 

Norman C. Grody and Larry M. McMillln 
NOAA/NESDIS 

Washington, D.C. 20233 

1. INTRODUCTION 

Remote sensing of temperature profiles 
using a combination of passive microwave radio- 
metric observations from surface- and satellite- 
based platforms was suggested by Westwater and 
Grody (1980). Their computer simulations showed 
that over the pressure interval 1000-300 mb, rms 
retrieval accuracies of 1 to 2°C were achievable 
with current radiometric technology. In addi- 
tion, if supplementary measurements of tropopause 
height were available (e.g., from a VHF radar), 
similar accuracies could be achieved up to 100 
mb. 

Data are now available to verify these 
original theoretical predictions. A ground-based 
remote sensing system, called the Profiler, has 
been operating at Denver, Colorado, for about 
3 years. The Profiler (Hogg et el., 1983) is an 
instrument that combines both microwave radiome- 
ters and VHF and UHF radars to derive several 
quantities of meteorological interest. Satellite 
microwave radiometric observations have, of 
course, been available for several years. For 
the present study, we collected Microwave 
Sounding Unit (MSU) data that were taken over 
Denver, Colorado during the period December 1981 
to December 1982. National Weather Service (NWS) 
radiosonde observations (RAOB's) were also 
collected to serve as our standard of comparison. 

In addition, we obtained VHF radar soun- 
dings of tropopause height that were taken during 
a short period in March 1981. This active 
(radar) information, when combined with passive 
(radiometric) measurements, is shown to improve 
substantially temperature retrieval accuracy in 
the vicinity of the tropopause. 

* On leave from Nanjing Institute of Meteorol- 
ogy, Nanjing, People's Republic of China. 

2. DESCRIPTION OF INSTRUMENTS 

The Profiler is a ground-based remote 
sensing system designed to measure profiles of 
wind and temperature as well as integrated water 
vapor and cloud liquid. Instrumental details of 
this system and its initial remote sounding re- 
sults are extensively described by Hogg et al. 
(1983). Below, we describe briefly the portlon 
of the instrumentation that we use in thfs paper. 

The Profiler is less than 100 m from the 
NWS radiosonde launch slte. The Profiler's six- 
channel radiometer has one channel operating at 
20.6 GHz, one at 31.65 GHz, and four channels 
between 50 and 60 GHz. The two lower channels 
are used to derive precipitable water and cloud 
liquid and also provide corrections for these 
variables to the 50-60 GHz temperature channels. 
Data from the six channels, supplemented with 
surface measurements of pressure, temperature, 
and relative humidity, are converted to profiles 
of temperature and humidity by linear statistical 
inversion. 

Although 2-min samples of profile re- 
trievals are derived and archived, we used 20-min 
averages for combination with the satellite data 
and for comparison with radiosonde data. For the 
RAOB comparison, the time average started at the 
time of radiosonde release. 

The data processing for the Profiler 
eliminates strong cloud and rain effects by 
rejecting data for which the 31 GHz brightness 
temperature exceeds 100 K. This threshold was 
exceeded for 3 of the 460 cases we analyzed. In 
these three cases, we replaced the deleted data 
with those from another 20-min period within fl 
h of radiosonde launch time. For all other 
data, no additional processing was necessary. 

The MSU is a component of an operational 
sounding system and was designed 1) to produce 
global temperature soundings under nearly all 
weather conditions, and 2) to complement an in- 
frared sounder that contains more channels but 
is limited to clearer atmospheres. The MSU is 
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aboard the polar-orbiting NOAA 61718 satellites 
and contains four channels in the oxygen band, at 
50.30, 53.74, 54.96, and 57.95 GHz, to provide 
temperature profile information from the lower 
troposphere to the lower stratosphere. Further 
details of this instrument, including its scan 
pattern, are given by Grody (1983). 

Both the Profiler and the MSU observe 
the brightness temperature T ( v )  emitted by the b 
atmosphere at frequency v. This quantity is re- 
lated to the vertical temperature profile T(h), 
where h = height, by an equation of the form 

where W(v,h) is the so-called temperature weight- 
ing function, TBACK(v) is a background brightness 
temperature, and T(U)  is the opacity from Earth 
to space. For upward-viewing observations, 
TBACK(u) describes the "big bang" cosmic back- 
ground of 2.9 K, as well as emission from dis- 
crete sources. For downward-looking observa- 
tions, TBACK(v) describes reflected and emitted 
radiation from the Earth's surface. Profiler and 
MSU temperature weighting functions are shown in 
Fig. 1 .  Note how the Profiler capabilities, 
which are exponentially reduced above 500 mb, are 
complemented by the MSU; conversely, note how the 
relatively high vertical resolution at lower 
altitudes of the Profiler complements the MSU 
below 500 mb. 

Fig. 1 .  Temperature weighting function, in re- 
lative units, for various channels of the radiom- 
etric Profiler and the MSU. The upper three 
curves are for the MSU; the lower four curves 
are for the Profiler. 

3. RETRIEVAL METHOD 

Our method of deriving temperature and 
humidity profiles from observed brightness tem- 
peratures was a straightforward application of 
linear a priori statistical inversion (Strand and 
Westwater, 1968). With this method, a profile 
vector R is estimated from a data vector d by *e 

where < e >  represents ensemble averaging over a 
joint distribution of profiles and experimental 

noise, vT is the matrix transpose of the column 
vector 1, and the primes refer to departures from 

- <I>. The data ensemble average; e.g., v' 
vector d consists of a "the' Eomponent ,d and an 
experimental error 5 -e 

, d e = ? + :  . ( 3 )  

We generated the retrieval coefficients entering 
into (2) by computer simulations using a priori 
NWS RAOB data taken at Denver, Colorado during 
1972-1977. The details of our method are dis- 
cussed by Westwater et al. (1984). In par- 
ticular, we used an experimentally determined 
covariance matrix to model the MSU noise charac- 
teristics. 

In Section 4, we compare with RAOB's the 
separate Profiler and MSU retrievals as well as 
those from the combined Profiler + MSU system. In 
addition, we evaluate the effect of constraining 
the MSU data with surface meteorological obser- 
vations. The various choices of data vectors 
from thich we generated retrievals are shown in 
Table 1. 

4. RESULTS OF TEMPERATURE RETRIEVAL BY COM- 
BINING MSU AND PROFILER DATA 

The data base used to compare and com- 
bine Profiler and MSU retrievals consisted of 
NWS RAOB's, 20min averages of Profiler data, 
starting at RAOB release time, and NOAA 617 mea- 
surements over the Denver, Colorado area. The 
satellite data were restricted to be within *3 h 
from 0000 or 1200 GMT and to fall within an area 
-0.5 to +l.OON and 0.0 to +2.0°E of the joint 
NWS-Profiler site at 39'46N latitude and 104O53W 
longitude. The area included the plains east and 
north of Denver and excluded all of the Rocky 
Mountains. For the time period December 1981 
through December 1982, we obtained 460 MOB-Pro- 
filer-MSU data cases. 

As discussed in Section 3, we derived 
temperature profile retrieval coefficients from 
various choices of data vectors. Thus, we re- 
trieved profiles using data from the 1) Profiler; 
2) MSU; 3) MSU + surface meteorological measure- 
ments; and 4) Profiler + MSU. The total rms dif- 
ference statistics relative to RAOB's, for each 
of the four temperature retrievals, are shown in 
Fig. 2. As a baseline value, we also show the 
rms variation using surface meteorological mea- 
surements as predictors. We note that the MSU + 
Profiler results are everywhere more accurate 
than any of the separate subsystems. This result 
was both expected and desired, but if we had in- 
correctly modeled relative covariances, for ex- 
ample, combined retrievals might be poorer than 
the separate ones. A curious feature is revealed 
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Table 1. Components of d a t a  v e c t o r s  used i n  t empera tu re  and water vapor p r o f i l e  
r e t r i e v a l .  TS 

s u r f a c e  r e l a t i v e  humidi ty ,  Tb 
MSU b r i g h t n e s s  temperature .  (Kf, T 
p a r e n t h e s e s  (GHz). 

Su r face  t empera tu re  ("c), ps I s u r f a c e  p r e s s u r e  (mb), RHS = 
= P r o f i l e r  b r i g h t n e s s  t empera tu re  (K), TbMSU = 

= o p t i c a l  dep th  (nepe r s ) ,  f r e q u e n c i e s  i n  
P 

MSU -+ P r o f i l e r  + 
Component P r o f i l e r  MSU Sur face  Meteor. MS U 
Number 

1 TS Tb,MSU (53.74) Tb,MSU (53.74) TS 

2 pS Tb,MSU (54.96) Tb,MSU (54.96) pS 

3 % Tb,MSU (57.95) Tb,MSU (57.95) RHS 

4 Tb,p (53.85) TS 

5 Tb,p (55.45) pS 

6 Tb,p (58.80) RHS 

7 Tp  (20.6) TP 

( 53.8 5)  
b,P 

b,P 

b,P 

T 

T 

T 

(55.45) 

(58.80) 

(20.6) 

(31.65) TP 8 Tp (31.65) 

9 Tb,p (52.80) 

10 

11 

12 

(52.80) T 

Tb,MSU (53.74) 

b ,P 

Tb,MSU (54.96) 

Tb,MSU (57.95) 
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Fig.  2. The rms s t a t i s t i c s  of d i f f e r e n c e s  in 
t empera tu re  p r o f i l e s  between RAOB's and 
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i n  t h e  r e s u l t s  of t h e  combination of MSU and s u r -  
f a c e  d a t a .  As expec ted ,  s u r f a c e  p r e d i c t o r s  
(namely s u r f a c e  t empera tu re )  improved r e t r i e v a l  
accu racy  i n  t h e  f i r s t  = 100 mb above t h e  s u r f a c e .  
However, in t h e  400-200 mb r e g i o n ,  a s  much a s  0.5 
K improvement was achieved u s i n g  s u r f a c e  d a t a .  
As sugges t ed  by Westwater and Grody (19801, t h i s  
improvement r e s u l t e d  from a c o r r e l a t i o n  of s u r -  
f a c e  p r e s s u r e  w i t h  t h e  t empera tu re  a l o f t .  We 
a l s o  obse rve  t h a t  t h e  r e t r i e v a l  r e , s u l t s  of a l l  
t h e  systems improved s u b s t a n t i a l ~ y  ove r  p red ic -  
t i o n s  based on s u r f a c e  c l ima to logy ,  excep t  f o r  
t h e  MSU i n  t h e  f i r s t  50 mb above t h e  s u r f a c e .  

I n  a d d i t i o n  t o  t empera tu re  r e t r i e v a l s ,  
we de r ived  g e o p o t e n t i a l  h e i g h t s  and t h i c k n e s s e s  
f o r  t h e  v a r i o u s  systems.  These q u a n t i t i e s  a l s o  
depend on water vapor ,  a q u a n t i t y  d e r i v e d  by t h e  
P r o f i l e r  bu t  no t  by t h e  MSU. To d e r i v e  p r e s s u r e  
h e i g h t s  from t h e  MSU d a t a ,  we used monthly mean 
water vapor p r o f i l e s  w i t h  t h e  MSU-derived tem- 
p e r a t u r e  p r o f i l e s  and vapor p r o f i l e s  e s t i m a t e d  
from s u r f a c e  d a t a  wi th  t h e  (MSU + surface)-de-  
r i v e d  temperature .  R e t r i e v a l s  of a l l  s)tstems 
used MOB s u r f a c e  p r e s s u r e  a s  a r e f e r e n c e .  These 
r e s u l t s  of t h e  g e o p o t e n t i a l  h e i g h t  and t h e  t h i c k -  
n e s s  d e t e r m i n a t i o n s  a r e  g iven  i n  Tab les  2 and 3. 
I n  Table  2 w e  a l s o  p r e s e n t  t h e  e s t i m a t e d  func- 
t i o n a l  p r e c i s i o n  of r ad iosondes ,  as g iven  by 
Hoehne (1980). Hoehne'a o r i g i n a l  v a l u e s  were 
t aken  a t  s e a  l e v e l  and r e q u i r e d  an  ad jus tmen t  
( abou t  6 m )  t o  Denver 's  s u r f a c e  p re s su re .  From 
t h e s e  t a b l e s ,  w e  obse rve  t h a t  t h e  P r o f i l e r  + MSU 
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Table 2. Rms differences in determination of geopotential height (m) for various combinations 
of remote sensing systems. N - sample size. 

Functional 
precision 

of 
Climatology Surface MSU + MSU + radiosondes 

(monthly means) Meteor. MSU surface Profiler Profiler (Hoehne, 1980) 

700 mb 
( N  = 458) 32.2 18.7 17.2 13.5 3.8 3.8 5.1 

500 mb 
( N  = 458) 71.3 49.6 32.2 31.2 13.1 12.4 12.7 

300 mb 
(N = 456) 117.9 89.5 57.3 56.9 33.0 31.1 20.3 

100 mb 
( N  = 446) 93.1 74.3 60.6 51.7 67.6 46.0 27.9 

Table 3. Rms differences in determination of geopotential thickness (m) for 
various combinations of remote sensing systems. N - sample size. 

Climatology Surface MSU + MSU + 
(monthly means) meteor. MSU surface Profiler Profiler 

700-500 mb 
(N = 458) 42.0 33.3 21.0 21.4 12.3 11.5 

500-300 mb 
(N = 456) 53.7 45.3 37.8 33.6 26.4 25.6 

300-100 mb 
( N  = 446) 85.7 82.2 47.5 47.9 65.8 41.9 

results were a significant improvement over the 
Profiler's, primarily in the 300-100 mb range. 

5. COMBINED RADAR-RADIOMETRIC TEMPERATURE 
RETRIEVALS 

Studies have shown that VHF radars can 
measure the height of the tropopause (Gage and 
Green, 1979). As predicted theoretically by 
Westwater and Grody (1980) and verified experi- 
mentally (Westwater et al., 1983),  the tropopause 
height information can be used to improve tem- 
perature retrieval accuracy of radiometric sen- 
sors. In this section, we will show examples of 
the combined passive-active (radiometric-VHF 
radar) techniques for a small data set taken 
during March 1981. 

The VHF radar is located at the Platte- 
ville (Colorado) Radar Facility, about 50 km 
north of Denver, and is operated jointly by the 
NOAA/Aeronomy Laboratory and the NOAA/Wave Propa- 
gation Laboratory. Although the primary purpose 
of the radar is to measure horizontal winds, 
during the month of March 1981 the radar was 
operated in the vertical sounding mode. Tropo- 
pause heights were derived from the vertical 
sounding data using the algorithms given by 
Westwater et al. (1983) .  In particular the so- 
called RC (reflectivity correlation) method that 
we used is described there. 

Power spectra were averaged for 1 min 
before further processing. The noise level was 
then estimated and subtracted, following the 
method of Hildebrand and Sekhon (1974) .  The 
power density of the adjusted spectra was then 
integrated for a return power value. The range- 
gate spacing was set at 1.2 km, lee., at one-half 
the pulse width. 

For the three systems--Profiler, MSU, 
Profiler + MSU--we were able to compare both 
passive and passive + active temperature re- 
retrievals. Our retrieval algorithms for com- 
bining active and passive measurements is a 
straightforward generalization of the method 
given in Section 2 and is described by Westwater 
et al. (1983) .  However, the retrieval coef- 
ficients used for the March 1981 retrievals were 
calculated for an assumed satellite noise level 
of 0 . 5  K, and thus were not based on an experi- 
mentally determined covariance matrix. 

Sample profiles derived from various 
combinat ions of sounding systems are shown in 
Fig. 3. Note that in Fig. 3A the ground-based 
radiometer's retrieval closely matches the RAOB 
up to about 10 km, but then departs by several 
degrees from the sonde. Also note the improve- 
ment added when the tropopause information was 
introduced. In Fig. 3B, the MSU retrievals are 
much closer to the radiosonde in the tropopause 
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Fig. 3. Temperature profile retrievals from VHF radar, radiometric Profiler, and MSU data. 
Curves labeled "combined" refer to radiometer + radar: (A) radiometric Profiler + VHF radar; 
(B) MSU + VHF radar; ( C )  radiometric Profiler t MSU t VHF radar. 

D E N V E R  COLU. 
NRACH 1981 
SAMPLE 5 1 Z t  - 1.1 
H A O l O N t T R l C  -- 
C O f l B I N C D I R C i - -  . 

(A) 
0 

2 k 6 8 
HNS TCNPCARTUHC IIITF'CHCNCT I C 1  

Fig. 4 .  The rms differences between temperature retrievals and NWS RAOB's. Curves labeled - 
"combined" refer to radiometer + radar. (A) radiometric Profiler + VHF radar; (B) MSU + VHF 
radar; (C) radiometric Profiler + MSU + VHF radar, 

region, but are seriously i n  error below about 
600 mb. Again, as for the ground-based radiom- 
eter, the tropopause height measurements add 
structure in the 100-200 mb region. Finally, 
Fig. 3C shows combined retrievals (ground- and 
satellite-based) that are superior in accuracy to 
either of the separate retrievals. 

The rms errors for the three com- 
binations are shown in Fig. 4A-C: 

A. Ground-based radiometer and VHF radar. Note 
the large improvement in retrieval accuracy, - 2  K 
rms, near tropopause pressures (-300 to 100 mb), 
when tropopause height measurements are added. 
However, retrieval accuracy above 300 mb is poor. 

0 

B. MSU + VHF radar. Again, note the - 2  K rms 
improvement oE MSU results when the tropopause 
height measurements are inserted. Here, re- 
trieval accuracy helow about 700 mb ranges from 
almost 3 to 6 K rms. 

C .  Ground-based radiometer + VHF radar + MSU. 
The solid curve, representing the combined 
radiometric systems, is improvement over either 
of the pure radiometric results of Fig. 4A or B, 
except in the vicinity of the tropopause. A fur- 
ther improvement is achieved by adding the 
radar's measurement of tropopause height, as 
shown by the dashed curve in this figure. Except 
for a narrow pressure region near 200 mb, the rms 
differences are less than 2 K from the surface to 
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30 mb. It should be noticed that below 500 mb, 
retrieval accuracy of the combined system is 
slightly degraded relative to that of the Pro- 
filer. We suspect this anomaly occurs because 
the degraded "effective noise level" of the MSU 
channels are larger than the value assumed in 
calculating retrieval coefficients (0.5 K). When 
we used an empirically determined noise covari- 
ance matrix in the December 1981 through December 
1982 results, this degradation did not occur (see 
Fig. 2). 

6. CONCLUSIONS 

Computer simulations of Westwater and 
Grody (1980) showed that a combination of ground- 
based and satellite microwave radiometers could 
lead to an effective temperature sensing system 
by overcoming some of the separate weaknesses of 
each system. These predictions showed the ac- 
curacy of the ground-based system degrades rapid- 
ly above 500 mb, a region where the MSU retrieval 
accuracy is good; conversely, the MSU accuracy is 
poor below 500 mb, a region of good coverage by 
the Profiler. Our experimentally achieved rms 
temperature retrieval errors, based on 460 cases, 
are close to the earlier theoretical predictions. 

Passive temperature retrievals from the 
combined ground-based radiometers and MSU demon- 
strated accuracy that is approaching operational 
requirements for synoptic scale numerical fore- 
casting. Retrievals of geopotential heights, in 
the lowest 500 mb, are competitive with radioson- 
des. However, as with most passive retrievals, 
the vertical resolution of recovered profiles is 
poor. We have shown here that tropopause height 
information obtained from an active sensor (VHP 
radar) improved the resolution of profiles de- 
rived from each of three separate sensors. An 
analysis of this technique, using a much larger 
data set than that of March 1981, is now under 
way. 

In addition to improving profiles by 
using tropopause height measurements, Gage and 
Green (1982) suggested a technique from which 
stratospheric temperature gradients could be 
obtained directly from the power returns of a 
calibrated VHF radar. Such a technique could 
lead to a highly effective combination of active 
and passive sensors. 
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F. 6 

ATMOSPHERIC AND SURFACE SHORT-WAVE ENERGY BALANCE FROM 

COMBINED SATELLITE AND GROUND-BASED DATA 
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1. INTRODUCTION 

After an e a r l y  in t roduct ion  by F r i t z  e t  a l .  
(1964), the  use of coordinated sa te l l i t e  and 
ground-based observa t ions  f o r  atmospheric absorp- 
t i o n  and t ransmission s t u d i e s  has  seen only r e l a -  
t i v e l y  l i m i t e d  use. Hanson et  a l .  (1967), Hanson 
(1971), Major (1976), and Raschke and Preuss  
(1979) a l l  have used long-period (e.g. monthly 
averaged) ground-based d a t a  wi th  s i m i l a r l y  long- 
period-averaged satel l i te-measured r e f l e c t e d  
energy t o  der ive  absorp t ion  wi th in  t h e  e n t i r e  
atmospheric column. These i n v e s t i g a t o r s  made no 
at tempt  t o  examine seasonal ,  synopt ic  o r  d i u r n a l  
v a r i a t i o n s ,  o r  t o  s e p a r a t e  clear-sky from cloud 
absorp t ion  processes .  P l a t t  e t  a l .  (1980) used 
hourly time scale d a t a  from GOES sa te l l i t e  and 
sur face  radiometers  and l i d a r  t o  s tudy absorp t ion  
and r e f l e c t i o n  processes  i n  c i r r u s  clouds. Other 
s t u d i e s  (e.g. Cox and G r i f f i t h ,  1979 a , b )  have 
been i n t e n s e ,  bu t  f a i r l y  b r i e f ,  spec ia l ized  s tu-  
d i e s  conducted i n  connect ion w i t h  major f i e l d  
programs such as GATE. The work repor ted  here  is 
a prel iminary s tudy of coordinated d a t a  from t h e  
GOES-East satell i te and s u r f a c e  pyranometers a t  
11 sites throughout the  e a s t e r n  por t ion  of t h e  
United S t a t e s ,  f o r  a per iod of f i v e  months. 

1.1 S a t e l l i t e  Data Base 

Since May 1980, f o r  a set  of up t o  99 loca-  
t i o n s ,  w i t h i n  t h e  coverage of GOES-East, t h e  
NOAA S a t e l l i t e  Applicat ions Lab has c o l l e c t e d  
hourly sets of VISSR Data Base (VDB) d a t a ,  con- 
s i s t i n g  of mean b r i g h t n e s s ,  s tandard devia t ion  
i n  b r i g h t n e s s ,  and center-pixel  b r i g h t n e s s  f o r  
bo th  VIS and I R ,  averaged over  a 5x5 a r r a y  of 
8-km r e s o l u t i o n  p i x e l s  a t  each t a r g e t  site. 
Column p r e c i p i t a b l e  water v a l u e s ,  from t h e  NMC 
upper a i r  d a t a ,  are a l s o  merged w i t h  t h i s  d a t a  
set. 

Data from 11 VDB t a r g e t  sites, co inc ident  
w i t h  t h e  l o c a t i o n  of pyranometers i n  t h e  N O M  
i n s o l a t i o n  monitoring network, were s e l e c t e d  
f o r  use i n  t h i s  study. These sites are: Mont- 
gomery, AL; Tal lahassee ,  FL; Dodge C i t y ,  KS; 
Lake Charles ,  LA; Columbia, MO; Raleigh,  NC; 
Bismark, ND; Omaha, NB; B r m s v i l l e ,  TX; Mid- 
land ,  TX; and Madison, WI. From d a t a  of Kung 
e t  a l .  (1964), the  s u r f a c e  albedo a t  these  sites 
v a r i e s  from 0.12 t o  0.19, with an average va lue  
of 0.15. Data f o r  t h e  per iod  August-December 
1980 have been examined here. Study of l a te r  

per iods  is p a r t i a l l y  hampered by t h e  l a c k  of con- 
t inued d a t a  from t h e  sur face  pyranometernetwork. 

1.2 Ground Based Data 

Coincident d a t a  from t h e  same 11 sites and 
same t i m e  per iod have been combined wi th  t h e  GOES 
VDB d a t a  and used i n  t h i s  prel iminary study. The 
ground-based observa t ions  c o n s i s t  of hourly t o t a l  
g loba l  r a d i a t i o n  (on a h o r i z o n t a l  sur face)  and 
observer-determined amounts of t o t a l  cloud and 
t o t a l  opaque cloud. From the  use  of GOES imagery 
t o  es t imate  s u r f a c e  i n s o l a t i o n  (Tarpley, 1979; 
J u s t u s  and Tarpley, 1983), it has been determined 
that t h e  5x5 p i x e l  average br ightness  from the  
sa te l l i t e  image, measured over  a s h o r t  time per- 
i o d ,  compares reasonably w e l l  wi th  hourly t o t a l  
r a d i a t i o n  measured a t  t h e  si te i n  t h e  c e n t e r  of 
t h e  t a r g e t  a r r a y  ( b e t t e r  than t h e  correspondence 
wi th  t h e  satel l i te-measured br ightness  a t  t h e  
s i n g l e  8-km p i x e l  centered on t h e  s u r f a c e  s i t e ) .  

2. ANALYSIS PROCEDURES 

2.1 GOES Sensor Cal ibra t ion  

The nominal (pre-launch) c a l i b r a t i o n  of t h e  
v i s i b l e  sensor  on t h e  GOES VISSR system can be 
expressed as 

I/Io k C2 , 

where I/Io is the  radiance received r e l a t i v e  t o  
that which would be received from a 100% r e f l e c -  
t i v e  Lambertian s u r f a c e ,  under f u l l  ( d i r e c t l y  
overhead) s o l a r  i l lumina t ion .  For % b i t  resolu-  
t i o n  counts  C ,  t h e  va lue  of k is nominally k - 
1/632. Norton e t  a l .  (1980) have used observa- 
t i o n s  of t h e  dark s i d e  of t h e  e a r t h  and from an 
on-board c a l i b r a t i o n  mir ror  t o  determine a cal i -  
b r a t i o n  of t h e  farm 

I/Io - k (C2 - a )  (2) 

where a is a "dark counts" o f f s e t  i n  t h e  actual 
sensor  measurements. From coiqc ident  observa- 
t i o n s  with GOES and Nimbus 7 ERB broad-band d a t a ,  
Minnis and Harr ison (1984) have determined an  
equiva len t  broad-band c a l i b r a t i o n  f o r  t h e  VISSR 
sensor ,  which can b e  represented by 

I/Io - a + bC + cC2 , (3) 
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with va lues ,  determined by leas t - squares  f i t  t o  
t h e i r  reported d a t a ,  determined t o  be a = -64.6, 
b = 16.6, c = 0.704 ( f o r  C in 8-bi t  counts) .  
This c a l i b r a t i o n  curve keeps t h e  "dark-counts" 
and upper c a l i b r a t i o n  poin t  from t h e  on-board 
mir ror  c o n s i s t e n t  wi th  t h e  r e s u l t s  of Norton e t  
a l .  and y i e l d s  an average va lue  f o r  i n f e r r e d  sur- 
face albedo a t  t h e  s tudy si tes of 0.15, consis-  
t e n t  with the  Kung e t  a l .  (1964) estimates. Use 
of t h i s  c a l i b r a t i o n  a l s o  r e s u l t s  in i n f e r r e d  
cloud r e f l e c t a n c e s  which are c o n s i s t e n t  with 
those determined from t h e  Nimbus 7 ERB by Taylor 
and Stowe (1984). 

2.2 Analysis  of t h e  Coordinated Data 

Conceptually, t h e  a n a l y s i s  method is q u i t e  
simple: (1) Use the  s u r f a c e  pyranometer d a t a  a t  
a given si te and t i m e  t o  measure t h e  t ransmi t ted  
f l u x  t o  t h e  s u r f a c e ,  F t .  
eous GOES r e f l e c t a n c e  measurement f o r  t h e  same 
site and t i m e  t o  measure t h e  r e f l e c t e d  f l u x ,  F r ,  
out  t h e  top  of t h e  atmosphere. (3) Combine t h e s e  
zieasurements with t h e  known incoming f l u x ,  F i ,  a t  
t h e  top of the atmosphere t o  c a l c u l a t e  t h e  cor- 
responding absorbed f l u x ,  Fa, by t h e  r e l a t i o n  

(2)  Use t h e  simultan- 

Fa = F i  - Fr - Ft (1 - r g )  , (4) 

where rg is t h e  s u r f a c e  r e f l e c t i v i t y  (a lbedo) .  
In terms of p lane tary  r e f l e c t i v i t y ,  rp  = F r / F i ,  
and atmospheric t r a n s m i s s i v i t y  t o  the  s u r f a c e ,  
T = F t / F i ,  equat ion (4) can be w r i t t e n  as 

A = (1 - r p )  - T ( l  - rg> , (5) 

where A is the  t o t a l  atmospheric column absorp- 
t i v i t y  (A = Fa/Fi). 

If t h e  d a t a  are s o r t e d  i n t o  clear cases and 
cloudy cases, based on the  ground-observer repor- 
ted  cloud amounts, s e p a r a t e  t r a n s m i s s i v i t i e s  and 
a b s o r p t i v i t i e s  in clear and cloudy c a s e s  ( T c l r ,  
41r ,  Tcld, & i d )  may be evaluated.  

equat ion (5) is complicated by t h e  fac t  t h a t  t h e  
GOES sensor  measures d i r e c t i o n a l  rad iance  
r(Zo,  2, @) = rp f(Zo,  2 ,  @), where f is t h e  b i -  
d i r e c t i o n a l  r e f l e c t a n c e  f a c t o r ,  and by the  f a c t  
t h a t  narrow-band t o  broad-band c o r r e c t i o n s  must 
be taken i n t o  account. For both of these  pro- 
blems, some a n a l y s i s  w i t h  an appropr ia te  rad ia-  
t i v e  t r a n s f e r  model is necessary f o r  t h e  proper 
i n t e r p r e t a t i o n  of t h e  da ta .  
such a model are presented in t h e  fol lowing sec- 
t ion. 

In  p r a c t i c e ,  t h e  a n a l y s i s  according t o  

Some r e s u l t s  with 

2.3 Radia t ive  Transfer  Model Analysis  

The s p e c t r a l  r a d i a t i v e  t r a n s f e r  model used 

The model inc ludes  s p e c t r a l  absorp t ion  
h e r e  has  been descr ibed by J u s t u s  and P a r i s  
(1984). 
by gaseous c o n s t i t u e n t s ,  molecular (Rayleigh) 
s c a t t e r i n g ,  and both s c a t t e r i n g  and absorp t ion  
by aerosols .  The s p e c t r a l  v a l u e s  of aerosol  
s i n g l e - s c a t t e r i n g  albedo and asymmetry f a c t o r  can 
be s e l e c t e d  from parameter iza t ions  of t h e  v a l u e s  
of S h e t t l e  and Fenn (1979), f o r  e i t h e r  urban o r  
r u r a l  a e r o s o l s ,  and as a func t ion  of r e l a t i v e  
humidity. Aerosol o p t i c a l  depth can be s p e c i f i e d  
a t  500 nm, wi th  s p e c t r a l  v a r i a t i o n  according t o  
a s e l e c t e d  v a l u e  of Angstrom wavelength exponent. 
Figure 1 shows a comparison between t h e  s p e c t r a l -  
modeled p lane tary  r e f l e c t a n c e ,  in t h e  GOES VISSR 

wavelength band, with t h a t  from the  Dave (1978) 
model (Dave r e s u l t s  suppl ied by Paul Davis, 
Research and Data Systems, Inc . ) .  Figure 2 shows 
a comparison between broad-band and VISSR-band 
p lane tary  r e f l e c t a n c e ,  c a l c u l a t e d  wi th  t h i s  spec- 
t r a l  model, f o r  v a r i o u s  uniform sur face  r e f l e c -  
tances ,  and a t  var ious  s o l a r  z e n i t h  angles .  Mea- 
sured GOES r e f l e c t a n c e s  a t  a given si te and t i m e ,  
toge ther  with t h e  corresponding p r e c i p i t a b l e  
water va lues ,  are used i n  t h e  model t o  i n f e r  t h e  
s u r f a c e  r e f l e c t i v i t y  f o r  the  site. 
w i l l  be  requi red  t o  b e s t  determine t h e  d i u r n a l  
and seasonal  v a r i a t i o n s  of sur face  r e f l e c t a n c e ,  
and t h e i r  impact on ana lyses  such as the  prel imi-  
nary r e s u l t s  reported here .  

t i o n s  used by Dave: 0.318 cm of ozone, 2.295 cm 
of p r e c i p i t a b l e  water, and the  Dave model C 1  
a e r o s o l  p r o p e r t i e s  ( o p t i c a l  d e p t h = O . l a t 5 0 0  nm). 
Figure 2 r e s u l t s  are f o r  0.34 cm of ozone, 1.42 
cm of p r e c i p i t a b l e  water, a e r o s o l  o p t i c a l  depth 
0.1 ( r u r a l  model aerosol  a t  50% r e l a t i v e  humi- 
d i t y ) .  
given in J u s t u s  and P a r i s  (1984). Some model 
ref inements  no t  reported t h e r e  are t h e  a d d i t i o n  
of a r o u t i n e  t o  model d i r e c t i o n a l  r e f l e c t a n c e s  
in clear-sky condi t ions ,  and a r o u t i n e  t o  model 
s p e c t r a l  f l u x e s  with a s imulated cloud l a y e r  
( t r e a t e d  as a s c a t t e r i n g  and absorbing l a y e r  i n  
the  middle of t h e  model atmosphere and computed 
with a delta-Eddington f l u x  c a l c u l a t i o n  r o u t i n e ) .  

2.4 Bi-Directional Reflectance6 

Fur ther  s tudy 

Figure 1 r e s u l t s  were computed f o r  condi- 

Addit ional  comparisons with t h e  model are 

By s o r t i n g  t h e  GOES r e r i e c t a n c e  measurements 
by s o l a r  z e n i t h  angle  2,. sa t e l l i t e  z e n i t h  angle  
2, and r e l a t i v e  s a t e l l i t e - s o l a r  azimuth angle  @, 
d i r e c t i o n a l  r e f l e c t a n c e s ,  rp 
determined. Figures  3-5 compare t h e s e  r e s u l t s  
wi th  those from Taylor and Stowe (1984) from t h e  
NIMBUS 7 ERB system f o r  clear and cloudy cases .  
Figure 6 presents  va lues  computed wi th  t h e  spec- 
t r a l  model f o r  t h e  c l e a r  case. Fur ther  a n a l y s i s  
is obviously requi red ,  s i n c e  comparison of Fig- 
u r e s  3, 4 ,  and 6 show t h e  model va lues  agree  
b e t t e r  with t h e  Nimbus 7 r e s u l t s  a t  low s o l a r  
z e n i t h  angles  and wi th  the  GOES r e s u l t s  a t  high 
s o l a r  z e n i t h  angles .  

3. RESULTS 

f(Zo, 2. $), may b e  

Figures  7-10 show t h e  r e s u l t s  of t h i s  pre- 
l iminary a n a l y s i s  of t r a n s m i s s i v i t y  and absorp- 
t i v i t y  in clear and overcast-cloud cases. Sol id  
l i n e s  in t h e s e  f i g u r e s  are empir ica l  regress ion  
curves f i t  t o  t h e  c o l l e c t i o n  of 11 sites of d a t a  
r e s u l t s  as func t ions  of s o l a r  z e n i t h  angle  and 
p r e c i p i t a b l e  water amount. The satel l i te-measured 
r e f l e c t a n c e s  have been converted t o  p lane tary  
r e f l e c t a n c e s ,  r p ,  by the  use of t h e  empir ica l  b i -  
d i r e c t i o n a l  r e f l e c t a n c e  f a c t o r s ,  f (ZO, 2, 4 ) .  
Satellite-measured r e f l e c t a n c e s  under clear-sky 
condi t ions  have been used t o  estimate sur face  
albedoes,  r g ,  through i n t e r p r e t a t i o n  wi th  t h e  
s p e c t r a l  model, discussed above. The d a t a  p o i n t s  
i n  F igures  7-10 were computed wi th  t h e  s p e c t r a l  
model f o r  e i t h e r  clear-sky o r  overcast-cloud 
c o n d i t i o n s ,  as noted.  

v i t y  t o  t h e  s u r f a c e ,  T c l r ,  as measured by t h e  
pyranometers, wi th  va lues  from t h e  s p e c t r a l  model. 
Data f o r  low (0-1 cm), medium (1-3 cm), and high 
(3-5 cm) p r e c i p i t a b l e  water ranges are shown. 

Figure 7 compares t h e  clear-sky t ransmiss i -  



For t h e  model r e s u l t s ,  t h e  a e r o s o l  o p t i c a l  depths  
a t  500 nm were taken t o  be 0.1, 0.25, and 0.4 f o r  
t h e  low, medium and high p r e c i p i t a b l e  watercases, 
respec t ive ly .  This accounts  f o r  hygroscopic 
e f f e c t s  which cause t h e  a e r o s o l  o p t i c a l  depth t o  
increase  with humidity, and is  c o n s i s t e n t  wi th  
t h e  magnitude of such increases  observed from 
s u r f a c e  measurements made a t  Georgia Tech. 
Actual a e r o s o l  o p t i c a l  depths  f o r  the  measured 
d a t a  have n o t  y e t  been determined. Although t h e  
observed v a r i a t i o n  i n  T c l r  agrees  genera l ly  w e l l  
wi th  the  model v a r i a t i o n s  with s o l a r  z e n i t h  
angle ,  observed v a r i a t i o n s  wi th  p r e c i p i t a b l e  
water are smaller than those f o r  the  model r e s u l t s  
in Figure 7. However, i f  t h e  hygroscopic e f f e c t  
is not  included,  and a cons tan t  aerosol  o p t i c a l  
depth of 0.2 i s  assumed, t h e  model v a r i a t i o n s  
with p r e c i p i t a b l e  water are not  as l a r g e  as those 
observed ( a s  i n d i c a t e d  by t h e  arrows i n  Figure 7). 

In  Figure 8, t h e  pyranometer-measured t rans-  
m i s s i v i t i e s  under overcast-cloud condi t ions ,  
T,ld, are p l o t t e d  versus  cos(Zo), f o r  var ious  
va lues  of satel l i te-measured p lane tary  r e f l e c -  
tance (an approximate measure of cloud albedo) .  
A s  expected, Tcld decreases  r a p i d l y  wi th  increas-  
i n g  cloud albedo,  bu t  t h e  c u r r e n t  model r e s u l t s  
tend t o  overest imate  t h e  measured Tcld va lues  f o r  
t h e  low cloud albedo cases. 

Measured and modeled column atmospheric 
a b s o r p t i v i t i e s  under clear-sky condi t ions ,  41r, 
are shown i n  Figure 9. The form of t h e  observed 
v a r i a t i o n  with s o l a r  z e n i t h  angle  i s  genera l ly  
as expected from t h e  model r e s u l t s ,  a l though t h e  
measured va lues  of Aclr are somewhat higher  than 
expected, and t h e  v a r i a t i o n  with p r e c i p i t a b l e  
water i s  n o t  as pronounced as expected from t h e  
hygroscopic a e r o s o l  (PW-dependent o p t i c a l  depth)  
model r e s u l t s .  
by assuming a f i x e d  o p t i c a l  depth of 0.2, ind i -  
ca ted  by t h e  arrows i n  Figure 9, show less var ia -  
t i o n  of 41r with  p r e c i p i t a b l e  water than t h e  
observat ions.  

Figure 10 shows t o t a l  atmospheric column 
a b s o r p t i v i t y ,  f o r  t h e  overcast-cloud cases. 
A s  i n  t h e  clear-sky case, t h e  observed v a l u e s  of 

are somewhat higher  than expected from the  
model r e s u l t s ,  a v e r a g h g  about 30%, compared t o  
model va lues  of about  20%. The form of t h e  v a r i -  
a t i o n  wi th  s o l a r  z e n i t h  angle  and t h e  amount of 
v a r i a t i o n  with p r e c i p i t a b l e  water, are approxi- 
mately as expected from t h e  model, however. 

However, model va lues  computed 
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F. 7 

THE DETECTION AND LOCATION OF LIGHTNING FROM SPACE 

1. Introduction 

H.  J. Christian and W. W .  Vaughan 

J. C. Dodge 
NASA Headquarters/Washi n g t o n ,  D.C. 

NASA/Marshall Space F1 i g h t  Center, AL 

A l ightning mapper sensor as presently 
conceived will de tec t  and locate l ightning over 
la rge  areas of the e a r t h ' s  surface,  mark the time 
of occurrence and measure the radiant energy. I t  
will bas ica l ly  be a ca l ibra ted  l ightning imager. 
Sc i en t i f i c  importance o f  these measurements 
include the f a c t  t ha t  this type of information i s  
not presently available on a la rge  scale basis.  
W i t h  a mapper, s c i e n t i s t s  w i l l ,  fo r  the f i r s t  
time, be able to study the electrosphere from 
scales on the order of the e a r t h ' s  diameter down 
to the s i ze  of individual storms (10 km). They 
will be able to study both the spa t ia l  and 
temporal evolution of l ightning a c t i v i t y  on a 
continuous basis and r e l a t e  the l ightning 
measurements to other observables such as cloud 
images, radar re turns ,  and  the standard 
meteorological variables on both the synoptic and 
meso-scale. The a b i l i t y  to study 1 i g h t n i n g  
a c t i v i t y  in continental storms will be improved 
because a l ightning mapper will de tec t  a l l  types 
of l igh tn ing ,  will provide near uniform spa t ia l  
coverage and detection e f f ic iency  and will 
disseminate the information i n  a readily usable 
form. 
will provide information tha t  can only be 
obtained w i t h  a space-based instrument. 
Lightning detection in data sparse regions such 
a s  the t rop ics  and  ocean areas will be possible. 
Lightning a c t i v i t y  will be studied on a nearly 
global basis.  The evolution of storms a s  they 
develop and propagate will be compared on a 
regional basis. Lightning climatology will 
change from i t s  present thunderstorm day based on 
audible thunder t o  a true measure of l ightning 
a c t i v i t y  based on flash density as measured i n  
time and space. 

shows a par t ia l  l i s t  of s c i e n t i f i c  a c t i v i t i e s  
t ha t  would be possible i f  a l ightning mapper 
possessing the basic a t t r i b u t e s  of continuous 
la rge  area coverage, storm system spa t ia l  reso- 
l u t ion ,  high detection e f f ic iency ,  high temporal 
resolution and a measurement of flash in t ens i ty  
were ava i lab le .  Figure 1 compares the proposed 
l ightning mapper sensor capab i l i t i e s  with e a r l i e r  
s a t e l l i t e  measurements. Of par t icu lar  importance 
i s  (1) the  capab i l i t y  fo r  detecting l i g h t n i n g  on 
a continuous bas is  ra ther  than during very 
limited periods; ( 2 )  the a b i l i t y  to  de tec t  nearly 
a l l  l igh tn ings  within the sensor f i e l d  of view 
( 90%) ra ther  than very poor detection e f f i c i en -  

On the l a rge r  sca le ,  a l ightning mapper 

Table 1 ,  a summary from Davis, e t  a l .  (1983), 

MPPER I N  

.YAONLTOP~ERIC AND i m e n c  nrrtrncn 
RELATIOUD(* BLlWEeN LlOUTNlNO ANDWUIIILERS 
VLF-ELF ELECTRQIAONETIC NOl#E 
VLF WAVE8 
ICUUYANN n E a o N m e i  

OCAIITU% ELEcrnK cincun 
m n  wmrwen e L r c m c i w  
K Y I ~ E R I C  CURRENTS 
ATYOUUERIC CURRENT8 

NITROOEN FIXATION 

RAOICAL AND OXIDANT FORYATION 
HCN FORYATKYI 

OATYOYHERK CHE~ISTRV 

OZONE ncmiiom 

iTnAroaruEnY: c u E Y u i n v  

.STORY M V S K S  
LIOHTNINO A C T I V I W M O R Y  INTEN8IW 
OCEAN LAND LlOHTNlNO RATIO 
HURRICANE ELECTRlFKATIOU 
LIOHTNINOITORNADIC ACTIVITY 
INITIAL ELECTRIFICATION 
SVWATHETIC LlOUTNlNO 
WARY CLOUD LlOUTNlNO 

OSOLAR-TR(YOR(LRK EFFECTS 
SOLAR VARIA~ILITVILlOHTNlNO RATES 
ELECTRICAL CONNECTION 

Table 1. Examples of s c i e n t i f i c  d i sc ip l ines  tha t  
require l ightning mapper data. 

c i e s ;  anh ( 3 )  a spa t ia l  resolution on the order 
of 10x10 km rather t h a n  the hundreds of km t h a t  
were typical of the pioneering l ightning sensors 

These orders of magnitude improvements in 
overall  sensor performance a re  rather d i f f i c u l t  
to achieve. The major d i f f i c u l t y  in the detec- 
t ion  and location of l ightning from geostationary 
o r b i t ,  given the detection efficiency and resolu- 
t ion  specified i n  Figure 1 ,  i s  caused by the 
strong background illumination produced by sun- 
l i g h t  re f lec t ing  from the tops of clouds. 
high cloud albedo makes t h i s  background much 
brighter than the illumination produced by 
1 i g h t n i n g .  Because the 1 ightning signal tends t o  
be buried in the "background noise," the only way 
to  detect  l i g h t n i n g  during daytime i s  t o  imple- 
ment techniques t h a t  increase the l ightning 
signal r e l a t ive  to the cloud s igna l .  
Fortunately, the character of the two signals i s  
much d i f f e ren t .  While the  l ightning pulse 
duration i s  on the order of 0.5 msec, the 
background illumination tends t o  be constant on a 
time scale of seconds; thus one could use 
temporal f i l t e r i n g  to  attenuate the background 
"noise" r e l a t ive  to  the l ightning signal.  

t h a t  the l ightning signal i s  composed of predomi- 

The 

Another difference between the signals i s  
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Figure 1. Charac te r i s t ics  of previous s a t e l l i t e  
l ightning experiments. 

nately d i sc re t e  emission l i n e s ,  while the back- 
ground illumination c lose ly  follows the black- 
body-like continuum of the sun; thus the 
requirement for  an optimized spectral  f i l t e r .  
Finally,  the l ightning tends t o  illuminate a 
smaller area than the background and t h i s  illumi- 
nated area tends to change with each event. A 
form of spa t ia l  f i l t e r i n g  can be used which 
matches the f i e ld  of view of each detector to the 
typical cloud t o p  area illuminated by a l ightning 
stroke . 

Even a f t e r  using these three f i l t e r i n g  
techniques, the r a t i o  of background illumnination 
t o  l ightning signal may s t i l l  exceed 50 to  1 a t  
the focal plane. For t h i s  reason, post-detection 
f i l t e r i n g  must be implemented. Feas ib i l i ty  
studies performed by Hughes ( V .  Norwood, 1983), 
and TRW (Eaton, e t  a l .  1983) reviewed a number of 
post-detection background removal techniques. 
They b o t h  sel ec ted anal og background subtraction 
schemes similar t o  the one i l l u s t r a t e d  in Figure 
2 .  This approach u t i l i z e s  a modified frame-to- 
frame subtraction or adaptive f i l t e r  approach. 
An important point t o  understand i s  t h a t  the 
power of any post-detection technique i s  t o t a l l y  
l imited by the l ightning signal t o  background 
noise r a t i o  coming o f f  the focal plane. 

2 .  Sensor Components 

The design of the required f i l t e r i n g  methods 
i s  conceptionally straightforward. However, the 
actual implementation can be qui te  complex. 
Figure 2 i s  a block diagram of probable sensor 
components. The opt ics  system i s  expected to 
cons is t  of a f a i r l y  f a s t  lens using e i t h e r  
r e f l ec t ive  or  re f rac t ive  elements and a narrow 
band interference f i l t e r ,  b o t h  of conventional 
design. The emission l i n e  centered f i l t e r  
performs the previously described spectral  
f i l t e r i n g .  
throughput because of the weak s igna ls  a r r iv ing  
a t  geostationary a1 t i t ude .  

The focal plane assembly (FPA) i s  the  heart  
of the l ightning mapper. This i s  the component 
t ha t  de tec ts  a n  incident photon flux a n d  ou tputs  
an e l ec t r i ca l  s igna l .  Together, the lens and  the 
focal plane array determine the spa t i a l  
resolution o f  the mapper. The temporal f i l  t e r lng  
performance i s  determined by the focal plane 
integration time and readout ra te .  

l a rge  mosaic a r ray  of e i t h e r  photodiodes or  
charge coupled devices ( C C D ) .  

The lens must be f a s t  to provide high 

The focal plane assembly will cons is t  of a 

I f  the FPA i s  

xw!x m 
- 8 1 9  .mu( 

- IILILM !S!E!. 
VI b 11- IMLIIAlULIIl -rmrrm -HI, 

Figure 2 .  Block diagram of l ightning mapper 
sensor components. 

operated i n  the charge integration mode, then 
each individual sensor ( o r  p ixe l )  must be 
su f f i c i en t ly  la rge  t o  s tore  the charge produced 
by both the background and l ightning signals.  I n  
addi t ion ,  a physically la rge  pixel i s  requited to 
produce a big signal so tha t  an adequate signal 
t o  noise r a t i o  can be acheived: 
for large pixel s i r e  and  a l a rge  number of pixels 
for  wide a rea ,  10 km resolution coverage, would 
require too la rge  an array s i ze  to  be produced 
economically. Hence, e i the r  multiple focal plane 
assemblies, each with i t s  own lens system, or  
multiple mosaic array chips butted together t o  
form a s ingle  large assembly will be required. 

Independent of the spec i f ic  focal plane 
geometry tha t  i s  implemented, the major challenge 
in the focal plane design i s  the development of a 
high speed readout technique. As discussed 
previously, the background signal can be 
attenuated r e l a t ive  to the l ightning signal i f  
one takes advantage of the temporal behavior of 
the s igna ls .  I n  an integrating sensor, the only 
means to control t h i s  parameter i s  the  frame 
integration time. The integration time spec i f ies  
how long a pa r t i cu la r  pixel accumulates a signal 
between readouts. The l i g h t n i n g  signal t o  noisc 
r a t io  improves as the integration period 
approaches the pulse duration. However, i f  the 
integration period becomes too short ,  the 
l ightning signal tends t o  be s p l i t  between 
successive frames. Frame s p l i t t i n g  ac tua l ly  
decreases the signal t o  noise r a t io .  
Instrumented U-2 measurements indicate tha t  the 
median optical  l ightning pulse width, when viewed 
from above, i s  400 usec, (Chr is t ian ,  e t  a l . ,  
1983). Based on t h i s  pulse width, a TRW analysis 
(Ea ton ,  e t  a l . ,  1983) suggests tha t  a one msec 
frame time i s  appropriate for minimal pulse 
s p l i t t i n g  and h i g h  l ightning de tec t ab i l i t y .  

One thousand frames per second i s  extremely 
f a s t  for  a n  imaging sensor. I f  the focal plane 
array contained 500,000 pixels, ,  the to t a l  d a t l  
r a t e  coming o f f  the focal plane would be 5x10 
pixels per second. No commercially ava i lab le  
mosaic array de tec tor  i s  capable of clocking data 
out a t  t h i s  r a t e .  T h u s ,  the important techno- 
logical development for  a l ightning mapper sensor 
will be a custom focal plane array tha t  can be 

The requirement 
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accessed a t  t h e  r e q u i r e d  r a t e s  and a data 
processor capable o f  compressing the  data t o  
r a t e s  t h a t  can be hand1 ed by convent ional  
t e l e m e t r y  systems. 

S ince FPA c l o c k i n g  r a t e s  a re  p r e s e n t l y  
l i m i t e d  t o  around 5 MHz, m u l t i p l e  o u t p u t  l i n e s  
w i l l  be requi red.  The data coming o f f  t he  f o c a l  
p lane w i l l  have t o  be process d i n  p a r a l l e l .  I f  
t h e  t o t a l  data r a t e  were 5 ~ 1 0 ~  p i x e l s  per  second, 
then a minimum o f  100 p a r a l l e l  o u t p u t  l i n e s  and 
data processors would be requi red.  Since 
p r e s e n t l y  a v a i l a b l e  s o l  i d  s t a t e  a r rays  have o n l y  
one o u t p u t  l i n e ,  any a r r a y  used i n  t h e  l i g h t n i n g  
mapper w i l l  r e q u i r e  m o d i f i c a t i o n  t o  i n c l u d e  t h e  
m u l t i p l e  readout  l i n e s .  
m o d i f i c a t i o n  i s  t e c h n i c a l l y  s t r a i g h t  forward and 
i s  w e l l  w i t h i n  the  p resen t  s t a t e - o f - t h e - a r t .  

F igu re  3 shows a p o s s i b l e  c o n f i g u r a t i o n  f o r  
t he  data processor. Th i s  c i r c u i t ,  by s u b t r a c t i n g  
the  background and d i g i t i z i n g  o n l y  l i g h t n i n g  
events, would educe the  t ransmiss ion  data r a t e  
by a f a c t o r  10 t o  a r a t e  on the  o rde r  o f  20 
k b i t d s e c .  Background s u b t r a c t i o n  i s  performed 
by f i r s t  genera t i ng  a p i x e l  by p i x e l  background 
est imate.  
average o f  t h e  background s i g n a l  o f  each p i x e l  i s  
maintained. 
p a r t i c u l a r  p i x e l  i s  subt racted,  u s i n g  a d i f f e r -  
ence a m p l i f i e r ,  from t h e  t h e  s igna l  o f  t he  same 
p i x e l  as i t  i s  c locked o f f  t h e  f o c a l  plane. I f  
the  o u t p u t  f rom t h e  d i f f e r e n c e  a m p l i f i e r  i s  
g r e a t e r  than a predetermined th resho ld ,  then t h i s  
o u t p u t  i s  accepted as a l i g h t n i n g  s i g n a l .  The 
ampl i tude o f  t h e  l i g h t n i n g  s i g n a l  i s  then 
d i g i t i z e d  and a d i g i t a l  word t h a t  represents  t h e  
X - Y  p o s i t i o n  o f  t h e  s p e c i f i c  p i x e l  i s  determined. 

The f i n a l  s i g n a l  p rocess ing  r e q u i r e s  t h e  
mu1 t i p l e x i n g  o f  t he  d i g i t a l  1 i g h t n i n g  s igna l ,  t h e  
event  address, a t ime  stamp and housekeeping 
i n f o r m a t i o n  i n t o  an event  queue. 
needed t o  smooth t h e  events, which may occur i n  
bu rs ts ,  i n t o  a data r a t e  which i s  c o n s i s t a n t  w i t h  
a l a r g e r  term average. 
t h e  data can be format ted i n t o  a s e r i a l  b i t  
stream and t r a n s m i t t e d  t o  ground s t a t i o n s .  

3. Sensor Performance 

mapper w i l l  be determined by a number o f  
pa ramet r i c  t r a d e o f f s .  The major  f a c t o r s  t h a t  
w i l l  determine t h e  a b i l i t y  o f  t h e  l i g h t n i n g  
mapper t o  d e t e c t  l i g h t n i n g  d u r i n g  daytime w i l l  be 
t h e  o v e r a l l  sensor throughput  and t h e  r a t i o  o f  
l i g h t n i n g  s i g n a l  t o  background no ise  coming o f f  
t he  f o c a l  plane. The s i g n a l  t o  no ise r a t i o  and 
t o t a l  s i g n a l  throughputs a r e  determined by many 
sensor parameters i n c l u d i n g  l e n s  speed, d e t e c t o r  
quantum e f f i c i e n c y ,  f i l t e r  bandwidth, frame t ime, 
s p a t i a l  r e s o l u t i o n ,  e t c .  F igu re  4 l i s t s  some o f  
t h e  sensor parameters t h a t  ex tens i ve  rad iamete r i c  
analyses i n d i c a t e  m igh t  be resonable. 

analyses i s  t o  maximize t h e  sensor l i g h t n i n g  
d e t e c t i o n  e f f i c i ency .  The goal I s  t o  d e t e c t  90% 
o f  a l l  l i g h t n i n g s  t h a t  occur  w i t h i n  t h e  sensor 
f i e l d  o f  view. 
c e r t a i n  sensor parameters e f f e c t  t h e  d e t e c t i o n  
e f f i c i e n c y  which i s  d i r e c t l y  r e l a t e d  t o  the  

Th is  t y p e  o f  c i r c u i t  

s 

That  i s ,  an independent runn ing  

Th is  background es t ima te  f o r  a 

Queueing i s  

From the  event  b u f f e r ,  

The o v e r a l l  performance o f  t h e  l i g h t n i n g  

The major  o b j e c t i v e  o f  a l l  t h e  t r a d e o f f  

F igu re  5 shows how changes i n  

uc...ou'.I-I.. ,I., -9. YIIC.OI 

F igu re  3. L i g h t n i n g  data process ing c i r c u i t .  

SEWSOA PARAMETERS AND PERFORWANE 

LENS f/NUMBER 
DIAMETER 

PATIAL RESOLUTION 

FlLTkR WAVELENOTM 
FILTER BANDWIDTH 

- 1.8 - loan 

- 10km 

- 8 A  
- 8883A 

FRAME TIME - lmrc 

FOCAL PLANS ARRAY 
NUMBER OF PIXELS - mondbo 
PIXEL SIZE - W m  
FULL WELL CAPACITY - IO~ELECTRONS 

BACKORWND REMOVAL - ANALW TIME W A I N  FILTERIN0 

lMONAL TO NOISE RATIO - - 6  

LlOMTNlNO DETECTION EFFICIENCY - EO-WX 

DATA RATE - - 20 k Ma/m Ibffmd) 

F igu re  4. Example o f  , p o s s i b l e  sensor parameters. 

F igu re  5.  L i g h t n i n g  i n t e n s i t y  versus f i l t e r  
bandwidth for  cons tan t  SNR. 
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s t r e n g t h  o f  t he  l i g h t n i n g  s igna l .  For example, a 
sensor w i t h  t h e  va lues l i s t e d  i n  F igure 4 should 
d e t e c t  approx imate ly  80% o f  a l l  l i g h t n i n g s  wi th in 
i t s  f i e l d  o f  view. I f  the  f i l t e r  bandwidth were 
changed t o  from EA t o  5A and the  l e n s  speed were 
changed from F/1.5 t o  F/1.12, then the  d e t e c t i o n  
e f f i c i e n c y  would improve t o  90%. 
a re  many v a r i a b l e s  such as weight, power, cos t ,  
f i l t e r  bandpass s h i f t s ,  e t c .  t h a t  e f f e c t  t he  
o v e r a l l  system design i n  such a way t h a t  maximum 
sensor performance may n o t  be des i rab le .  

mapper w i l l  be d r i v e n  by d e t a i l e d  s c i e n t i f i c  
requirements, by s p e c i f i c  c a p a b i l i t i e s  o f  t he  
p l a t f o r m  i n t o  which t h e  sensor i s  i n t e g r a t e d  and 
by o v e r a l l  economic c o n s t r a i n t s .  A major  r e s u l t  
o f  t h e  l i g h t n i n g  mapper sensor f e a s i b i l i t y  
s t u d i e s  has been the  de te rm ina t ion  t h a t  t he  
combinat ion o f  modern s o l i d  s t a t e  mosaic f o c a l  
p lane a r r a y s  w i t h  ex tens i ve  onboard s igna l  
process ing p rov ides  a powerfu l  technique f o r  t he  
d e t e c t i o n  o f  weak, background contaminated, 
s igna ls .  The technology b e i n  a p p l i e d  t o  t h e  
l i g h t n i n g  mapper problem shouyd be e a s i l y  
adaptable f o r  o t h e r  atmospheric remote sensing 
a p p l i c a t i o n s .  The r e s u l t i n g  s t e e r i n g  sensors 
would have s i g n i f i c a n t  advantages over p resen t  
scanning systems. 

Obviously the re  

The f i n a l  des ign c o n f i g u r a t i o n  o f  a l i g h t n i n g  
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F. 8 

OBJECTIVE SCATTEROMETER WIND AMBIGUITY REMOVAL USING SMOOTHNESS AND DYNAMICAL CONSTRAINTS 

Ross N. Hoffman 

Atmospheric and Environmental Research, Inc. 
Cambridge, MA 02139 

1. INTRODUCTION 

In this study a variational analy- 
sis method (VAM) is used to remove the ambi- 
guity of the SEASAT-A Satellite Scatterometer 
(SASS) winds. At each SASS data point not one 
but 2, 3 or 4 wind vectors (termed ambigui- 
ties) are retrieved. The VAM is basically a 
least squares method for fitting data; the 
problem may be nonlinear. The VAM admits a 
variety of constraints, e.g., smoothness. The 
variational analysis the minimizer of an 
objective function 5 which is the sum of a sum 
of squares due to lack of fit to the data and 
terms which measure how poorly other con- 
straints are met. When one constraint is 
smoothness, a measure of roughness is added to 
the objective function. A simple measure of 
roughness is the integral of the square of the 
Laplacian. Each constraint is weighted by a 
factor which depends on the accuracy of the 
constraint. This work extends an earlier 
study (Hoffman, 1982; hereafter referred to as 
bM). In DM only surface wind data were used; 
here smoothness and dynamical constraints on 
the surface wind analysis are also used. 

The method used in this study is 
conceptually very much like thgt of Wahba and 
Wendelberger (1980). However, the problem of 
analyzing the SASS data is inherently nonli- 
near. The constraints used require the analy- 
sis to be smooth and dynamically consistent. 
These constraints are expected to hold only 
approximately and thus enter the problem as 
"weak" constraints in the sense of Sasaki. 

The SEASAT scatterometer actually 
measured radar backscatter (00 )  at a frequency 
near 14.6 GHz from the ocean surface with for- 
ward and backward pointing antennas on either 
side of the satellite. Measurements made by 
the forward and backward pointing antennas at 
a single ocean location may be inverted to 
obtain surface winds; excluding nadir data 
locations 2, 3 or 4 wind vectors are obtained 
at each data location (Jones et al., 1982; 
Schroeder et al., 1982). At nadir locations 
only the wind magnitude is retrieved. Two 
procedures have been used to group the uo 
measurements for inversion: (1) pairing mea- 
surements, one from each antenna and (2) binn- 

all measurements within a small (e.g., 1' 
x I") geographic region. Examples using 
paired SASS winds are presented below. These 
data are from the GDR 

(Geophysical Data Record) data sets obtained 
from EDIS (now NESDIS-NOAA). 

The ambiguity of the scatterometer 
winds is mostly of a directional nature. The 
variation of wind speed among the ambiguities 
(Fig. 1) is generally well within the expected 
errors of the scatterometer wind magnitudes (* 
2 m/s or 10%). Since the variation in wind 
speed among the ambiguities is small, the 
ambiguity average or rms wind speed is repre- 
sentative. For convenience we have taken the 
scatterometer wind speed to be the ambiguity 
rms wind speed. 

The objective function S is 
defined below in Section 2. Minimiz%g 5 
yields the analysis. The analysis procedure 
was tuned and its sensitivity was examined 
using the QE I1 case as an example; the pro- 
cedure is applied to a second case in Section 
3. A discussion of the method and of the 
feasibility of applying the method to global 
data sets follows in Section 4 .  

2. THE OBJECTIVE FUNCTION 

The VAM finds the best fit to the 
data and constraints by minimizing the objec- 
tive function A. Thus 5 must accurately mea- 
sure lack of fit to the data and con- 
straints. Since 5 essentially defines what is 
meant by "best fit" a proper specification of - S is crucial to the success of this method. 

I ,  I 

0 tn lo 

Rms (m 
Fig. 1. Standard deviation versus 

rms SASS wind magnitudes. These statistics 
are defined in terms of an average over the 
SASS wind ambiguities for a single SASS data 
location. Data used are for 00 h - 06 h GMT 6 
September. 
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Table 1. Measures of lack of fit. The objec- 
tive function is a weighted sum of 
the Si; each Si measures lack of fit 
to data or a constraint. The mnemo- 
nic devices are used in the text and 
Table 2 in place of integer values 
for 1. 

Data/constraint 
i used in Si Mnemonic 

Previous forecast FORE 
Conventional surface wind C O W  
SASS wind vectors SASS 
SASS wind magnitudes 
Velocity components VEL 
Velocity potential DIV 
Velocity stream function VORT 
Vorticity evolution DYN 

I SASS I 

In this study, 2 is considered to 
be a function of the wind analysis , and is 
defined as a weighted sum of lack of fits to 
the data and constraints: 

Given any wind analysis, each Si measures the 
lack of fit (expressed in m2 ) of this 
analysis to the ith type of data or the ith 
constraint. The Si are summarized in Table 
1. Since the constraints used here are all 
weak constraints all the Si may be thought of 
as sums of squares. The Xi are weights which 
control how closely the minimizing analysis 
fits each type of data or constraint. One of 
the Xi is arbitrary; in this work X1 t 1. 

In the text below is allowed to 
be one of the mnemonic devices defined in 
Table 1 or to be an integer. Conceptually the 
Si for i - 1,2,3,4 are similar to the measures 
of lack of fit used in DM, but a number of 
changes has been made for computational con- 
venience and to avoid multiple solutions. 
Brief descriptions of the other Si follow. 

The velocity increments, i.e. the 
difference between the analysis and forecast 
velocities, is required to be smooth in the 
minimizing analysis by including in the objec- 
tive function measures of the roughness of the 
velocity increments, velocity stream function 
and the velocity potential function. The 
simplest measure of roughness suggested by 
Wahba (1981) is used. The objective function 
also includes a dynamical constraint, defined 
by " 

'DYN - T2 // 2-1 (2)' 
which measures how fast the vorticity of the 
analysis is changing. In evaluating ac;/at 
vertical advection of c and the solenoidal 
terms are neglected and friction is specified 
in terms of the bulk aerodynamic or drag for- 
mulation& T is a convenient time ,scale taken 
to be 10 8 .  

3. RESULTS 

The VAM was tested and tuned using 
the QE I1 ,case at 12 h GMT 10 September 
1978. This case has been studied extensively 
by Gyakum (1983). Gyakum (1983) used the SASS 
winds in his analysis and performed a 
subjective ambiguity removal which compares 
well with the objective ambiguity removals 
presented in DM (cf. Fig. 14, Gyakum, 1983; 

A case study is made here of an 
Fig. 7b, DM). 

intense cyclone centered S of Japan at 138'E, 

a -  
2s m s* 

- 
110.1 1YT t 1500'1 11w 1 

b + 
25 m ti'' 

4'1 

l.I 

**I 

Fig. 2. Data €or the case of 00 h 
GMT 6 September 1978. (a) The NMC analysis 
valid at this time. The area plotted is the 
analysis domain. (b) The conventional surface 
wind observations in a 13 h time window cen- 
tered on 00 h CMT. In (b) and subsequent 
plots only the central part of the analysis 
domain which is outlined in (a) is shown. 
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In this 30'N at 00 h GMT 6 September 1978. 
case the maximum SASS wind speeds are -20 ms- 
and one ship reported winds in excess of 
30 ms-l . Two minimizing analyses are pre- 
sented here: Case A uses a 2' x 2' grid, 
while Case B uses a 1' x 1' grid. The fore- 
cast wind and conventional data are shown in 
Fig. 2. For this experiment the forecast wind 
is actually taken to be the NMC analysis of 
1000 mb and 1 interpolated to the analysis 
grid from the archived 2.5' x 2.5' grid (Fig. 
2a). All conventional data (Fig. 2b) and SASS 
data within f3h of the synoptic time are 
used. Presumably this conventional data was 

used in the NMC analysis, but the high wind 
speeds observed are not evident in NMC analy- 
sis. The minimizing analyses are described in 
Table 2 and Figs. 2-4. For the fine resolu- 
tion analysis the demand for smoothness was 
increased. 

The pattern of the resolved SASS 
winds seems most coherent for case B (Fig. 
3) .  In bott cases a strong vorticity maximum 
of -2 x (10 E)'' is seen but the position of 
the center agrees best with the conventional 

(3 
25 m 8-1 

a 
40.1 

35.I 

20.N 

Wl us-1 1407 IU'l lWt 

e 
25 m 1-1 

b 

Pig. 3. Minimizing analyses for 
00 h GMT 6 September 1978. Panels (a) and (b) 
correspond to cases A and B of Table 2. Iao- 
tachs plotted in ms'l. 

I 
wf 1U.f wt 145'f 1wt 

Fig. 4. Resolved SASS winds for 
the corresponding analyses of Fig. 2. The 
data for this orbit are within 1 h of the 
synoptic time. The ambiguity has been removed 
by choosing the SASS wind vector for which the 
vector difference between the analysis wind 
interpolated to the data location and the SASS 
wind is smallest. At nadir locations octagons 
proportional to the observed SASS wind speeds 
are plotted. 
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Table 2. Values of Ni, Xi, and Si (m2 s-') 
for 00 h GMT 6 September 1978. 
Cases A and B correspond to panels 
(a) and (b) of Figures 2-4. The 
analysis domain is 110"-170"E and 
0"-60"N. The analysis grid is 2" x 
2" for A and 1" x 1' for B. 

Case A B - 
i Xi si Xi si 

FORE 
cow 
SASS 

I SASS I 
VEL 
DIV 
VORT 
DYN 

1 
64 
12 
16 
1 
4 
1 
16 

36367 
1814 
6786 
1308 
12258 
2409 
6729 
920 

1 
64 
12 
16 
4 
16 
4 
64 

21719 
1622 
6935 
1433 
7266 
777 
4773 
299 

data for Case B (Fig. 4, Fig. 2b). In the 
analysis using the 1" x 1" grid (Case B) there 
is a distinct secondary vorticity maximum NE 
of the main circulation, while case A shows a 
wind shift along a line oriented WSW-ENE. In 
this area a wind shift is evident in Fig. 3 
and a front is seen in the DMSP imagery, In 
this area of the plots and in the SE corner of 
the plots the available conventional data is 
not sufficient to resolve the SASS ambiguities 
and the analysis procedure resolves the ambi- 
guities differently in each case. 

4, DISCUSSION 

In this study, the VAM uses only 
surface wind data and constraints. Generally, 
to properly use other types of data and/or 
constraints requires a model of the boundary 
layer. Other data and constraints which are 
potentially useful and which could be included 
within the VAM are surface pressure observa- 
tions, cloud imagery and cloud track wind 
vectors. In principle all the available data 
could be used in the analysis system. For 
example, within the context o f  numerical 
weather prediction, the analyzed variables 
might be surface pressure and temperature, and 
winds and water vapor mixing ratio in the 
lowest layer or layers of the model. Consi- 
dering only oceanic areas and assuming that 
sea surface temperature is known, then any 
observed quantity in the boundary layer may be 
diagnosed from the values of the analyzed 
variables. Thus the VAM would minimize the 
differences between the observed and diagnosed 
values of all observations in the boundary 
layer. Potentially, this approach has some 
interesting and advantageous applications. 
For example, if the boundary layer model diag- 
noses cloud then the observed presence or 
absence of low level cloud may be used as 
data. Also the boundary layer model could 
diagnose surface stress which in turn could be 
used to compute radar backscatter for compari- 
son with the SASS uo values. 

Global analyses are possible. The 
methods presented here can be used with global 
data sets. From a computation standpoint the 
limiting factor is storage for the gridded 
arrays and to a lesser extent for the paired 
SASS data. A 2" x 2" global analysis using 
the binned data (>lo000 points) and all avail- 
able conventional data 07000 points) requires 
several (<lo) minutes of Amdahl V-7 cpu 
time. In addition, the method is amenable to 
vectorization; there is for example no search- 
ing as in statistical (i.e. optimal) interpo- 
lation. In preliminary global experiments, 
there were some problems at high latitudes 
because of the large reflectivity of sea 
ice. Since these points are grouped together 
they colloborate themselves and pass the data 
screening tests. 
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G. 1 

A COMPARISON OF REAL-TIUE SATELLITE RAIN ESTIMATES 
AND RADAR DATA 

John A. Augustine and C e c i l i a  G i r z  G r i f f i t h  

NOAA/ERL Weather Research Program 
Boulder, Colorado 

1. INTRODUCTION 

I n  1979 NOAA's Environmental Research 
Labora to r ies  e s t a b l i s h e d  t h e  Program f o r  
Regional Observing and forecast rng Serv i ces  
TPROFS) to- incorporate t h e  l a t e s t  i n  computing 
and me teo ro log i ca l  t echno log ies  i n t o  weather 
f o r e c a s t i n g .  The cen te rp iece  o f  t h i s  system i s  
a w o r k s t a t i o n  c o n s i s t i n g  o f  a h i g h - r e s o l u t i o n  
c o l o r  v ideo d i s p l a y  mon i to r  and a u s e r - i n t e r f a c e  
dev ice t o  accept f o r e c a s t e r  commands ( S c h l a t t e r  
., e t  a1 1984). I n  1982 PROFS requested t h a t  t h e  
\ leather Research Program implement t h e  - Convective i n f r a r e d  Sate1 1 i t e  Technique (CIST) , 
developed by ERL s c r e n t i s t s  ( Z r i f f i t h  e t  al., 
1978, Woodley e t  a1 ., 1980, Augustine mal., 
1981), on t h e  works ta t i on .  The purpose was t o  
p r o v i d e  anc i  1 l a r y  est imates o f  convec t i ve  
r a i n f a l l  ou ts ide  t h e  range o f  t he  l o c a l  weather 
radars. A r e a l  t i m e  ve rs ion  o f  t h e  a l g o r i t h m  
was entered and t e s t e d  b u t  has not  y e t  been 
inco rpo ra ted  i n t o  t h e  works ta t i on .  This  paper 
concerns t h e  f i n a l  phase o f  t h i s  e f f o r t  - t o  
determi ne t h e  c r e d i  b i  1 i ty  o f  t h e  a1 g o r i  thm 
through a comparison o f  r a i n  est imates and radar  
r e f l e c t i v i t y  data over  t h e  eas te rn  p l a i n s  o f  
Colorado and Wyoming. I n  do ing so t h e  authors 
hope t o  document t h e  techn ique ' s  successes and 
l i m i t a t i o n s  i n  a r e a l - t i m e  mode and t o  determine 
t h e  best approach t o  improv ing it. 

2. THE STREAMLINED TECHNIQUE 

As o r i g i n a l l y  d e r i v e d  and subsequently 
tes ted ,  CIST i s  a l i f e  h i s t o r y  technique. That 
i s ,  a sequence o f  images t h a t  cover t h e  l i f e  
h i s t o r y  o f  a convec t i ve  e n t i t y  must be a v a i l a b l e  
be fo re  a r a i n  volume can be computed. Given a 
l a r g e  reg ion  where a number o f  convec t i ve  
e n t i t i e s  e x i s t  a t  one t ime, t h e  complex i ty  o f  
making r a i n  est imates w i t h  t h i s  ve rs ion  o f  t h e  
technique i n  any t i m e  frame o t h e r  than  a f t e r  t h e  
f a c t  i s  obvious. Fo r  t h i s  reason, f o r  t h e  near 
r e a l - t i m e  a p p l i c a t i o n s  a t  PROFS, we have a p p l i e d  
a ve rs ion  o f  t h e  techn ique  t h a t  does no t  
i n c o r p o r a t e  t h e  l i f e  h i s t o r y  aspect. Th i s  
v e r s i o n  i s  h e r e i n  r e f e r r e d  t o  as t h e  s t reaml ined  
technique. It was f i r s t  descr ibed i n  Waters e t  - a1 ., 1978 and has been a p p l i e d  t o  1 a n d f a l l i K j  
hu r r i canes  s i n c e  1974. I t s  va lue l i e s  i n  i t s  
u t i l i t y  t o  r e a l - t i m e  a p p l i c a t i o n s  o f  s a t e l l i t e  
r a i n f a l l .  

I n  t h e  s t reaml ined  vers ion,  c loud  areas are 
measured on t h e  s a t e l l i t e  image a t  t h e  -2OOC 
t h r e s h o l d  and t h e  f r a c t i o n a l  coverage o f  t he  
co lde r  contours are determined as i s  done i n  t h e  
l i f e  h i s t o r y  vers ion.  The r a i n  volume equat ion 
t h a t  app l i es  t o  t h e  l i f e  h i s t o r y  ve rs ion  i s  a l s o  
used i n  t h e  s t reaml ined  technique, namely, 

Rv= I x ( A E / A ~ )  x AM x laibi x A t  

Under t h e  l i f e  h i s t o r y  scheme, w i t h  t h e  
except ion of bi, each te rm i n  (1 )  i s  a f u n c t i o n  
o f  t h e  c loud ' s  l i f e c y c l e .  I n  t h e  s t reaml ined  
technique, each c loud  on each image i s  assumed 
t o  e x i s t  a t  i t s  maximum area (A,,,). Th is  then 
s p e c i f i e s  a va lue f o r  I o f  16.7 x m3-h-l- 

km'2 and f o r  (AE/AM) o f  0.0667. Because no l i f e  
h i s t o r y  i n f o r m a t i o n  i s  requ i red  by t h e  
s t reaml ined  technique, each image i s  processed 
i n d i v i d u a l l y .  I n  making the  r a i n  est imates f o r  
an image, t h e  a l g o r i t h m  i s o l a t e s  clouds above 
t h e  p resc r ibed  th resho ld ,  and computes t h e  
necessary parameters f o r  Eq. (1)  as w e l l  as the  
subsequent r a i n  volume. These r a i n  volumes a re  
appor t ioned over t h e  c loud  top  area, p i x e l  by 
p i x e l ,  i n  t h e  manner p resc r ibed  by t h e  
apport ionment f u n c t i o n  (Augustine e t  a1 ., 
1981). A f t e r  t h e  e n t i r e  image i s  p r o c e s s e d , a  
r a i n f a l l  image r e s u l t s  w i t h  each p i x e l  o f  t h e  
s a t e l l i t e  image hav ing  been assigned a r a i n  
depth i n  m i  11 imeters. I n  pas t  comparisons 
between r e s u l t s  generated by both ve rs ion  o f  t h e  
technique d i f f e rences  i n  t h e  r a i n f a l l  pa t te rns  
d e r i v e d  f rom t h e  s t reaml ined  and l i f e  h i s t o r y  
vers ions have shown t h a t  t h e  s t reaml ined  ve rs ion  
of t h e  technique preserves t h e  r a i n  volume as 
computed by t h e  l i f e  h i s t o r y  scheme t o  w i t h i n  
10%. 

An added m o d i f i c a t i o n  t o  t h e  a p p l i c a t i o n  o f  
t h i s  technique t o  t h e  High P la ins  environment i s  
a c o r r e c t i o n  f o r  environmental d i f f e r e n c e s .  The 
e m p i r i c a l  r e l a t i o n s h i p s  i n  Eq. (1) were de r i ved  
f o r  f r e e  convect ion i n  a s u b t r o p i c a l  s e t t i n g .  
G r i f f i t h  e t  al., (1981) d iscuss t h e  a p p l i c a t i o n  
o f  t h e s e x i o n s h i p s  t o  t h e  U.S. High P la ins  
and show t h a t  t h e  convec t i ve  r a i n  est imates must 
be ad jus ted  based on r e g i o n a l  d i f f e r e n c e s  
between t h e  sub t rop i cs  and t h e  High P la ins .  The 
most successfu l  c o r r e c t i o n  f a c t o r  used a one- 
dimensional cumulus c loud  model t o  parameter ize 
t h i s  d i f f e r e n c e .  Although t h i s  c o r r e c t i o n  
m o d i f i c a t i o n  was no t  a p p l i e d  f o r  t h i s  r e p o r t  t h e  
r e s u l t s  t o  be presented demonstrate a c l e a r  need 
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f o r  such an adjustment when t h e  technique i s  
app l i ed  t o  Colorado's eastern p l a i n s .  

3. DATA 

3.1 S a t e l l i t e  data 

GOES-West d i g i t a l  thermal i n f r a r e d  imagery 
were used i n  making t h e  r a i n  est imates used f o r  
t h i s  study. GOES-West i s  a geos ta t i ona ry  
s a t e l l i t e  p o s i t i o n e d  over  t h e  equator a t  
135OW. The nominal r e s o l u t i o n  o f  i t s  thermal 
i n f r a r e d  sensor i s  8 km a t  t h e  subpoint ;  
tempora l ly ,  imagery are c o l l e c t e d  on ha l f -hou r  
i n t e r v a l s  a t  15 minutes and 45 minutes past  t h e  
hour. 

The data used were c o l l e c t e d  by t h e  
NOAA/NCAR-operated ground s t a t i o n  i n  Boulder. 
D i g i t i z a t i o n ,  s e c t o r i z a t i o n  and a r c h i v i n g  o f  
these data are r o u t i n e l y  c a r r i e d  ou t  a t  PROFS. 
O f  t h e  many s a t e l l i t e  products  produced, t h i s  
s tudy employed t h e  i n f r a r e d  " reg iona l  sca le "  
sec to r ,  which i s  centered.  on Colorado and i s  
roughly  1000 km on a side. Although t h e  area o f  
eas te rn  Colorado and southeast Wyoming t h a t  i s  
under qadar coverage i s  bu t  a smal l  subset o f  
t h i s  l o 6  km2 area, r a i n  est imates were made over 
t h e  e n t i r e  reg iona l  sca le  so as t o  i n s u r e  t h a t  
t h e  t r u e  c loud  areas were used i n  t h e  r a i n  
c a l c u l a t i o n  f o r  those convect ive clouds whose 
c loud  tops were only  p a r t i a l l y  w i t h i n  t h e  radar  
coverage. 

Once t h e  reg iona l  sca le  r a i n f a l l  image was 
created, a sma l le r  area roughly  corresponding t o  
t h e  area i n  F ig .  1 (bu t  a t  t h e  s a t e l l i t e  
p r o j e c t i o n )  was subset f o r  t h e  radar  
comparisons. The dimensions o f  t h e  subset area 
were 64 p i x e l s  by 64 l i n e s ,  and geograph ica l l y  
covered Colorado, southern Wyoming, southwest 
Nebraska and western Kansas. This area i s  
r e f e r r e d  t o  as t h e  "eastern Colorado sca le "  and 
was t h e  area over which a l l  subsequent analyses 
and comparisons were made. 
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The t i m e  d i f f e r e n c e  i n  t h e  r a i n  volume 
computation o f  Eq. (1) was assumed t o  be one- 
h a l f  hour - t h e  nominal t ime  between successive 
images. Consequently, each r a i n f a l l  image 
represents  r a i n f a l l  accumulations over one-half 
hour, and should no t  be confused w i t h  t h e  
instantaneous r a i n  r a t e s  u s u a l l y  d i sp layed  f o r  
radar data. 

3.2 Radar data 

Low l e v e l  r e f l e c t i v i t y  data from t h e  NWS 
Limon, Colorado (WSR-57) and Cheyenne, Wyoming 
(WSK-74) radars are an i n t e g r a l  p a r t  o f  t h e  
PROFS data i n g e s t  system. Product generat ion 
so f tware  assumes t h a t  t h e  range o f  each o f  these 
radars i s  230 km. Because t h e  d i s tance  
separa t i ng  t h e  two s i t e s  i s  l ess  than t w i c e  
t h e i  r unambiguous ( rada r )  range, t h e i  r 
respec t i ve  coverages have a common area 
conta ined w i t h i n  no r theas te rn  Colorado. Before 
they are arch ived,  t h e  two f i e l d s  o f  data are 
merged c r e a t i n g  a "mosaic" product ,  and then 
mapped t o  a Lambert conformal p r o j e c t i o n  (F ig .  
1) .  The broken l i n e  midway between the  two 
radars i n  Fig. 1 i s  t h e  merger l i n e ;  no r th  o f  
t h i s  l i n e  Cheyenne data a re  used, and south o f  
it, Limon data are used. I n  instances when one 
radar  i s  not  operat ive,  t h e  e n t i r e  coverage o f  
t h e  working radar  i s  re ta ined .  The temporal 
frequency o f  t h i s  product  i s  15 minutes, 
beginn ing on t h e  hour, f o r t u i t o u s l y  synchronous 
w i t h  t h e  image s t a r t  t imes o f  both GOES-East and 
GOES-West s a t e l l i t e  imagery and presumably i d e a l  
f o r  comparison w i t h  s a t e l l i t e - d e r i v e d  r a i n  
estimates. I n  r e a l i t y ,  however, t h e  t ime o f  t he  
s a t e l l i t e  data lags, by approx imate ly  seven 
minutes, t h a t  o f  t he  radar  data. This  delay 
accounts f o r  t he  t ime  requ i red  f o r  t h e  s a t e l l i t e  
sensors t o  mechanica l ly  reach t h e  area o f  
i n t e r e s t  w h i l e  i n  a f u l l - d i s k  scan. 

Areas w i t h i n  t h e  radar  mosaic envelope no t  
conducive t o  comparison w i t h  the  s a t e l l i t e  r a i n  
est imates were the  ground c l u t t e r  area w i t h i n  20 
km o f  t he  radar, areas o f  anomalous propagat ion 
( u s u a l l y  found adjacent  t o  t h e  20-km ground 
c l u t t e r  area)  and r e t u r n  s i g n a l s  f rom t h e  F ron t  
Range o f  t h e  Rocky Mountains. Owing t o  t h e  
d i s tance  o f  Limon f rom the  mountains, on l y  Pikes 
Peak was c o n s i s t e n t l y  w i t h i n  t h e  f i e l d  o f  view 
o f  t he  radar, a l though o the r  F ron t  Range peaks 
were i n  view on occasion. C h ey en ne ' s 
l i m i t a t i o n s  were more severe. I t s  l ow- leve l  
beam i s  i n t e r c e p t e d  70 km t o  t h e  west by t h e  
Laramie Range, and t o  t h e  southwest by t h e  F r o n t  
Range o f  Colorado. Therefore t h e  reader should 
note t h a t  on l y  a smal l  area west o f  Cheyenne i s  
covered i n  t h e  analyses t o  fo l l ow .  

I n  o rde r  t o  compare d i r e c t l y  t h e  s a t e l l i t e -  
d e r i v e d  r a i n f a l l  w i t h  t h e  radar  r e f l e c t i v i t y  
data on smal l  sca les,  t h e  radar  data had t o  be 
( 1 )  remapped f rom Lambert conformal t o  t h e  
s a t e l l i t e  p r o j e c t i o n ,  ( 2 )  subset t o  t h e  same 
area as t h e  s a t e l l i t e  r a i n f a l l '  comparison area 
and ( 3 )  reduced t o  t h e  r e s o l u t i o n  o f  t h e  
s a t e l l i t e  data. The remapping program uses t h e  
n a v i g a t i o n  i n fo rma t ion  accompanying t h e  
s a t e l l i t e  image on which concurrent  radar  data 
are t o  be remapped. This  so f tware  u t i l i z e s  a 
f i l e  which con ta ins  t h e  l a t i t u d e  and l o n g i t u d e  
of every p o i n t  on t h e  radar  mosaic image. By 
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u s i n g  t h e  s a t e l l i t e  n a v i g a t i o n  i n f o r m a t i o n ,  t h e  
l o c a t i o n  o f  each r a d a r  d a t a  p o i n t  i s  remapped 
e i t h e r  by d i r e c t  n a v i g a t i o n  o r  i n t e r p o l a t i o n ,  t o  
t h e  s a t e l l i t e  p r o j e c t i o n  o v e r  an 
co  r e s  o n d i n g  t o  t h e  r e g i o n a l  s c a l e  ( - 10 
km'). The remapped r a d a r  image i s  t h e n  subset  
f r o m  t h e  r e g i o n a l  s c a l e  t o  t h e  e a s t e r n  Co lo rado  
sca le .  

3.3 E r r o r  c o r r e c t i o n  

The f i n a l  s t e p  o f  c o l o c a t i n g  t h e s e  two d a t a  
s e t s  was t o  o b j e c t i v e l y  remove any e r r o r s  t h a t  
were i n c u r r e d  ove r  t h e  arduous remapping 
procedure ,  and a l s o  t o  a d j u s t  t h e  p o s i t i o n i n g  of 
t h e  s a t e l l i t e  r a i n  e s t i m a t e s  a c c o r d i n g  t o  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 .  The p e r s p e c t i v e  
e r r o r  r e s u l t s  f rom u s i n g  t h e  c l o u d  t o p  
tempera tu re  s t r u c t u r e  t o  a p p o r t i o n  t h e  s a t e l l i t e  
r a i n  volume a t  t h e  s u r f a c e .  I d e a l l y ,  t h e  r a i n  
p a t t e r n  s h o u l d  be t r a n s l a t e d  v e r t i c a l l y  t h rough  
t h e  c l o u d  dep th  t o  t h e  s u r f a c e .  However, i n  
r e a l i t y ,  i t  i s  t r a n s l a t e d  a l o n g  t h e  l i n e  o f  
s i g h t  o f  t h e  s a t e l l i t e .  The geometry o f  t h e  
case s t u d i e d  i n d i c a t e d  t h a t  t o  c o r r e c t  t h e  e r r o r  
due t o  t h e  p e r s p e c t i v e  of t h e  s a t e l l i t e ,  t h e  
s a t e l l i t e  r a i n f a l l  g r i d  had t o  be s h i f t e d  by two  
i n f r a r e d  p i x e l s  southward  and one p i x e l  
westward. T h i s  ad jus tmen t  was a p p l i e d  u n i f o r m l y  
t o  eve ry  image presented .  However, when t h e  
r a d a r  image and p e r s p e c t i v e - c o r r e c t e d  s a t e l l i t e  
image were o v e r l a i d ,  s m a l l  e r r o r s ,  v a r y i n g  i n  
magn i tude and d i r e c t i o n ,  were n o t e d  i n  t h e  
placement o f  t h e  r a d a r  da ta .  C o r r e c t i v e  
d i sp lacemen ts  f o r  t h e  r a d a r  images were 
o b j e c t i v e l y  computed by b i l i n e a r  i n t e r p o l a t i o n  
o f  t h e  t r u e  ( l a t i t u d e ,  l o n g i t u d e )  l o c a t i o n  o f  
t h e  two r a d a r s  t o  t h e  c o r r e c t  l o c a t i o n  on t h e  
s a t e l l i t e  g r i d  ( a c c o r d i n g  t o  t h e  s a t e l l i t e  
n a v i g a t i o n  i n f o r m a t i o n ) .  The l a r g e s t  
d i sp lacemen ts  computed f o r  t h e  r a d a r  images 
p r e s e n t e d  i n  t h i s  s tudy  were s i x  i n f r a r e d  p i x e l s  
m e r i d i o n a l l y  and 1 i n f r a r e d  p i x e l  z o n a l l y .  

A f t e r  t h e s e  o b j e c t i v e  c o r r e c t i o n s  were 
a p p l i e d  t o  t h e  r a d a r  and s a t e l l i t e  r a i n f a l l  
a r rays ,  s m a l l  d i sp lacemen t  e r r o r s  were s t i l l  
n o t i c e a b l e .  However, because t h e  sources  o f  
t h e s e  e r r o r s  were n o t  c l e a r l y  known, no f u r t h e r  
o b j e c t i v e  c o r r e c t i o n s  were p o s s i b l e .  

3.4 Data P r e s e n t a t i o n  

As p resen ted ,  r e f l e c t i v i t y  con tou rs  a r e  
super imposed on t h e  s a t e l l i t e - i n f e r r e d  r a i n  
image. A two-s tep  g ray  s c a l e  r e p r e s e n t s  t h e  
h a l f - h o u r  s a t e l l i t e - d e r i v e d  r a i n  p a t t e r n .  The 
da rk  g ray  shade cor responds t o  t h e  s m a l l e s t  r a i n  
accumu la t i ons  (up  t o  1.5 mm i n  a h a l f - h o u r  
p e r i o d )  and t h e  l i g h t  g ray  r e p r e s e n t s  1.5 t o  6.3 
m p e r  h a l f  hou r .  The con tou rs  o v e r l a i d  on t h e  
g ray  s c a l e  image d e p i c t  bo th  t h e  r a d a r  coverage 
( t h e  e l l i p t i c a l  o u t e r  c o n t o u r )  and t h e  
r e f l e c t i v i t y .  Contoured r e f l e c t i v i t i t s  b e g i n  a t  
20 dBZ ( r o u g h l y  e q u i v a l e n t  t o  1 mm-h- a t  230 km 
w i t h  t h e  WSR-57) and a r e  i nc remen ted  by 20 dBZ 
up t o  80 dBZ. The r e a d e r  s h o u l d  n o t e  t h a t  t h e  
i n d i c a t e d  coverage o f  t h e  Limon radar ,  as 
d e p i c t e d  i n  t h e  f o l l o w i n g  f i g u r e s ,  i n c l u d e s  an 
e r roneous  area  wh ich  ranges from t h e  Co lo rado  - 
Nebraska b o r d e r  t o  e a s t e r n  Wyoming and i s  
r e c o g n i z e d  by an o r d e r e d  f i e l d  o f  s m a l l  diamond- 

shaped con tou rs .  (The b e s t  example o f  t h i s  i s  
i n  F i g .  4.) Th i s  i s  a consequence o f  a s o f t w a r e  
e r r o r  i n  t h e  r a d a r  remapping r o u t i n e  and t h e  
a f f e c t e d  area  s h o u l d  be i gno red .  The comparison 
o f  t h e  two f i e l d s  i n  t h e  f o l l o w i n g  d i s c u s s i o n  
concerns  t h e  cor respondence o f  t h e  r a i n  a reas  
o n l y ;  r a i n  amounts a r e  n o t  cons idered.  

4. RESULTS 

4.1 The case day 

June 12, 1983 was s e l e c t e d  t o  t e s t  t h e  
r e a l - t i m e  r a i n  e s t i m a t i o n  a l g o r i t h m  because a 
r e l a t i v e l y  comple te  and t i m e l y  d a t a  s e t  e x i s t e d  
i n  t h e  PHOFS a r c h i v e ,  and t h a t  d a y ' s  c o n v e c t i v e  
even ts  were w e l l  p o s i t i o n e d  w i t h  respec t  t o  t h e  
dua l  r a d a r  coverage. F o r  t h e  t i m e  p e r i o d  
s t u d i e d ,  t h e  l o c a t i o n  o f  t h e  s t o r m  complex was 
i n  an area  f r e e  o f  ground c l u t t e r  and anomalous 
p r o p a g a t i o n  w i t h  r e s p e c t  t o  Limon, however t h e  
coverage was n o t  as c l e a n  w i t h  r e s p e c t  t o  
Cheyenne, e s p e c i a l l y  i n  t h e  e a r l i e s t  images. 

Examina t ion  o f  t h e  sequence o f  s a t e l l i t e  
images over  t h e  cou rse  o f  t h e  day r e v e a l e d  t h a t  
a t  1200 GMT (0500 LST), remnants o f  t h e  p r e v i o u s  
d a y ' s  c o n v e c t i v e  s to rms had moved o u t  o f  e a s t e r n  
Co lorado and t h e  s k i e s  o v e r  t h e  e a s t e r n  p l a i n s  
were r e l a t i v e l y  c l e a r .  Smal l  cumulus c louds  
were e v i d e n t  f o r m i n g  ove r  t h e  f o o t h i l l s  s h o r t l y  
a f t e r  s u n r i s e ,  and by 1800 GMT, c o n v e c t i v e  
s to rms were n o t i c e a b l e  a l o n g  t h e  n o r t h e r n  r e g i o n  
o f  t h e  C o l o r a d o ' s  F r o n t  Range and ove r  sou theas t  
Wyoming. Between 1800 and 2000 GMT t h e  s t o r m  
complex grew e x p l o s i v e l y  and began moving 
eas tward .  A t  2000 GMT ( F i g .  2 )  o v e r s h o o t i n g  
t o p s  were e v i d e n t  a l o n g  t h e  Col orado-Wyomi ng 
bo rde r ,  i n d i c a t i n g  v igo rous  u p d r a f t s .  The b u l k  
o f  t h e  canopy was n o t  ex t reme ly  co ld ,  w i t h  m s t  
o f  t h e  tempera tu res  i n  t h e  -42O t o  -52OC 
range. There were a few, s m a l l  o v e r s h o o t i n g  
t o p s  t h a t  were c o l d e r  t h a n  -52OC. T h i s  complex 
s u s t a i n e d  i t s e l f  as i t  moved eas tward  towards  
Nebraska. Conf i rmed r e p o r t s  f r o m  s t o r m  
i n t e r c e p t  teams i n d i c a t e d  t h a t  s e v e r a l  seve re  
thunders to rms  moved ac ross  n o r t h e a s t  Co lo rado  
d u r i n g  t h e  a f t e r n o o n  o f  12 June, however, by 
2000 GMT t h e i r  a n v i l s  had merged, and appeared 
on t h e  s a t e l l i t e  imagery  as one l a r g e  sys tem 
( i n d i c a t e d  by " A "  on F ig .  2 ) .  By 0100 GMT on 13 

F i g .  2. Thermal i n f r a r e d  image (MB enhanced) 
f o r  2000 GMT on 12 June 1983. " A "  i n d i c a t e s  t h e  
n o r t h e r n  Co lo rado  - s o u t h e a s t  Wyoming s t o r m  
complex. 
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June t h e  s t o r m  complex had moved e n t i r e l y  ou t  o f  
Co lorado.  The PROFS da ta  a r c h i v e  f o r  t h a t  day 
cove red  t h e  f o r m a t i o n ,  g rowth  and eas tward  
p rog ress  o f  t h e  s t o r m  complex. The t imes  f o r  
wh ich  c o n c u r r e n t  r a d a r  and GOES-West d i g i t a l  
imagery were a c c e s s i b l e  a l o n g  w i t h  t h e  r a d a r  
coverage f o r  t h o s e  t i m e s  a r e  l i s t e d  i n  Tab le  1. 

Tab le  1 

A r c h i v e d  d a t a  f o r  June 12, 1983. 

Time (GMT) Avai  l a b l e  r a d a r  coverage 

1815 Limon and Cheyenne 

1845 Limon 

1945 Limon and Cheyenne 

2U15 Limon and Cheyenne 

2u45 

2245 

Ch eye n n e 

C h ey en ne 

4.2 The s a t e l l i t e  r a i n f a l l  r a d a r  r e f l e c t i v i t y  
compar ison  

Because t h e s e  s a t e l l i t e  r a i n f a l l s  were n o t  
a d j u s t e d  f o r  env i ronmen ta l  d i f f e r e n c e s ,  we 
expec ted  t h e  s a t e l l i t e  r a i n  a reas  t o  be more 
e x t e n s i v e  t h a n  t h e  r a d a r  t h r e s h o l d  r e f l e c t i v i t y  
a reas .  That  e x p e c t a t i o n  was met; however, what 
was a l s o  apparent  was t h a t  t h e  most i n t e n s e  
s a t e 1  1 i t e  r a i n  a reas  c o r r e l a t e d  we1 1 w i t h  t h e  
r e f  l e c t i  v i t y  areas. 

A t  1815 GMT ( F i g .  3 )  t h e  r a d a r  r e f l e c t i v i t y  
p a t t e r n  i n d i c a t e s  t h a t  t h e  t h u n d e r s t o r m  complex 
was a l r e a d y  i n t e n s e .  It i s  made up of two 
p redomina te  echo areas :  one shaped l i k e  an 
i n v e r t e d  V and e x t e n d i n g  f r o m  s o u t h e a s t  Wyoming 
i n t o  n o r t h e a s t  Co lorado,  t h e  o t h e r  an i s 0 1  a t e d  
echo l o c a t e d  immed ia te l y  sou th  o f  t h e  i n v e r t e d  V 
p a t t e r n .  (Radar r e t u r n s  t o  t h e  sou th  o f  t h e  
a c t i v e  r e g i o n s  r e p r e s e n t  t h e  s i g n a l  r e f l e c t e d  
f r o m  P i k e ' s  Peak t o  t h e  west  o f  Limon and 
anomalous p r o p a g a t i o n  s u r r o u n d i n g  t h e  Limon 
s i t e  on t h e  eas t . )  Each o f  t h e s e  areas  
c o n t a i n s  maximum r e f l e c t i v i t i e s  i n  excess o f  40 
dBZ. The t o t a l  a rea  o f  s a t e l l i t e  e s t i m a t e d  
r a i n f a l l  t h a t  i s  c o n t a i n e d  i n  t h e  coverage of 
t h e  r a d a r  i s  a g r e a t  dea l  l a r g e r  t h a n  t h e  
r e f l e c t i v i t y  area. However, t h e  h e a v i e s t  
s a t e l l i t e  r a i n  accumu la t i ons  ( l i g h t  g r a y )  appear 
t o  be w e l l  c o r r e l a t e d  w i th  t h e  echo areas. 
A l though  t h e  s a t e l l i t e  r a i n  co res  a r e  d i s p l a c e d  
sou th  and e a s t  o f  t h e  echo areas, t h e  i n v e r t e d  
V-shaped echo appears t o  co r respond  t o  t h r e e  
l i g h t  g ray  s a t e l l i t e  r a i n  a reas ,  two s t r a d d l i n g  
t h e  Colorado-Wyoming b o r d e r  and ano the r  t o  t h e i r  
sou thwest .  The i s o l a t e d  echo i n  n o r t h e r n  
Co lo rado  seems t o  co r respond  t o  t h e  s a t e l l i t e  
r a i n  c o r e  immed ia te l y  t o  i t s  eas t .  I n  c o n t r a s t ,  
t h e  l i g h t e s t  s a t e l l i t e  r a i n f a l l s ,  r e p r e s e n t e d  by 
t h e  dark  g ray  shade, appear t o  have l i t t l e  o r  no 
cor respondence t o  t h e  r a d a r  r a i n  a reas .  
( S a t e l l i t e  r a i n  a reas  t o  t h e  west and n o r t h w e s t  
o f  Cheyenne a r e  n o t  c o n s i d e r e d  because r a d a r  
coverage does n o t  e x i s t  t h e r e . )  

By 1845 GMT (F ig .  4 )  t h e  t h e  l a r g e  echo 
s t r a d d l i n g  t h e  Colorado-Wyomi ng b o r d e r  had 
i n c r e a s e d  i n  s i z e  and merged w i t h  t h e  i s o l a t e d  

F i g .  3. S a t e l l i t e - d e r i v e d  r a i n f a l l  image (mm) 
w i t h  r a d a r  coverage ( o u t e r  e l l i p t i c a l  c o n t o u r )  
and r e f l e c t i v i t y  con tou rs  ( >  20 dBZ) o v e r l a i d  
f o r  1815 GMT on 12 June 1983. Anomalous 
p r o p a g a t i o n  around Limon, and r e t u r n s  f r o m  
P i k e ' s  Peak a r e  e v i d e n t .  

I 

F i g .  4. Same as F i g .  3 b u t  f o r  1845 GMT. 
:Diamond-shaped r e f l e c t i v i t y  con tou rs  n o r t h  of  
t h e  r a d a r  coverage area  shou ld  be i gno red .  

c e l l  i n  n o r t h e r n  Co lorado.  It i s  unknown 
whether  o r  n o t  g rowth  o c c u r r e d  t o  t h e  n o r t h  
because t h e  Cheyenne r a d a r  was n o t  a v a i l a b l e  a t  
t h i s  t ime .  I t i s  i n t r i g u i n g  t h a t  t h e  same 

a s s o c i a t i o n  between t h e  r a d a r  r e f l e c t i v i t y  
p a t t e r n  and t h e  s t r o n g e s t  s a t e l l i t e  r a i n  a reas  
i s  a g a i n  apparent ,  b u t  a l s o  w i t h  a s l i g h t  
d i sp lacemen t  between t h e  two  f i e l d s .  As 
d e s c r i b e d  i n  s e c t i o n  3.3, o b j e c t i v e  c o r r e c t i o n s  
have been a p p l i e d  f o r  known e r r o r s  wh ich  wou ld  
r e s u l t  i n  o f f s e t s .  The observed d i sp lacemen ts  
may r e s u l t  f r o m  e r r o r s  i n  t h e  s o f t w a r e  o r  may be  
a t t r i b u t a b l e  t o  a m e t e o r o l o g i c a l  source. An 
obv ious  p h y s i c a l  cause wou ld  be v e r t i c a l  w ind  
shear  wh ich  wou ld  t i l t  t h e  s t o r m  i n  a downwind 
d i r e c t i o n .  Because t h e  s a t e l l i t e  e s t i m a t e d  r a i n  
volume i s  a p p o r t i o n e d  a c c o r d i n g  t o  t h e  c l o u d  t o p  
tempera tu re  p a t t e r n ,  t h e n  d i r e c t l y  t r a n s l a t e d  t o  
t h e  s u r f a c e ,  s t r o n g  v e r t i c a l  w i n d  shear  c o u l d  
r e s u l t  i n  t h e  p lacement  o f  t h e  i s o h y e t s  downwind 
o f ,  t h e  s t o r m  c e n t e r .  I n  t h e  12 June 1200 GMT 
sound ing  w e s t e r l y  w inds  were p r e s e n t  f r o m  700 mb 
t o  300 mb w i t h  a v e r t i c a l  speed shear  o f  ove r  40 
kno ts .  I f  such a w ind  p r o f i l e  was s u s t a i n e d  
th rough  t h e  day, i t  c o u l d  p a r t i a l l y  account  f o r  
t h e  observed d i sp lacemen ts .  

213 



Between 1845 and 1945 GMT t h e  a n v i l s  o f  t h e  
s e p a r a t e  s to rms merged and on t h e  s a t e l l i t e  
imagery  t h e  s t o r m  was d e p i c t e d  as one e n t i t y .  
The r a d a r  r e f l e c t i v i t y  con tou rs  i n  F i g .  5 show 
s e v e r a l  imbedded c e l l s  w i t h i n  t h e  c l o u d  mass 
t h a t  t h e  s a t e l l i t e  t e c h n i q u e  does n o t  r e s o l v e .  
However, as i n  p r e v i o u s  t i m e  p e r i o d s ,  t h e  heavy 
r a i n  a reas  ( l i g h t  g r a y )  a r e  w e l l  c o r r e l a t e d  w i t h  
t h e  r a d a r  echo areas .  S c a t t e r e d  echoes t o  t h e  
sou th  and southwest  o f  t h e  s t o r m  complex 
r e p r e s e n t  r e t u r n s  f r o m  t h e  mounta ins  and 
a noma 1 ous p ropaga t i on. 

F i g .  5. Same as F i g .  3 b u t  f o r  1945 GMT. 
Echoes f rom t h e  F r o n t  Range a r e  e v i d e n t  west o f  
t h e  l a r g e  echo complex. 

The r e f l e c t i v i t y  p a t t e r n  a t  2015 GMT i n  
F i g .  6 shows t h e  l a r g e  s t o r m  complex c o n t i n u i n g  
on i t s  t r e k  eas tward  w i t h  l i t t l e  obse rvab le  
change i n  a rea  o r  i n t e n s i t y  d u r i n g  t h e  p r i o r  
h a l f  hour .  To t h e  e a s t  o f  t h i s  complex a new 
echo appears on t h e  Colorado-Nebraska bo rde r .  
The s a t e l l i t e  r a i n  p a t t e r n  shows t h e  h e a v i e s t  
r a i n  a rea  b e g i n n i n g  t o  b reak  down on t h e  back 
s i d e  o f  t h e  storm, and a t  t h e  same t i m e  b u i l d  on 
t h e  s t o r m ' s  e a s t e r n  f l a n k  ( sou thwes t  Nebraska) 
where t h e  new r a d a r  echo i s  f o rm ing .  There 
remains f a i r l y  good agreement between t h e  
h i g h e s t  s a t e l l i t e  r a i n  a reas  and t h e  echo areas, 
b u t  w i t h  t h e  usua l  d i sp lacemen t  f o r  wh ich  t o  
account .  Anomalous r e t u r n  i s  aga in  obse rvab le  
f r o m  t h e  F r o n t  Range and around t h e  r a d a r  s i t e s .  

I 

nnm 
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F i g .  6. Same as F i g .  3 b u t  f o r  2015 GMT. 
Echoes. f r o m  t h e  F r o n t  Range a r e  e v i d e n t  i n  a 
l i n e  n o r t h  o f  P i k e ' s  Peak. 

The r a d a r  coverage a t  2045 CMT ( F i g .  7 )  i s  
a s p e c i a l  case o f  t h e  mosaic r a d a r  da ta .  The 
Limon d a t a  a re  m i s s i n g  and t h e  Cheyenne da ta  a r e  
c u t  o f f  a t  t h e  merger l i n e  shown i n  F i g .  1. 
Consequent ly  t h e  sou theas t  end o f  t h e  s a t e l  l i t e  
r a i n f a l l  a rea  may have c o n t a i n e d  some r a d a r  
r e f l e c t i v i t y  con tou rs  as t h e  area  d i d  a t  2015 
GMT when t h e  Limon da ta  were a v a i l a b l e .  

Bo th  t h e  r a d a r  and s a t e l  1 i t e  p a t t e r n s  
i n d i c a t e  t h a t  two  s e p a r a t e  a reas  of 
p r e c i p i t a t i o n  e x i s t  a t  2045 GMT. One i s  an area  
o f  w idespread low r e f l e c t i v i t y  which cor responds 
t o  t h e  s t o r m  complex t h a t  has been t r a c k e d  
eas tward  f r o m  t h e  f o o t h i l l s  o f  t h e  Rocky 
Mounta ins  and now appears t o  be weakening. The 
o t h e r  cor responds t o  t h e  g row ing  c e l l  wh ich  has 
formed a l o n g  t h e  Colorado-Nebraska bo rde r .  Each 
enve lope o f  r a d a r  r e f l e c t i v i t y  cor responds t o  an 
eas tward  d i s p l a c e d  l i g h t  g ray  r e g i o n  i n  t h e  
s a t e l l i t e  r a i n  image. F o r  t h e  f i r s t  t i m e  
however, t h e  low r e f l e c t i v i t y  on t h e  n o r t h  end 
o f  t h e  decay ing  s t o r m  complex l i e s  i n  a 
s a t e l l i t e - d e r i v e d  l i g h t  r a i n  area (da rk  g ray  on 
t h e  image).  

F" 
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F i g .  7. Same as F i g .  3 b u t  f o r  2045 GMT. I n  
t h i s  f i g u r e  r a d a r  d a t a  e x i s t  o n l y  n o r t h  of t h e  
merger l i n e  o f  t h e  two rada rs .  

A t  2245 GMT, (F ig .  8 ) ,  two hours  a f t e r  t h e  
p r e v i o u s  s a t e l l i t e - r a d a r  p a i r ,  t h e  Cheyenne 
r e f l e c t i v i t y  p a t t e r n  shows t h e  s t o r m  complex i n  
n o r t h e r n  Co lo rado  and ex t reme sou theas t  Wyoming 
t o  be r a t h e r  weak. I n  c o n t r a s t ,  t h e  sma l l  c e l l  
wh ich  formed l e s s  t h a n  t h r e e  hours  e a r l i e r  on 
t h e  Co lorado Nebraska b o r d e r  appears t o  have 
ga ined momentum on i t s  t r a c k  i n t o  t h e  Nebraska 
panhandle.  It i s  i d e n t i f i e d  by t h e  i n t e n s e  
r e f l e c t i v i t y  c o r e  on t h e  e a s t e r n  edge o f  t h e  
r a d a r  coverage. T h i s  i s  t h e  f i r s t  i n s t a n c e  
where t h e  r e f l e c t i v i t y  p a t t e r n  cor responds 
e n t i r e l y  t o  ve ry  l i g h t  s a t e l l i t e  r a i n f a l l  ( da rk  
g r a y ) ,  even though t h e r e  a r e  imbedded c e l l s  
wh ich  show r a d a r  r e t u r n s  i n  excess o f  40 dBZ. 
The reason f o r  t h i s  l i e s  i n  t h e  way t h a t  t h e  
s a t e l  l i t e - e s t i m a t e d  r a i n  volumes a r e  
appor t i oned .  F i g u r e  9 shows t h a t  by 2300 GMT 
t h e  canopy o f  t h e  s to rms t h a t  had p lagued  
n o r t h e a s t  Co lo rado  and s o u t h e a s t  Wyomi ny d u r i n g  
t h e  p r e v i o u s  f o u r  hou rs  ( i n d i c a t e d  by "A")  had 
merged, a t  l e a s t  a t  upper  l e v e l s ,  w i t h  a meso-p 
c o n v e c t i v e  complex i n  c e n t r a l  Nebraska 
( i n d i c a t e d  by " B " ) .  A t  t h a t  p o i n t  t h e  s a t e l l i t e  
t e c h n i q u e  c o n s i d e r e d  t h e  e n t i  r e  enve lope o f  t h e  
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two s torms as one e n t i t y  and consequent ly  
computed one r a i n  volume. Because t h e  meso-p 
system was much deeper and more widespread t h a n  
t h e  n o r t h e r n  Colorado storm, most o f  t h e  r a i n  
volume was a p p o r t i o n e d  t o  t h e  eas t  over  t h e  
h i g h e r  c l o u d  tops  o f  t h e  w s o - p  system, t h u s  
l e a v i n g  o n l y  low r a i n  depths f o r  t h e  more 
s h a l l o w  wes te rn  storm. 

F i g .  8. Same as F ig .  3 b u t  f o r  2245 GMT. 
Echoes f rom t h e  mountains west o f  Cheyenne a r e  
c l e a r l y  e v i d e n t .  

l a s t  pe r iod ,  r e s u l t s  i n d i c a t e d  t h a t  t h e  20 dBZ 
t h r e s h o l d  r e f l e c t i v i t y  areas corresponded we1 1 
t o  areas where t h e  s a t e l l i t e  r a i n f a l l  
accumulat ions exceeded 1.5 mm pe r  h a l f - h o u r  
pe r iod .  Where t h e  s a t e l l i t e  r a i n f a l l  was l e s s  
t h a n  1.5 mm, t h e  s a t e l l i t e  r a i n  areas exceeded 
t h e  r a d a r  r e f l e c t i v i t y  reg ions .  Problems w i t h  
t h e  r a i n f a l l  appor t ionment  scheme were 
hypo thes i zed  as t h e  cause o f  t h e  d i sc repancy  
between t h e  s i z e s  o f  t h e  s a t e l l i t e  and r a d a r  
r a i n  areas. The p o s s i b i l i t y  t h a t  t h e  sys temat i c  
d isp lacement  o f  t h e  sa te1  1 i t e  r a i n  areas south 
and east  o f  co r respond ing  r e f l e c t i v i t y  cores may 
be due t o  v e r t i c a l  w ind  shear  has a l s o  been 
d iscussed.  

A l though l i m i t e d  by o n l y  one case s tudy,  
t h e  au tho rs  a re  encouraged by these  p r e l i m i n a r y  
r e s u l t s .  Th i s  work succeeded i n  i s o l a t i n g  
problems which shou ld  be addressed b e f o r e  t h e  
r e a l  - t i m e  v e r s i o n  o f  CIST i s  t e s t e d  
o p e r a t i o n a l l y .  F u t u r e  research w i l l  be gu ided 
by these  f i n d i n g s .  New appor t ionment  schemes 
more a p p r o p r i a t e  t o  High P1 a i  ns c o n v e c t i v e  
storms w i l l  be t e s t e d ,  and f u t u r e  case s t u d i e s  
w i l l  be s t r a t i f i e d  on t h e  b a s i s  o f  wind shear.  
It i s  hoped t h a t  t h e  problems encountered can he 
c o r r e c t e d  s a t i s f a c t o r i l y  and t h a t  t h e  f o r e c a s t e r  
a t  t h e  PROFS w o r k s t a t i o n  soon w i l l  b e n e f i t  by 
t h i s  a d d i t i o n a l  t o o l .  

F ig .  9. T h e r m 1  i n f  r d r e d  iriiagcl (MB enhdncrd) 
f o r  2300 GMT on 12 June 1983. " A "  i n d i c a t e s  t h e  
n o r t h e r n  Colorado - sou theas t  Wyoming s to rm 
complex and "B"  i n d i c a t e s  t h e  meso-8 c o n v e c t i v e  
complex i n  c e n t r a l  Nebraska. 

5. SUMMARY AND CONCLUSIONS 

A r e a l - t i m e  v e r s i o n  o f  C I S T  has been t e s t e d  
w i t h  one case f o r  u l t i m a t e  imp lemen ta t i on  on t h e  
PROFS w o r k s t a t i o n .  T h i s  s t r e a m l i n e d  v e r s i o n  o f  
t h e  t e c h n i q u e  does n o t  use l i f e  h i s t o r y  
i n f o r m a t i o n ;  o n l y  c l o u d - t o p  tempera tu re  and area 
a r e  indexed.  I n  t h i s  p r e l i m i n a r y  e f f o r t ,  
s a t e l l i t e - d e r i v e d  r a i n  areas ( b u t  n o t  amounts) 
were compared t o  r a d a r  r e f l e c t i v i t y  da ta  f o r  s i x  
h a l f - h o u r  p e r i o d s  on 12 June 1983. 

I n  comparing t h e  t o t a l  envelopes covered by 
t h e  s a t e l l i t e  r a i n  es t ima tes  and t h r e s h o l d  rada r  
r e f l e c t i v i t i e s ,  t h e  s a t e l l i t e  r a i n  areas were 

. c o n s i s t e n t l y  l a r g e r .  However, i n  a l l  b u t  t h e  
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OBSERVATIONS OF DEEP CONVECTION FROM AN 
AIRBORNE HIGH-FREQUENCY (92 AND 183 GHZ) 

PASSIVE MICROWAVE RADIOMETER 

* 
Ida M. Hakkarinen and 'Robert F. Adler 

Goddard Laboratory for Atmospheric Sciences 
NASAIGoddard Space Flight Center 

Greenbelt, MD 20771 

1. INTRODUCTION 

A variety of techniques have been 
developed over the last decade to determine 
precipitation amount and intensity from 
satellite observations. Visible/infrared 
methods attempt to relate visual appearance and 
brightness temperature characteristics of the 
clouds in the imagery to precipitation. 
Microwave radiometric observations have the 
advantage of being more directly related to the 
precipitation mechanism, since upwelling 
radiation at microwave frequencies is affected 
by rain drops and ice particles in the cloud. 

1.1 Satellite Observations: Ocean 
Background 

Wilheit et al. (1977) developed a 
theoretical model for microwave radiative 
transfer through raining clouds over an ocean 
surface at frequencies of 19.35 and 37 GHz (1.55 
and 0.81 cm, respectively). This model was 
applied to brightness temperature measurements 
from the Electrically Scanning Microwave 
Radiometer (ESMR) (Wilheit, 1972) on Nimbus-5. 
Using WSR-57 radar observations of rain from 
four case study days and an independent 
radiometerIrain gauge ground-based test, they 
concluded that brightness temperatures at 
19.35 GHz could be related to average rain rates 
(over a dynamic range of 1-20 mmhr ) to within 
a factor of 2. 

More recently, Spencer et al. 
(1983a) have compared 37 GHz brightness 
temperatures from the Scanning Multichannel 
Microwave Radiometer (SMMR) (Gloersen and 
Hardis, 1978) on Nimbus-7 to rain rates derived 
from WSR-57 radar observations over the Gulf of 
Mexico. Their results indicated that the SMMR 
brightness"temperatures explained 72% of the 
variance of the rain rates. 

* 
Also affiliated with General Software 

Corporation, Landover, MD 20785. 

1.2 Satellite Observations: Land 
Background 

The large and highly variable 
emissivity of land surfaces poses a complexity 
in the interpretation of microwave observations 
of precipitation over land. Savage and Weinman 
(1975) demonstrated that scattering of 
hydrometeors is strong enough at 37 GHz to 
provide at least a qualitative estimate of rain 
extent over land. Rodgers et al. (1979) used 
statistical classification techniques to analyze 
dual-polarized 37 GHz data from the ESMR on 
Nimbus-6. These authors were able to 
distinguish between rain, lakes, and dry ground, 
but found it difficult to separate rain over 
land from wet round. When surface temperatures 
were between 5 and 15OC, the classification 
scheme broke down. 

B 

Two recent papers by Spencer et al. 
(1983b,c) have reported that very low Nimbus-7 
SMMR brightness temperatures at 37 GHz over land 
coincide with heavy thunderstorm rainfall. 
Their results, which compared average brightness 
temperatures over the 20 km SMMR footprint to 
average rain rates from digitized WSR-57 radar 
plan position indicator (PPI) images, indicated 
that the relationship between 37 GHz brightness 
temperatures and rain rate is approximately 
linear,-gnd holds up to rain rates of at least 
40 mmhr . 
1.3 Aircraft Observations At Higher 

Microwave Frequencies 

At microwave frequencies above 
90 GHz, the scattering effect of ice associated 
with convective rainfall has a large enough 
effect to produce brightness temperatures much 
colder than either the land or ocean backgrounds 
(Savage, 1976). Wilheit et al. (1982) used an 
aircraft-mounted fixed-view (45' angle) 
radiometer operating at 92 and 183 GHz to 
observe convective precipitation associated with 
a tropical storm over.the ocean. Their 
measurements found that brightness temperatures 
as low as 140 K were associated with heavy rain. 
Through radiative transfer modeling, they 
accounted for these extremely cold temperatures 
by scattering from precipitation-sized ice 
particles in the upper portion of the clouds. 
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The Advanced Microwave Moisture 
Sounder (AMMS)  is a four-channel passive 
scanning radiometer which is a scanning version 
of the instrument designed and used by Wilheit 
et al. (1982). It has been flown on NASA 
high-altitude (18 km) research aircraft. Three 
channels of the AMMS are centered about the 
183 GHz water vapor absorption line, with 
sidebands of 22 ,  +5, and +9 GHz, respectively. 
The fourth channel is located at 92 GHz, an 
atmospheric window. The radiometer scans 245 
degrees across track about the roll axis of the 
aircraft, and has a ground resolution from 18 km 
of 350 m (700 m) in the 183 (92) GHz channels. 
A more detailed description of the instrument 
and its engineering characteristics can be found 
in Gagliano and McCheehy (1981). 

Hakkarinen et al. (1982) and 
Hakkarinen (1983) have presented preliminary 
observations from the 92 GHz channel of the AMMS 
which show that areas of very low brightness 
temperature coincide with the more intense 
convective areas of thunderstorm cells. 
Patterns and gradients of the mtcrowave 
brightness temperatures are.similar in 
appearance to radar echoes. Using the radiative 
transfer model results of Wilheit et al. (1982), 
the authors inferred that an ice layer 3-5 km 
thick located above the freezing level in the 
cloud was sufficient to account f o r  the observed 
brightness temperatures in the range 120-150 K. 
A one-dimensional dynamic cloud model (Cheng, 
1981) with parameterized microphysics 
initialized with a representative local sounding 
produced values for the height and thickness of 
the ice layer which agreed well with the 
radiative transfer model calculations. 

In 1984, a multi-frequency 
microwave imager (SSM/I) on a Defense 
Meteorological Satellite Program (DMSP) Block-5D 
polar-orbiting satellite will be launched. The 
SSM/I will have a dual-polarized 85.5 GHz 
channel that has a footprint of 15 km. Analysis 
of the AMMS aircraft measurments should help 
clarify some of the observations which this new 
satellite will obtain, as well as provide 
information about the potential utility of 
high-frequency passive microwave sensors on 
geostationary satellites. 

The objective of this paper is to 
summarize the preliminary results of AMMS 
observations of convective raining clouds and to 
determine whether empirical relationships 
between rain rate and microwave brightness 
temperature, such as those developed €or 37 GHz 
satellite data by Spencer et al. (1983a), can be 
extended to higher microwave frequencies. 

2. AMMS ORSERVATIONS WITH AN OCEAN 
BACKGROUND 

During the afternoon hours of 
17 Sept 1979, a squall line formed off the 
eafltern coast of Florida near Palm Reach (PRI), 
and drifted slowly southeastward during the next 
several hours. The NASA WR-57F aircraft flew 
four E-W flight lines along the major axis of 
this cloud system. Figure l(a) shows the GOES 
visible satellite image from 1945 GMT with the 
aircraft position from 2006-2013 GMT marked by 

d 
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the black crosses (with time increasing toward 
the right). The AMMS 92 GHz imagery 
corresponding to this portion of the line is 
shown in Fig. l ( b ) ,  while Fig. l(c) displays the 
Miami (MIA) WSR-57 radar PPI image from 
2007 GMT. The microwave imagery has a 
fine-scale structure, and is qualitatively 
similar to the radar echoes. Regions of lowest 
brightness temperature tend to coincide with the 
areas of strongest radar reflectivity, which 
agrees with earlier observations by Wilheit 
- al. (1982). However, there are several 
elongated regions where the brightness 
temperatures are warmer than the ocean 
background temperature ( 260-264 K). Huang and 
Liou (1983) have modeled the effects of a 
precipitating cloud on upwelling microwave 
radiation at 85.5 GHz, and have shown that the 
brightness temperature at this frequency 
increases with increasing rain rate over an 
ocean surface until it saturates at some 
critical rain rate value. The reason for this 
is that the ocean is radiometrically cold in the 
microwave region, such that the absorption and 
emission processes due to the precipitating 
raindrops dominate. For 85.5 GHz, the 
saturation value is approximately 2 mmhr for a 
rain cloud thickness of 4.7 km. With larger 
raindrops and ice particles, the scattering 
process begins to dominate, and the brightness 
temperature decreases. The radar image 
(Fig. l(c2l shows light rain ( V I P  level 
1=<5 mmhr ) in the areas which correspond 
roughly to the regions where 266<T <283 K. 
is thus inferred that the AMMS is getecting both 
the shallow convection with light rain 
(TR>266 K), and the deeper convection which has 
an ice layer above heavy rain (T <190 K). 

It 

R 
Figure 2 shows the satellite, 

aircraft, and radar data from the last track 
flown over the squall line. (The satellite 
image is approximately 30 minutes after the 
flight pass because of missing GOES data at 
2100 GMT.) 
brightness temperatures have expanded 
considerably from the pass shown in Fig. l(h). 
There is a noticable lack o f  brightness 
temperature gradient (Fig. 2 ( b ) )  on the southern 
(downwind) side of the storm cells. Upper level 
winds were from the NNE during the study period. 
This difference in the intensity of the 
temperature gradient may be related to the 
updraft orientation within the storm cells. 

Areas of very cold micrbwave 

3. AMMS ORSERVATIONS WITH A LAND 
RACKGROUND 

3 .1  Summertime Tropical Convection 

During the period from 
1800-2000 GMT on 23 Sept 1979, the NASA WB-57F 
overflew thunderstorms associated with a cold 
frontal system moving through central Florida. 
Figure 3 shows aircraft data from the visible 
(a) and 11 um infrared (b) channels of the Cloud 
Top Scanner (CTS) scanning radiometer, and the 
corresponding 92 GHz (c) and 183 2 9  GHz (d) 
channels of the AMMS. Very cold microwave 
brightness temperatures are associated with deep 
convection, as found in the ocean background 
case. However, the small increase in brightness 
temperature associated with light rain cannot he 

C 

detected due to the high emissivity of the land 
surface. There is an interesting feature in the 
AMMS imagery located slightly o f f  nadir at 
19:21:30 GMT. This cold point in the microwave 
imagery does not have a corresponding turret in 
the visible data or cold point in the IR 
channel. Lidar observations along nadir near 
this feature suggest the presence o f  two cloud 
layers- a small convective turret overlain by 
upper-level semi-transparent cirrrus. The 
detection of this anomalous scattering feature 
by the microwave sensors implies that 
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3 . 2  Summertime Mid-latitude Convection 

The NASA WR-57F participated in the 
Cooperative Convective Precipitation Experiment 
(CCOPE) held during May-June 1981 in eastern 
Montana. Figure 4 shows AMMS data from a 
portion of an overflight of developing and 
mature thunderstorms. (The data gap is due to 
the instrument operating in a "stare mode" for 6 
scans €or calibration purposes.) The data were 
remapped to an altitude of 10 km; the swath 
width I s  approximately I6 km for features at 
this altitude. Airborne lidar measurements 
along nadir indicated cloud top heights of 
9-10 km (Spinhirne et al., 1983) at this portion 
of the flight line. Visible and window infrared 
imagery from the Multispectral Cloud Radiometer 
(MCR) show that the nadir line passed between 
two large convective towers that were sttll 
growing. A local sounding showed that the 
tropopause height was 12 km. The large 
convective tower in the upper leFt corner of the 
AMMS images has very cold brightness 
temprratures in a l l  channels. It is likely an 
actively growing turret which contains a high 
concentration of graupel in its updraft. Radar 
observations from the NCAR CP-2 radar at Miles 
City, MT reveal maximum reflectivities at 
2-2.1 km of 45-60 dRZ associated with this cloud 
complex. Reflectivities of  35 dRZ were reported 
as high as 9 km in the vertical. 

A 0 C D 

high-frequency passive microwave techniques may 
Prove useful in delineating convection embedded 
within a large cirrus shfeld- such convection t s  
often undetectable by conventional visible and 
infrared instrumentation. 
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An interesting feature of the AMMS 
data is the region of minimum temperatures at 
20:09:00 GMT along nadir in the 183 GHz channels 
which is not strongly highlighted in the 92 GHz 
channel. Fig. 5 shows an enlargement of this 
area, with the corresponding visible and 11 vm 
infrared images from the MCR. There are several 
reasons for the difference in the brightness 
temperatures between the 92 and 183 GHz channels 
f o r  this feature. One reason is the increased 
sensitivity of the 183 GHz channels to weakly 
scattering features: the scattering effect 
92 GHz. The 92 GHz channel is receiving a 
contribution from the warmer land surface, while 
the 183 GHz channels are opaque to surface 
characteristics. It is likely that the main 
reason for the difference between the 92 and 
183 GHz channels is that this turret contains 
smaller ice particles than the largest tower in 
Fig. 4 (Wilheit, personal communication). Lidar 
measurements show that the altitude of this 
tower is 7.5 km, which is probably several 
kilometers lower than the largest tower of 
Fig. 4 .  Thus, the differences between the 92 
and 183 GHz channels may provide some 
information about the growth stage of the storm 
cells. The modeling work of Nieman (1982) shows 
that the emissivity of an ice layer may not be 
the same for radiation at 92 and 183 GHz. At 
this stage of the analysis, it is difficult to 
determine conclusively the reason for the 
differences among the AMMS channels. However, 
it is clear that information is present in these 
images about the intensity of the convection, 
and that more work needs to be done to relate 
the cloud physical processes to their radiative 
effects. 
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4 .  SUMMARY 

Observations from an airborne 
high-frequency passive microwave radiometer over 
land and ocean backgrounds exhibit brightness 
temperatures much colder than atmospheric 
temperatures in regions of active convection. 
Mie scattering by an ice layer within the clouds 
is postulated as the mechanism which causes the 
reduction in T (Savage, 1976; Wilheit et al., 
1982; Huang an8 Liou, 1983). The patterns and 
gradients of T bear a strong resemblance to 
radar echoes. R 

A major difficulty in the 
interpretation of these observations is the 
determination of the depth into the ice layer 
from which the upwelling radiation is being 
scattered. This level wjll depend upon the size 
and concentration of the ice particles along the 
viewing path, the height and thickness of the 
ice and r a i n  layere, cloud temperature and 
observing angle. 
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Work in the near future will 
concentrate on the CCOPE AMMS observations of 
convection and their relation to ground-based 
radar observations and cloud characteristics as 
determined by the airborne cloud lidar and MCR 
instruments. 
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Relative Errors of Satellite Soundings and Radiosondes 

1 .  INTRODUCTION 
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A standard procedure for evaluating the 
accuracy of satellite temperature soundings is 
the direct comparison of matched pairs of  radio- 
sonde and satellite temperature profiles. This 
process attempts to determine satelite tempera- 
ture retrieval errors by comparing two essen- 
tially different types of measurements, and 
ignores the 'errors' inherent in the radiosonde 
measurements. The desired goal is to know how 
well an ensemble of satellite data describe the 
mass structure of the atmosphere. This means, 
for example, how accurately does a temperature 
analysis from a group of a satellite reports 
represent the true pattern in the atmosphere. A 
number of problems are inherent in making this 
type of evaluation, among them being the diffi- 
culty of objectively measuring the differences 
between patterns that are discernible to the 
eye, and obtaining a representatfve standard of 
comparison of the desired scale of mass struc- 
ture. These difficulties notwithstanding, this 
paper presents the results of a study assessing 
the relative errors of satellite temperature 
soundings and radiosondes in describing an 
analyzed state of the atmosphere. 

2. APPROACH AND DATA 

Radiosonde measurements are the only readily 
available and commonly used standard of compari- 
son, and the errors in those measurements would 
include instrumental error, coding/transmission 
errors, and noise in the data caused by atmos- 
pheric systems smaller in scale than those belng 
resolved by the analysis procedure and data 
density. It Is assumed that in a region of dense 
radiosonde data a representative error-free 
analysis can be obtained, and that departure of 
the radiosonde data from that analysis will give 
a measure of the radiosonde noise. This inher- 
ent noise is calculated by analyzing a set of  
radiosonde data and then calculating statistics 
of the fit of that analysis to a subset of the 
radiosonde reports. The statistics of the flt, 
of course, will be dependent upon the type o f  
analysis scheme used, grid spacing, and the 
smoothness of the fit to the data. However, the 
satellite sounding error is determined by simi- 
larly analyzing a set o f  satellite retrievals 
and calculating the fit of the analysis to the 
same subset of radiosonde reports. The mean 
square of the radiosonde error can then be sub- 
tracted from the mean square of the satellite 
fit to the radiosondes to arrive at an estimate 
of the 'true' satellite sounding error, when a 

collection of data are used to describe a thermal 
field. 

The parameters being analyzed and compared 
are the 850mb and 500mb tempera tures , and the IOOO- 
500mb and 700-300mb thicknesses, over eastern North 
America. The latter thickness layer was chosen 
because it encompasses the mid-troposphere where 
the satellite retrievals are generally expected 
to produce the best results. The area was limit- 
eu to eastern North America so as to avoid possi- 
ble elevation problems in the retrievals. The 
analyses are produced using a successive a p  roxi- 
mation type analysis scheme (Cressman, 1958p on 
a portion of the NMC 65x65 polar stereographic 
grid (381 kin at 60ON). A zero first guess field 
Is used to start off the analysis cycles. Ana- 
lyses are interpolated to the radiosonde loca- 
tions and the differences between analyzed and 
radiosonde reported values are collected. 
provide an additional standard against which to 
judge the satelllte/radlosonde differences, the 
NMC global analysis with a data cut-off time of 
about 9.5 hours after synoptic time was also 
compared to the each selected set of radiosondes. 
For quality control, an initial analysis of the 
radiosondes and the NMC analysis were examined 
and any radiosonde that differed considerably 
from both analyses was rejected f o r  comparison 
in the final samples including the satellite 
analyses. As a final standard of comparison, 
data were also collected from an analysis of the 
radiosondes 12 hours earlier, to estimate how 
well a persistence analysis compares with current 
satellite data in providing thermal patterns. 

To 

Samples of TIROS-N and NOAA 6 sounding data 
were collected individually for two periods in 
the winter of 1979/80; December 20-27, 1979 and 
January 1-9, 1980. Depending on the completeness 
of the satellite sounding coverage, the verifi- 
cation area was varied somewhat so that a region 
covered mutually by both satellites could be 
selected for comparison to the same set of radio- 
sondes at each time. Thus, in the results pre- 
sented, analyses from both satellltes have been 
compared to the same sample of radiosonde obser- 
vat ions. 

3. RESULTS 

The root mean square (RMS) of the differences 
between the various analyses and the radiosonde 
observations is presented as the statistical 
measure of how the one fits the other. The RMS 
values for the December sample are given In 
table 1 .  For all parameters It can be seen that 
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the va lue  f o r  t h e  radiosonde o n l y  a n a l y s i s  
i s  t h e  smal lest ,  however, f o r  t he  th ickness l a y -  
e r s  the  NMC a n a l y s i s  values a r e  ve ry  s i m i l a r  i n  
the  1000-500 mb l a y e r  and o n l y  somewhat l a r g e r  
i n  the  700-300 mb laye r .  The va lues f o r  t h e  
remaining t h r e e  a n a l y s i s  types a r e  markedly 
h ighe r  f o r  each parameter. The analyses o f  12 
hour o l d  radiosondes g i v e  the  l a r g e s t  RMS values 
except f o r  t he  850 mb temperatures where the  
va lue  f a l l s  between t h e  two s a t e l l i t e  values. 
The RMS values f o r  t h e  500 mb temperature a r e  
c l e a r l y  sma l le r  than f o r  850 mb i n  a l l  a n a l y s i s  
categor ies,  which i s  t o  be expected, however, 
t he  va lues a r e  more n e a r l y  comparable between 
the  two th ickness layers.  

The RMS values f o r  t he  January I980 sample 
a r e  shown i n  t a b l e  2. The statements made con- 
ce rn ing  the  RMS va lues i n  t a b l e  1 h o l d  f o r  t h e  
sample I n  t a b l e  2 as w e l l ,  except t h e  850 mb 
temperature RMS f o r  t he  12 hour o l d  radiosonde 
a n a l y s i s  i s  somewhat l a r g e r  than e i t h e r  o f  t he  
s a t e l l i t e  a n a l y s i s  va lues.  

The radiosonde a n a l y s i s  RMS values i n  t h e  
t a b l e s  were def ined p r e v i o u s l y  t o  be t h e  r a d i o -  
sonde e r r o r .  If t h e  square r o o t  o f  t h e  d i f f e r -  
ence between t h e  mean square (RMS2) o f  the 
s a t e l l i t e  f i t  and the  mean square o f  t h e  rad io -  
sonde e r r o r  i s  taken, we can a r r i v e  a t  an e s t i -  
mate o f  t he  ' t r u e '  s a t e l l i t e  sounding e r r o r .  
Resul ts  o f  t h i s  o p e r a t i o n  a r e  shown I n  t a b l e  3 
as RMS values o f  t h e  t r u e  s a t e l l i t e  a n a l y s i s  
e r r o r s  f o r  t he  two samples. There i s  some v a r i -  
a b i l i t y  between the  samples and s a t e l l i t e .  How- 
ever, f o r  b o t h  s a t e l l i t e s  t h e  January 80 sample 
y i e l d s  lower va lues f o r  a l l  parameLers. A t  
850 mb, T I R O S  N produces lower RMS values than 
NOAA 6, b u t  f o r  a l l  t he  remaining parameters t h e  
reve rse  i s  t r u e .  The numbers I n  pa ren thes i s  
below the  th ickness RMS va lues a r e  t h e  conver- 
s i o n  t o  mean temperatures f o r  t he  l a y e r s  a t  a 
standard atmosphere. Thus, a t  l e a s t  f o r  t h e  
lower l a y e r  t h e  mean temperature e r r o r  i s  l e s s  
than e i t h e r  o f  two o f  t h e  i n d i v i d u a l  l e v e l s  t h a t  
a r e  p a r t  o f  t h e  l a y e r .  Th is  c o n d i t i o n  agrees 
w i t h  accepted f a c t  t h a t  s a t e l l i t e  l a y e r  mean 
temperatures a r e  b e t t e r  than i n d i v i d u d l  l e v e l  
tempera tures.  

4. D I S C U S S I O N  

I t  i s  i n t e r e s t i n g  t o  compare t h e  r e s u l t s  I n  
t a b l e s  1 and 2 w i t h  those i n  Gruber and Watkins 
(1982), who used rad iosonde /sa te l l  i t e  matchings. 
D i r e c t  comparison i s  compl icated by t h e  f a c t  t h a t  
t h e i r  r e s u l t s  a r e  g i v e n  i n  terms o f  mean temper- 
a t u r e s  f o r  l a y e r s  between mandatory l e v e l s .  How 
ever, e s t i m a t i n g  from those w i n t e r  79 r e s u l t s  
i n d i c a t e s  t h a t  t h e  r e s u l t s  i n  t a b l e s  1 and 2 
va ry  from l y i n g  between t h e i r  c l e a r  and c loudy 
va lues t o  be ing b e t t e r  than the  c l e a r  va lues a t  
850 mb and 500 mb. Th is  comparison suggests 
t h a t ,  even though t h e  analyses I n  t h i s  s tudy 
were done us ing  soundings hav ing a combination 
o f  r e t r i e v a l  paths, an a n a l y s i s  of an ensemble 
o f  s a t e l l i t e  da ta  may produce a b e t t e r  f i t  t o  
radiosonde data than i n d i v i d u a l  radlosonde/sat- 
e l l i t e  sounding matchlngs. 

The RMS va lues I n  t a b l e  3 y i e l d  s a t e l l i t e  
e r r o r s  o f  g e n e r a l l y  acceptable magnltude, par-  
t i c u l a r l y  a t  500 mb and f o r  t h e  th i ckness  l aye rs .  

I t  seems f a i r l y  c l e a r  t h a t  e r r o r  values us ing  
t h i s  approach, a n a l y s i s  o f  s a t e l l i t e  data and 
s u b t r a c t i n g  o f f  radiosonde e r r o r ,  a r e  comparable 
t o  o r  l e s s  than those ob ta ined  by accep t ing  
radiosonde observat ions as s t r l c t  t r u t h  and 
making a one on one comparison w i t h  s a t e l l i t e  
soundings. 

However, these values o f  e r r o r ,  as i n  t a b l e  
3 ,  s t i l l  f a i l  t o  impar t  a f e e l  f o r  how a c c u r a t e l y  
an a n a l y s i s  us ing  s a t e l l i t e  data represent  a 
mass f i e l d .  As an i l l u s t r a t i o n  o f  t h e  represen- 
t a t i v e n e s s  o f  a s a t e l l i t e  data ana lys i s ,  an ex- 
ample o f  1000-500 mb th ickness p a t t e r n s  f rom one 
o f  t h e  cases i n  t a b l e  1 i s  shown I n  f i g u r e  1 .  
Analyses o f  t he  data from each s a t e l l i t e  a long 
w i t h  t h e  a n a l y s i s  o f  t h e  radiosonde data i s  
shown. The d i f f e r e n c e s  between each s a t e l l i t e  
a n a l y s i s  and the radiosonde a n a l y s i s  a r e  super- 
imposed. Considerable s i m i l a r i t y  between t h e  
p a t t e r n s  i s  apparent d e s p i t e  the f a c t  t h a t  t h i s  
i s  one o f  t he  worst  cases i n  terms o f  t he  magnl- 
tude o f  t he  s a t e l l i t e  a n a l y s i s  RMS d i f f e r e n c e s  
w i t h  the  radiosonde observat ions.  Thus, i n  an 
area o f  sparse radiosonde coverage, i t  cou ld  be 
expected t h a t  analyses made from s a t e l l  i t e  sound- 
ings would d e p i c t  w e l l  t h e  broad o v e r a l l  tempera- 
t u r e  f i e l d s ,  though perhaps d i f f e r i n g  i n  some o f  
t h e  d e t a i l s  from what might  be descr ibed by good 
radiosonde coverage. 

5. REFERENCES 

Cressman, G.P., 1959: An opera t i ona l  o b j e c t i v e  
a n a l y s i s  system. Mon. Wea. Rev., 87, 367-374. 

assessment o 
NOAA-6 s a t e l  
110, 243-252 

Gruber, A. and Watkins, C.D., 1982: S t a t i s t i c a l  

i t e  soundings. Mon. Wea. Rev., 
the q u a l l t y  o f  T IROS-N and 

223 



Ana lys i s  Type 850mb T 5OOmb T 1000-500mb AH 700-300mb AH 

Radiosonde 1.270 .87O I I .34m 12.69m 

NMC 2.07 1.20 12.16 16.28 

T I  ROS-N 

N O M  6 

2.99 2.03 

3.23 1.81 

31. I 4  39.46 

28. I 6  34.03 

12 h r  o l d  radiosonde 3.06 2.54 44.66 51.39 

Sample S ize  457 4 57 4 56 446 

Table 1 .  RMS va lues for  each a n a l y s i s  type, December 20-27, 1979 

Ana lys i s  Type 850mb T 5OOmb T 1000-500mb AH 700-300mb AH 

13.65m Radiosonde 1.220 1 . O l O  12.26~1 

NMC 

T I  ROS-N 

1.71 1.27 

2.32 I .91 

12.56 15.34 

26.24 28.85 

NOAA 6 2.77 1.81 25.95 25.64 

12 h r  o l d  radiosonde 2.92 2.66 46.13 49.31 

Sample S i z e  455 456 450 439 

Table 2. RMS va lues for each a n a l y s i s  type, January 1-10, 1980 

1000-500mb AH 700-30hb  AH 850mb T 5OOrnb T 

Dec 79 2.71' 1 .840 29. OOm 37.36111 
TI ROS-N ( 1  .430) ( 1  .51°) 

Jan 80 1.98 1.62 23.20 25.41 
( I .  I4O) ( I  .020) 

Dec 79 2.97 1.59 25.78 31.58 
NOAA 6 (1.27O) ( 1  .270) 

Jan 80 2.49 1.50 22.87 21.71 
( 1  . I 3 O )  (0.87O) 

Table 3. RMS va lues o f  ' t r u e '  s a t e l l i t e  a n a l y s i s  e r r o r  

2 2 4  



1979 1 : a1 25, Fig. 
(data about 2200 GMT over eastern U. S.). Solid-lines are contours at 6 dm intervals. 
Broken lines are thickness analysis difference at 4 dm intervals, for analysis a> minus 
analysis bl. b l  Radiosonde 1000-500 mb thickness analysis for 0000 GMT, December 25, 
1979. Con.tours a t - 6  dm intervals. c l  Same format. as a),fOr NOAA 6 thickness analysis 
(data about 0200 GMT). 
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G. 5 

THE ACCURACY OF MESOSCALE TEMPERATURE AND DEWPOINT FIELDS 
RETRIEVED FROM VAS SATELLITE AND CONVENTIONAL SURFACE DATA 

2 3 3 
D. Cheaters', T.H. Lee., A. Mostek and D.A. Keyser 

'Goddard Lab. for Atmos. Res., NASAIGSFC, Greenbelt, MD 20771 
'Computer Sci. Corp., Silver Spring, MD 20910 
3General Software Corp., Landover, MD 20785 

1. GEOSYNCHRONOUS SOUNDING 

The VISSR Atmospheric Sounder (VAS) is a 
twelve channel imaging radiometer on the opera- 
tional GOES satellites. The instrument is de- 
signed to monitor the evolution of tropospheric 
temperature and moisture fields at mesoscale re- 
solution (Montgomery and Uccellini, 1984). VAS 
multi-spectral images provide direct mesoscale 
information about the height and motion of 
clouds (Menzel et al., 1983) and about the 
structure and changes of clear-air moisture 
fields (Cheaters et al., 1983; Petersen et al., 
1984). Fields of VAS soundings show good hori- 
zontal and temporal continuity and can delineate 
potential convective instabilities (Smith et 
al., 1982; Petersen et al., 1983). 

The absolute and relative accuracy of VAS 
soundings must be verified quantitatively, since 
their numerical qualities affect their useful- 
cess in data assimilation and numerical forecast 
models. In fact, the excellent mesoscale reso- 
lution of the VAS soundings makes it difficult 
to verify their accuracy objectively, because of 
the lack of independent ground truth data with 
the same space-time resolution as the VAS in- 
strument. 

We present objective verification for two VAS 
case studies: (1) a midsummer preconvective en- 
vironment over the United States, measured 
against the NWS radiosonde network, and (2) a 
springtime post-storm environment over Texas 
measured against a special mesoscale radiosonde 
network. Absolute accuracy is measured by com- 
paring the VAS retrievals to the radiosonde va- 
lues at the network sites. Relative accuracy is 
measured by the space-time correlations within 
the retrieved temperature and moisture fields. 
The impact of ancillary surface data, stringent 
colocation criteria, and careful cloud screening 
upon the accuracy of the VAS soundings is deter- 
mined. Significant limitations in the conven- 
tional "ground truth" data are also noted. 

2. RETRIEVALS WITH VAS AND SURFACE DATA 

VAS retrievals are limited both by coarse 
vertical resolution (Cheaters et al., 1982), and 
by noise and calibration difficulties imposed by 
remote operation at geosynchronous altitude 
(Menzel et al., 1981; Cheaters and Robinson, 
1983). Cloud contamination requires 
"man-in-the-loop" quality control, and poor re- 
solution of the lower troposphere requires an- 
cillary surface data. 

Conditioned regression is used for VAS sound- 
ings at NASA's Goddard Space Flight Center 
(GSFC) (Lee et al., 1983). Variations in X (12 
VAS radiances plus 2 SFC parameters) are used to 
predict Y (temperature and dewpoint profiles, 
precipitable water, thickness, etc.) based upon 
previous training. 

(1) 
X - R(l),..,R(l2) and T(SFC),D(SFC) 

Y - T(P) ,D(P), and PW,b(nP) ,Be(P),etc. 

x = X-<X>, y - Y-<Y>, G2(x) - <N2(x)>/<S2(y)>, 
2 M - <y*x'> * [<x'*x>(l+G (x>dx, >>I-' ,X 

Y" = <Y> + M*[X"-<X>] 
The conditioning factor G(x) serves to stabilize 
the regression matrix against the problems of 
training with a small sample set of noisy, re- 
dundant predictors. G is estimated2from experi- 
ence with the "signjl" (variance) S (y) and the 
"noise" (errors) N (x). Values of S/N = 10/1 
work well for the combination of VAS+SFC data. 
Values of S/N = 1/10 are used to suppress indi- 
vidual predictors, such as surface data or noisy 
VAS channels, in order to assess their impact on 
VAS soundings. 

TABLE 1 

VAS channel specifications 

VAS Band NFAT* Absorbing Sounding 
Purpose 

1 14.7 5.3 c02 temp 
2 14.5 2.2 c02 temp 
3 14.3 1.8 c02 temp 
4 '14.0 1.8 c02 temp 
5 13.3 1.0 C02+H20 tempfmoisture 
6 4.5 1.6 N2 0 temp+cloud 
7 12.7 1.0 H20+C02 moisture+skin 
8 11.2 0.1 window+H20 skinfmoisture 

moisture 9 7.3 3.4 H20 
moi s tu re 10 6.7 1.6 H20 

11 4.4 6.7 N20 temp+cloud 
12 3.9 0.8 window skin+cloud 

Chan (pm) (ZK) Gases 
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The single sample noise in the brightness 
temperature (NEU*) listed in Table 1 is large 
for many of the VAS channels. Consequently, the 
radiances must be time (dwell) and space 
(field-of-view) averaged in order to be useful 
for sounding, which requires errors less than 
M . 3  K in all channels. Sounding fields-of-view 
with 30 to 60 km resolution are commonly spaced 
at 50 to 150 km intervals in the cloud-free re- 
gions of radiance frames scanned at 1 to 3 hr 
intervals. The VAS channels are also subject to 
calibration and other non-random errors. For 
instance, the shortwave window (channel 12) is 
affected by reflected sunlight, especially at 
low latitudes during midday. 

3 .  A MIDSUMMER PRECONVECTIVE ENVIRONMENT 

On 13 and 20 July 1981, hot and humid air 
covered most of the central United States. 
These cases were used to test the VAS regression 
scheme (Lee et al., 1983), and to examine VAS 
performance in regions of convective instability 
(Petersen et al., 1983 and 1984; Mostek et al., 
1984). On each day, 5 frames of VAS data were 
collected at approximately 3 hour intervals from 
dawn to dusk (1200 to 2300 GMT). NWS radiosonde 
data east of the Rockies provide training and 
testing datasets at synoptic times. The entire 
series of VAS retrievals is used to measure the 
relative space-time continuity throughout the 
diurnal cycle. 

1 

drldln P 

I , , , , , , , , ,  

H,O CHANNELS 
(b) AND WINDOWS 

1 

dTIdln P 

Figure 1: VAS standard weighting functions 

Fig. 1 indicates that VAS is unable to re- 
solve vertical temperature and moisture features 
which are less than a few km thick, especially 
in the lower troposphere. Fortunately, North 
America is serviced by hourly reports of surface 
(SFC) temperature and dewpoint from a network of 
airways stations with separations comparable to 
the horizontal resolution of the VAS sounding 
data. For statistical training over the United 
States, colocated VAS, SFC and RAOB data are 
gathered at relatively cloud-free sites, as det- 
ermined from high resolution visible data and 
SFC reports of local cloudiness. Neighboring 
SFC reports are either relocated or interpolated 
to each VAS sounding field-of-view. Mesoscale 
fields of VAS soundings (without soundings in 
cloudy areas) are objectively analysed on a 0.5 
degree (50 km) grid, using the GEMPAK-Barnes 
scheme (Koch et al., 1983) to make contour maps 
and numerical intercomparisons. 

Figure 2: RMS differences among VAS-RAOB 
temperature and dewpoint profiles on 
13 July 1981 

Fig. 2 presents RMS statistics for VAS-RAOB 
profile differences, comparing the standard de- 
viation in the RAOBs to the errors in the VAS- 
only, SFC-only and VAS+SFC retrievals. These 
statistics were derived for 13 July 1981, using 
56 NWS sites for training and 25 independent 
sites for testing. Absolute accuracy is compa- 
rable to the HIRS soundings from the polar-or- 
biting satellites. Temperature accuracy is not 
really tested above 700 mb because the midsummer 
temperature field is quite uniform. Dewpoint 
profile accuracy is poor above 700 mb because 
the atmosphere contains many thin and variable 
moisture layers which VAS cannot resolve. Fig. 
2 shows that the impact of SFC data is signifi- 
cant at 920 mb, and dominates the "1000 mb" 
(lowest RAOB level) retrievals. However, the 
substantial residual errors at the "1000 mb" 
level indicate that the SFC temperature and dew- 
point are imperfect predictors of the RAOB temp- 
erature and dewpoint boundary layer report at a 
neighboring site. Even where the airways and 
radiosonde sites coincide, the two conventional 
systems have discrepancies averaging M.5"C. 
Consequently. some of the variance in the veri- 

tion stat1etics.i~ due to err0 re in the con- 
ventional data. 
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RMS differences among VAS-RAOB 
stability paramaters on 13 July 1981 

Figure 3 :  

Fig. 3 indicates that much of the variation 
among the RAOB reports is well retrieved for low 
level stability indicators, doing especially 
well for total PW (errors of N.3 cm in a field 
varying by W.9 cm) and Be at 9200mb (errors of 
W.6 C in a field varying by i8.3 C). Fig. 3 
also indicates that VAS-only retrievals are more 
accurate than SFC-only retrievals above 920 mb, 
where the two predictors are equally informa- 
tive. Absolute accuracy in the lower tropo- 
sphere is always improved by using the combined 
YAS+SFC vredictors. 

Fig. 4 presents a series of VAS retrievals of 
920 mb dewpoint over the midwestern United 
States, performed with and without ancillary SFC 
data. Relative accuracy of the low level mois- 
ture is significantly superior in the VAS+SFC 
soundings, which clearly show: (1) a reproduci- 
ble east-west moisture gradient across Nebraska- 
Kansas, ( 2 )  an east-to-west dry slot across cen- 
tral Missouri, and (3) a significant water vapor 
maximum in eastern Iowa and western Illinois. 
RAOB reports are indicated at 1200 and 2300 GMT, 
but they are too sparse to provide verification 
of the mesoscale details. Objective verifica- 
tion of the space-time continuity is provided by 
two numerical values: (1) the RMS scale length 
L(t) for the gradients within the field at time 
t, and ( 2 )  the temporal correlation C(t,t') bet- 
ween successive fields. 

(2) 
AT(t) = T(t) - <T(t)> 
L 2( t ) = (eT (t I> /<  [ dT( t )/dx-<dT( t) /dx>] 3 
C(t, t') = <rT(t)&l'( t')>/ [<rT2( t)><aT2( t')> J 1'2 

The ensemble averages <...> are taken horizon- 
tally over the objectively gridded fields. Fig. 
4 lists values of L ( t )  as %. 
The VAS+SPC gradient scales average 174S9 km 
and are smoothest at midday, while the VAS-only 
scale lengths average only 113t14 km and are 
roughest at midday. The VAS+SFC frame-to-frame 
correlations are consistent at 91h3%, while the 
'VAS-only correlations are scarcely significant 
at 7#6%. The VAS+SFC low level moisture re- 
trievals appear to be completely independent of 
side effects from the diurnal heating, while the 

in km and C(t,tc) 

VAS+ src VAS ONCY 02Omb DEWPOINT 

Figure 4 :  Continuity of VAS-only and VAS+SFC 
920 mb dewpoint fields, measured by 
gradient scale lengths and temporal 
correlations 

VAS-only fields show dramatic changes in 
structure, such as in the direction of the mois- 
ture gradient across Kansas at 1800 GMT. Furth- 
er demonstrations of VAS Space-time stability 
and of the impact by SFC data are published in 
Lee et al. (1983). 

4. VERIFICATION WITH A MESOSCALE NETWORK 

The VAS Atmospheric Variability Experiment 
(VAS/AVE) attempted to capture severe storm con- 
ditions by gathering simultaneous VAS and radio- 
sonde data in the south-central Great Plains 
during the spring of 1982, including a separate 
meso-b network in central Texas. However, the 
VAS/AVE experiment was frustrated by generally 
cloudy and non-convective weather conditions 
during its operations (Greaves et al., 1982). 
The observations from 6 March 1982 are suitable 
for a mesoscale case study, capturing clear, 
cold air moving southeastward behind a snow 
storm pushing into warm, moist air. This 
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VASIAVE case is thoroughly discussed in the 
final report of the VAS Demonstration (Montgom- 
ery and Uccellini, 1984). 

The VAS+SFC regression soundings were trained 
with 50 RAOB profiles from the regional NWS net- 
work at 1200 and 2300 GMT, and with profiles es- 
timated at 1800 GMT as a linear interpolation 
between the synoptic reports. The synthetic 
midday data was introduced in order to include 
diurnal effects in the statistical training. In 
addition, VAS channel 12 was suppressed in order 
to avoid diurnal effects on this window channel. 

600 

BT 
2E, 700 

3 800 

800 

SFC 
TEMPERNURE (KELVIN) 

Figure 5: Time series of VAS/AVE temperature 
and dewpoint profiles at Henrietta, 
Texas on 6 March 1982 

Fig. 5 displays a representative time-series 
of VAS and AVE temperature and dewpoint profiles 
retrieved at the Henrietta (HEN) site in north- 
ern Texas. This VASIAVE comparison reveals 
that: (1) the VAS and AVE profiles are in gen- 
eral agreement, (2) the temproral changes are 
fairly well monitored by VAS, (3) the low level 
dewpoint is accurately retrieved with VAS+SFC 
data, (4) the temperature inversion at 920 mb is 
unresolved by VAS, and (5) the cold layer at 500 
mb is underestimated by VAS. 

Figure 6: RMS differences between VAS-AVE 
profiles on 6 March 1982 

Fig. 6 displays the RMS VAS-RAOB differences 
for the VAS/AVE profiles (214 samples). The ab- 
solute accuracy of the VAS+SFC soundings is sig- 
nificant only near the surface, where the ancil- 
lary SFC data are most influential. The 920 mb 
temperature inversion variations are unresolved, 
and temperature variations from 850 to 600 mb 
are too small to detect. The poor temperature 
accuracy at 500 mb is unexpected, since several 
VAS channels are temperature sensitive at 
,leveL Two attempts were made to improve VAS 
absolute accuracy: (1) the VAS-SFC-RAOB coloca- 
tion requirements were tightened, and (2) cloud 
rejection criteria were stiffened. Each attempt 
at improved quality control reduced the VASIAVE 
sample size by a factor of two, but neither at- 
tempt significantly improved the VASIAVE differ- 
ences shown in Fig. 6. The surprising inaccura- 
cy of the VAS temprature retrievals at 500 mb 
remains under investigation for this case. 

Figure 7: Time series of VAS and AVE 500 mb 
temperature fields on the afternoon 
of 6 March 1982 

Fig. 7 compares VAS and AVE 500 mb tempera- 
ture analyses. The RAOB fields indicate a cold 
bubble moving in behind the strong temperature 
gradient under the clouds in southeastern Texas. 
The VAS fields consistently indicate a cool 
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pocket further north, moving eastward across 
Oklahoma, with a weak north-south temperature 
gradient over the meso-b network. The apparent 
differences are due as much to dissimilarity in 
coverage as to retrieval errors. The RAOB gra- 
dients are heavily influenced by reports from 
stations located well outside of the displayed 
region, while the VAS retrievals are densely re- 
ported, but only in the cloud-free areas. A 
VAS/AVE comparison over the cloud-free meso-b 
network reveals more differences in absolute 
than in relative values. The cold bubble is de- 
tected as relatively colder air by both the VAS 
and AVE soundings, and the temparature gradient 
in the cloud-free section over the southern part 
of the meso-b network is comparable. In sum- 
,mary, VAS is superior for horizontal coverage in 
cloud-free areas, but the AVE radiosonde network 
in superior for vertical resolution and tempera- 
ture accuracy. 

I . . .  h 

Figure 8 :  Time series of VAS and AVE 850 mb 
dewpoint fields on the afternoon of 6 
March 1982 

Fig. 8 compares the VAS and AVE 850 mb dew- 
point analyses. The RAOB moisture fields are 
surprisingly inconsistent even over the meso-b 
network. The VAS moisture fields are very con- 
sistent, with a dry pocket imbedded over the 

meso-b network. The VAS low level moistuze 
retrievals over the meso-b network are about 3 C 
drier than the RAOB reports, but provide more 
coherent spatial detail than the the AVE sound- 
ings. The retrieved moisture gradients at this 
level are determined mainly by the VAS "split 
window" (channels 7 and 8), which have been de- 
monstrated to be a reliable measure of relative 
water vapor content integrated over the lower 
troposphere (Cheaters et al., 1983). Conse- 
guently, the accuracy of the VAS 850 mb moisture 
retrievals in Fix. 8 appear to be superior to 
the AVE "ground truth" in everything except ab- 
solute value. 

The AVE "ground truth" radiosonde data have 
some notable inaccuracies. During the experi- 
ment, mandatory levels and entire profiles were 
sometimes unreported. For example, three meso-b 
sites fail to report the 850 mb dewpoint at 2000 
GMT in Fig. 8. The AVE upper air dewpoint data 
is error-prone. A s  an example which indicates 
the degree of RAOB self-consistency, the 2300 
GMT radiosonde over Abilene failed at 500 mb, 
and another was launched at 0000 GMT. These re- 
peatgd measurements show dewpoint discrepancies 
of 5 C at 700 mb and 3OC at 500 mb, while re- 
maining in agreement by f0.2'C for the other 
levels in the profile. Finally, the SFC (air- 
ways) and RAOB (lowest level) reports skow temp- 
erature and dewpoint discrepancies of 2 to 3'C, 
and some AVE stations disagree with thzir neigh- 
boring airways reports by more than 10 C. Con- 
sequently, many of the discrepancies between the 
VAS and AVE 850 mb dewpoint fields in Fig. 8 are 
actually due to errors in the conventional data. 

5. CONCLUSIONS ABOUT VAS ACCURACY 

These two case studies provide some bench- 
marks for the accuracy of useful VAS mesoscale 
soundings in the lower troposphere: 
( A )  Absolute temperature accuracy is f2.C below 

500 mb. 
(B) Absolute dewpoint accuracy is i 2 '  to f3'C 

below 850 mb. 
(C) Absolute accuracy in total precipitable wa- 

ter is fo.3 cm. 
(D) Mesoscale dewpoint fields show excellent 

temporal continuity (90% correlations) and 
spatial gradients (200 km scale lengths). 

( E )  Low level moisture fields are relatively in- 
dependent of diurnal effects when retrievals 
are properly trained and conditioned. 

(F) Low level stability indicators are accurate- 
ly retrieved when ancillary surface data are 
included to suppress the undesirable influ- 
ence of the skin temperature detected by the 
VAS window channels. 

This degree of accuracy requires careful 
sounding techniques: 
(a) A noise- and bias-resistant retrieval algor- 

ithm, such as regression conditioned by sig- 
nal/noise estimates. 

(b) The ability to suppress the sunlight conta- 
minated shortwave window in order to avoid 
diurnal effects, especially at low latitudes. 
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(c) The use of ancillary surface temperature and 
Pewpoint data in order to resolve featureg 
below 920 mb- 

(d) Sufficiently varied and appropriate radio- 
sonde training in order to encompass regional 
and diurnal variations. 

(e) Man-interactive quality control and the use 
of high resolution visible data in order to 
detect cloud contamination. 

Notable limitations uncovered by these veri- 
fication studies are: 
(i) Uncertain verification of VAS temperature 

profile soundings at 500 mb and above. 
(ii) Uncertain verification of the VAS dewpoint 

profile soundings at 700 mb and above. 
(iii) The inability to resolve detailed vertical 

features, such as temperature inversions and 
thin layers of water vapor in the middle tro- 
posphere. 

(iv) The inability of VAS to sound in cloudy ar- 
eas, such as those already undergoing convec- 
tion. 

(v) The difficulty of acquiring enough cloud- 
free radiosonde profiles with the appropriate 
space-time coverage for thorough statistical 
training and testing of the VAS soundings. 

(vi) Significant discrepancies between radio- 
sonde reports at the bottom of the boundary 
layer and surface (airways) reports from the 
neigiboring stftions, with RMS differences of 
f 1 . 5  and 5 2 . 0  C in temperature and A2.0' and 
f3.0.C in dewpoint for the conventional NWS 
and AVE networks, respectively. 

Conditioned regression retrievals are very 
good at suppressing difficulties, but they also 
sacrifice some of the information available in 
the satellite data. Consequently, this assess- 
ment should be regarded as a pessimistic esti- 
mate for VAS accuracy while the VAS instrumenta- 
tion and ground-based processing are improved. 
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1. INTRODUCTION 

S a t e l l i t e  sounder d a t a  from T i r o s  Opera- 
t i o n a l  V e r t i c a l  S o u n d i n g s  (TOVS) a r e  b e i n g  
used  a t  t h e  N a t i o n a l  M e t e o r o l o g i c a l  C e n t e r  
(NMC), NOAA t o  produce d a i l y  g l o b a l  f i e l d s  o f  
g e o p o t e n t i a l  h e i g h t  and t e m p e r a t u r e  a t  8 
pressure- leve ls  i n  t h e  s t r a t o s p h e r e  70 t o  0.4 
mb (18-55 km) (Gelman et.al., 1983). A t  70 
t o  10 mb, r a w i n s o n d e  d a t a  are  a l s o  used i n  
t h e  ana lyses  f o r  d e r i v i n g  the  Northern Hemis- 
phere f i e l d s .  TOVS d a t a  a r e  used exc lus ive ly  
f o r  the 5-to 0.4-mb f i e l d s .  

The NMC s t r a t o s p h e r i c  f i e l d s  a r e  used 
f o r  many a p p l i c a t i o n s .  A few e x a m p l e s  o f  
these uses inc lude  monitor ing o f  t h e  s t r a t o -  
s p h e r e  f o r  l o n g  term c h a n g e s  ( p o s s i b l e  
a n t h r o p o g e n i c  i n f l u e n c e s )  (Gel l e r  e t  .a I., 
19831, s h o r t - t e r m  c h a n g e s  ( s t r a t o s p h e r i c  
warmings), c o r r e l a t i o n  of  t h e  thermodynamic  
and motion f i e l d s  wi th  a e r o s o l s  and cons t i -  
t u e n t  m e a s u r e m e n t s ,  a n d  d e t e r m i n i n g  
a t m o s p h e r i c  d e n s i t y  and wind i n f l u e n c e  on 
aerospace v e h i c l e s  (1.e. space s h u t t l e ) .  For 
a l l  t hese  a p p l i c a t i o n s  and o t h e r s  i t  1s 
i m p o r t a n t  t o  have e s t i m a t e s  o f  t h e  uncer -  
t a i n t y  i n  t h e  f i e l d s  o f  t e m p e r a t u r e ,  geopo- 
t e n t i a l  he ight ,  and der ived  winds. 

V e r i f i c a t i o n  o f  t h e s e  s t r a t o s p h e r i c  
t e m p e r a t u r e  f i e l d s  and w i n d s  ( d e r i v e d  geo- 
s t r o p h i c a l l y  f rom t h e  h e i g h t  f i e l d s )  h a s  
i n v o l v e d  u s i n g  r a d i o s o n d e  and r o c k e t s o n d e  
d a t a .  The m a j o r  in terest  i n  t h i s  s t u d y  
c o n c e r n s  n o t  o n l y  v e r i f i c a t i o n  o f  t h e  
o r i g i n a l  TOVS s t r a t o s p h e r i c  t e m p e r a t u r e  
informat ion  and der ived  g e o p o t e n t i a l  he ights ,  
b u t  a l s o  t h e  h i g h e r  o r d e r  d e r i v a t i o n s  o f  
wind, h e a t  f l u x  and momentum flux. 

2. DISCUSSION 

P r e v i o u s  work (Gelman e t .  a l . ,  1983, 
1980) h a s  shown t h a t  mean d i f f e r e n c e s  between 
s a t e l l i t e  d a t a  and r o c k e t  d a t a  v a r y  w i t h  
s a t e l l i t e  i n s t r u m e n t ,  g e o g r a p h i c  l o c a t i o n  
( l a t i t u d e ) ,  and p r e s s u r e  l e v e l .  B i a s e s  o f  1 
t o  5 O C ,  5-10 m/sec, and r o o t  mean s q u a r e  
d i f f e r e n c e s  o f  4 to 7OC and 1 5  m/sec a r e  
r e p r e s e n t a t i v e  o f  these kind o f  comparisons. 

For t h i s  s tudy we have emphasized exam- 
i n a t i o n  o f  temperature  and wind changes wi th  
time. Rocketsondes  were l a u n c h e d  d a i l y  a t  
t h e  t imes o f  NOAA-7 o v e r p a s s e s  of W a l l o p s  
I s l a n d  d u r i n g  23 Feb.- 24 Mar. 1982. 
Resources made a v a i l a b l e  by NASA were used t o  
provide i n - s i t u  f i e l d  measurements and addi- 
t i o n a l  a n a l y s i s .  Measurements ,  r e d u c t i o n  
methods ,  and o t h e r  t e c h n i q u e s  a t t e n d a n t  t o  
o b t a i n i n g  t h e  i n - s i t u  d a t a  were c a r e f u l l y  
c o n t r o l l e d  t o  e n s u r e  t h a t  t h e  d a t a  were  a s  
e r r o r  free a s  possible .  The l e v e l s  examined 
were t h e  50-, 30-, lo-, 5-, 2-, 1-, and 0.4- 
mb p r e s s u r e  s u r f a c e s .  The s p e c i a l  r o c k e t  
s o u n d i n g s  l a u n c h e d  o n c e  d a i l y  f o r  30 d a y s  
from Wal lops  I s l a n d  have  been s t u d i e d  t o  
p r o v i d e  f u r t h e r  i n s i g h t  i n t o  t h e  n a t u r e  o f  
d i f f e r e n c e s  be tween i n - s i t u  and r e m o t e l y  
sensed d a t a  and der ived  products. 

The d a l l y  soundings over t h e  month al low 
a c o n t i n u o u s  r e c o r d  o f  t h e  e x t e n t  t o  which  
t h e  day- to- day changes over Wallops I s land  
a s  o b s e r v e d  from a h i g h  r e s o l u t i o n  i n - s i t u  
soundings were captured  f rom s a t e l l i t e  d a t a  
and a n a l y s e s  o f  t h o s e  s a t e l l i t e  soundings .  
The c o r r e l a t i o n s  be tween d a t a  s o u r c e s  r a n g e  
f rom .90 t o  .79 f o r  west t o  e a s t  wind,  .62 
t o  .45 f o r  s o u t h  t o  n o r t h  wind and .77 t o  .27 
f o r  tempera tures  a t  5 t o  1 mb, respec t ive ly .  
The h igh  c o r r e l a t i o n  i n  t he  zonal  wind compo- 
n e n t s  s u g g e s t s  t h a t  the ana lyses  may be q u i t e  
adequately used t o  p o r t r a y  t h i s  a s p e c t  o f  t h e  
c i r c u l a t i o n .  However, t h e r e  was r e l a t i v e l y  
low c o r r e l a t i o n  o f  t h e  meridional  wind com- 
ponents and 1-mb t e m p e r a t u r e s a t  t h i s  l o c a t i o n  
and time. This  may be due t o  t h e  r e l a t i v e l y  
weaker  s o u t h - n o r t h  wind and t h e i r  s m a l l e r  
v a r i a t i o n s .  T h i s  s u g g e s t s  we should use some 
c a u t i o n  f o r  c a l c u l a t i o n s  s u c h  a s  h e a t  f l u x  
and momentum f l u x  t h a t  use t h i s  quant i ty .  

Data have been compared i n  var ious  ways. 
The most s t r a i g h t f o r w a r d  way was t o  d i r e c t l y  
compare the  TOVS s a t e l l i t e  products  from t h e  
hemispheric  ana lyses  w i t h  unsmoothed rocket- 
sonde d a t a ,  a s  d i scussed  above. However, t h e  
v e r t i c a l  r e s o l u t i o n  o f  t h e  s a t e l l i t e  d a t a  i s  
much broader  than t h e  f i n e r  r e s o l u t i o n  o f  t h e  
r o c k e t  measurement .  I n  o r d e r  t o  s t u d y  t h e  
cons is tency  i n  r e s o l u t i o n  o f  t h e  two techni-  
q u e s ,  t h e  i n d i v i d u a l  r o c k e t s o n d e  wind and 
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t e m p e r a t u r e  p r o f i l e s  were a l s o  smoothed i n  
t h e  v e r t i c a l .  Harmonic s m o o t h i n g  o f  t h e  
r o c k e t  d a t a  ( a v a i l a b l e  a t  100 meter i n t e r -  
v a l s )  was a c c o m p l i s h e d  be tween h a r m o n i c s  
number one t o  ten. The fundamental v e r t i -  
c a l  w a v e l e n g t h  selected was 36 km b e c a u s e  
t h e  30-day rocketsonde d a t a  set  was complete 
between 20 and 56 km. Smoothing 10 harmonics 
o v e r  a 36-km f u n d a m e n t a l  w a v e l e n g t h  t h u s  
provided d e r i v a t i o n  o f  t h e  wind and temper- 
a t u r e  t h a t  c o r r e s p o n d e d  t o  v e r t i c a l  resolu-  
t i o n  o f  36 km (harmonic number one) t o  3.6 km 
(harmonic number ten). Analysis  o f  t h e  per- 
c e n t  o f  t h e  v a r i a n c e  of t h e  wind components  
explained by each harmonic ind ica ted  t h a t  f o r  
most  d a y s  d u r i n g  t h e  p e r i o d ,  broad  s c a l e  
waves i n  t h e  v e r t i c a l  predominated, w i t h  most 
var iance  explained by harmonics one and two. 
On d a y s  when t h e r e  was more c o n t r i b u t i o n  t o  
v a r i a t i o n s  by s h o r t e r  s c a l e  motions, d i f f e r -  
e n c e s  b e t w e e n  r o c k e t  and s a t e l l i t e  d a t a  ap- 
peared no g r e a t e r  t h a n  on days  when v e r t i c a l  
sca les  were b r o a d e r .  No e v i d e n c e  could be  
found t h a t  s u p p o r t e d  any c l e a r  r e l a t o n s i p  
between t h e  degree o f  smoothing and t h e  d i f -  
f e r e n c e s  be tween t h e  a n a l y s i s  v a l u e s  and 
smoothed i n - s i t u  values. 

The c o m p a r i s o n s  t o  d a t e  have  had impor-  
t a n t  b e n e f i t s .  There i s  an i n c r e a s e d  aware-  
n e s s  o f  s a t e l l i t e  i n s t r u m e n t a l  changes, w i t h  
t h e i r  a t t e n d a n t  e f f e c t s  on der ived  data. The 
NOAA/NESDIS h a s  i n s t i t u t e d  t i m e l y  updates  o f  
t h e  c o e f f i c i e n t s  r e l a t i n g  r a d i a n c e  t o  tem- 
p e r a t u r e  t o  a c c o u n t  f o r  g r a d u a l  s h i f t s  i n  
p r e s s u r e  o f  t h e  S t r a t o s p h e r i c  Sounding  U n i t  
(SSU) c h a n n e l s  i n  e a c h  i n s t r u m e n t  and some- 
what g r e a t e r  d i f f e r e n c e s  between ins t ruments  
f o r  d i f f e r e n t  s a t e l l i t e s .  Such ad jus tments  
go a long  way i n  a l l e v i a t i n g  severe  jumps i n  
t h e  base l e v e l  o f  der ived  temperatures .  For 
l o n g e r  term u s e  o f  t h e  s a t e l l i t e  d a t a ,  t h e  
c o m p a r i s o n s  have  p r o v i d e d  a much needed 
v lca l ibra t ion l l  or base l e v e l  a g a i n s t  which t o  
measure average d i f f e r e n c e s .  Other impor tan t  

b e n e f i t s  of t h e  c o m p a r i s o n s  a r i s e  f rom as-  
s e s s i n g  and document ing  t h e  s t r a t o s p h e r i c  
s c a l e s  o f  motion t h a t  may be captured by the  
r e m o t e  s o u n d i n g s  r e l a t i v e  t o  t h e  s c a l e s  o f  
motion appearing i n  t h e  i n - s i t u  data .  It i s  
c l e a r  t h a t  we s h o u l d  n o t  e x p e c t  t h e  same 
r e s o l u t i o n  from t h e  d i f f e r e n t  observing sys- 
tems. However, it i s  very impor tan t  t o  ga in  
a m o r e  c o m p l e t e  u n d e r s t a n d i n g  of t h e  
s t r e n g t h s  and l i m i t a t i o n s  o f  t hese  s o u n d i n g  
systems. 

We a r e  cont inuing  t o  s t u d y  these d a t a  and 
we w i l l  p r e s e n t  o u r  l a t e s t  r e s u l t s  a t  t h e  
conference.  
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1 .  INTRODUCTION 

The increasing use of 
satellite-derived cloud motion "wind" vectors 
(CMV) in mesoscale and global analyses and in 
numerical models has raised questions concerning 
the uncertainty of the level assignment for the 
CMV. There are two major problems in selecting 
a level for the CMV. The first is related to 
uncertainties in assigning the motion vector to 
either the cloud top or base, a problem 
compounded by limitations in determining the 
actual cloud height based on infrared data. 
second problem is related to the inability to 
transfer the "wind" derived from the CMV at 
individually specified heights to a standard 
coordinate surface (e.g., pressure level). This 
is due to the lack of wind shear information 
needed to interpolate the CMV wind to the 
specified levels. Given these problems, the CMV 
have been arbitrarily assigned to "low," 
"middle" or "upper" isobaric levels based upon 
surface reports, sounding data, or infrared 
emissivities (Hubert and Whitney, 1971; Wilson 
and Houghton, 1979; Negri and Vonder Haar, 1980; 
and Peslen, 1980).  However, the arbitrary 
assignment of CMV to a single level could lead 
to serious errors in regions of strong vertical 
wind shear usually found near the strong thermal 
inversions which mark the pre-thunderstorm 
environment. 

The 

The objective of this paper is to 
assess if the arbitrary level assignment poses a 
serious obstacle to the use of cloud motion wind 
vectors in the meso-scale analysis of a severe 
storm environment. Two SESAME case studies are 
used in this study, each marked by different 
wind shear characteristics and each containing a 
distinct moisture discontinuity. In this 
analysis, comparisons are made between analyses 
based upon arbitrarily assigning CMV to a 
pressure surface and to a normalized pressure 
( a )  surface which are both representative of the 
lower troposphere. The goal is to determine 
( 1 )  if there is a preference for sigma over 
pressure and ( 2 )  the impact of moisture 
gradients on the level assignment for either 
coordinate system. 
effect of interpolating the CMV to specific 
pressure and u levels using a vertical wind 
shear vector derived from the SESAME radiosonde 
data base. The results of this work are 
discussed in a forthcoming expanded paper. 

We have also analyzed the 

2 .  DATA AND METHOD 

High resolution soundings acquired 
from the AVE-SESAME regional scale network 
(Alberty et al., 1979) and time-compatible 3 min 
interval visible GOES pictures for 2000 GMT 
9 May and 1800 GMT 10 April are used to create 
the data sets for this study (Figs. 1 and 2 ) .  
For each case, two wind sets are created; a 
"SESAME" wind set based solely on the radiosonde 
data and a "combined" wind set based on a 
combination of the radiosonde and satellite 
winds where the CMV are acquired using an 
interactive analysis and display system called 
the Atmospheric and Oceanographic Information 
Processing System or AOIPS (Billingsley, 1976).  

Fig. 1. Regia& s a l e  SESAME m i v m a n d e  wind 
data nt 825 mb and a.0.9 and Law Level 
cloud mo.tian vectvm dak 9 May 7 9 7 9 .  
RauLvmonde data a m  t h e  wind ba,t.bb at 
GAG, CVS, UKC, MAN, and LlT ( n o a d  
batbn at 8 2 5  mb; h h e d  bmb4 at a=O. 9 ) .  
AM wind bmbs have u n i h  a m 6-7 
whehe one. &lag J = 10 m A -  f . 

Grid point values of the combined 
winds and of the SESAME winds are derived from a 
Barnes (1973)  interpolation scheme which has 
been modified specifically to incorporate 
satellite data (Koch et al., 1983).  
spacing (An) [ A I I - ~ . ~ ~  for 9 May and An-2.0 for 
10 April] corresponds to the An of the regional 
scale in each SESAME case. To insure proper 
representation of resolvable featureg, the 
computed grid spacing (Ax) is Axl l .0  for both 
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case studies. Grid point values of the SESAME 
data are subtracted from those values of the 
combined data resulting in vector differences 
between the winds which show the impact of the 
non-uniformly distributed cloud motion winds on 
the largerscale rawinsonde wind field. The 
comparisons are made first assuming that the CMV 
are arbitrarily assigned to 825 mb, then 
assuming that they are assigned to u (u=Pvector I 
'surface )-0.9. 

I OK I 

Fig. 2. 

3. 

3.1 

Region& dc&e SESAME W n b o n d c  Wind 
data at 8 2 5  mb and u.0.9 and LOW L c u d  
d o u d  moaXon uccXo& doh 10 Ap&iL 1979. 
Raminbonde data me &e wind bmbb at 
MRT, CVS,  A R I ,  SEP, MRF, GGG, M A F ,  and 
JCT (bof id  bahbb at 825 mb; dashed 
b&bd at o=O. 9 ) .  kee iuind banbd h u e  
unitd o m 6 - I  whene one 6LagJ = 
10 m A- P . 

9 MAY 1979 CASE STUDY 

Synoptic Analyses 

On 9 May 1979, severe thunderstorms 
developed after 2100 GMT in the Texas and 
Oklahoma panhandles within the convectively 
unstable atmosphere ahead of a stationary front. 
The 2100 GMT surface hourly analysis (Fig. 3 )  
shows a developing low in the Texas panhandle 
and a stationary front separating cool, dry 
northerly air from warm, moist tropical air. 
The area of CMV is located east and south of the 
front within a relatively homogeneous air mass. 

Analysis of the 2000 GMT SESAME 
soundings shows the existence of a restraining 
inversion at 750 mb. The cross section (Fig. 4 )  
between Amarillo (AMA), TX, and Little Rock 
(LIT), AR, (refer to line A-A', Fig. 3 for 
locations) shows a well-mixed layer east of GAGE 
(GAG), OK, between 750 mb and 600 mb. There is 
rather weak vertical wind shear across Oklahoma 
despite the presence of a strong inversion. 
most significant aspects of the wind field are 
( 1  the horizontal variation of the vertical 
wind shear in the plane of the cross section, 
(2 )  the stronger vertical wind shears at AMA and 
GAG, and ( 3 )  the considerable directional shear 
at LIT. 

The 

Fig. 3 .  The 2000 GMT A U ~ ~ ~ C C .  h o d q  a t l d y b i b  
Tmpenatwte and d w  don 9 A4ag 1979. 

p o i n a  i n  ( O F )  ah& pLotted adjacent t o  
each A W L ~ ~ C C  btcztion. 
have units 06 M 4-7 wltete one dtng_/ = 
T O  m A - 1 .  

A U  wind bahbb 

600 

700 

825 - 
8 50 

1000 

AMA 

Fig. 4 .  V Q  
( A  
a4 
F i  
So 

GAG HNT TVY SUD LIT 

;tical ClrObA b e d o n  @om AmlvLieeo 

ng a bequcnce 06 A ~ U ~ ~ O M  ( A - A '  i n  . 3 )  60n 2000 GMT 9 h k g  1979. 
i d  LLnu comupond t o  ibent~~ot3c6 

A ) ,  TX,  $0  ROC^ (mi, A R ,  

( O K ) ,  o t x  d h g ~  
uduu 06 ntixLng natio ( i n  g b o - ! )  CVLC 
Located adjacent t o  t l i c  ue.k.tic& 
phod.iec don tach m i n b o n d e  b U o n .  

I O  m A - 1 ,  and' 
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3.2 Results of CMV Assignment 

Pig. 5 shows the vector differences 
in wind between combined winds and SESAME winds 
for CW arbitrarily assigned to 825 mb. 
Arbitrary assignment of CMVlto 825 mb produces 
vector differences 2 m s east of central 
Oklahoma. A comparison of the CMV directions 
and speeds in Pig. 1 with the vertical profile 
of rawinsonde-observed winds (Pig. 4 )  reveals 
that the large vector differences in the eastern 
half of Pig. 5 are primarily due to assignment 
of CMV too high in the atmosphere in the 
presence of vertical wind shear. Lower level 
(W75-900 mb) clouds, which are embedded in a 
southeast flow east of Hinton (HNT), OK, are 
being assigned to a level of stronger southwest 
winds at 825 mb. The result of this assignment 
is to decrease the overall wind speed and to 
give the wind a southeasterly component at 
825 mb. 

Fig .  5 .  Veototr diddehencen i n  wind ( m  b - ' ) , :  
combined (SESAME and C W )  A n &  m u u  
SESME win& at 2000 GMT, 9 Mag 1979  
60% CMV a t r b i h c l n i l y  ohblgned t o  825  mb. 
Vectotr d.id,$aencen 
nhaded. 

3 m b-1 me 

Arbitrary assignment of CMV to 
~ 0 . 9  (Pig. 6) shows comparatively smaller 
vector differences than for the 825 mb 
assignment case because the arbitrary assignment 
of CMV is made through a smaller depth of 
vertical wind shear. Southeasterly CMV at cloud 
base levels (between 0a.93 and 0x.88) are very 
similar to the southeasterly SESAME winds at 
04.9. Cloud base levels appear to follow 
closely the slope of the 0 surface and, 
consequently, the slope of the terrain. For the 
825 mb case, the southeasterly CMV are being 
assigned to a level of strong southwest winds 
within a deeper layer of vertical wind shear 
between cloud base (Q875-900 mb) and 825 mb. 
The vecifr differences in the wind remain large 
0 3  m 8 ) in extreme northeast Texas for two 
reasons. The assignment of CMV toum0.9  is done 

F i g .  6. Same ab i n  F Q .  5 ,  except 6011 CMV 
a / r b M u  ohnigned t o  a=O. 9 .  

through a layer of strongly veering winds 
located between Stephenville (SEP), Tx, and 
Longview, TX (not shown). Although these 
stations are not displayed in the analysis area 
in Pig. 6, they are a part of a larger data area 
which influences the results of the objective 
analysis of the winds. The second reason is the 
existence of a strong horizontal gradient of the 
v component of the wind across eastern Oklahoma 
and Arkansas at 825 mb and 010.9. Consistently 
large vector differences could also be a 
reflection of increased error in the rawinsonde 
measurement of the wind at a point within an 
area of large horizontal gradient. 

The results for 9 May indicate that 
vector differences in the wind occur between 
combined and SESAME wind sets due to the 
existence of horizontal and vertical gradients 
in the wind field. Since cloud bases follow 
closely the slope of a u surface, CMV are being 
arbitrarily assigned to 000.9 within a smaller 
depth of vertical wind shear. This results in 
smaller vector differences at um0.9 than at 
825 mb, except under conditions of strong 
horizontal gradient of the winds. 

4 .  10 APRIL 1979 CASE STUDY 

4.1 Synoptic Analyses 

On 10 April 1979, severe 
thunderstorms developed in the northern Texas 
panhandle and later in north-central Texas and 
southern Oklahoma between 1800 GMT and 0200 GMT. 
The 1800 GMT surface hourly analysis (Pig. 7) 
shows a cold front extending from an intense low 
pressure system in Colorado to the Texas-Mexico 
border. The initial thunderstorm activity began 
at 1800 GMT south of AMA, TX, and northeast of a 
dry line in western Texas (Alberty et al., 
1979). The dry line separates warm, moist 
southeasterly air from hot, dry air which has 
its source air from over the elevated Mexican 
plateau (Carlson et al., 1980 and Carlson et 
&, 1983). 
thunderstorms moves eastward by 2100 GMT toward 
the weak warm front in north-central Texas where 
more intense storms develop in the Red River 
Valley. 

The initial outbreak of severe 
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A.A. WARM FRONT 
. . * . a  UDEDOE 

F i g .  7 .  The 2000 GhfT bw~6ace  h 0 d y  U d Y A A  
608 10 A p d L  1979 .  
dew pointh i n  ( O F 1  me ptotted 
adjacent  t o  each Awl6ace A t  
d n d  ban64 have unitd 0 4  m ?L,e 
one d ~ a g ~  = I O  m A - 1 .  

T e m p e w e  and 

A u  

Analyses of the 1800 GMT SESAME 
regional scale soundings (Fig. 8)  show 
Southwesterly flow at all levels for stations at 
and west of Morton (MRT), TX, as is 
characteristic of a well-mixed layer. 
Southeasterly moist air is overlaid by 
southwesterly drier air at mid levels east of 
MRT, TX. 
in that differential advection of mid level 
warmer, drier air from Mexico over the cooler, 
moister air from the Gulf of Mexico has created 
an inversion over southern and eastern Texas and 
Louisiana. The western edge of the inversion is 
displayed in Fig. 7 .  
different from 9 May in that CMV are not 
uniformly distributed but occur in clumps of 
data and that there is a strong moisture 
discontinuity (a dryline) whose existence 
influences the results of the vector 
differences. 

The 10 April case is similar to 9 May 

The 10 April case is 

4.2 Results of CMV Assignment_ 

Fig. 9 shows the vector differences 
in wind between the combined winds and SESAME 
winds for CMV arbitrarily assigned to 825 mb. 
Arbitrary assignment of CMV to 821 rnb produces 
large vector differences 2 3 m s in eastern 
Texas and New Mexico. 
in the atmosphere east of Abilene (ABI), TX, in 
the presence of vertical wind shear. 'The 
vertical wind field i s  highly variable between 
the surface and 825 mb in eastern Texas. The 
verticallyzfveragedlshear between 775 and-975 mb 
is l.ilm s 25 mb decrease and 1.0 m s 
25 mb 

CMV are assigned too high 

decrease in the u and v components, 
The 900-940 mb level CMV are -respectively. 

ABQ MRT AB1 SEP GGG 

Fig. 9. Veotoh di 6ehenceA i n  wind I m  d - ' )  : 
combined 4 SESAME and C M V )  vJindA minub 
SESAME i h d ~  at 1800 GMT, 10  A p h i e  1979  
doh CMV anbLOu~@-y addigned t o  825  mb. 

bhaded. 
VCC.tO8 difbQhCnCed 2 3 m A" ahe 

decreasing the wind speeds at 825 mb and are 
making the winds more south-southeasterly. 
These cloud tracers have lower bases than their 
counterparts west of AB1 due to suppression of 
convection by the inversion over eastern Texas. 
In New Mexico, CMV are being assigned too low in 
the atmosphere at 825 mb. 
southwesterly winds are increasing the overall 
wind field. Although cloud bases are 
horizontally interpolated to be near 700 mb, the 
actual values are probably higher due to the 
existence of dry air west of the dryline. 
accurate determination of cloud bases is 
difficult to achieve because of sparse 

Their stronger 
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rawinsonde d a t a  west of MRT and t h e  n e c e s s i t y  t o  
h o r i z o n t a l l y  i n t e r p o l a t e  c loud bases  a c r o s s  a 
moisture  d i s c o n t i n u i t y .  
i n t e r e s t i n g  e f f e c t  on t h e  o v e r a l l  wind f i e l d .  
CMV a r e  h i g h e r  t h a n  825 mb west of t h e  d r y l i n e  
and, consequent ly ,  t hey  tend t o  i n c r e a s e  t h e  
s c a l a r  u component of t h e  wind ( f i g u r e  n o t  
shown) i n  t h e  presence of p o s i t i v e  v e r t i c a l  wind 
shea r .  F a r t h e r  east of t h e  d r y l i n e ,  CMV are 
lower t h a n  825 mb and t h e  o p p o s i t e  i s  t r u e .  The 
a r b i t r a r y  assignment  of CMV t o  825 mb i n  t h e  
area between Midland (MAF), TX, and J u n c t i o n  
(JCT), TX, h a s  l i t t l e  impact on t h e  SESAMElwinds 
a s  v e r  i c a l  wind s h e a r s  are small ('4 m s 
25 mb ) and cloud bases  a r e  n e a r  825 mb. 

The d r y l i n e  has  an 

-€ 

A r b i t r a r y  assignment of CMV t o  
0 4 . 9  (Fig.  10) r e s u l t s  i n  much smaller v e c t o r  
d i f f e r e n c e s  o v e r a l l .  Because cloud bases  
a p p a r e n t l y  p a r a l l e l  t h e  ~ 0 . 9  s u r f a c e  a c r o s s  
e a s t e r n  Texas,  t h i s  s u r f a c e  is a b e t t e r  cho ice  
of l e v e l  ass ignment  than  825 mb. The 
p e r s i s t e n c e  of v e c t o r  d i f f e r e n c e s  > 3 m s i n  
New Mexico can be exp la ined  on t h e  b a s i s  of CMV 
which a r e  a s s igned  t o o  low a t  0 ~ 0 . 9  i n  t h e  
presence of v e r t i c a l  wind shea r .  The cloud base  
l e v e l s  jump up above t h e  0 ~ 0 . 9  s u r f a c e  a s  t h e  
d r y l i n e  is c rossed  from e a s t  t o  w e s t .  T h i s  
behavior  is c o n s i s t e n t  w i t h  t h e  presence of much 
d r i e r  a i r  and, hence,  h i g h e r  condensat ion l e v e l s  
ove r  New Mexico. 
e v i d e n t l y  impose an upper  l i m i t  on t h e  
u s e f u l n e s s  of t h e  sigma system f o r  CMV l e v e l  
assignment.  The p e r s i s t e n c e  of l a r g e  v e c t o r  
d i f f e r e n c e s  i n  New Mexico could a l s o  be due, i n  
p a r t ,  t o  a suspec ted  sampling problem i n  t h e  
rawinsonde d a t a .  

-1 

S t rong  moi s tu re  g r a d i e n t s  

Fig. 10. Same ah Fig .  9 ,  e*xcepR: doh CMV 
a t r b i W y  u b i g n e i i  to 0=0.9. 

The r e s u l t s  f o r  10 A p r i l  are 
similar t o  t h o s e  of 9 May excep t  f o r  t h e  
a d d i t i o n a l  impact of t h e  d r y l i n e  on t h e  scalar 
wind f i e l d .  The l a r g e s t  v e c t o r  d i f f e r e n c e s  i n  
wind occur  w i t h i n  r eg ions  of  s t r o n g  h o r i z o n t a l  
and v e r t i c a l  g r a d i e n t s  of t h e  wind. These 
d i f f e r e n c e s  are reduced by assignment  of CMV t o  
0 ~ 0 . 9  r a t h e r  t han  825 mb. 

5. CONCLUSIONS 

The impact of s a t e l l i t e - d e r i v e d  
cloud motion v e c t o r s  on SESAME rawinsonde wind 
f i e l d s  i s  s t u d i e d  i n  two s e p a r a t e  cases 
(10 A p r i l  1979 and 9 May 1979).  I n  a d d i t i o n ,  we 
a s s e s s  t h e  e f f e c t  of wind and moi s tu re  g r a d i e n t a  
on t h e  a r b i t r a r y  assignment of t h e  s a t e l l i t e  
d a t a  t o  coord ina te  s u r f a c e s  i n  a v e r t i c a l l y  
sheared environment. 

The r e s u l t s  show t h a t  s y s t e m a t i c  
d i f f e r e n c e s  occur  between t h e  rawinsonde and 
combined a n a l y s e s ,  which are p r i m a r i l y  t h e  
r e s u l t  of  t h e  customary i s o b a r i c  method by which 
cloud motions a r e  a s s igned  t o  c o o r d i n a t e  
s u r f a c e s .  The l a r g e s t  d i f f e r e n c e s  occur  nea r  
moi s tu re  d i s c o n t i n u i t i e s  and i n  r eg ions  of  
s t r o n g  h o r i z o n t a l  and v e r t i c a l  wind shea r s .  
A r b i t r a r y  assignment  of c loud motions t o  0-0.9 
s u b s t a n t i a l l y  reduces t h e s e  d i f f e r e n c e s  from t h e  
a r b i t r a r y  assignment t o  825 mb. Th i s  i n d i c a t e s  
t h a t  t h e  customary method f o r  a s s i g n i n g  cloud 
motions t o  a s i n g l e  i s o b a r i c  l e v e l  i n t r o d u c e s  
u n n e c e s s a r i l y  l a r g e  assignment e r r o r s ,  
p a r t i c u l a r l y  i n  a h i g h l y  sheared environment i n  
which s e v e r e  convect ion t y p i c a l l y  occurs.  
Desp i t e  t h i s ,  s t r o n g  moi s tu re  g r a d i e n t s  
e v i d e n t l y  impose a n  upper  l i m i t  on t h e  
u s e f u l n e s s  of  t h e  sigma system f o r  CMV l e v e l  
assignment.  A r b i t r a r y  assignment  of CMV t o  a 
s u r f a c e  could p o s s i b l y  be improved w i t h i n  a r e a s  
of moi s tu re  g r a d i e n t s  by s e l e c t i n g  n l e v e l s  
a p p r o p r i a t e  t o  d i f f e r e n t  a i r  mass regimes from 
l o c a l  soundings.  

This work r e p r e s e n t s  on ly  a n  
i n i t i a l  s t e p  i n  d e f i n i n g  how s a t e l l i t e  cloud 
motions have t h e  p o t e n t i a l  t o  be e f f e c t i v e l y  
used t o  add in fo rma t ion  t o  b a s i c  wind ana lyses .  
A d d i t i o n a l  work has  been done concerning t h e  
impact of a r b i t r a r y  assignment of CMV on 
d ive rgence  and r e l a t i v e  v o r t i c i t y  f i e l d s .  CMV 
have a l s o  been i n t e r p o l a t e d  t o  825 mb and pn0.9, 
and t h e i r  impact on t h e  o v e r a l l  wind f i e l d  has  
been s t u d i e d .  The i n t e r p o l a t i o n  of CMV appears  
t o  have more of an impact a t  825 mb t h a n  a t  
~ 0 . 9  i n  producing smaller v e c t o r  d i f f e r e n c e s .  
The advantage of i n t e r p o l a t i o n  i s  i n  account ing 
f o r  t h e  v e r t i c a l  wind s h e a r  between cloud base 
l e v e l s  and t h e  a s s igned  l e v e l .  Add i t iona l  
r e s u l t s  w i l l  be p re sen ted  i n  forthcoming papers.  
S t e r e o  cloud h e i g h t  d a t a  are probably d e s i r a b l e  
f o r  more a c c u r a t e  c loud base de t e rmina t ion .  
Where s p e c i a l - t y p e  wind d a t a  a r e  not a v a i l a b l e ,  
model ou tpu t  might p o s s i b l y  be used a s  t h e  b a s i s  
f o r  p rov id ing  a f t e r n o o n  v e r t i c a l  wind s h e a r  
c o n d i t i o n s  f o r  t h e  assignment of unconvent ional  
wind d a t a  t o  an a p p r o p r i a t e  l e v e l  f o r  o b j e c t i v e  
ana l y  si 8 .  
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G. 9 PREDICTION OF FROST MIGHT TFMPERATURES THROUGH USE OF GOES EAST 
SATELLITE DATA AND TWPERATURE PREDICTION MODELS 
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1. INTRODUCTION 

Providing users temperature predictions via 
canputer terminal follows f m  the Satellite Freeze 
Forecast System (SFFS) (Bartholic and Sutherland, 
1978; Martsolf, 1981, Martsolf and Gerber, 1981; 
Sutherland, et al, 1979; Martsolf, 1982; Heinemann, 
et al. 1984; Martsolf, et al., 1984). SFFS was 
developed in cooperatlon with NASA and NOAA to 
aquire and apply GOES EAST thermal infrared 
satellite images (both real and predicted) to 
National Weather Service forecasters and Florida 
agriculturalists. 

Several models evaluate the temperature 
distribution near the surface and how those 
temperatures change with time (Georg, 1971;  
Blackadar , 1976; Sutherland, 1980; Miller, 1981 1. 
The original SFFS prediction d e l  provides hourly 
temperature predictions but requires hourly inputs 
from 10 automated weather stations (Sutherland, 
1980). A boundary layer model has recently been 
obtained and will be implemented into the SFFS 
system (Blackadar, 1976). None of the models 
utilize the GOES I R  data as an input, which is 
available to SFFS every half hour. The purpose 
of this paper is to describe the incorporation of 
satellite data into the Sutherland model. 

2. DESCRIPTION OF THE MODELS 

2.1 P-Model and S-Model 

Sutherland (1980) developed a model (called 
P-model, or physical del) to predict temperatures 
during radiative frost nights. The model inputs 
are temperatures at 1.5, 3.0, and 9.0 m; surface, 
10 cm, and 50 cm below the surface; wind speed 
and net radiation. These parameters require hourly 
observations from automated weather stations. 
The energy balances of a subsurface layer, earth-air 
interface, and a 9 m air layer, are described by 
three differential equations. Solving for the 
time rate of temperature and multiplying the rate 
by hourly increments yields temperature predictions. 

The P-model predictions were used as input 
to another model, called S-model (Martsolf and 
Gerber, 1981). The S-model used the P-model 
results and weighted distance coefficients to 
extrapolate the temperature predictions across 
the entire state of Florida. The results were 
then displayed in a map form identical to the IR 
maps, for any desired forecast hour up to 14 hours 
in advance. 

2.2 Blackadar’s Boundary Layer Model (BLM) 

The Boundary Layer Model describes the 
atmospheric boundary layer and predicts how the 
layer changes over time and with varying inputs 
(Blackadar and Jersey, 1976; Blackadar, 1980). 
The model divides the boundary layer (including 
some depth into the soil) into several layers: 
Two soil layers, 10 m thick surface layer that 
includes vegetation, and 30 air layer each 100 m 
thick. Heat, momentum, and water vapor budgets 
are calculated. 

of FlorLda, Galnesville, FL 32611. 

3. RESULTS: SATELLITE DATA AS INPUT TO MODELS 

Satellite data was used as P-model input for 
a sample frost night. The average temperatures of 
nine pixels from 10 Florida areas were calculated 
and supplied to the P-model as 1.5 m inputs. The 
P-model predictions were then supplied to a routine 
that extrapolates the new values across the state 
to create a forecast map. This new map is similar 
in appearance to the thermal IR map. Forecast maps 
can be produced up to 14 hours in advance. 

The night of January 15-16, 1983 was used a3 
a sample Por satellite data input. Observations 
began at 1800 EST January 15 and continued untll 
0700 EST January 16. Satellite drift was corrected 
by aligning the satellite gridding data of a dist€nct 
outline (Lake Okeechobee) from one map to the next. 
The east-west and north-south offsets were calculated. 
These were included into the routine that determined 
the satellite pixel temperature averages from the 
10 map locations. 

The average temperature from each location 
was entered into the model as 1.5 m air temperature. 
The first three hours of observations provided the 
prediction base for the rest of the night. As each 
hour passed, the previous two hours plus the latest 
hour served as the new predictive base. In this 
way the model adjusted predlctions 69 the conditions 
changed. Hence, the predictions beccme more accurate 
as the n€ght progresses. 

The predicted values were inputted to the 
S-model . S-model extrapolated the predictions 
across the state and processed the results into a 
map form. The routine that determines the average 
temperatures of the nine pixels from each location 
was again run on the forecasted map. The resulting 
values were compared to the observed map from the 
forecasted hour. The differences between the 
observed values and P-model predfcted values are 
summarized in Table 1. The differences between 
the observed values and S-model predicted values 
are summarized In Table 2. 

The predictions are quite acceptable in the 
reglons with clear skles. The presence of scattered 
clouds in some areas created problems as can be 
seen at locations 7, 8, and 9. The reduction of 
the satellite-measured temperatures can significantly 
lower the accuracy of the predictions by causing 
the models to pred€ct too low. Temperatures from 
the tenth location were not included because high 
percentage of cloud cover. 

The S-model improved the accuracy of the 
predictions frcm the P-model as shown in the tables. 
This can be explained by the manner in which S-model 
extrapolates the data. When an anomolous value is 
inputted to the P-model for a single area, the 
predictions from that hour are less accurate. The 
predictions inputted to the S-model are used to 
determine temperature gradients across the state. 
Therefore, an area with an anomolous input is 
influenced by adjacent areas. This process tends 
to smooth the predictions. 



I Table 1 Movement of clouds is not accounted for on 
the predicted maps. Clouds that appear on the 
initial base maps will appear at the same location 

differences between observed values and P-model on any predicted map. A provision to predict cloud 
movement by the model will be attempted. 

Summary of means and standard deviations of 

predicted values (predicted-observed , OC). 
Prediction 
Base 
Hour 1 
3 0.5 + 0.6 
4 1.7 T 1.0 
5 0.5 T 0.6 
6 1.2 7 - 0.5 

3 1.8 + 1.5 
4 3.5 T 1.7 

0.4 1.7 6 

7 
3 4.0 + 2.3 

0.4 2.8 4 
5 

-2.0 + 3.4 6 

4 

5 -0.6 T 1.5 
- 

- 

- 

Map Location 

2 3 
-1.7 2 0.7 0.6 + 0.4 
-1.0 + 0.6 0.7 5 0.5 

1.1 1.2 -0.8 + 0.4 
1.0 2 1.1 0.3 0.5 

5 6 
0.8 + 1.0 
2.1 T 1.6 

2.0 7 1.2 

-0.4 + 2.1 

2.4 T 2.2 
-2.2 T 1.5 1.3 T 1.5 

- - 
8 9 

5.2 2 2.2 

-1.0 7 2.5 

2.9 2 1.9 

-2.7 T 1.8 

-0.3 2 2.1 3.7 2 1.1 
-0.4 + 2.5 -3.6 + 1.8 

- - 
Table 2 

Summary of means and standard deviations of 
differences between observed values and S-model 

predicted values (predicted-observed, OC) . 
Prediction Map Location 
Base 
Hour 1 2 3 
3 0.1 + 0.8 -0.2 + 1.2 1.8 + 0.7 
4 0.1 T 0.5 -0.3 f 0.9 1.5 T 0.6 
5 -1.9 T 0.5 -1.6 0.5 -0.6 T 0.2 
6 -1.5 2 0.7 -0.8 2 0.5 -0.3 T - 0.6 

4 
-0.2 + 1.5 

0.1 T 1.0 
-3.0 T 1.8 
-2.0 T 2.0 

7 
4.9 2 1.7 
1.9 + 1.3 
0.7 7 1.5 

- 

-1.5 T 0.4 - 

5 6 
-1.2 + 1.4 0.7 + 1.5 

-2.0 T 1.8 -0.8 T 1.2 
-1.0 T 1.4 

-0.8 f 2.2 

0.6 T 1.1 

1.7 7 0.8 - 
8 9 

2.9 1: 2.2 3.3 2 0.9 
2.3 + 1.5 3.5 5 1.5 
1.7 7 3.0 -2.7 + 1.5 

-0.8 T 2.6 2.5 0.3 

4. CONCLUSIONS AND FUTURE WORK 

The results show that satellite temperatures 
can indeed be used as input for the model to 
predict temperatures, but are most effective when 
the air is very clear and the satellite-sensed 
temperatures decrease smoothly with time. Scattered 
clouds cause large errors in the predictions. 
However, conditions that permit cloud formation 
are those that reduce the possibility of frost. 

The problem of scattered cloud cover over 
some areas may be alleviated by using ground 
station temperatures aquired from AFOS lines to 
supplement the satellite data. If an unusually 
low satellite temperature due to cloud cover is 
detected, the ground station temperature could be 
substituted. 

The recent aquisition of the Boundary Layer 
Model expands the prediction capabilities of SFFS. 
The satellite data will be used as input to the 
BLM and accuracy of predictions will be compared 
to the P-model results. 
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D E V J X O F "  OF MANUALLY D I G I T I Z E D  RADAR AND GOES I R  COMPOSITE PRODUCTS" H.1 

Paul H. Heinemann, J. David Martsolf, and John F. Gerber, Fruit Crops Department, IFAS, Universlty of 
Florida, Gainesville,Daniel L. Smith, National Weather Service, Fort Worth, TX. 
~ 

1. INTRODUCTION 

The Satellite Frost Forecast System (SFFS) 
was designed with a goal of aqulring, processing, 
and disseminating Satellite thermal infrared (IR) 
data to users in the Florlda agricultural community 
on a real-time basis (Martsolf, 1980; Martsolf 
and Gerber, 1981 ) . The IR binary data was processed 
into maps, and the temperature values divided into 
color coded ranges for display on a color monitor 
or terminal. The maps were then disseminated 
through the SFFS system to users throughout Florida. 

The SFFS display system used for the IR maps 
can be enhanced to dtsplay other products as well. 
Development of SFFS has led to the aqulsltion of 
several products from the National Weather Service. 
One of these, Manually Digitized Radar (MDR), was 
developed into a color display product and made 
available to users i n  Florida through SFFS. The 
capability of the system enabled overlay of MDR 
and GOES I R  maps to form a new product showlng 
rainfall patterns at a higher resolution than the 
MDR alone. 

Some methods of measuring precipitatlon from 
satellite and radar information are menttoned fn 
the literature. Waters and Green (1979) describe 
a combinatfon IR and MDR product, Scofield (1981) 
and Del Beato (1981) described methods of correlating 
visfble and infrared GOES tmages to preclpitation 
levels. 

Strong convection is usually accompanied by 
heavy precipttation in clouds. The convective 
processes cause the cloud tops to reach heights 
of 5 km and more, which appear to a satellite much 
colder than the surrounding areas. The correlatlon 
between cold cloud top temperatures and convection 
enables Lnfrared satellite tmages to give an 
indication of where precipitation may be occuring. 
The addition of even a low resolution radar product 
such as manually digitfzed radar (MDR) verifies 
the presence of precipitation for a gtven region. 

2. AQUISITION OF IR AND MDR DATA 

The Satellite Frost Forecast System based in 
the Climatology Lab, Fruit Crops Department, 
llnivsrsity of Florida, provides a direct digital 
downllnk with GOES East meteorologlcal satellite 
(Martsolf, 1981, 1982, 1983). Thermal lnfrared 
scans, with 3.2 x 6.4 km ( 2  x 4 mile) pixel size, 
are received every half hour through a 5 meter 
Satellite dish, then sectorized tnto an area 
covering the state of Florida. The binary values 
are processed into a map form by an HP 21 MX-E 
minicomputer. 

~- - - -  
*USDA/Extenslon Grant 12-05-300-535, Florida 
Agricultural Service and Technology and NWS/sarth 
Reglonal Headquarters are acknowledged for 
support of this project. 

Smith ( 1980) describes Manually Digitized Radar 
in detail. Radar operators place a 32 x 32 km ( 2 0  
x 20 mile) grid overlay on the radar PPI. The 
predominant precipitation level In each grid spacing 
is assigned an intensity value. In the case of 
heavier rain, the grid spacing will receive the 
highest intensity value found wlthin that space. 
The operator codes this data and sends it across 
AFOS llnes. 

MDR data are aquired from one Georgia and six 
Florida radars through a DS-1000 computer link with 
the National Weather Service in Ruskin, Florida. 
This I s  done every hour on  the half hour. Each 
station transmits MDR code between 25 and 35 minutes 
past the hour so that reception of the radar data 
is within + 5 minutes of satellite image receptton. 
The precipl%tion code is collected by the Gainesville 
computer and combined Lnto an array (Figure 1).  
This shows the regions of preclpitation over the 
state of Florida at 32 x 32 km resolution. 

Flgure 1. Black and white representation of 
color coded Manually Digitized Radar display from 
six Florida and one Georgia statton. 

3. DEVELOPMENT OF IR-MDR COMPOSITES 

The composite map development procedure is 
listed in the appendix. A blank map of 180 columns 
by 120 lines was created to accept processed composite 
MDR-IR values. Satellite drift from one map to the 
next ia partially corrected by programat,ic alignment 
of the aatellite map grid patterns. The gridding 
is added to the satelltte data after the initial 
transmissLon to Wallops Island. The grldding is 
not always placed correctly; however, the error of 
grid alignment is usually within a few kilometers 
of the intended placement. The maps are aligned by 
finding a fit between map grid pofnts using a distinct 
outllne, such as those surroundtng Lake Okeechobee. 

2 4 2  



Due to the MDR element orientation convention, 
the elements had to be rotated 23O. This rotation 
aligned the element arrays in an east-west direction 
to correspond to the T R  pixel element arrays. 

A single MDR block covers 50 IR pixels. Each 
MDR block is divided into an array of 50 elements 
s o  that each element can be compared to an IR 
pixel. It is  assumed that any T R  pixel with a 
temperature value warmer than a given threshold 
temperature does not represent significant cloud 
areas, and therefore does not contain rain. An 
IR pixel with a temperature greater than the 
threshold (set at 0 C) was automatically ellminated 
from the array. The coldest IR pixel temperature 
and the standard deviation of the remaining IR 
pixel temperatures were calculated for each MDA 
block. Within each block, the coldest pixel and 
all other pixels with values less than one standard 
deviation warmer were assigned the MDR value of 
that block. IR pixels with values between one 
and two standard deviations were assigned the next 
lowest MDR value, and so on (Figure 2). This 
process is repeated for each MDR. element. 

IR ELEMENT 
(3.2 X 6.4 k d  

..... "- ......................... 
c 

c 

................................ - 

- 

COLDER 

*' 

CLOUD 
TOP 

TEMPERATURE 

WAMER 

f 

MDR 
ELEMENT 

(32 X 3 2 k d  
Figure 2. Schematlc of IR-MDR corellatlon. 

I R  pixels with temperatures less than one standard 
devtation from the coldest value would be assipned 
the original MDR value for that MDR element, TI? 
pixels between one and two standard deviations 
from the coldest value would be assigned the next 
lowest MDR value, etc. 

The new composite values are placed into the 
blank map as they are calculated. The values are 
then assigned a color coding describing the 
intensity of the rainfall. The processed data 
are displayed on a color terminal or monitor and 
gridding from the IR map is added (Fig. 3 ) .  

Each time a new MDR-IR composite map is 
processed it is  called by a seperate program that 
adds the latest map to previous maps. This shows 
accumulated rainfall patterns (Fig. 4 ) .  A new 
accumulated rainfall map is produced daily. Other 
products could be developed by a similar procedure 
including weekly, monthly, and yearly accumulated 
rainfall summaries. 

Figure 3. Black and white representation of 
color coded composite TR-MDR rainfall map. 

.. . . . .  . .  

4 .  DISSEMINATION OF COMPOSITE PRODUCTS 

The compostte products are disseminated o n  n 
rpal-time bas18 to the Florida agrlcultural communlty 
through a microcomputer network (Martsolf, et ax., 
1984). After the HP minicomputer processes a new 
map, the computer autoniattcally transmits the map 
to the Institute of Food and Agricultural Sctences' 
VAX ccmputer. The mps are stored in user accesstble 
files. Agricultural users (county extanston went8 
at this point) call the VAX with microcomputers 
through modems to obtain the mnps at thelr convenlence. 
Software I s  being developed to display these maps 
on several microcomputers, including APPLE 11, DEC 
PRO 350, IBM PC, and Zenith Z-100. Thew mps w i l l  
be made nvaLlable to the publtc through a not-for-pmf'Lt 
corporatlon known as Florida Agricultural Services 
and Technology (FAST). The dissemination process 
wlll be similar to SFFS, except that, the pt-oducta 
will be transferred to a CDC CYBER 730 operated by 
FAST. 
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Procedure of composite map process: 

1. aquire and process GOES IR data. 
2. aquire and process MDR data. 
3. combine MDR from seven stations 

into 30x40 element array. 
4. create blank map 180 oolumne 

by 102 lines (same size as Florida 
IR sector. 
oall alignment routine to get x,y 
location of Lake Okeechobee 
based on grid bite. 
compare to base map to determine 
off sets. 

5 .  

6, 

MAIN LOOP: 

7. rotate MDR pixel 23 deg. to 

8. 

9. 

proper perspective. 
divide MDR element into IR pixel 
size (divide into 50 elements). 
create coordinates of IR pixels 
that map into that particular 
MDR element. 

10. extract IR data, place into vector 
for that MDR element. 

11 .  calculate minimum, maximum, and 
standard deviation of IR values 
corresponding to that MDR 
element. 

12. correlate IR to MDR value based on 
statistics. 

13. place new values into blank map 
14. go to next MDR element. 
15. display new values. 

2 4 4  
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THE D I U R N A L  CYCLE 'IN COLD CLOUD I N  THE TROPICS 
D U R I N G  1982-83 

P h i l l i p  A. Arkin 
Climate Analysis Center 

Nat ional  Meteorological Center 
NWWNOAA 

Washington, D. C. 20233 

1. INTRODUCTION 

The d i u r n a l  cyc le  i n  t r o p i c a l  c loudiness  
and p r e c i p i t a t i o n  has  been ex tens ive ly  s tud ied  
i n  r e c e n t  years. Reed (1983) p r e s e n t s  a 
review of many r e c e n t  s t u d i e s ,  inc luding  
s e v e r a l  which used s a t e l l i t e  d a t a  i n  var ious  
forms. 
Wallace (1975) and Gray and Jacobson (1977); 
t h e  i n t e r e s t e d  reader  is r e f e r r e d  t o  t h e s e  
papers  f o r  f u r t h e r  d e t a i l s  of t h e  l i t e r a t u r e .  

Many e a r l i e r  studies were reviewed by 

The s u b j e c t  of  t h e  f o r c i n g  of  la rge-sca le  
t r o p i c a l  and e x t r a t r o p i c a l  c i r c u l a t i o n s  by 
condensat ion hea t ing  is t h e  focus  of much 
c u r r e n t  research  (Paegle e t  al., 1984; Arkin 
e t  a l ,  1984). The evolu t ion  of  c i r c u l a t i o n  
anomalies  dur ing  t h e  E l  Niflo/Southern 
O s c i l l a t i o n  event  of 1982-83 and t h e i r  
a s s o c i a t i o n  wi th  r a i n f a l l  anomalies  i n  t h e  
t r o p i c a l  P a c i f i c  (Arkin, 1983b) i l l u s t r a t e  t h e  
importance o f  t h e  d i s t r i b u t i o n  of  t r o p i c a l  
p r e c i p i t a t i o n .  While understanding o f  t h e  
r e l a t i o n s h i p  between t h e  time-mean c i r c u l a t i o n  
and condensation hea t ing  is improving, t h e  
importance of  t h e  t r a n s i e n t  por t ion  of t h e  
thermal  f o r c i n g  is much less c lear .  
d i u r n a l  s i g n a l  i n  t r o p i c a l  convection is 
g e n e r a l l y  thought  t o  be q u i t e  l a r g e ,  it might 
well be important  t o  t h e  la rge-sca le  flow. 

2. DATA AND ANALYSIS 

Since t h e  

Diagnosis o f  t h e  d i u r n a l  oyc le  i n  
c loudiness  and p r e c i p i t a t i o n  is extremely 
d i f f i c u l t  when one is l i m i t e d  t o  convent ional  
data .  A s  pointed o u t  by Reed (1983). most 
r e c e n t  s t u d i e s  have u t i l i z e d  some form of  
s a t e l l i t e  d a t a  i n  o rder  t o  obta in  t h e  
necessary d e n s i t y  o f  data .  Imagery from 
geos ta t ionary  s a t e l l i t e s  is i n  some ways 
i d e a l l y  s u i t e d  t o  diagnoses  of t h e  d i u r n a l  
cycle .  
t h e  approximate a l t i t u d e  of cloud t o p s  
reasonably well a t  i n t e r v a l s  of  1/2 hour ( f o r  
t h e  U.S. GOES) t h r o u g h o u t  t h e  day. I n  t h i s  
s tudy ,  s t a t i s t i c s  f o r  l a r g e  a r e a s  from such 
imagery w i l l  be  examined t o  determine t h e  
d i u r n a l  v a r i a b i l i t y  o f  cloud o f  var ious  
he ights .  

In t h e  process  o f  computing t h e  GOES 
P r e c i p i t a t i o n  Index (GPI)  (Arkin, 1983a1, 
frequency d i s t r i b u t i o n s  of  t h e  equiva len t  

I n f r a r e d  (IR) imagery s e r v e s  t o  d e f i n e  

blackbody temperature  (EBBT) i n  2.5'~ 2.5' 
a r e a s  a r e  archived s e p a r a t e l y  f o r  each of  
e i g h t  t imes  (0000, 0300, 0600, ... GMT)  
averaged over half-months from December 1981 
through t h e  present .  
his tograms a r e  5K wide between 210 and 270K. 
a l lowing  t h e  mean f r a c t i o n a l  coverage of each 
area  by cloud co lder  than var ious  t h r e s h o l d s  
t o  be e a s i l y  determined f o r  8 times during t h e  
d i u r n a l  cyc le .  

The c l a s s e s  of  t h e  

The f r a c t i o n a l  coverage of  such a r e a s  by 
cloud with EBBT co lder  than 235K has  been 
shown t o  be h ighly  c o r r e l a t e d  wi th  a r e a l l y  
averaged r a i n f a l l  even f o r  times a s  s h o r t  a s  1 
hour (Arkin, 1979); Richards and Arkin, 1981). 
Thus, i n  an approximate sense, t h e  d i u r n a l  
v a r i a t i o n  of  t h i s  index (which, when mult ip-  
l i e d  by an appropr ia te  cons tan t ,  is t h e  es t i -  
mate of  la rge-sca le  p r e c i p i t a t i o n  used a t  t h e  
Climate Analysis Center and c a l l e d  t h e  GPI )  
should correspond t o  t h a t  of p r e c i p i t a t i o n .  
It is impor tan t  t o  keep i n  mind, however, t h a t  
t h e  results presented a r e  f o r  c louds  and not  
direct  measurements of p r e c i p i t a t i o n .  In 
p a r t i c u l a r ,  t h e r e  is very  l i k e l y  t o  be a l a g ,  
with maximum GPI occur r ing  l a t e r  by 1-2 hours 
than maximum r a i n f a l l  (Richards and Arkin, 
1981 1. 

The resul ts  presented here w i l l  be f o r  
c louds with EBBT<235K, <270K and <220K, 
represent ing  i n  a crude way t h e  v a r i a b i l i t y  of  
r a i n i n g  cloud,  t o t a l  cloud (excluding s t r a t u s )  
and deep convection. Averages over t h e  
calendar  seasons (DJF, M A M ,  JJA, and SON) from 
December 1981 through November 1982 w i l l  be 
shown f o r  t h e  f i r s t  of  t h e s e ,  and f o r  DJF 1982 
f o r  t h e  others .  The d i u r n a l  c y c l e  is oomputed 
by c a l c u l a t i n g  t h e  f i r s t  harmonic of  t h e  8 
d a i l y  values .  

3. RESULTS 

The d i u r n a l  c y c l e  i n  c loud w i t h  EBBT(235K 
f o r  each 2.5Ox2.5' a r e a  from 50°N-500S and 
175OE-25'W is shown i n  Figs. 1-4. A vector  
po in t ing  n o r t h  i n d i c a t e s  a maximum of  
c loudiness  a t  0000 l o c a l  time. The vec tor  
r o t a t e s  c lockwise wi th  i n c r e a s i n g  time of  day, 
po in t ing  e a s t  f o r  a maximum a t  0600, south  a t  
1200 l o c a l  and so on. 
vec tor  is propor t iona l  t o  t h e  amlpi tude of t h e  

The l e n g t h  o f  t h e  
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Figure.1.  Vectors  i n d i c a t i n g  t h e  phase and ampli tude 

of t h e  f i r s t  harmonic of t h e  d i u r n a l  c y c l e  i n  
c loud c o l d e r  t han  235K f o r  DJF 1981-82. See 
t e x t  f o r  d e t a i l s .  Maximum v e c t o r  r e p r e s e n t s  amp- 
l i t u d e  of 11%. 
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d i u r n a l  c y c l e  i n  f r a c t i o n a l  coverage, w i t h  a 
l e n g t h  of  2.5' (equal t o  t h e  s e p a r a t i o n  of  t h e  
o r i g i n s  of  ad jacent  vec tors )  i n d i c a t i n g  an 
ampli tude of  6%. This  corresponds t o  an am- 
p l i t u d e  of  4.3 mm/day i n  GPI. 

The most obvious deduction t o  be drawn 
from t h e s e  r e s u l t s  i s  t h a t  t h e  d i u r n a l  c y c l e  
determined i n  t h i s  fashion is much l a r g e r  over 
t r o p i c a l  c o n t i n e n t s  than oceans. This  is not  
t o  s a y  t h a t  t h e r e  is no d i u r n a l  c y c l e  over t h e  
t r o p i c a l  oceans. Indeed, t h e  South P a c i f i c  
Convergence Zone (SPCZ) and both A t l a n t i c  and 
P a c i f i c  I n t e r t r o p i c a l  Convergence Zones 
(ITCZ's) show f a i r l y  s u b s t a n t i a l  d i u r n a l  
s i g n a l s .  However , t h e  l a r g e s t  ampl i tudes  a r e  
c l e a r l y  over t h e  summertime cont inents .  
Amplitudes of  >3$ a r e  extremely r a r e  over t h e  
t r o p i c a l  oceans, whi le  va lues  <3% a r e  a l -  
most e q u a l l y  r a r e  i n  t h e  c o n t i n e n t a l  convec- 
t i v e  regions. While t h e  mean f r a c t i o n a l  
c loudiness  over t h e  t r o p i c a l  c o n t i n e n t s  i s  
somewhat g r e a t e r  than over t h e  t r o p i c a l  
oceans,  t h e  d i f f e r e n c e  is on t h e  order  of 20%- 
40% when averaged over l a r g e  a r e a s  (Arkin and 
Meisner, 1984). and some oceanic  a r e a s  e x h i b i t  
maxima n e a r l y  a s  l a r g e  a s  any found over t h e  
cont inents .  For example, during JJA 1982, 
l a r g e s t  va lues  of  f r a c t i o n a l  coverage were 
found near 5'N and 180' (15%) and near t h e  
Is thmus of  Panama (20%). However, t h e  d i u r n a l  
s i g n a l  i n  t h e  l a t t e r  has  4 times t h e  ampli tude 
(12% t o  3%) found i n  t h e  former. Furthermore, 
an a r e a  i n  t h e  c e n t r a l  U.S. with  va lues  of  G P I  
h a l f  those  found i n  t h e  c e n t r a l  P a c i f i c  has  a 
d i u r n a l  s i g n a l  of  ampli tude 9%, 3 times t h a t  
i n  t h e  c e n t r a l  Pacif ic .  Dorman and Bourke 
(1979) showed d i u r n a l  c y c l e s  f o r  a number o f  
l o c a t i o n s  i n  t h e  P a c i f i c  Ocean nor th  of  t h e  
equator .  Their d i u r n a l  s i g n a l  ampli tude was 
about .39 mm/day a t  7 O N  and 82.5OW, near t h e  
e a s t e r n  end of t h e  P a c i f i c  ITCZ. The d i u r n a l  
s i g n a l  a t  t h a t  po in t  (using t h e  G P I  c a l i b r a -  
t i o n )  ranges from .16 mm/day t o  .78 mm/day 
w i t h  an annual average of  about .46 mm/day. 
This  seems q u i t e  good agreement f o r  two such 
d i s p a r a t e  techniques.  Their r e s u l t s  f o r  o t h e r  
l o c a t i o n s  i n  t h e  nor th  P a c i f i c  i n d i c a t e d  much 
s m a l l e r  ampli tude d i u r n a l  cycles .  The results 
shown here confirm t h i s ,  with t h e  only  o t h e r  
t r o p i c a l  oceanic  region showing l a r g e  ampli- 
tudes  being where t h e  SPCZ reaches  t h e  equator .  

The phase of  t h e  d i u r n a l  c y c l e  i n  t h e  
t r o p i o s  has  been a s u b j e c t  of some controver-  
sy. Gray and Jacobson (1977) found an e a r l y  
morning maximum i n  most oceanic  reg ions  and 
n i g h t  o r  morning maxima i n  many c o n t i n e n t a l  
regions. Dorman and Bourke (1979) found an 
evening o r  very e a r l y  morning maximum i n  t h e  
reg ions  they  examined. Albright  e t  a l .  (1983) 
found an a f te rnoon maximum dur ing  January- 
February 1979 i n  t h e  SPCZ, and Gray and Jacob- 
son (1977) and o t h e r s  have noted an a f te rnoon 
maximum i n  t h e  e a s t e r n  t r o p i c a l  At lan t ic .  
Minnis e t  el. (1983) found t h a t  deep convec- 
t i v e  a c t i v i t y  over South America e x h i b i t s  an 
a f te rnoon peak, whi le  Reed and J a f f e  (1981) 
found a s i m i l a r  r e s u l t  f o r  t r o p i c a l  Africa. 

The dominance of  t h e  d i u r n a l  c y c l e  over 
t r o p i c a l  South America, Cent ra l  America and 

North America i n  t h e  warm season, wi th  >75% o f  
t h e  t o t a l  d i u r n a l  var iance accounted f o r  by 
t h e  f i r s t  harmonic, makes de te rmina t ion  o f  its 
phase i n  t h e s e  a r e a s  r e l a t i v e l y  s t r a i g h t f o r -  
ward. Most a r e a s  of heavy p r e c i p i t a t i o n  i n  
South America e x h i b i t  d i u r n a l  maxima near 1800 
LST i n  each season. Coastal  a r e a s ,  such a s  
near  t h e  mouth o f  t h e  Amazon i n  DJF and MAM 
1982 and In  SBo Paulo S t a t e  i n  SON 1982, 
e x h i b i t  l a t e  morning and e a r l y  af ternoon 
maxima, a s  do t h e  Andes. S i m i l a r  behavior was 
noted by Reed and J a f f e  (1981). In North 
America, a s i m i l a r  se t  of  f e a t u r e s  is seen i n  
JJA 1982, with maxima i n  e a r l y  af ternoon near 
t h e  Gulf and southeas t  c o a s t s  and s e v e r a l  
hours  l a t e r  f u r t h e r  inland.  The i n t e r i o r  of  
t h e  cont inent  shows maxima near  1800 LST over 
t h e  Rocky Mountains, wi th  i n c r e a s i n g l y  l a t e r  
maxima with eastward and northward d i s t a n c e  
from t h e  mountains. Cent ra l  America and 
nor thern  South America show widely varying 
times of maximum convect ion,  probably due t o  
t h e  s m a l l e r  s p a t i a l  s c a l e  o f  land/sea and 
orographic  f e a t u r e s  there .  

Since t h e  d i u r n a l  cyc le  is r e l a t i v e l y  
s m a l l e r  i n  t r o p i c a l  ocean reg ions  than over 
land ,  i ts de termina t ion  t h e r e  is more 
d i f f i c u l t .  The P a c i f i c ,  p a r t i c u l a r l y  a t  i ts  
e a s t e r n  end, and t h e  A t l a n t i c  ITCZ appear t o  
e x h i b i t  a near noontime maximum. Dorman and 
Bourke (1979) found a 0900 LST maximum a t  7ON, 
82.5OWI while  t h e  d a t a  here  show maxima a t  
0700, 1400, 1500, and 0900 LST during DJF, 
MAM, JJA, and SON, respec t ive ly .  Several  
a r e a s  i n  each ITCZ show a puzzl ing tendency 
f o r  maxima t o  occur l a t e r  i n  t h e  day c l o s e r  t o  
t h e  equator. For example, maxima along llOoW 
dur ing  M A M  1982 occurred j u s t  a f t e r  midnight 
a t  12.5'N. a t  0200 LST a t  10°N, 0500 LST a t  
7.5'N, 0900 LST a t  5'N, and 1000 a t  2.5'N. 
The same behavior is seen f u r t h e r  e a s t  and i n  
t h e  western e q u a t o r i a l  At lan t ic .  The d i u r n a l  
cyc le  i n  t h e  SPCZ is  most prominent i n  DJF 
1982. The a x i s  o f  t h e  h i  h e s t  values  o f  CPI 

t o  Samoa. South and west of  t h i s  a x i s ,  maxima 
occur near 1800 LST, whi le  mid-morning maxima 
a r e  found t o  t h e  north.  The Gulf of  Mexico 
and A t l a n t i c  near t h e  southeas te rn  U.S. both 
e x h i b i t  noon maxima. 

extends from 10's and 175 5 E east-southeastward 

The d i u r n a l  cycles dur ing  DJF 1981-82 i n  
f r a c t i o n a l  coverage of  cloud with EBBT<270K 
(Fig.  5 )  and <220K (Fig.  6 )  a r e  s e e n  t o  have  
s p a t i a l  d i s t r i b u t i o n s  of  ampli tude s i m i l a r  t o  
those  of  t h e  G P I  (Fig. 1). Tropica l  South 
America and t h e  SPCZ have l a r g e  ampl i tudes  i n  
a l l  t h r e e ,  wi th  t h e  ITCZ's a l s o  e x h i b i t i n g  
r e l a t i v e  maxima. One might reasonably conclude 
t h a t  t h e  l a r g e  ampli tude over North America i n  
Fig. 5 is due t o  t h e  occurrence o f  s u r f a c e  
tempera tures  <270K a t  night .  The a b s o l u t e  
ampli tudes a r e  g r e a t e s t ,  excluding North 
America, (14% a t  270K, 6% a t  '220K) i n  near  
e q u a t o r i a l  South America. This  is very simi- 
l a r  t o  t h e  d i u r n a l  cycle o f  r a i n i n g  cloud 
dur ing  t h i s  season. The phase a t  270K 
i n d i c a t e s  t h a t  maxima ocour somewhat l a t e r  
than when cons ider ing  only cloud co lder  than  
235K, whi le  t h e  phase of  cloud co lder  than 
220K is s i m i l a r  t o  t h a t  a t  235K. but wi th  t h e  
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influence of land/sea and orography somewhat 
l e s s  pronounced. 

4. SUMMARY AND CONCLUSIONS 

The data base of frequency d i s t r ibu t ions  
of EBBT f o r  each of 8 da i ly  t imes a re  used t o  
determine the  diurnal va r i ab i l i t y  of cloud 
colder than thresholds of 270K, 235K and 220K. 
The f irst  harmonic of the  diurnal cycle i n  
ra in ing  cloud (EBBT<235K) is  found t o  have 
l a rges t  amplitude over t he  summertime 
continents,  exceeding 3%, and t o  explain 75% 
of the  d iurna l  variance i n  such regions. 
Maximum cloud cover i n  these a reas  occurs a t  
about 1800 LST except i n  coas ta l  and mountainous 
regions where e a r l i e r  maxima a re  observed. 
Similar behavior was noted by Reed and Jaf fe  
(1981). Oceanic a reas  exhib i t  smaller 
amplitude d iurna l  cycles, w i t h  e a r l i e r  maxima 
i n  many areas. However, pa r t s  of t h e  SPCZ 
exhib i t  l a t e  afternoon maxima. Use of warmer 
(270K) and colder (220K) thresholds yield 
s imi l a r  r e s u l t s  i n  a reas  of t rop ica l  
convection. 

It appears t h a t  the  diurnal cycle i n  
cloud colder than freezing i n  the  t rop ic s  is 
dominated by t h e  variation i n  p rec ip i ta t ing  
cloud, w i t h  much grea te r  diurnal va r i ab i l i t y ,  
even when normalized by mean values, found i n  
continental  than i n  oceanic regions. 
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H. 3 

Satellite Imagery as an Aid for Deriving 300 mb and 1000/300 mb -entia1 Heights 

Steven D. Swadley 

Naval Environmental Prediction Research Facility 
Monterey, California 

1. m m 1 m  

During the first decade of satellite 
meteorology (1960-70) , the operational value of 
satellite imagery in synoptic analysis was 
demonstrated. In the same period, weather 
forecasting was moving into the age of numerical 
prediction where the impact of satellite imagery 
has been limited (Bizzarri, 1982). This was due 
to the difficulty of converting imagery into 
information useful to the numerical analysis of 
the mass field. 

The second and third decades of satellite 
meteorology have seen considerable efforts in 
the development of technologies and techniques 
for providing quantitative satellite-derived data 
for numerical prediction models. Although the 
input of satellite-derived vertical temperature 
profiles and cloud tracked winds have had a 
positive impact on numerical forecasts (Halem, 
et al., 1977; and Seaman and Hayden, 1979), one 
of the problems associated with this quantifica- 
tion is that the satellite data tend to reduce 
the amplitudes of the synoptic systems (i.e. 
versus those depicted by radiosonde data alone, 
Miller and Hayden, 1978). 

The purpose of the present study is to 
demonstrate the potential use of the advanced 
Satellite Input to Numerical Analysis and 
Prediction (SINAI?) technique (Swadley, 1983; 
hereinafter referred to as S83) in an operational 
mode. The impact of the SINAI? technique on the 
analysis of the mass field will be demonstrated. 

2. Description of the SINAP System 

A quasi-objective statistical method 
for deriving 300 mb geopotential heights and 
1000/300 m b  thicknesses in the vicinity of extra- 
tropical cyclones with the aid of satellite 
imagery has been recently developed at the Naval 
Environmental Prediction Research Facility 
(NEPRF). The technique utilizes satellite 
observed extratropical spiral cloud pattern 
parameters in conjunction with parameters derived 
from the original height or thickness field. The 
original fields are scale separated into additive 
long and short wavelength component fields. 
Regression equations are used to specify the 
magnitude of the negative extrema (positive 
vorticity maxima) in the short wavelength field. 
The 300 mb heights and 1000/300 mb thicknesses 
are then retrieved by direct addition of the 
modified short wavelength component field. 
Adjustments can then be made to the heights at 
the intermediate model levels. This insures a 

vertically consistent mass field which is 
required for initialization of a multi-level 
primitive equation forecast model. 

The operational application of this system 
is designed to utilize NEPRF's Satellite-Data 
Processing and Display System's (SPADS) unique 
capabilities of allowing interactive digital 
image processing (Schramm, Zeleny, Nagle and 
Weinstein, 1982). Graphic overlays of the 
meteorological fields superimposed upon the 
satellite image make this system ideal for the 
application of the present technique. 

2.1 The Scale Separation Technique 

The scale separation technique developd by 
Holl (1963) provides a method of decomposing 
geophysical fields into additive long and short 
wavelength component fields. The technique 
successively applies a smoothing operator to 
the subject field until the amplitude of a 
specified wavelength component is reduced to a 
predetermined percentage of its initial value. 
Examples of the scale separation technique 
applied to a 300 mb height field are shown in 
Figures 1, 2 and 3. Figure 1 is the initial 
height (2) field: Figure 2 is the long wavelength 
(SR) field resulting from the smoothing process. 
The short wavelength (SD) field is computed by 
subtracting the long wavelength, SR field from 
the initial Z field and is shown in Figure 3. 
The planetary (polar) vortex (SV) field and the 
long wave disturbance (SL) field are also 
obtained by applying the scale separation 
technique at a greater degree of smoothing. The 
original field, Z, is related to the various 
component fields by the following relationship, 

Z = SR + SD = SV + EL + SD. (1) 

The short wavelength (SD) field is signifi- 
cant because it closely resembles the 
relative vorticity ( t )  field (Nagle, et. al., 
1966). Although a direct proportionality of the 
magnitudes of the SD and 5 fields cannot be 
expected, the patterns and locations of the field 
extrema and/or zero values should be remarkably 
similar, as shown in Figure 4. 

2.2 Satellite Analysis Scheme 

The well documented (see for example Nagle 
and Hayden, 1971) correspondence between specific 
satellite observed extratropical spiral cloud 
patterns and synoptic features associated with 
upper-tropospheric relative vorticity (or SD) 
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Fig. 1. Initial 300 mb height field, 12 hr 
forecast, valid time 000 GMT 24 February. 

Fig. 2. 300 mb long wavelength (SR) field, 12 hr 
forecast, valid time 000 CMT 24 February. 

Fig. 3. 300 mb short wavelength (SD) field, 12 hr 
forecast, valid time 000 GMT 24 February. 

Fig. 4. 300 mb relative vorticity ( F )  field, 
12 hr forecast, valid time 000 GMT 24 February. 

fields permit a rather complete specification of 
the pattern of the SD component fields. The 
magnitude of the negative extrema in the SD 
field, however, remains to be specified. 

A statistical method for specifying the 
magnitude of 300 mb and 1000/300 mb negative 
extrema has been documented and verified in S83. 
The satellite images are analyzed as follows: 
The center of the spiral system is located via 
the SPADG graph pen/pad. The intersection of the 
frontal band and the upper-tropospheric trough 
axis is then located in the same manner. A line 
orthogonal to the trough axis is then drawn 
passing through the system center. This line is 
used to define the system wavelength. An 
idealized schematic of the above is shown in 
Figure 5. Once the system amplitude (AMP) and 

I ,/ ( S L A T ,  S L O N )  \ 
# W A V E L E N G T H  \ 

I I I 

Fig. 5.  Idealized SINAP satellite analysis 
ScheIIE. 
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wavelength (&) are known, the required long wave 
regression parameters are calculated at the 
nearest grid point to the system center. The 
location of the SD field zero line is then 
established and entered via the graph pen/pad. 
The SD field is then defined by the following 
relationship 

Z = w n  COS(nr/ZR), (2) 

where Z is the value at the grid point defined by 
r, where r is the distance from the center to the 
grid point, R is the distance from the center to 
the zero line passing through the grid point and 
'&,in the negative SD extrema value. 

Once the SD field pattern is defined, the SD 
values at the grid points within the region of 
influence when added to the SR field values, 
compose an array of bgus 300 m b  heights. These 
are then blended with the rawinsonde and aircraft 
data used in the objective analysis. A schematic 
of the SINAP process is shown in Figure 6. 

1181111 
l l l f l l l l f  

A C l U l l l l l O 1  

NEPRF 
SPADS u 

I 

Fig. 6. Schematic flcw diagram for the opera- 
tional usage of the SINAp technique. 

3. SINAP Case Study 

Currently the NEpRF SPADS has routine access 
to the Fleet Numerical Oceanography Center's 
(m) global analysis and forecast fields. The 
data are available on the FNOC 63 x 63 Northern 
Hemisphere Polar Stereographic grid points. m e  
grid distance is 381 km, true at 6OON. Although 
the grid mesh is rather coarse and cannot resolve 
many of the small scale features the SINAP 
technique can provide, it is sufficient to 
demmstrate the impact of the SINAP technique on 
the 300 m b  mass field. 

In a realtime application of the SINAP 
analysis, current long wavelength analyses are 
not available, but rather the 12-hr forecast of 
the fields must be used. The critical assumption 
being that the 12-hr forecast (the "first guess") 
contains sufficient information for accurate 
specification of the long wavelength fields. 

The figures shown in the text are 12-hr 
forecasts from 1200 GMT on 23 February, 1984, 
valid at 000 GMT on the 24th. The satellite 
image used for this case study was acquired from 
the GOES-WEST Satellite at 2345 GMT an the 23rd. 
The digital infrared satellite data was available 
at a resolution of 7 km. The 300 mb forecast 
field was computer processed to produce the 300 
mb W, SL, SR and SD fields. The SINAP analysis 
procedure is performed and the SINAP derived SD 
values are then processed with a Cressman type 
objective analysis routine to provide adjusted 
grid point values. The adjusted SINAQ SD field 
is shown in Figure 7 and can be compared to the 
original SD field shown in Figure 3. The SINAP 
SD field is then added to the SR field yielding 
the adjusted 300 mb geopotential height field, 
shown in Figure 8. 

Fig. 7. 300 mb SINAP short wavelength (SD) field, 
12 hr forecast, valid time 000 c;MT 24 February. 

Fig. 8. SINAP 300 rtib height field, 12 hr fore' 
cast, valid time 000 GMT 24 February. 
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4. Sumnary and Conclusions 

The impact of the advanced SINAP technique 
on the analysis of the 300 mb mass field has been 
demonstrated. The resulting 300 mb height field 
reflects the qualitative characteristics observed 
in the satellite imagery in a quantitative manner 
made possible by the advanced SINAP technique. 
Therefore, it is concluded that the advanced 
SINAP technique is a viable method for improving 
the accuracy of the 300 mb mass field analysis i n  
data sparse regions. 

Further studies assessing the changes 
effected in the mass field analyses at mandatory 
pressure levels between 1000 and 300 mb are 
presently being conducted at NEPRF. The height 
values at the intermediate levels are adjusted by 
means of a weighted hypsometric equation. The 
standard atmosphere mean virtual temperatures for 
each layer are weighted by the ratio of the 
observed 1000/300 mb mean temperature to the 
standard 1000/300 mb mean temperature. 

Finally, the impact of the advanced SINAP 
technique on the analyses and forecasts made by 
the Navy's Operational Regional Atmospheric 
Prediction System (NORAPS; Hodur, 1982) is being 
pursued. The ability of NORAPS' objective 
analysis procedure (Barker, 1982) to retain the 
adjustments effected by the S I W  technique will 
also be assessed. 
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H. 4 

VAS DATA ASSIMILATION INTO A MESOSCALE MODEL 

Jennifer M. Cram and Michael L. Kaplan 

Systems & Applied Sciences Corporation 
17 Research Dr., Hampton, VA 23666 

1. INTRODUCTION 

One of the problems in numerical weather pre- 
diction has always been insufficient data, 
especially on scales smaller than the synoptic 
rawinsonde network. 
Scan Radiometer (VISSR) Atmospheric Sounder (VAS) 
instrument on the Geostationary Operational 
Environmental Satellite (GOES) is capable of pro- 
viding mesoscale vertical profiles of temperature 
and moisture several times over a twelve hour 
period. However, this data is only available 
over a relatively small area at any one time, not 
always a synoptic time. As most traditional data 
used in model initialization is available only at 
the synoptic times, the VAS data is more suited 
to data assimilation. 

satellite-retrieved soundings have included both 
random errors and large biases. 
dient or pattern information is more reliable 
than the absolute values of the data (Hillger and 
Vonder Haar, 1977; Chesters et al., 1981). An 
additional problem encountered with the VAS data 
is the relatively small area of data availability 
as compared to the model integration area (Fig. 
1). To solve these problems a variational method 
has been developed to assimilate VAS temperature 
and relative humidity gradient information into 
a mesoscale model, the Mesoscale Atmoapheric 
Simulation System (MASS) (Kaplan et al., 1982; 
Wong et al., 1983). 

In this paper, the assimilation method and 
VAS data from one case will be discussed, that of 
20-21 July 1981. Forecasts assimilating tempera- 
ture gradients only and both temperature and rela- 
tive humidity gradients will be compared to a non- 
assimilation forecast. 

The Visible Infrared Spin- 

Traditionally, problems encountered in using 

Often the gra- 

2. SYNOPTIC CONDITIONS 

At 1200 GMT 20 July 1981 a stationary front 
extended from southern Michigan through Iowa to 
Colorado. During the day the front moved slowly 
southeastward through Kansas and Missouri (Fig. 2), 
setting off convection in northern Illinois by 
1700 GMT and central Missouri at 1800 GMT. By 
1800 GMT surface temperatures exceeded 35OC north- 
eastward through Oklahoma. Cells began to 
develop across Oklahoma near 2000 GMT, developing 
eastward into Arkansas by 0600 GMT. The radar 
summaries for this period are shown in Fig. 3. 

3. VAS DATA 

The VAS soundings used in this study were 
processed by Goddard Space Flight Center (GSFC). 
Groups at both GSFC and the University of Wiscon- 
sin receive and process VAS data, although the 
two groups use different radiance inversion 
methods. Chesters et al. (1981) and Lee et al. 
(1983) have reported on the GSFC inversion 
methods. The processed VAS data included temper- 
ature and dewpoint soundings at 15 pressure levels 
from 1000 to 100 mb. The soundings were irregu- 
larly spaced, with an average separation near 
55 km. Fig. 1 shows the locations of the sound- 
ings for 1500 GMT 20 July 1981. The soundings at 
1200 and 1800 GMT covered the same area. The 
data from 1200, 1500, and 1800 GMT were used for 
the simulations described in this paper. 

Using a simple Cressman (1959) weighting 
function, the VAS data at each pressure level 
were interpolated horizontally to the MASS grid, 
then vertically to pressure levels ranging from 
1000 to 100 mb at 25 mb intervals. The vertical 
interpolations are logarithmic with respect to 
pressure. 
relative humidities before the interpolations. 
Fig. 4 shows the 850 and 500 mb VAS temperature 
and relative humidity fields after this analysis 
at 1500 GMT 20 July 1981. Lee et al. (1983) 
found that VAS retrieved temperatures had errors 
ranging up to 2 C, while the dewpointotemperature 
errors at low levels were also near 2 C. Errors 
in cloud-contaminated areas may be larger. Fig. 
5 shows the 1200 GMT 850 mb VAS analyzed tempera- 
tures and dewpointsg In this case, temperature 
differences up to 3 C exist in the temperature 
fields with larger differences in the dewpoint 
fields. The 850 mb tempetature difference 
between Salem, Illinois and Topeka, Kansas is 
J0C from the rawingonde soundings, but only a 
little more than 2 C from the analyzed VAS data. 
These differences are inherent in the VAS sound- 
ings and are not a product of the analysis. 
Because of these differences and the smoothing 
in the VAS retrieved temperature and dewpoint 
fields, the calculated relative humidity field 
is  also too smooth. Peterson et al. (1983) dis- 
cuss the ability of VAS moisture imagery to de- 
pict strong horizontal and vertical moisture 
gradients. However, the retrieved moisture 
fields have much smoother moisture gradients. 

The VAS dewpoints are converted to 

0 
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Fig. 1 - MASS area of integration and VAS sound- 
ing locations at 1500 GMT 20 July 1981. 

Fig. 2 - Surface charts. 
point temperatures are in F. 

xemperatures and dew- 

Fig. 3 - Radar sumary charts. 

Fig. 4 - 1500 GMT 20 July01981 analyzed VAS 
(a) 850 mb temperatures ( C), (b) 850 mb relative 
humidities (1.0 is loo%), (c) 500 mb temperatures 
(OC), (d) 500 mb relative humidities (1.0 is 100%). 
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Fig. 5 - 1200 GMT 20 July 1981 850 mb VAS data 
(contours) and rawinsonde data (point values); 
(a) analyzed VAS temperatures and rawinsonde 
temperatures (OC) , (b) analyzed VAS dewpoint 
temperatures and rawinsonde dewpoint temperatures 
(OC) - 
4. MASS AND VARIATIONAL. ASSIMILATION METHOD 

MASS version 3.0 is a primitive equation 
model with a 58 km grid spacing true at 90pN. 
There are 14 layers in the sigma-p vertical 
coordinate system. MASS is a comprehensive 
modeling system that includes a generalized 
similarity theory boundary layer parameteriza- 
tion, a surface energy budget, moist physics and 
a cumulus parameterization scheme (Kaplan et al., 
1982; Wong et al., 1983). For the assimilation 
experiments described in this paper an adiabatic 
version of MASS was used in order to isolate the 
assimilation effects in the model. This 
adiabatic version did not include a cumulus 
parameterization scheme, surface heat or moisture 
flux, or grid-scale latent heating. 

is to minimize the adjustments to a field in a 
least-squares sense, while meeting a set of con- 
straints on that field (Sasaki, 1955). In this 
case, the constraints are the VAS data gradients; 
the model fields are adjusted at the assimilation 
time to match the VAS data gradients, not the VAS 
data absolute values. 
have been developed by Sasaki and Goerss (1982). 

The basic principle of variational analysis 

Similar analysis schemes 

The variational functional to be minimized is: 

where 
the model adjusted variable, and V is the VAS 
data variable. V and V are the horizontal 
gradients in the xx andY y directions, and 
A, B, and C are the weights. The weights are 
assigned a constant value, estimated from the 
inverse of the expected variance associated with 
that term in the functional J. The functional is 
minimized, and the resulting Euler-Lagrange 
equation is solved using relaxation methods. 
There are no vertical constraints or coupling 
on the adjustments. 

and relative humidity fields immediately before 
and after the assimilation procedure at 1500 GMT. 
Comparing these to the actual VAS fields in Fig. 
3, the model's adjusted 850 mb temperature cfield 
shows the incorporation of the sharp tongue of 

is the model first-guess pariable, V is 

Fig .  6 shows the 850 and 500 mb temperature 

BEFORE A S S I M I L A T I O N  

IAM3 / V 50- 

AFTER A S S I M I L A T I O N  

l a. 

Fig. 6 - 1500 GMT MASS fields before and after 
assimilation of 1500 GMT VAS (a) 850 mb tempera- 
tures (OC), (b) 850 mb relative humidities (1.0 
is loo%), (c) 500 mb temperatures (OC),  (d) 500 
mb relative humidities (1.0 is 100%). 

C .  

a. 
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a. 

I AT3-A0 \o 60d-6MT’Q 
Fig. 7 - Difference between AT3 (temperature 
assimilation at 1200, 1500, and 1800 GMT) and 
A0 (control simulation) 850 mb temperature fields 
(OC). 
are AT3 cooler. 

Solid lines are AT3 warmer, dashed lines 

warm air extending eastward across northern 
Oklahoma. 
shows the incorporation of the VAS moisture ex- 
tending northward through Oklahoma. The average 
differences between tge model and VAS fields at 
this time were near 2 C for the temperatures and 
20 percent for relative humidities. 
the VAS data directly into the model would have 
resulted in sharp discontinuities at the bounda- 
ries of the VAS data area. 

5. ASSIMILATION EXPERIMENTS 

The 500 mb relative humidity field 

Inserting 

Experiments comparing the assimilation of 
temperature gradients only (AT3) and both temper- 
ature and relative humidity gradients (AM3) to a 
non-assimilation forecast (AO) were conducted 
using the adiabatic version of MASS. 
simulations were for 24 hours, from the same 
initial fields at 1200 GMT 20 July 1981. 
data were assimilated at 1200, 1500, and 1800 GMT. 
As noted before, the area of the VAS data ;or this 
case is relatively small, approximately 10 square. 
On this time and space scale very little verifi- 
cation data exists. The observed convection, as 
shown in the hourly radar summaries, will be used 
as an indicator of instability. 

ences between the AT3 and A0 simulations. At 
1800 GMT, immediately after the last assimilation, 
the AT 850 mb temperatures are warmer by more 
than 1 C ovgr northern and western Oklahoma, and 
cooler by 2 C over southeast Oklahoma. By 0000 
GMT a cooler band extends across Arkansas while 
western Oklahoma is still warmer by more than 
l0C. By 1200 GMT0(21 July) western Oklahoma is 
still warmer by 1 C. 

All three 

VAS 

Fig. 7 shows the 850 mb temperature differ- 

a 

I 

b. 
Fig. 8 - 850 mb relative humidities (1.0 is 100%) 
for (a) A0 (control simulation) and (b) AM3 
(temperature and relative humidity assimilation 
at 1200, 1500, and 1800 GMT). 

The AM3 forecast assimilated both temperature 
and relative humidity gradients at 1200, 1500, 
and 1800 GMT. 
in the ensuing simulation were very similar to 
those shown for the AT3 simulation in Fig. 7 .  
The 850 mb relative humidity fields for this case 
are compared to the A0 simulation in Fig. 8. 
Again, at 1800 GMT the AM3 forecast has just 
assimilated the 1800 GMT VAS fields. By 0000 
GMT, moister low level air (Fig. 8) still extends 
from the northeast to the southwest across 
Oklahoma in the AM3 simulation. At 500 mb (not 
shown) the differences in the AM3 and A0 fields 
damped more quickly, although a stronger gradient 
in the relative humidity does exist with the AT3 
simulation acrose Oklahoma. 

fields for the AO, AT3, and AM3 simulations. The 
temperature-only assimilations increased the in- 
stability over northeast Oklahoma at 1800 GMT. 
The assimilation of both temperature and relative 
humidity gradients (AM3) decreased the instability 
in this area at 1800 GMT as drier air was assimi- 
lated at low levels and moister air at middle 
levels. 

moved the instability maximum west over north- 
central Oklahoma while the maximum in the A0 sim- 
ulation has moved eastward into Missouri. The 
AM3 simulation also has a local maximum in the 
instability over southeast Missouri. 
simulation still shows the strongest instability 
over northeast Oklahoma. The observed convection 
developed over north-central Missouri at 1800 GMT 
and moved through southeast Missouri by 0000 GMT. 
Convection also developed over western Oklahoma 
after 2000 GMT, and by 0000 GMT cells were spread 
across the state. Although the instabilities in 
the AM3 simulation are not as strong as in the A0 

The temperature difference fields 

Fig. 9 shows the 500 mb lifted index (LI) 

By 0000 QMT however, the AM3 simulation has 

The AT3 
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a. 

C. 

Fig. 9 - 500 mb lifted index fields ( O C )  for (a) A0 (control simulation), (b) AT3 (temperature 
assimilation at 1200, 1500, and 1800 GMT), (c) AM3 (temperature and relative humidity assimilation 
at 1200, 1500, and 1800 GMT). 

simulation, the AM3 instability pattern corresponds more closely to the mesoscale organization of the 
observed convection. The AT3 simulation, with greater instability over Oklahoma and a bulging of the 
instabilities across southern Missouri also better depicts this organization than the A0 simulation, 

simulation has stronger instabilities from northern Oklahoma across southern Missouri. 
observed convection had moved out of Oklahoma and was spreading across northern Arkansas. 

6. SUMMARY 

At 0600 GMT the AM3 simulation still has an instability maximum over northern Oklahoma and the AT3 
By this time the 

A variational method for the assimilation of satellite-retrieved temperature and relative humidity 
The variational assimilation procedure is able to gradients into a mesoscale model has been described. 

smoothly introduce VAS mesoscale data into the MASS model, avoiding the problems caused by the relatively 
small area of available data and the biases between the model and VAS fields. Direct insertion or a 
local re-analysis using the VAS data would have resulted in discontinuities at the edge of the VAS data 
area. 
the mesoscale temperature and moisture pattern information into the model. 

1500, and 1800 GMT and a forecast aesimilating both temperature and relative humidity gradients at all 
three times. The temperature gradient assimilation resulted in greater instabilities across Oklahoma, 
prior to the development of the observed convection. In the forecast assimilating both temperatures and 
relative humidities, the instability patterns more closely resembled the mesoscale organization of the 
convection that developed across Oklahoma and Missouri, although the actual instabilities were less than 
with the control simulation. 

The variational assimilation method maintains continuity across this boundary while introducing 

A non-assimilation forecast was compared to a forecast assimilating temperature gradients at 1200, 

The control simulation tended to merge and smooth the two separate areas Of 
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instability over Oklahoma and Missouri into one 
maximum over southwestern Missouri. 

To conclude, the greatest improvements to' 
the forecast resulted when the VAS data resolved 
the mesoscale structure of the temperature and 
relative humidity fields. When this structure 
was assimilated into MASS, the ensuing simula- 
tions developed mesoscale patterns in the in- 
stability corresponding to the patterns of the 
subsequent observed convection. Assimilation 
experiments using the full physics version of 
MASS have also been conducted and will be re- 
ported on in the future. 
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H .  5 

A DIAGNOSTIC NUMERICAL MODEL FOR THE APPLICATION OF SATELLITE DATA 
FOR THE STUDY OF GLOBAL WEATHER SYSTEMS 

Gary L. Achtemeier and Harry T. Ochs 
Illinois State Water Survey, Champaign, IL 61820 

and 
Stanley Q. Kidder 

Dept. Atmos. Sci., University of Illinois, Urbana, IL 61820 

1. INTRODUCTION 

We are developing a diagnostic numerical 
model that will maximize the information content 
of data available from diverse sources, with 
particular emphasis on the incorporation of 
observations obtained by remote sensing with 
those from more traditional immersion techniques. 
Conventional and satellite data are being meshed 
according to measurement accuracies in a least 
squares variational formulation which requires 
the adjusted fields of meteorological variables 
to satisfy prescribed sets of mathematical 
constraints; the horizontal momentum equations, 
the hydrostatic equation, and an integrated form 
of the continuity equation. The inclusion of 
higher density satellite data allows for the 
diagnosis of the state of the atmosphere on a 
much finer scale over a much broader region than 

is presencly possible and thus permits the study 
of the interactions and energy transfers between 
planetary scale and smaller scale atmospheric 
processes. 

The model variables are presented on a 
staggard mesh and in a nonlinear sigma coordinate 
that eliminates the problem with truncation in 
the pressure gradient terms of the horizontal 
momentum equations in the middle and upper 
troposphere. 

The diagnostic numerical model is tested 
with the 10-11 April 1979 cyclogenesis over the 
western and central United States as a case 
study. 
density rawinsonde data are used for an 
independent check on the analyses. 
of variationally adjusted fields of meteorological 
quantities with and without TIROS-N mean layer 
temperature data will be presented. 

The NASA-AVE high temporal and spatial 

Comparisons 
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H.6 

THE UTILIZATION OF SEASAT-A DATA I N  NUMERICAL WEATHER PREDICTION 

Dean G. D u f f y  and Robert A t l a s  

Laboratory  f o r  Atmospheric Sciences 
NASA/Goddard Space F l i g h t  Center 

Greenbelt,  MD 20771 

1. INTRODUCTION 

The l a c k  o f  adequate obse rva t i ona l  da ta  
ove r  t h e  oceans has l o n g  been recognized as a 
s i g n i f i c a n t  gap i n  o u r  c u r r e n t  g loba l  weather 
d a t a  base. C u r r e n t l y  convent ional  observat ions 
a re  l i m i t e d  t o  su r face  temperature and pressure 
r e p o r t s  f rom ships and buoys as w e l l  as a few 
upper -a i r  r e p o r t s  f rom weather sh ips  and i s lands .  
W i th  t h e  launch o f  t h e  SEASAT-A s a t e l l i t e  i n  
June 1978, a new source o f  wind data ove r  t h e  
w o r l d ' s  oceans became ava i l ab le .  From a micro- 
wave sensor on board t h e  spacecraf t ,  measure- 
ments o f  c a p i l l a r y - g r a v i t y  wave backsca t te r  were 
made. This, i n  t u r n ,  gave up t o  f o u r  p o s s i b l e  
wind vectors ,  one o f  which presumably corres-  
ponded t o  t h e  ac tua l  su r face  wind. 

wind da ta  i s  t h e i r  use fu lness  i n  numerical 
weather p r e d i c t i o n .  A t  present  t h e r e  e x i s t s  
o n l y  a few s t u d i e s  which have addressed t h i s  
question. I n  a s i m u l a t i o n  study, Cane e t  a l .  
(1981) found s u b s t a n t i a l  improvement i n t h e  
su r face  pressure and low and m idd le  t ropospher i c  
wind f o r e c a s t s  i n  t h e  e x t r a t r o p i c s  w i t h  SASS 
winds. However, t h e i r  r e s u l t s  a re  probably  t o o  
o p t  i m i  s t  i c because they  conducted an " i d e n t i c a l  
tw in ' '  experiment i n  which t h e  same model was 
used t o  generate t h e  "nature"  and t h e  fo recas ts i  
I n  a d d i t i o n ,  e r r o r - f r e e  observat ions were 
i n s e r t e d  a t  t h e  l owes t  model l e v e l  (nomina l l y  
945 mb) which probably  underestimated t y p i c a l  
e r r o r  ob ta ined  i n  945 mb wind a n a l y s i s  f rom 
su r face  winds. They a l s o  d i d  n o t  t r y  t o  simu- 
l a t e  t h e  ambigui ty  o f  t h e  SASS data. 

McPherson (1981) used SASS winds d i r e c t l y  i n  t h e  
l ower  wind analys is .  
t hey  found l a r g e  d i f f e r e n c e s  i n  a 48 h ass im i la -  
t i o n  between wind and h e i g h t  analyses w i t h  and 
w i t h o u t  SASS winds. Di f ferences i n  t h e  Nor thern 
Hemisphere were much smaller. S i m i l a r l y ,  72 h 
f o r e c a s t  d i f f e r e n c e s  were s i g n i f i c a n t  i n  t h e  
Southern Hemisphere, b u t  very  small  i n  t h e  
Nor the rn  Hemisphere. U n f o r t u n a t e l y  t h e y  con- 
ducted t h e  a s s i m i l a t i o n  f o r  o n l y  48 h and 
performed o n l y  one 72 h fo recas t .  Furthermore, 
t h e  SASS winds were f rom a p r e l i m i n a r y  data se t  
w i t h  many imper fect ions.  

severa l  numerical experiments t h a t  we have made 
where SASS winds were e i t h e r  i nc luded  o r  

An impor tan t  ques t i on  w i t h  rega rd  t o  SEASAT 

I n  s t u d i e s  w i t h  ac tua l  SASS data, Yu and 

I n  t h e  Southern Hemisphere, 

I n  t h i s  paper we present  t h e  r e s u l t s  from 

excluded. 
winds, we performed experiments us ing  t h e  4" x 
5' GLAS f o u r t h - o r d e r  model and t h e  Navy's opera- 
t i o n a l  model (NOGAPS). These r e s u l t s  are 
summarized i n  Sec t i on  2. 

I n  t h e  case o f  s u b j e c t i v e l y  dea l i ased  
winds, we have employed a reg iona l  area model 
t h a t  i s  descr ibed i n  Sec t i on  3. I n  Sec t i on  4, 
we desc r ibe  t h e  i n i t i a l  c o n d i t i o n s  used i n  t h e  
r e g i o n a l  model experiment. The r e s u l t s  and con- 
c l u s i o n s  w i l l  be s t a t e d  i n  Sect ions 5 and 6. 

I n  t h e  case o f  o b j e c t i v e  deal iased 

2.  GLOBAL SCALE EXPERIMENTS 

We have made severa l  numerical experiments 
us ing  g loba l  numerical weather p r e d i c t i o n  models 
o f  t h e  impact o f  SEASAT data on numerical 
weather p r e d i c t i o n .  Two models were used. One 
o f  t h e  models was t h e  4" l a t i t u d e  by 5' l o n g i -  
t ude  f o u r t h - o r d e r  g loba l  general c i r c u l a t i o n  
model descr ibed by Kal nay-Rivas e t  a1 . (1977) 
and Kalnay-Rivas and Hoitsma ( 1 9 r I t  i s  
based on an energy-conserving scheme i n  which 
a1 1 h o r i z o n t a l  d i f f e r e n c e s  a re  computed w i t h  
f o u r t h - o r d e r  accuracy. The o b j e c t i v e  ana lys i s ,  
descr ibed i n  Baker (1983), employs a successive 
c o r r e c t i o n  method which u t i l i z e s  t h e  f i r s t  guess 
prov ided by t h e  model 6 h f o r e c a s t  f rom t h e  
p rev ious  analys is .  

The o t h e r  model was t h e  Navy's ope ra t i ona l  
model , g e n e r a l l y  known as NOGAPS. The fo recas t  
model i s  e s s e n t i a l l y  t h e  UCLA general c i r c u l a -  
t i o n  model (see Arakawa and Lamb, 1977). The 
h o r i z o n t a l  f i  n i t e - d i  f f e r e n c i n g  i s  second-order, 
enst rophy and energy conserving, w i t h  scheme C 
s tagger ing  o f  t h e  v a r i a b l e s  i n  t h e  h o r i z o n t a l  
a t  a r e s o l u t i o n  o f  2.4' l a t i t u d e  by 3" l o n g i -  
tude. The o b j e c t i v e  a n a l y s i s  method used i n  
NOGAPS i s  a form o f  t h e  successive c o r r e c t i o n  
technique o f  Barnes. The model i s  i n i t i a l i z e d  
by ba lanc ing  t h e  winds v i a  a c a l c u l u s  o f  v a r i a -  
t i o n  method. 

The procedure used i n  a l l  numerical exper i -  
ments was as f o l l o w s :  a s i x  hour a s s i m i l a t i o n  
was se t  up froin i n i t i a l  c o n d i t i o n s  prov ided by 
t h e  g loba l  ope ra t i ona l  Hough a n a l y s i s  o f  t h e  
Na t iona l  Me teo ro log i ca l  Center f o r  0000 GMT 7 
September 1978. A t  each subsequent s i x  hour 
pe r iod ,  an a n a l y s i s  was performed us ing  a l l  
convent ional  data. The f i r s t  guess came f rom 
i n t e g r a t i n g  t h e  g loba l  model f o r  s i x  hours. 
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T h i s  a s s i m i l a t i o n  d e f i n e d  t h e  c o n t r o l .  

A second a s s i m i l a t i o n  was then  r u n  which 
i nc luded  convent ional  and SASS data. I n  t h e  
case w i t h  t h e  NOGAPS, i t  was necessary t o  con- 
v e r t  t h e  su r face  winds t o  observat ions a t  925 
and 700 mb because t h e  NOGAPS a n a l y s i s  does n o t  
d i r e c t l y  use su r face  winds. Th is  was done by 
us ing  t h e  boundary 1 ayer  pa ramete r i za t i on  o f  
Randal l  (1976) which i s  used i n  t h e  model. The 
exact  method i s  exp la ined  i n  D u f f y  e t  a l .  (1984). 

analyses produced by t h e  SASS and NOSASS ass imi-  
l a t i o n  showed l a r g e r  impacts i n  t h e  Southern 
Hemisphere than  i n  t h e  Nor thern Hemisphere. Fo r  
example, i n  t h e  Nor the rn  Hemisphere, small  
i n i t i a l  s t a t e  d i f f e r e n c e s  o f  l e s s  than  2 mb i n  
sea l e v e l  pressure and l e s s  than  5 m sec-1 i n  
su r face  wind cover  most reg ions  i n  t h e  NOGAPS 
experiments. I n  t h e  Southern Hemisphere, 
d i f f e r e n c e s  o f  2-8 mb i n  sea l e v e l  pressure and 
10-15 m sec-1 i n  su r face  winds cove r  l a r g e  
p o r t i o n s  o f  t h e  e x t r a t r o p i c s .  

We found t h a t  SASS winds produced a l a r g e r  
m o d i f i c a t i o n  o f  i n i t i a l  s t a t e s  i n  t h e  Nor thern 
Hemisphere i n  t h e  NOGAPS a n a l y s i s  than  t h e  GLAS 
ana lys i s .  Th i s  r e s u l t s  f rom t h e  use i n  GLAS 
a n a l y s i s  o f  surface s h i p  wind r e p o r t s  which were 
excluded f rom d i r e c t  i n c l u s i o n  i n  t h e  NOGAPS 
analys is .  

Comparison o f  t h e  pressure and wind f i e l d  
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F ig .  1. S1 s k i l l  scores f o r  a l l  f o r e c a s t s  ove r  
N o r t h  America and Europe f o r  NOGAPS 
f o r e c a s t s  w i t h  and w i t h o u t  SASS data. 

I n  F igu res  1 and 2 we present  S 1  s k i l l  
scores over  c o n t i n e n t a l  reg ions  f o r  a composite 
o f  t h e  72 h f o r e c a s t s  a t  24 h i n t e r v a l s  u s i n g  
t h e  Na t iona l  Me teo ro log i ca l  Cen te r ' s  g loba l  
a n a l y s i s  f o r  v e r i f i c a t i o n .  These r e s u l t s  show 
t h a t  t h e  average impact o f  SASS da ta  on sea 
l e v e l  pressure and 500 mb f o r e c a s t s  i s  essen- 
t i a l l y  n e g l i g i b l e .  When i n d i v i d u a l  cases were 
examined, however, l a r g e  impacts were found. 
These l a r g e  impacts were bo th  p o s i t i v e  and 
nega t i ve  and tended t o  cancel on t h e  average. 

Although t h e  SASS winds might  be use fu l  i n  
some instances i n  a g loba l  model, t h e i r  h i g h  
r e s o l u t i o n  suggests t h a t  t hey  might  be more 
use fu l  i n  a h i g h e r  r e s o l u t i o n  model. For  t h i s  
reason, we tu rned  t o  a r e g i o n a l  numerical 
p r e d i c t i o n  model w i t h  a r e s o l u t i o n  o f  100 km. 
Furthermore, we s h a l l  use t h e  bes t  p o s s i b l e  SASS 
da ta  s e t  a v a i l a b l e .  Th is  was a s e t  o f  SASS 
winds t h a t  were s u b j e c t i v e l y  dea l i ased  by us ing  
a l l  p o s s i b l e  sources o f  data: convent ional  , 
s a t e l l i t e  imagery, and c o n t i n u i t y  o f  systems. 

3. THE REGIONAL MODEL 

The reg iona l  model i s  e s s e n t i a l l y  t h a t  des- 
c r i b e d  by D u f f y  (1981). 
used i n  t h e  model i s  a Lambert conformed map pro- 
j e c t i o n  which i s  t r u e  a long 30"N and 60"N. The 
v e r t i c a l  e x t e n t  o f  t h e  model ranges f rom 100 mb 

The coo rd ina te  system 
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F ig .  2. Same a s  F ig .  1 except over  South 
America and A u s t r a l i a .  
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t o  1000 mb and has a v e r t i c a l  r e s o l u t i o n  o f  
100 mb. The h o r i z o n t a l  r e s o l u t i o n  o f  t h e  model 
i s  100 km. A l l  t h e  dependent v a r i a b l e s  a r e  l o -  
ca ted  a t  a l l  o f  t h e  g r i d p o i n t s  (i.e. t h e  A g r i d ) .  

The h o r i z o n t a l  components o f  t h e  wind and 
geopo ten t ia l  he igh ts  a r e  l o c a t e d  a t  t h e  100, 
200, ..., 1000 mb sur faces w h i l e  t h e  m ix ing  
r a t i o ,  t h i ckness  and omega a re  a t  t h e  interme- 
d i a t e  l e v e l s .  The atmosphere i s  assumed d r y  
above 300 mb. 

The mathematical equat ions o f  motion, 
c o n t i n u i t y ,  thermodynamics, and water  balance 
a r e  so lved us ing  a mod i f i ed  form o f  t h e  s p l i t -  
e x p l i c i t  t ime-marching scheme o f  Gadd (1978). 
Fo r  t h e  i n t e g r a t i o n  o f  those terms rep resen t ing  
i n e r t i a l - g r a v i t y  waves, we used a forward- 
backward technique suggested by Masuda (1981). 
Fo r  a one-dimensional , 1 i n e a r i z e d  shal low water 
model, Masuda showed t h a t  t h e  l ow  frequency, 
me teo ro log i ca l  wave i s  preserved almost per- 
f e c t l y ,  w h i l e  t h e  h i g h  frequency g r a v i t y  waves 
were damped e f f e c t i v e l y .  

mod i f i ed  Matsuno scheme suggested by Kur iha ra  
and T r i p o l i  (1976). By t h e  approp r ia te  b lend ing  
o f  t h e  p r e d i c t i v e  and c o r r e c t i v e  stages o f  t h e  
Matsuno scheme, Kur iha ra  and T r i p o l i  showed t h a t  
t h e  damping associated w i t h  t h e  Matsuno scheme 
can be complete ly  e l im ina ted .  

The phys i ca l  pa ramete r i za t i ons  i nc luded  
i n  t h e  model a r e  l a r g e - s c a l e  and convec t i ve  
p r e c i p i t a t i o n ,  evapora t i on  o f  r a i n  o r  snow as i t  
f a l l s  through t h e  atmosphere, and sens ib le  and 
l a t e n t  heat  f l u x e s  f rom t h e  surface. A d r y  
convec t i ve  adjustment scheme i s  a l s o  present. 
A d e t a i l e d  d e s c r i p t i o n  i s  g i ven  i n  D u f f y  (1981). 

The advect ion terms were i n t e g r a t e d  w i t h  a 

4. INITIAL CONDITIONS 

The i n i t i a l  c o n d i t i o n s  f o r  t h e  c o n t r o l  r u n  
was f rom t h e  g l o b i l  a n a l y s i s  f rom t h e  Nat ional  
Me teo ro log i ca l  Center which we had a rch i ved  a t  
t h e  r e s o l u t i o n  o f  4" l a t i t u d e  and 5" l ong i tude .  
Th is  f i e l d  was b i l i n e a r l y  i n t e r p o l a t e d  t o  
t h e  model 's  100 km by 100 km g r i d .  

Fo r  t h e  SASS experiments, t h e  1000 mb winds 
were rep1 aced by s u b j e c t i v e l y  deal iased SASS 
winds whenever they  were a v a i l a b l e .  
SASS winds were a l lowed t o  i n f l u e n c e  t h e  upper- 
l e v e l  winds through t h e  use o f  a v e r t i c a l  c o r r e l a -  
t i o n  f u n c t i o n  g i ven  by Yu and McPherson. I f  t h e  
upper- leve l  winds were n o t  modi f ied,  t h e  e f f e c t s  
f rom t h e  upper 1 eve1 s soon overwhelmed t h e  co r -  
r e c t i o n s  t h a t  we had made. 

Sea su r face  temperatures were taken f rom 
sea su r face  a n a l y s i s  f rom F l e e t  Numerical Ocean- 
ographic  Center, v a l i d  a t  t h a t  t ime. 
graphy f i e l d  was d e r i v e d  from a 1" x 1" g loba l  
da ta  s e t  cons t ruc ted  by t h e  U.S. Air Force. 

and 1000-500 mb th i ckness  a t  t h e  i n i t i a l  t i m e  o f  
t h e  experiments, 12 GMT 9 September 1978. We 
a re  p r i m a r i l y  i n t e r e s t e d  i n  t h e  e v o l u t i o n  o f  t h e  
nascent l ow  l o c a t e d  j u s t  o f f  Nova Scot ia .  

Furthermore, 

The topo- 

I n  Fig. 3, we present  t h e  sea l e v e l  pressure 

F ig .  3. The i n i t i a l  sea l e v e l  pressure f i e l d  
f o r  12  GMT 7 September 1978. 

5 .  RESULTS 

The r e s u l t s  from t h e  two d i f f e r e n t  exper i -  
ments a re  presented i n  Figs. 4 and 5. 
cases, t h e  l ow  l o c a t e d  j u s t  o f f  Nova Sco t ia  has 
moved ou t  i n t o  t h e  open water  o f  t h e  Nor th  
A t l a n t i c  Ocean. I n  t h e  case o f  t h e  c o n t r o l ,  no 
i n t e n s i f i c a t i o n  occurred, t h e  pressure a t  24 h r  
be ing  1005 mb. 
t h e  r e s u l t s  g i ven  by t h e  opera t i ona l  l i i n i t e d -  
area, f ine-mesh model r u n  a t  t h e  Na t iona l  Meteor- 
o l o g i c a l  Center (LFM) and t h e  Navy's ope ra t i ona l  
model. It i s  a l s o  c o n s i s t e n t  w i t h  t h e  numerical 
r e s u l t s  found by Anthes e t  a l .  (1983) i n  t h e i r  
numerical s i m u l a t i o n  o f  -€I1 when o n l y  con- 
ven t iona l  data was included. 

SEASAT data has had a dramat ic  e f f e c t  on t h e  
cyclogenesis. The d i f f e r e n c e  between t h e  SASS 
and NDSASS case i s  11 mbs. From a p r e l i m i n a r y  
s tudy o f  r e s u l t s ,  t h e  deepening o f  t h e  low 
occurs because o f  l a r g e r  amounts o f  convec t i ve  
p r e c i p i t a t i o n  i n  t h e  SASS experiment than  t h e  
NOSASS experiments. A t  t h e  conference we w i l l  
p resent  f u r t h e r  d i a g n o s t i c s  which w i l l  e x p l a i n  
why t h i s  e x t r a  p r e c i p i t a t i o n  occurred. Fu r the r -  
more, l a t e r  experiments i n d i c a t e  t h a t  t h e  v e r t i -  
c a l  c o r r e l a t i o n  f u n c t i o n  used i n  t h i s  s tudy may 
be an underestimate o f  t h e  coup l i ng  t h a t  e x i s t s  
between low  and upper l e v e l s  o f  t h e  atmosphere 
i n  t h i s  t ype  o f  synop t i c  s i t u a t i o n .  
t e s t s  show an even g r e a t e r  improvement t o  t h e  
p r e d i c t e d  i n t e n s i f i c a t i o n  with a more r e a l i s t i c  
c o r r e l a t i o n .  

I n  both 

Th is  r e s u l t  i s  c o n s i s t e n t  w i t h  

From Fig.  5 we see t h a t  t h e  i n c l u s i o n  o f  

P r e l i m i n a r y  
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F ig .  4. The 24 h p r e d i c t e d  sea l e v e l  pressure 
f i e l d  f o r  t h e  NOSASS experiments. 

F ig .  5. The 24 h r  p r e d i c t e d  sea l e v e l  pressure 
f i e l d  f o r  t h e  SASS experiment 

6. CONCLUSIONS 

Our r e s u l t s  show t h a t  SEASAT-A da ta  can be 
impor tan t  i n  d e f i n i n g  t h e  i n i t i a l  c o n d i t i o n s  
t h a t  r e s u l t  i n  r a p i d  m a r i t i m e  cyc logenesis .  The 
b e s t  use o f  t h i s  da ta  f o r  t h i s  purpose i s  i n  a 
where t h e  h i g h  r e s o l u t i o n  o f  t h e  da ta  can be 
b e s t  u t i l i z e d .  Current  work i s  under way t o  
develop a h i g h e r  h o r i z o n t a l  and v e r t i c a l  reso lu -  
t i o n  g l o b a l  model, w i t h  an improved p l a n e t a r y  

boundary l a y e r  parameter izat ion,  t o  p h y s i c a l l y  
account f o r  t h e  v e r t i c a l  c o u p l i n g  between t h e  
su r face  and h i g h e r  l e v e l s .  
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I. 1 

ANALYSIS OF A 0.5 MICRON SPACEBORNE WIND SENSOR 

P.B. Hays and V . J .  Abreu 

Space Physics  Research Laboratory 
The Universi ty  of Michigan 
Ann Arbor, Michigan 48109 

J. Sroga and A. Rosenberg 

RCA Astro E l e c t r o n i c s  
Pr ince ton ,  N J  08540 

Abstract .  A t h e o r e t i c a l  model of a d o p p l e r l i d a r  
with incoherent  Fabry-Perot d e t e c t i o n  is presented.  
This a n a l y s i s  is followed by a development of t h e  
technique used f o r  system opt imizat ion.  Several  
near  optimum systems are then discussed and evalu- 
a ted  t o  i l l u s t r a t e  t h e  v a r i a t i o n s  which can be 
developed from an engineer ing poin t  of view. The 
s tudy is concluded with an assessment of t h i s  
system i n  meeting meteorological  requirements con- 
cerning wind measurements. 

In t roduct ion  

The s tudy of dynamics and e n e r g e t i c s  of  the  
e a r t h ' s  atmosphere has  a long  h i s t o r y  assoc ia ted  
i n t i m a t e l y  wi th  the  development of ins t rumenta t ion  
t o  measure pressure ,  temperature and winds. L idar  
systems t o  measure atmospheric winds are p r e s e n t l y  
undergoing a t r a n s i t i o n  from f e a s i b i l i t y  s t u d i e s  t o  
t h e  development of o p e r a t i o n a l  systems. 

Ground based incoherent  l i d a r  systems working i n  
t h e  yellow-green wavelength ( 0 . 5 ~ )  region have been 
demonstrated t o  have t h e  c a p a b i l i t y  of  measuring 
the vec tor  wind w i t h  accuracy exceeding one meter 
per  second (Benedetti-Michelangeli et a l . ,  1972; 
1974). This  technique o f  determining the  wind 
v e l o c i t y  re l ies  on d e t e c t i n g  the  doppler s h i f t  
experienced by a p u l s e  of narrow band laser l i g h t  
as i t  is s c a t t e r e d  by t h e  atmosphere. The detec-  
t i o n  is done using an incoherent  i n t e r f e r o m e t r i c  
determinat ion of t h e  laser wavelength before  and 
a f t e r  r e f l e c t i o n .  

space-borne high r e s o l u t i o n  l i d a r  t o  measure winds 
i n  t h e  t roposphere and s t r a t o s p h e r e .  
system being considered uses  a Fabrv-Perot o p t i c a l  
in te r fe rometer .  The impl ica t ions  o f  car ry ing  o u t  
such measurements from an o r b i t a l  p la t form were 
first d iscussed  by Abreu (1979), where t h e  need f o r  
extended i n t e g r a t i o n  o r  high laser power w a s  ident i -  
f i e d .  This study extends those e a r l y  i n v e s t i g a t i o n s  
and inc ludes  a d e t a i l e d  system tradeof  f assessment 
and ana lys i s .  

Here w e  i n v e s t i g a t e  t h e  implementation o f  a 

The l i d a r  

S c i e n t i f i c  Rat ionale  f o r  Space-Borne Doppler Lidar  

I n  recent  decades t h e  advent o f  weather r a d a r ,  
weather satell i tes,  and i n c r e a s i n g l y  powerful com- 
p u t e r s  has l e d  t o  advances i n  our  a b i l i t y  t o  monitor 
weather and t o  understand i t .  There have been, 
however, r e l a t i v e l y  modest ga ins  i n  f o r e c a s t i n g  
s k i l l s .  I n  t h i s  area much room f o r  improvement 
remains. 

Weather p r e d i c t i o n  s k i l l s  depend on t h e  obser- 
v a t i o n a l  d a t a  base and on numerical p r e d i c t i o n  
models. It  has  been r e a l i z e d  t h a t  i n  order  
t o  provide improved short-range (1-2 days) predic- 
t i o n s ,  fine-mesh p r e d i c t i o n  models are necessary. 
These models, i n  c o n t r a s t  t o  g l o b a l  models, r e q u i r e  
i n i t i a l  d a t a  with b e t t e r  accuracy and wi th  f i n e r  
s p a t i a l  and temporal r e s o l u t i o n .  Also, t h e  f ine-  
mesh models are s e n s i t i v e  t o  f a c t o r s  n o t  important  
f o r  t h e  la rge-sca le  c i r c u l a t i o n ,  such as v e r t i c a l  
wind components. 

The improvement of p r e d i c t i o n  models r e q u i r e s  
b e t t e r  h o r i z o n t a l  wind information than is current ly  
obtained.  This  is s p e c i a l l y  t r u e  i n  the  t r o p i c s  
where t h e  synopt ic  scale temperature and pressure  
g r a d i e n t s  are weak. Also i n  t h e  e x t r a t r o p i c a l  
reg ions ,  nongeostrophic wind components near  the 
tropopause and i n  t h e  lower l e v e l s  are important 
f o r  t h e  d iagnos is  and p r e d i c t i o n  of weather d e v e l o p  
ment, and t h e s e  cannot be der ived from the temper- 
a t u r e  f i e l d  alone. 

radiosondes launched once every 12 hours from points 
about 350 km a p a r t  i n  some count r ies  and with much 
l a r g e r  gaps over  t h e  oceans. Cloud motions der ived 
from sa t e l l i t e  photographs are another  source of 
wind d a t a ,  bu t  t h i s  method, though very va luable ,  
is l i m i t e d  as i t  cannot provide t h e  wind f i e l d  a t  
cloud-free levels o r  l o c a t i o n s .  There are a l s o  
ques t ions  regarding the  p o s s i b l e  d i f f e r e n c e s  between 
apparent  cloud motions and t h e  t r u e  wind and more 
fundamentally, d i f f i c u l t i e s  with ass igning  he ights  
t o  the  der ived cloud motion vec tors .  With regard 
t o  t h e  v e r t i c a l  wind component t h e r e  is c u r r e n t l y  
no s a t e l l i t e  method f o r  measuring it. Table 1 
lists t h e  r e s o l u t i o n  and accuracy with which 
wind measurements are necessary f o r  fundamental 
improvements i n  f o r e c a s t  accuracy. The parameters 
in t h e  body of t h e  t a b l e  d e s c r i b e  t h e  needs f o r  
g loba l  o r  hemispheric numerical p r e d i c t i o n  models. 

A space-borne doppler l i d a r  can provide a d i r e c t  
measure of  vertical and h o r i z o n t a l  winds. The 
expected performance of a space-borne doppler  l i d a r  
system and how i t  w i l l  s a t i s f y  t h e  requirements of 
p r e d i c t i o n  models w i l l  be discussed i n  a later 
s e c t i o n .  

Wind information is c u r r e n t l y  der ived from 

Lidar  Equation w i t h  Fabry-Perot Detector  System 

The Fabry-Perot d e t e c t o r  system w e  have chosen 
t o  i n v e s t i g a t e  is similar t o  t h e  one developed f o r  
pass ive  wind measurements on board t h e  Dynamics 
Explorer  sa te l l i t e .  This  is a s t a b l e ,  high resolu-  
t i o n  system c o n s i s t i n g  of a s o l i d  plane e t a l o n  and 

2 6 6  



TABLE 1. 

REQUIRED PERFORMANCE FOR LIDAR MEASUREMENTS THAT ADDRESS METEOROLOGICAL OBJECTIVES 

Pa rame te r  G loba l  models Fine-mesh models 

A t ,  h r  Ax, km Az, km Accuracy A t ,  h r  Ax, km Az, km Accuracy 

Wind 1 2  t o  24 500 2 t o  4 t3 m / 6  6 t o  1 2  100 1 t o  2 t3 m / s  

a m u l t i r i n g  anode d e t e c t o r  t o  scan  s p a t i a l l y  t h e  
p l a n e  o f  t h e  Fabry-Perot. F i r s t ,  w e  w i l l  d e r i v e  
t h e  mathematical  f u n c t i o n  which r e p r e s e n t s  t h e  num- 
b e r  o f  laser photons b a c k s c a t t e r e d  from t h e  atmo- 
s p h e r e  and which are t r a n s m i t t e d  through t h e  Fabry- 
P e r o t  t o  t h e  d e t e c t o r  system. 
mize t h e  system parameters  which minimize t h e  e r r o r  
in t h e  wind measurement. 

l i n e s h a p e  i s  t h e  Gaussian d i s t r i b u t i o n  

Then, w e  w i l l  o p t i -  

The f u n c t i o n  used h e r e  t o  r e p r e s e n t  t h e  l a s e r  

P O )  - - Pt e x p  [ -(3) ‘1 (1) fi A X 1  AX1 

where P 
i s  t h e  c e n t r a l  laser wavelength,  and h h l  is t h e  
e - fo ld ing  wid th  of  t h e  laser beam ( i . e . ,  t h e  e- 
f o l d i n g  width i s  t h e  wavelength s h i f t  a t  which t h e  
laser i n t e n s i t y  h a s  dropped t o  l . / e  o f  i t s  peak 
v a l u e ) .  

The s c a t t e r i n g  c r o s s - s e c t i o n  can be s i m i l a r l y  
expres sed  by Gaussian r e p r e s e n t a t i o n  o f  t h e  the rma l  
v e l o c i t y  d i s t r i b u t i o n  o f  t h e  s c a t t e r i n g  medium as 

is  t h e  t o t a l  laser power t r a n s m i t t e d ,  X o  t 

where cro is  t h e  Rayleigh o r  a e r o s o l  b a c k s c a t t e r  
c o e f f i c i e n t  (cm‘), h v  i s  t h e  dopp le r  s h i f t e d  
r e f e r e n c e  wavelength e q u a l  t o  (h0+2vh0/c), v is 
t h e  v e l o c i t y  of  t h e  s c a t t e r i n g  media,  c i s  t h e  
v e l o c i t y  o f  l i g h t ,  and AXs is t h e  e - fo ld ing  wid th  
o f  t h e  s c a t t e r i n g  s o u r c e ,  g iven  by 

4 
A X ,  = 4.3 x 10-7 x o  (TIM) 

where T is t h e  t empera tu re  o f  t h e  s c a t t e r i n g  media 
(OK), and M i s  t h e  molecu la r  weight  o f  t h e  s c a t -  
terers i n  amu. 

The power r e t u r n e d  p e r  l i d a r  p u l s e  Pr(h,H) i s  a 
convo lu t ion  o f  t h e  t r a n s m i t t e d  s i g n a l  and t h e  
broadening f u n c t i o n  a s s o c i a t e d  w i t h  t h e  s c a t t e r i n g  
media, i . e . ,  

(3) 

where Qo is t h e  product  of  t h e  quantum and o p t i c a l  
e f f i c i e n c i e s ,  A, is t h e  t e l e s c o p e  a r e a ,  B(X,H) i s  
t h e  product  N(H)o,(H,X), N ( H )  is t h e  d e n s i t y  of 
s c a t t e r e r s ,  H is t h e  r ange ,  A h  is t h e  s c a t t e r i n g  
l a y e r  t h i c k n e s s ,  and Q(H,X) is t h e  atmospheric  
t r ansmiss ion  c o e f f i c i e n t .  

i n t o  a d e t e c t o r  r i n g  o f  w id th  A B  is given by t h e  
expres s ion  (Hays and Roble,  1971) 

The t r a n s m i s s i o n  through a p e r f e c t  Fabry-Perot 

- 
na oeobe m 

T(X) - (E) 11 + 2 c R n  sinc (7) 
n = l  

where R i s  t h e  p l a t e ’ s  r e f l e c t i v i t y ,  A A  is t h e  f r e e  
s p e c t r a l  r ange ,  and B o  is t h e  a n g l e  corresponding 
t o  t h e  average wavelength being t r a n s m i t t e d  through 
t h e  r i n g .  The width of  t h e  r i n g s  i s  chosen so t h e  
s p a t i a l  s can  is l i n e a r  in wavelength.  The d e t e c t o r  
system is  taken i n t o  c o n s i d e r a t i o n  by convolving 
e q u a t i o n s  (3) and ( 4 ) .  Then t h e  number of  photons 
d e t e c t e d  i n  t h e  J t h  r i n g  is 

-n2v2 (AXl2+AXS2) 

AX ’ 
x e  

a-xv xoeo2 x o  802  

‘OB (2nn [x + 2hX +--I) 8 A X  

(5 )  
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where PtAoB(H,X)*Ah*q2 (H,X)Ao 

c o  - 4nH2hc 
and h i s  Planck 's  constant .  
good r e p r e s e n t a t i o n  of  t h e  response o f  an inco- 
h e r e n t  l i d a r  which h a s  a Fabry-Perot d e t e c t o r .  

each r i n g  anode i s  expanded i n  a Four ie r  series 
based on t h e  instrument  c a l i b r a t i o n .  
of  t h e  instrument  t o  backsca t te red  laser l i g h t  i n  
t h e  presence o f  a continuum background i s  then 
given by an equat ion  similar t o  t h a t  descr ibed  
above f o r  a p e r f e c t  Fabry-Perot 

This  express ion  i s  a 

Next a real instrument  func t ion  i s  used where 

The response 

OD 

2nn 
N j  - Qo (E) I {Ao, + Q A n j  c o s  - AX (X-Xo) 

0 n i l  

where 112 
AXl+s - (AA12 + AXs*) . 

where 

and 

( 6 )  . 

Here N is t h e  counts  recorded i n  t h e  j t h  anode 
channel, BK is t h e  continuum background i n t e n s i t y ,  
and Tf(X) is  a broadband f i l t e r  t ransmission.  

Equation ( 6 )  r e p r e s e n t s  t h e  convolut ion of t h e  
instrument  func t ion  wi th  a Gaussian represent ing  
t h e  backsca t te red  laser  s i g n a l  ( p l u s  background). 
E f f e c t i n g  t h e  i n t e g r a t i o n  y i e l d s  

where 

and ToF i s  t h e  broadband f i l t e r  t ransmiss ion  a t  A,. 
The f o u r  unknowns V,T,Co, and BK can be d e t e r -  

mined from t h e  spectrum us ing  a n o n l i n e a r  least 
squares  f i t t i n g  technique. However, w e  have chosen 
t o  l i n e a r i z e  equat ion (7) i n  o r d e r  t o  s i m p l i f y  t h e  
problem t o  a s i n g l e  matrix m u l t i p l i c a t i o n .  We thus  
c a r r y  o u t  a Taylor  series expansion f o r  a func t ion  
of  two v a r i a b l e s  about approximated va lues  (Vo ,To) 
of  t h e  wind and temperature ,  r e s p e c t i v e l y .  The 
f i r s t  o r d e r  terms i n  t h e  expansion are only used t o  
o b t a i n :  

- -  n2nAXe 

a T  4AATo 
n i l  

4nnXoVo 4nnX .[.,, cos - CA X 

I n  matrix form equat ion (4)  can be  w r i t t e n  as 

r i n g  (9) N - &Ajk\ , j = l * * . N  
j 

k-1 
where 

4 = co 

The method f o r  f i n d i n g  t h e  optimum f i t  t o  t h e  d a t a  
w i l l  be  t o  minimize t h e  variance of t h e  squared 
d i f f e r e n c e  between theory and t h e  measured spectrum 
w i t h  r e s p e c t  t o  t h e  f o u r  v a r i a b l e s  def ined  above, 

and W is  a weighing func t ion .  Taking t h e  der iva-  
t ive d f  6N2 i n  equat ion  (10) one o b t a i n s  

I f  w e  assume t h a t  t h e  o p e r a t i o n s  commute and l e t  

' jA jM ' jM 
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and 

n 

0 
E 
Y 

N r i n g  
n 

L 

&- 'jAJkAjM "kM 
j-1 

z 
3 
E 

t h e  s o l u t i o n  t o  equat ion  (.11) can be w r i t t e n  as t h e  
mat r ix  equat ion  

c 

N r i n g  

'k 2 [ 'kM] ' j M  'j (12 1 
-1 M= 1 

o r  

4 
where c k j  > ~ l [ ~ ~ ] - l ~ j N ,  and [ 
matr ix  i n v e r s i o n  opera t ion .  One should n o t e  t h a t  
the  mat r ices  Ckj(To,Vo) are dependent on t h e  
re ference  temperature  and l i n e  of s i g h t  speed, 
consequently t h e  l i n e a r i z a t i o n  only works i n  t h e  
immediate v i c i n i t y  o f  (To,Vo). I n  p r a c t i c e ,  s i n c e  
t h e s e  mat r ices  can be  p r e c a l c u l a t e d ,  a f u l l  set of  
i n v e r s i o n  matrices are computed and s t o r e d .  During 
t h e  d a t a  reduct ion  process  a c a r e f u l  i n i t i a l  choice 
is made of  t h e  s t a r t i n g  va lues  o f  (To,Vo) and t h e  
appropr ia te  mat r ix  is e x t r a c t e d  from s t o r a g e  and 
used t o  determine (T1,Vi) which are then used t o  
r e f i n e  t h e  choice of (To,Vo). 
mat r ix  choice is too l a r g e ,  t h e  process  is repeated 
u n t i l  t h e  temperature  and l i n e  o f  s i g h t  v e l o c i t y  
determined l i e  i n  t h e  l i n e a r  range o f  the  i n v e r s i o n  
matrix. 
used e f f e c t i v e l y  i n  t h e  reduct ion  o f  s a t e l l i t e  wind 
d a t a  from t h e  Dynamics Explorer  Fabry-Perot I n t e r -  
ferometer  (Hays et a l .  , 1981). 

simple express ion  f o r  t h e  s t a t i s t i ca l  e r r o r  i n  a 
given measurement set. The propagat ion of e r r o r s  
theorem f o r  a system obeying Poisson statist ics 
s ta tes  t h a t  t h e  s tandard  devia t ions  of  t h e  f i t t e d  
parameters are given by 

3'1 i n d i c a t e s  a 

I f  t h e  variance of 

This process  is very f a s t  and has  been 

This technique a l s o  has t h e  merit of  providing a 

Optimizat ion of  Fabry-Perot Wind Detector  System 

The f i r s t  t a s k  i n  t h e  des ign  o f  t h e  l i d a r  system 
is t o  choose t h e  e ta lon-de tec tor  parameters t h a t  
w i l l  minimize t h e  u n c e r t a i n t y  i n  t h e  wind measure- 
ment. Based on t h e  s t a t i s t i c a l  p r i n c i p l e  o f  least 
u n c e r t a i n t y  t h e r e  e x i s t s  an optimum combination of  
source  and i n s t r u m e n t a l  parameters ,  which l e a d  t o  
t h e  most e f f i c i e n t  use of  a Fabry-Perot i n t e r f e r -  
ometer i n  t h e  measurement and de termina t ion  of  the  
Doppler S h i f t  of  the  l i n e  p r o f i l e .  The expected 
v a r i a t i o n  i n  t h e  v e l o c i t y  e r r o r  can be expressed as 

where A V l f s  is t h e  half-width a t  half-height  of  t h e  
combined source  and laser s i g n a l s  i n  v e l o c i t y  u n i t s ,  
C h is t h e  photometr ic  s i g n a l  which would be 
ofserved  wi thout  t h e  high r e s o l u t i o n  element 

(Fabry-Perot), and E is a p r o p o r t i o n a l i t y  f a c t o r  
which v a r i e s  w i t h  t h e  ins t rumenta l  design and 
depends upon t h e  e t a l o n  p l a t e  r e f l e c t i v i t y ,  on t h e  
number of  r i n g s  i n  t h e  d e t e c t o r ,  Nring,  on the 
r a t i o  o f  t h e  re turned  laser signal bandwidth t o  t h e  
Fabry-Perot f r e e  s p e c t r a l  range, AX1+,fAAS and on 
t h e  f r a c t i o n  of  t h e  f r e e  s p e c t r a l  range t h a t  is 
i l lumina ted  and covered by t h e  N r  ng anodes of t h e  
d e t e c t o r .  I n  o r d e r  t o  minimize the wind e r r o r  f o r  
a given source func t ion  one has  t o  determine t h e  
ins t rumenta l  parameters t h a t  minimize E .  Using t h e  
technique presented  i n  t h e  rev ious  s e c t i o n  we have 
c a l c u l a t e d  t h e  q u a n t i t y  6 V 2 / h V ~ + , .  For simu- 
l a t i o n  purposes we  have assumed a photometr ic  count 
equal  t o  lo4 and w e  have made t a b l e s  of E I J c f ; ; ; ,  
i .e . ,  t h e  normalized wind e r r o r  as a func t ion  of 
e t a l o n  r e f l e c t i v i t y  and t h e  r a t i o  of t h e  FWHH of  
t h e  laser backsca t te red  s i g n a l  t o  a f r e e  s p e c t r a l  
range (FWHH1+,/AX). 
t i o n s  are summarized i n  Table 2 which show t h e  
r e s u l t s  f o r  a 12 r i n g  anode d e t e c t o r .  A complete 
f r e e  s p e c t r a l  range has  been focused on t h e  anode. 

F i r s t ,  l e t ' s  cons ider  t h e  case of molecular  
s c a t t e r i n g .  
equal  t o  lx10e3A and a source  width of 1x10'2A, 
then t h e  FWHH is approximately equal  t o  lxlO-'A, 
i.e., t h e  source width dominates. The t a b l e  then 
i n d i c a t e s  t h a t  t h e  minimum e r r o r  i n  t h e  v e l o c i t y  
occurs  when t h e  FSR of  t h e  Fabry-Perot is equal  t o  
10'2/0.316, o r  t h e  e t a l o n  gap, t ,  (t=A2/2AA) is 4.0 
cm. The a e r o s o l  case has  a source width of 
%10-4i9 which impl ies  an optimum instrument  wi th  a 
40.0 c m  gap. I t  is p o s s i b l e  t o  reduce t h e  e t a l o n  
gap and s t i l l  main ta in  high accuracy i n  t h e  wind 

The r e s u l t s  of  t h e s e  ca lcu la-  

I f  .one assumes a laser bandwidth,(FWHH) 

I O O L '  1 ' 1  ' 1  ' ' ' ' 4  
1 

FRACTION OF A FSR 

Fig. 1. S o l i d  l i n e  i n d i c a t e s  the  combination of 
e t a l o n  gap and f r a c t i o n  of a FSR t h a t  opt imizes  t h e  
wind measurement. The shadowed areas i n d i c a t e  f o r  
a given f r a c t i o n  of  a FSR, how much one can change 
the  e t a l o n  gap and s t i l l  remain wi th in  lo%,  20% and 
502 of t h e  minimum wind e r r o r .  
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TABLE 2.  

---.,__ -.,.-..-. . 
S I W A L  TO NOISI 
LASER WAV 
FRACTION 
L 
NUMBER OF DETECTOR CHANNt LS 

S I W A L  STRENGTH 1 . m *  
S I W A L  TO NOISE RATIO 0 . 1 m  
LASER WAVELENGTH 5ooo. A 
FRACTION OF FSR DISPLAYED ON ANODE 1.000 
LINE CENTER ON CHANNEL 6.000 
NUMBER OF DETECTOR CHANNELS 12 

0 . m  
0,3972 
0.3155 
0.2506 
0.1997 
0.1581 
0.1256 
0.0998 
0,0793 
0.0630 
0.0500 

0.0636 
0.0570 
0.0564 - 
0.0589 
0.0639 
0,0715 
0.0822 
0,0968 
0.1162 
0.1418 
0.1749 

0.0620 
0.0554 
0.0545 
0.0563 
0.0602 
0.0665 
0.0755 
0.0880 
0.1050 
0.1275 
0.1569 

0.0612 
0.0546 
0.0533 
0.0544 
0.0575 
0.0625 
0.0701 
0.0808 
0.0957 
0.1158 
0.1423 

NORMALIZED WINO ERRORS 

0.0613 
0.0545 
0.0528 
0.0533 
0.0555 
0.0595 
0.0657 
0.0749 
0.0881 
0.1064 
0.1308 

0.0624 
0.0553 
0.0532 
0.0530 
0.0544 
0.0573 
0.0623 
0.0702 
0.0822 
0.0994 
0.1227 

0.0647 
0.0572 
0.0545 
0.0536 
0.0542 
0.0561 
0.06oO 
0.0669 
0.0782 
0.0949 
0.1183 

0.0688 
0.0606 
0.0572 
0.0556 
0.0552 
0.0562 
0.0591 
0.0653 
0.0763 
0.0937 
0.1188 

0.0757 
0.0665 
0.0622 
0.0596 
0.0583 
0.0582 
0.0601 
0.0659 
0.0776 
0.0972 
0.1271 

0.0887 
0.0776 
0.0719 
0.0680 
0.0653 
0.0640 
0.0650 
0.0709 
0.0846 
0. I097 
0.1517 

0.1203 
0.1049 
0.0963 
0.0897 
0.0847 
0.0813 
0.0812 
0.0885 
0.1081 
0.1484 
0.2293 

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 

REFLECTIVITY 

TABLE 3. 

S I W A L  STRENGTH 1 .ocooE+o4 
SIGNAL TO NOISE RATIO 0.1000 
LASER WAVELENGTH 5ooo. A 
FRACTION OF FSR DISPLAYED ON ANODE 0.5ooo 
LINE CENTER ON CHANNEL 6.000 
NUMBER OF DETECTOR CHANNELS 12 

NORMALIZED WIND ERRORS 

0.5oOo 
0.3972 
0.3155 
0.2506 
0.7991 
0.1581 
0.1256 
0.0998 
0.0793 
0.0630 
0.0500 

0.0645 
0. os27 
0,0472 
0.0456 
0.0471 
0.0513 
0.0580 
0.0675 
0.0804 
0.0974 
0.1194 

0.0647 
0.05% 
0.0448 
0.0428 
0.0437 
0.0470 
0.0526 
0.0606 
0.0715 
0.0859 
0.1047 

0.0607 
0.0489 
0.0431 
0.0408 
0.0412 
0.0437 
0.0483 
0.0549 
0.0640 
0.0762 
0.0922 

0.0602 
0.0486 
0.0421 
0.0394 
0.0393 
0.0412 
0.0448 
0.0502 
0.0577 
0.0678 
0.0813 

0.50 0.55 0.60 0.65 

measurement by j u s t  focusing a f r a c t i o n  o f  the  FSR 
on t h e  anode. Table 3 shows t h e  c a l c u l a t i o n  o f  the  
wind e r r o r  f o r  a twelve r i n g  anode d e t e c t o r  with 50 
percent  of t h e  FSR fbcused on t h e  anode. We can s e e  
t h a t  t h e  minimum appears  a t  a d i f f e r e n t  p o s i t i o n .  
In genera l ,  t h e  smaller t h e  f r a c t i o n  of a FSR 
focused, t h e  smaller the  spacer ,  and t h e  h igher  the  
r e f l e c t i v i t y  needed t o  optimize t h e  measurement. 
For example, t h e  e t a l o n  gap t h a t  opt imizes  the  
measurement reduces t o  c10 an when 20% of a FSR is 
used. A s  t h e  f r a c t i o n  of t h e  FSR pro jec ted  on the  
anode is decreased,  t h e r e  is some improvements i n  
t h e  accuracy of t h e  wind measurement. It should be 
not iced ,  however, t h e  minima are f a i r l y  f l a t  and 
t h a t  f o r  a given f r a c t i o n  o f  a f r e e  s p e c t r a l  range 
p r o j e c t e d  on t h e  anode t h e r e  i s  a range o f  e t a l o n  
gaps over  which one can o p e r a t e  and s t i l l  maintain 
high accuracy i n  t h e  wind measurement. This  i s  
shown i n  Figure 1, where w e  have i n d i c a t e d  f o r  a 
given f r a c t i o n  of  a FSR, how much one can change 
t h e  e t a l o n  gap and s t i l l  remain w i t h i n  a given per- 
centage o f  t h e  minimum wind e r r o r .  Here w e  have 
cons t ra ined  t h e  e t a l o n  gaps t o  those which do n o t  
r e q u i r e  t h e  p l a t e ' s  r e f l e c t i v i t y  t o  exceed 0.9. 
These c a l c u l a t i o n s  were done assuming a SIN r a t i o  

0.0631 
0.0488 
0.0419 
0.0387 
0.0382 
0.0394 
0.0421 
0.0463 0.0434 
0.0524 0.0481 
0.0607 0.0547 
0.0719 0.0638 

0.0636 
0.0499 
0.0424 
0.0388 
0.0377 
0.0383 
0.0402 

0.0676 
0.0523 
0.0440 
0.0398 
0.0382 
0.0382 
0.0392 
0.0414 
0.0448 
0.0499 
0.0571 

0.0745 
0.0568 
0.0473 
0.0423 
0.0401 
0.0393 
0.0395 
0.0406 
0.0429 
0.0465 
0.0522 

0.0862 
0.0658 
0 0 0542 
0.0479 
0.0447 
0.0430 
0.0422 
0.0422 
0.0432 
0.0454 
0.0499 

0.1164 
0.0881 
0.0718 
0.0629 
0.0578 
0.0544 
0.0520 
0.0505 
0.0498 
0.0505 
0.0.547 

0.70 0.75 0.80 0.85 0.90 0.95 

REFLECTIVITY 

equal  t o  .l. Calcula t ion  wi th  S/N equal  t o  l., lo., 
and 100. show t h a t  t h e  l o c a t i o n  of the  minima does 
n o t  change s i g n i f i c a n t l y  as t h e  SIN changes. 

t h e  parameters which d e f i n e  t h e  Fabry-Perot i n t e r -  
ferometer t h a t  would minimize t h e  wind e r r o r  in a 
l i d a r  measurement. 
l i d a r  measurements. 

This  s e c t i o n  has e s t a b l i s h e d  t h e  t r a d e  o f f s  among 

Next, w e  proceed t o  s imula te  t h e  

Wind Measurement Simulat ions 

I t  has been e s t a b l i s h e d  i n  t h e  previous s e c t i o n  
t h a t  t h e r e  are s e v e r a l  ins t rumenta l  conf igura t ions  
which can produce equal ly  accura te  measurements of 
t h e  wind v e l o c i t y .  In t h i s  s e c t i o n  w e  c a l c u l a t e :  
1) t h e  l i n e  of s i g h t  wind e r r o r  as a func t ion  of 
a l t i t u d e  f o r  a 1 Joule  laser p u l s e ,  and 2 )  t h e  
number of  1 .0  J o u l e  pulses  t o  o b t a i n  a 3 m / s  
accuracy i n  t h e  l i n e  of s i g h t  wind measurement. 
These c a l c u l a t i o n s  have been done f o r  d i f f e r e n t  
ins t rumenta l  conf igura t ions .  In a l l  ins tances  we 
have assumed the l i n e  of s i g h t  a t  45 degrees with 
t h e  v e r t i c a l ,  an a l t i t u d e  of 300 km and t h e  back- 
s c a t t e r  c o e f f i c i e n t s  of Elterman, 1968. The a e r o s o l  
s c a t t e r i n g  phase func t ion  has been obtained using 
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TABLE 4. 

LASER WAVELENGTH 
LASER BANcu!IDTH 
SCATTERING B A N W I O T N I R A Y L E I O O  
SCATTERING BANWIDTNI AEROSOL 
PLATE SEPARATION GAP 
F A M I O N  OF FSR DISPLAYED ON AWE 
REFLECTIVITY OF R A L D N  PLATES 
RECEIVER C L E M  APERTURE 
IM/YiE PLANE DlAMETER 
hUM8ER OF CHANNELS 
OPTICAL EFFICIENCY 

F l E L D  OF VIEW 
FDCAL LEffiTH 
FREE SPECTRAL RANGE 
VELDCITY FOR ONE CHANNEL WIFT 
S A l E L L I T E  ALTITUDE 
PULSE ENEffiY 

wMrTun EFFICIENCY OF DETECTOR 

urn. A 
l.oOm-03 A 
I .oOmE-03  A 

10.60 on 
0 . m  
0.- 

100.0 un 
1 .00  c11 
I2 

0 . 2 m  
0.1700 
4.344 Mad ful 
514.8 Cm 

1.1792EE-03 A 
11.78 n / s ~  
300.0 kn 

1.0 dwle  

r.oOm-m A 

' I  WM 

. BKNSCATTERED PNOTOMETRIC S I W A L  STRENGTH 

ALTITUDE RAYLEIGN AEROY)L WINO ERROR WUBER OF 
FOR ONE W L S E  PULSES FOR 

( n  SEC-o 3.  n SEC-I ERROR 

x ) .  
1 8 .  
16. 
14. 
12. 
10. 
8 .  
6 .  
4 .  
2 .  
0. 

s t a n d a r d  theo ry  f o r  s p h e r i c a l  p a r t i c l e s .  We have 
a l s o  assumed a d e t e c t o r  c o n s i s t e n t  w i t h  t h a t  used 
on t h e  Dynamics Exp lo re r  i n s t rumen t .  

The a e r o s o l  s c a t t e r i n g  l i d a r  s i m u l a t i o n s  assume 
t h e  Rayleigh s i g n a l  as background. Table 4 shows 
a sample c a l c u l a t i o n  f o r  an op t imized  system. The 
parameters  used i n  t h e  s i m u l a t i o n  are p resen ted  a t  
t h e  top  o f  t h e  t a b l e .  F igu re  2 shows t h e  wind 
accuracy as a f u n c t i o n  of  a l t i t u d e  ob ta ined  w i t h  a 
1 J o u l e  p u l s e  when 1.0, 0.5 and 0.2 f r a c t i o n  of  a 
FSR are p r o j e c t e d  on t h e  anode. A s  expected,  t h e  
s m a l l e r  t h e  f r a c t i o n  o f  t h e  FSR p r o j e c t e d ,  t h e  
b e t t e r  t h e  accuracy.  

0 

0 5 IO I5 20 25 30 
ALTITUDE (km) 

These s i m u l a t i o n s  i n d i c a t e  t h a t  t h e  l i d a r  per-  
formance r e q u i r e d  t o  s a t i s f y  t h e  me teo ro log ica l  
o b j e c t i v e s  o u t l i n e d  i n  Table  1 would be marg ina l ly  
m e t  by a 1 w a t t  laser. I n  o r d e r  t o  f u l l y m e e t t h e s e  
requirements  a laser w i t h  a power o u t p u t  o f  approx- 
ima te ly  10 watts i s  necessa ry .  Measurements w i t h  a 
1 w a t t  laser, however, would s t i l l  be  very v a l u a b l e  
s i n c e  they would p r o v i d e  t h e  wind a t  t h e  top  of 
c louds and i n  t h e  lower t roposphe re  w i t h  t h e  
r e q u i r e d  accuracy and r e s o l u t i o n .  

Conclusion 

We have analyzed t h e  performance of a 0 . 5 ~  
dopp le r  l i d a r  w i t h  i n c o h e r e n t  Fabry-Perot d e t e c t i o n .  
A t echn ique  f o r  t h e  o p t i m i z a t i o n  of  t h e  system i n  
terms o f  t h e  s t a t i s t i c a l  u n c e r t a i n t y  i n  measuring 
t h e  l i n e  o f  s i g h t  wind has  been p resen ted .  

h i g h  r e s o l u t i o n  Fabry-Perot i n t e r f e r o m e t e r s  which 
o p e r a t e  a t  ve ry  h igh  o r d e r ,  t h a t  is ,  have long  
s p a c e r  gaps.  

Near optimum systems have been d i scussed  and 
eva lua ted  t o  i l l u s t r a t e  t h e  v a r i a t i o n s  which can be 
developed from an eng inee r ing  p o i n t  o f  view. 

The optimum systems t h a t  are i d e n t i f i e d  i n  t h e  
a n a l y s i s  a r e  shown t o  p rov ide  g l o b a l  measurements 
which meet me teo ro log ica l  requirements  n t h e  lower 
t roposphe re  f o r  a 1 w a t t  laser. 

The r e s u l t  of  t h i s  o p t i m i z a t i o n  i s  a c l a s s  o f  
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PROFILING. PART I: FORECAST IMPACTS OF H I G H L Y  I D E A L I Z E D  OBSERVING SYSTEMS 

M .  Haled and R. Dlouhyz 

Space Data and Computation Division 
NASA/Goddard Space Flight Center 

Greenbelt, MD 20771 

ABSTRACT 

Simulation experiments are performed t o  
determi ne the re1 a t  i ve accuracy of i nferred 
atmospheric s ta tes  f o r  a n  idealized L I D A R  wind  
p r o f i l i n g  system and then compared with idealized 
temperature and pressure sounding systems. 
experiments are carried o u t  for three distinct 
representations of the ' t rue '  atmosphere t o  
assess the validity of the interpretation of the 
results. Three f ie lds  used in th i s  study are 
obtained respectively from: 
circulation integration of the GLAS 4 t h  Order 
Model (4" l a t  x 5" lon  x 9 levels) ,  ( i i )  a 
continuous sequence of real NMC operational 
analysis and ,  ( i i i )  a simulated long integration 
from the ECMWF h i g h  resolution (1.875" l a t  x 
1.875" lon x 15 layers) operational forecast 
model. These f ie lds  are interpolated t o  the 
grid resolution of the GLAS model and used to  
simulate the observed global analysed f ie lds  of 
winds, temperature, moisture and surface pres- 
sure. 
used for  verification of forecast impact. The 
effects of clouds, aerosol concentrations, and 
instrument accuracies on the simulated observa- 
t i o n  are discussed i n  Par t  11. 

The experiments compare f i r s t ,  the inferred 
1 2  h forecast f ie lds  made from an assimilation 
of complete, instantaneous, global f ie lds  of the 
primary variables, i.e., wind, temperature, and 
surface pressure, respectively. A subsequent 
series of experiments compares composite systems 
of the above basic variables, i.e., wind and 
surface pressure, temperature and surface 
pres sure. 

Results show t h a t  the L I D A R  wind f ie lds  can 
infer most meteorological f ie lds  i n  the extra- 
tropics signficantly more accurately t h a n  can be 
inferred from temperature or pressure observing 
systems. 
a l l  three "nature'' f ields.  The 12 h forecast 
errors i n  the extratropics from wind  d a t a  alone 

The 

( i )  a long general 

The same interpolated f ie lds  are also 

The results obtained are consistent for 

1 Work formerly ini t ia ted a t  Laboratory for 

2 M/A COM Sigma Data Corp., NASA/GSFC. 

Atmospheric Sciences, NASA/GSFC. 

are almost as accurate as t h a t  obtained from the 
complete specification of a l l  in i t ia l  conditions. 
In tropical lati tudes,  only the LIDAR wind 
system showed the capability of inferring useful 
12 h forecast winds. The experiments indicate 
t h a t  the accuracy of inferred s ta tes  from 
temperature d a t a  are greatly enhanced by the 
a d d i t i o n  of surface pressure d a t a  more so t h a n  
are the wind d a t a  f ields.  The derived f ie lds  
for temperatue and surface pressure are s t i l l  
considerably less  accurate t h a n  those of an 
idealized L I D A R  wind system alone. 
of these simulation studies i s  a measure of 
sensit ivity t o  the 'nature' assumption. The 
identical twin experiments using the GLAS model 
and the GLAS 'nature' provide the most optimistic 
performance estimates, while the results from 
real NMC d a t a  and ECMWF model integration 
'natures' are much more similar t o  each other 
t h a n  t o  the identical twin. 

A by-product 

1. INTRODUCTION 

Extended-range numerical weather prediction 
requires, a t  in i t ia l  forecast times, complete 
global and accurate 3-dimensional f ields of 
temperature, moisture and winds as a function 
of pressure t h r o u g h o u t  the troposphere, lower 
stratosphere and a t  the ear th 's  surface. By 
supplementing land-based observing systems with 
space- borne meteorological observing systems, 
reasonably accurate compl ete ,  global f ie lds  of 
temperature analysis are currently available, 
The accuracies of the space-borne temperature 
sounders are s t i l l  limited by their  vertical 
resolution and t o  some extent by cloud effects. 
Vertical profiles of wind f ie lds  are generally 
available over large land masses from rawin- 
sondes, b u t  depend mainly on cloud-track winds 
from geostationary sa te l l i t es  t o  provide coverage 
over vast oceanic regions. The cloud-wind dis- 
tributions turn out  t o  yield essentially single 
level f ie lds  and moreover occur only where there 
are sufficient clouds (Halem e t  a l . ,  1981). 
Like the winds, moisture f i e l m  available 
over land masses from remote sensors, b u t  only 
total  column water vapor i s  currently derived 
w i t h  reasonable accuracies. Thus, our global 
observing system i s  s t i l l  severely deficient 
for purposes of NWP, especially with respect t o  
winds and moisture. 
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I n  recen t  years,  however, new technology 
has appeared which o f f e r s  t h e  p o t e n t i a l  o f  
g loba l  space-borne systems w i t h  t h e  accuracy o f  
land-based radiosondes. I n  p a r t i c u l a r ,  substan- 
t i a l  t e c h n i c a l  progress has been made i n  t h e  
development o f  coherent a c t i v e  CO2 LIDAR systems 
(Hardesty, 1983; Pace and Lacombe, 1978) , which 
measure t h e  dopp le r  s h i f t  i n  t h e  backsca t te r  
f rom aerosols. From these  measurements, i t  has 
been shown t h a t  one can i n f e r  wind motions w i t h  
accurac ies and v e r t i c a l  r e s o l u t i o n  o f  a rawin-  
sonde ( H a l l  e t  al. ,  1983). 
c a r r i e d  ou t  b y f a k e r  (1978, 1980), Lockheed 
(1981) and RCA (1983), i n d i c a t i n g  t h e  f e a s i b i l i t y  
o f  f r e e  f l y i n g  space s h u t t l e  launched LIDAR wind 
p r o f i l i n g  system known as WINDSAT. 
t o  overcoming t h e  s i g n i f i c a n t  t echno log ica l  
problems invo lved  i n  t h e  des ign o f  i ns t rumen ts  
t h a t  have t o  work a t  t h e  l i m i t s  o f  quantum 
theory,  s u b s t a n t i a l  progress has been made i n  
t h e  s i g n a l  process ing and computer a l g o r i t h m  
developments needed f o r  t h e  e x t r a c t i o n  o f  t h e  
wind i n f o r m a t i o n  (Lawrence, 1983). 

A t  t h e  same t ime,  t h e r e  has been s i g n i f i -  
can t  progress i n  o b t a i n i n g  h i g h e r  v e r t i c a l  
r e s o l u t i o n  f rom advanced temperature soundings 
through h i g h e r  spec t ra l  r e s o l u t i o n s  i n  t h e  wings 
o f  s p e c i f i c  s p e c t r a l  l i n e s  (Kaplan e t  al., 1977; 
Reuter and Susskind, 1984). I n  a d d i t i o n ,  recen t  
developments i n  t h e  use o f  incoherent  LIDAR 
systems (Korb e t  . a l .  , 1983) , i n d i c a t e  t h e  f e a s i -  
b i l i t y  o f  o b t a i n i n g  pressure as a f u n c t i o n  o f  
h e i g h t  w i t h  presumably very h i g h  v e r t i c a l  r e s o l -  
u t i o n  and accuracy. 

Since p l a c i n g  a LIDAR system i n  a space- 
borne opera t i ona l  environment w i  11 i nvol ve 
enormous expendi tures by t h e  n a t i o n a l  f und ing  
agencies , a compel 1 i ng s c i e n t i f i c  j u s t i f i c a t i o n  
on t h e  r e l e v a n t  importance o f  wind p r o f i l e  d a t a  
w i t h  respec t  t o  enhanced sounder system capa- 
b i  1 i t  i es w i  11 be r e q u i r e d  b e f o r e  management 
makes such an investment. S u r p r i s i n g l y ,  t h e r e  
have been ve ry  few Observing system s t u d i e s  on 
t h e  e f f e c t  o f  complete wind data r e l a t i v e  t o  
o t h e r  systems. Many o f  t h e  e a r l y  s i m u l a t i o n  
s t u d i e s  by Jast row and Halem (1970, 1973) and 
Kasahara e t  a l .  (1972) were concerned ma in l y  
w i t h  t h e  impact o f  sounding temperature p r o f i l e s  
o r  s i n g l e  l e v e l  wind data on fo recas ts .  There 
were a number of s t u d i e s  on t h e  des ign o f  t h e  
GARP Global Observing System concerned w i t h  t h e  
importance o f  da ta  systems i n  t h e  t r o p i c s .  One 
such impor tan t  s tudy by Gordon e t  a l .  (1974) 
showed t h a t  when complete v e r t  i m n d  p r o f  i 1 es 
i n  t h e  t r o p i c a l  band 10"N t o  10"s a r e  added t o  
a g loba l  temperature sounding system, t h e  
i n f e r r e d  e x t r a t r o p i c a l  wind accurac ies a r e  
improved. More r e c e n t l y ,  t h e o r e t i c a l  and 
s t a t i s t i c a l  s t u d i e s  c a r r i e d  ou t  by Da ly  (1980) 
and P h i l l i p s  (1983) i n d i c a t e  t h a t  winds should 
g r e a t l y  enhance t h e  i n f e r r e d  atmospheric s t a t e s  
i n  t h e  e x t r a t r o p i c s  as wel l .  
s tud ies  w i t h  a more r e a l i s t i c  y c o u n t  o f  atmo- 
spher i c  processes and s t r u c t u r e s  a re  s t i l l  
r e q u i r e d  t o  q u a n t i f y  t h e  r e l a t i v e  performance 
o f  such systems, e s p e c i a l l y  i n  terms o f  f o r e c a s t  
improvements. 

methodology we used i n  per forming t h e  s i m u l a t i o n  

Studies have been 

I n  a d d i t i o n  

However, s i m u l a t i o n  

I n  Sec t i on  2 we present  an overv iew o f  t h e  

experiments and i n  Sec t i on  3 we present  t h e  
r e s u l t s  f rom these experiments. The experiments 
a r e  d i v i d e d  i n t o  two c lasses.  
t h e  r e l a t i v e  performance o f  a p r imary  v a r i a b l e  
t o  i n f e r  o t h e r  pr imary v a r i a b l e s ,  and second t h e  
e f fec t  o f  composite systems o f  va r iab les .  
Sec t i on  4 ,  we summarize t h e  r e s u l t s .  I n  a sub- 
sequent paper i n  t h i s  volume, we i n v e s t i g a t e  t h e  
s e n s i t i v i t y  o f  t h e  observed da ta  by i n t r o d u c i n g  
some s i m p l i f i e d  atmospheric and ins t rumen ta l  
i n f  1 uences. 

We f i r s t  study 

I n  

2. GENERAL DESCRIPTION OF OBSERVING SYSTEMS 
SIMULATION EXPERIMENTS 

The o b j e c t i v e  we have i n  per forming these 
s i m u l a t i o n  experiments i s  t o  assess t h e  e f f e c t  
o f  a p a r t i c u l a r  observ ing system, i n  t h e  con tex t  
o f  c o n t r i b u t i n g  t o  an opera t i ona l  analys is .  The 
experiments proceed i n  t h r e e  steps. F i r s t ,  one 
at tempts t o  a s s i m i l a t e  a p a r t i c u l a r  observ ing 
system c o n f i g u r a t i o n  and determine i t s  l e v e l  o f  
performance o r  accuracy. 
s e t  f rom which one can s imu la te  observat ions o f  
any degree of accuracy and a data se t  which can 
be used t o  s t a t i s t i c a l l y  v a l i d a t e  t h e  s imulated 
analys is .  For  t h i s  purpose, one can use a l ong  
s imulated computer i n t e g r a t i o n  f rom a general 
c i r c u l a t i o n  model c o n t a i n i n g  d e t a i l e d  phys i ca l  
pa ramete r i za t i ons  o f  most o f  t h e  impor tan t  
atmospheric processes. 
t h e  cont inuous sequence o f  model generated 
f i e l d s  as ' na tu re ' .  Since t h e  model ou tpu ts  are 
complete i n  terms o f  a l l  va r iab les ,  any proposed 
observ ing system ( w i t h  a r b i t r a r y  coverage, f r e -  
quency and e r r o r  s t r u c t u r e )  can be de r i ved  from 
t h i s  ' n a t u r e '  data set. Fo r  more rea l ism,  one 
cou ld  i n t e r p o l a t e  t h e  model ou tpu ts  t o  t h e  
proposed l o c a t i o n s  of an ac tua l  observ ing system 
w i t h  app rop r ia te  no i se  and e r r o r  s t a t i s t i c s  
added t o  conform t o  inst rument  and f l i g h t  speci- 
f i c a t i o n s .  

data taken a t  t h e  p o i n t s  o f  obse rva t i on  i n t o  a 
g r i dded  f i e l d  by a process c a l l e d  o b j e c t i v e  
ana lys i s .  Thus, i n  a d d i t i o n  t o  t h e  , ' na tu re '  
assumption, t h e  r o l e  o f  t h e  t h e  a n a l y s i s  system 
i t s e l f  i s  a l s o  a c r i t i c a l  element o f  t h e  ass imi-  
l a t i o n .  
b o t h  a f o r e c a s t  model t o  p rov ide  f i r s t  guess 
est imates o f  a l l  s imulated da ta  a t  t h e i r  p o i n t s  
of observat ion,  and t h e  a p p l i c a t i o n  o f  an appro- 
p r i a t e  o b j e c t i v e  a n a l y s i s  system o f  which t h e r e  
a r e  severa l  i n  ope ra t i ona l  use, (Bergman, 1979) , 
(Lorenc, 1981), (Baker, 1983). 
t h i s  i s  ve ry  o f t e n  c a r r i e d  o u t  u s i n g  t h e  same 
GCM model f o r  a s s i m i l a t i o n s  and f o r  f o recas t i ng .  

p o s s i b l e  f o r  numerical weather p r e d i c t i o n  by 
assessing t h e  f o r e c a s t  s e n s i t i v i t y  o f  t h e  new 
observ ing systems. 
f o r e c a s t s  f rom t h e  r e s p e c t i v e  a n a l y s i s  w i t h  and 
w i t h o u t  t h e  observ ing system i n  ques t i on  and 
then  v e r i f y i n g  t h e  f o r e c a s t s  aga ins t  ' n a t u r e ' .  
However, t h e  most c r i t i c a l  assumption t h a t  
pervades a l l  t h r e e  elements o f  t h i s  study and 
perhaps t h e  weakest l i n k  a rgu ing  aga ins t  t h e  
r e a l i s m  of such s i m u l a t i o n  experiments r e s t s  on 
what we use as 'nature, '  s i n c e  i t  p rov ides  bo th  
t h e  expected data and t h e  v a l i d a t i o n ,  

Th is  r e q u i r e s  a data 

We cus tomar i l y  r e f e r  t o  

Second, one has t o  conver t  t h e  s imulated 

Employing an a n a l y s i s  system r e q u i r e s  

I n  p r a c t i c e ,  

Th i rd ,  one determines t h e  improvements 

Th is  i s  done by making 
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For  t h e  purposes o f  t h i s  study, we have 
attempted t o  min imize these  aspects o f  t h e  
of t h e  problem by  making s i m p l i f y i n g  assumptions 
and d e a l i n g  o n l y  w i t h  a h i g h l y  i d e a l i z e d  
observ ing system. We w i l l  assume t h a t  we have 
somehow produced a g loba l  instantaneous gr idded 
a n a l y s i s  o f  any g i ven  me teo ro log i ca l  f i e l d  which 
i s  p e r f e c t .  T h i s  i s  done by mere ly  t a k i n g  t h e  
f i e l d  i n  ques t i on  f rom t h e  ' n a t u r e '  and r e p l a c i n g  
t h e  e v o l v i n g  a n a l y s i s  by  t h a t  e n t i r e  f i e l d .  
example, i f  we a r e  s tudy ing  wind observ ing 
systems, we might  r e p l a c e  bo th  wind components 
i n  t h e  a s s i m i l a t i o n  c y c l e  every 12 hours by  t h e  
wind components f rom ' n a t u r e ' .  However, s ince  
we have c i r c u i t e d  t h e  a n a l y s i s  c y c l e  by us ing  
t h e  ' n a t u r e '  f i e l d  d i r e c t l y  and p l a n  t o  assess 
t h e  i n f e r r e d  f i e l d s  i n  terms o f  f o recas ts ,  t h i s  
c rea tes  a dual  i n f l u e n c e  o f  t h e  ' n a t u r e ' .  I n  
e a r l i e r  experiments, i t  has been shown by 
Wi l l iamson (1973) t h a t  u s i n g  t h e  i d e n t i c a l  model 
t o  produce t h e  ' n a t u r e '  and t h e  f o r e c a s t  l eads  
t o  h i g h l y  model dependent r e s u l t s .  

' n a t u r e '  assumption, we have conducted simula- 
t i o n  experiments employing t h r e e  d i s t i n c t  repre-  
sen ta t i ons  o f  ' na tu re '  t o  avoid t h e  dependence 
of t h e  r e s u l t s  on ou r  ' n a t u r e '  assumption. The 
t h r e e  ' n a t u r e '  s e t s  a r e  produced f rom l o n g  i n t e -  
g r a t i o n s  made w i t h  t h e  GLAS 4 t h  Order General 

For. 

Recognizing t h e  se r ious  l i m i t a t i o n s  o f  t h e  

A 

GLAS 

NMC 

ECMWF 

BITRARY INITIAL STATES 
I I I I I I I I I  

C i r c u l a t i o n  Model (Kal nay e t  a1 . , 1980) , t h e  
ECMWF model (Bengtsson, 1982),'espectively, and 
a cont inuous sequence o f  r e a l  ope ra t i ona l  
a n a l y s i s  produced by t h e  Na t iona l  Me teo ro log i ca l  
Center. 
analyses were k i n d l y  prov ided t o  t h e  authors f o r  
use i n  t h i s  s tudy by Drs. E. Kalnay and L. 
Bengtsson. The r e a l  da ta  a n a l y s i s  c o n s i s t s  o f  
Na t iona l  Me teo ro log i ca l  Operat ional  a n a l y s i s  
and were ob ta ined  f rom t h e  Nat ional  Cl imate 
Center, Ashev i l l e ,  Nor th  Caro l ina.  

by i n t e g r a t i n g  t h e  GLAS 4 t h  Order GCM i n  a l l  
t h r e e  cases f o r  30 days, con t inuous ly  updat ing 
one o r  more me teo ro log i ca l  f i e l d s  every 12 h r s  
by t h e  a p p r o p r i a t e  da ta  s e t  f rom 'nature. '  Th i s  
may i n v o l v e  an i n t e r p o l a t i o n  t o  t h e  same g r i d  as 
t h e  GLAS model. The i n i t i a l  c o n d i t i o n s  a t  t h e  
s t a r t  o f  t h e  GLAS and ECMWF data a s s i m i l a t i o n  
c y c l e  a re  taken from t h e  r e s p e c t i v e  ' n a t u r e '  data 
s e t  30 days i n  advancel. 
t i o n  s t a r t s  f rom t h e  GLAS i n i t i a l  cond i t i ons .  
The impact o f  these data i s  presented i n  terms 
o f  t h e  12 h r  rms forecast  f i e l d s  v e r i f i e d  aga ins t  
t h e  r e s p e c t i v e  'nature. '  
show t h e  i n i t i a l  c o n d i t i o n s  o f  sea l e v e l  pressure 
f o r  t h e  t h r e e  types o f  ' n a t u r e '  experiments. 
F igu res  2a, b, and c show t h e  corresponding 
v e r i f i c a t i o n  f i e l d s  f rom 'nature. '  The i n i t i a l  

The r e s p e c t i v e  12 h r  f o r e c a s t s  and 

The s i m u l a t i o n  experiments a re  c a r r i e d  ou t  

The NMC da ta  ass im i la -  

F igu res  l a ,  b and c 

VERlFl CATION 

I I I ,  f i ) ' ,  I 

SEALEVELPRESSURE 
F i g u r e  1 

J I I I I f ,)I, 
1 

J I 4 f 1 1 '  ' 1 .  * . n . m *  - 1 .. 
SEA LEVELPRESSURE 

F i g u r e  2 
Fo r  ECMWF o n l y  20 days a r e  ava i l ab le .  
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c o n d i t i o n s  a r e  c l e a r l y  seen t o  be r e l a t i v e l y  
unco r re la ted  w i t h  ' n a t u r e '  f o r  t h e  t h r e e  exper- 
iments. S i m i l a r  d i f f e r e n c e s  occur  f o r  t h e  
o t h e r  va r iab les .  

3a. SIMULATION STUDY RESULTS: PRIMARY VARIABLES 

Two s e t s  o f  experiments a re  analyzed i n  t h i s  
sect ion.  The f i r s t  se t  o f  experiments a r e  
in tended t o  s tudy and q u a n t i f y  t h e  r e l a t i v e  
f o r e c a s t  impact o f  analyses i n f e r r e d  f rom t h e  
b a s i c  me teo ro log i ca l  f i e l d s  o f  temperature, 
pressure and winds alone. The second se t  o f  
experiments i n v e s t i g a t e  r e s u l t s  of composite 
systems and t h e i r  r e l a t i v e  f o r e c a s t  impact. 

o f  experiments where t h e  da ta  a r e  taken f rom t h e  
GLAS model ' na tu re '  descr ibed e a r l i e r .  F igures 
3a, b, and c compare t h e  rms 12 h r  f o r e c a s t  
e r r o r s  f o r  t h e  synop t i c  a s s i m i l a t i o n  o f  complete 
f i e l d s  o f  temperature, wind and pressure data, 
separate ly .  We v e r i f y  t h e  f o r e c a s t  MIS e r r o r s  
f o r  t h r e e  d e r i v e d  f i e l d s  o f  sea l e v e l  pressure, 
500 mb geopo ten t ia l  h e i g h t s  and 400 mb zonal 
winds, r e s p e c t i v e l y .  These f i e l d s  were chosen 
t o  assess t h e  a b i l i t y  o f  a s i n g l e  f i e l d  t o  i n f e r  
n o t  o n l y  i t s  own f i e l d  b u t  t h e  o t h e r  p r imary  
atmospheric s ta tes.  I n  t h e  upper panel o f  each 
f i g u r e ,  we p l o t t e d  t h e  rms e r r o r s  a long a 
t y p i c a l  e x t r a t r o p i c a l  l a t i t u d e ,  a t  50"N, every 
12 hours, and i n  t h e  l ower  panel a long a t r o p i c a l  
l a t i t u d e ,  2"N. For  a l l  t h r e e  v e r i f i c a t i o n  
f i e l d s ,  t h e  a s s i m i l a t i o n  o f  sea l e v e l  pressure 
data a lone  has o n l y  a s l i g h t  e f f e c t  i n  reduc ing  
t h e  i n i t  i a1 random1 y c o r r e l  a ted rms e r r o r  f i e l  ds 
i n  t h e  e x t r a t r o p i c s .  
asymptot ic  12 h r  f o r e c a s t  e r r o r  l e v e l  o f  sea 
l e v e l  pressure i s  reduced f rom 16 mb t o  10 mb, 
500 mb geopo ten t ia l  h e i g h t s  f rom 200 m t o  140 m, 
and 400 mb zonal winds f rom 16 m/s t o  perhaps 
14 m/s. The temperature da ta  does s i g n i f i c a n t l y  
b e t t e r ,  reducing t h e  i n i t i a l  rms e r r o r s  by more 
t h a n  50% f o r  a l l  o f  these f i e l d s .  The wind data, 
however, v i r t u a l l y  e l i m i n a t e s  t h e  12 hour  f o r e -  
c a s t  e r r o r s  i n  a l l  t h e  v e r i f i c a t i o n  f i e l d s .  
Moreover, t h e  wind data has a ve ry  r a p i d  ad jus t -  
ment p e r i o d  o f  l e s s  than  a week t o  reach i t s  
asymptot ic  e r r o r  l e v e l s ,  w h i l e  temperature data 
r e q u i r e s  severa l  weeks. The r e s u l t s  f o r  these 
experiments i n  t h e  t r o p i c s  again show t h a t  
pressure makes no r e d u c t i o n  i n  t h e  i n i t i a l  rms 
e r ro rs .  
i n f l u e n c e  on i n f e r r i n g  500 mb h e i g h t s  and wind 
da ta  i n  t h e  t r o p i c s ,  b u t  does show some s k i l l  
f o r  i n f e r r i n g  su r face  pressure f i e l d s .  
a s s i m i l a t i o n  o f  wind data i n  t h e  t r o p i c s ,  
however, improves t h e  f o r e c a s t  of wind f i e l d s  
s u b s t a n t i a l l y ,  and has about t h e  same i n f l u e n c e s  
as temperature d a t a  on t h e  f o r e c a s t  e r r o r  i n  
500 mb geopo ten t ia l  and su r face  pressure f i e l d s .  

compare t h e  rms 12 h r  f o r e c a s t  impact e r r o r s  
of t h e  same f i e l d s  as b e f o r e  b u t  f o r  tempera- 
t u r e  and wind f i e l d s  taken f rom t h e  r e a l  da ta  
' na tu re ' .  Pressure da ta  i n  these experiments 
had no e f f e c t  and i s  n o t  shown on t h e  char ts .  
Instead,  we have added a cu rve  as a re fe rence  
l e v e l  which shows t h e  12 hour f o r e c a s t  o f  t h e  
GLAS 4 t h  Order Model made f rom t h e  f u l l  FGGE 
data a n a l y s i s  c y c l e  as repo r ted  i n  ( H a l e m e t  
2' a1 1981). I n  t h e  e x t r a t r o p i c s ,  t h e  i n s e r t i o n  

GLAS ' n a t u r e ' .  We f i r s t  present  r e s u l t s  

Fo r  example, t h e  mean 

Temperature da ta  a l s o  shows very l i t t l e  

The 

NMC ' n a t u r e ' .  F igu res  4a, b and c again 
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o f  temperature da ta  shows o n l y  s l i g h t  improve- 
ments i n  t h e  12 h r  f o r e c a s t  r e l a t i v e  t o  t h e  
a r b i t r a r y  i n i t i a l  f i e l d s .  Fo r  wind d a t a  alone, 
t h e  12 h r  f o r e c a s t  500 mb geopo ten t ia l  he igh ts  
and zonal winds a r e  almost as good as those 
ob ta ined  u s i n g  t h e  f u l l  FGGE a n a l y s i s  system. 
There i s ,  however, about a 2-4 mb degradat ion 
i n  t h e  12 h r  su r face  pressure f o r e c a s t  f rom t h e  
wind data alone. As before,  t h e  adjustment 
process o f  t h e  i n f e r r e d  f i e l d s  f rom wind data 
seems t o  occu r  i n  about 4 days. 

I n  t h e  t r o p i c s ,  t h e  r e s u l t s  a re  mixed and 
r e q u i r e  some i n t e r p r e t a t i o n .  Fo r  t h e  sea l e v e l  
pressure 12 h r  f o recas ts ,  t h e  temperature data 
a lone  have an rms 1 t o  2 mb more accurate t h a n  
t h e  FGGE re fe rence  l e v e l  and wind da ta  fo recas ts ,  
r e s p e c t i v e l y .  The s i t u a t i o n  i s  reversed f o r  t h e  
12 hour  f o r e c a s t  zonal wind f i e l d s  where wind 
f o r e c a s t s  a r e  2 t o  4 m/s more accurate than  
f o r e c a s t s  f rom FGGE and temperature data. No 
apparent t r e n d s  a r e  observable i n  t h e  500 mb 
h e i g h t  f o recas ts .  A p o s s i b l e  exp lana t ion  o f  
t hese  r e s u l t s  may be r e l a t e d  t o  t h e  f a c t  t h a t  
t h e  i n t e g r a t e d  column d e n s i t y  o f  t h e  NMC h e i g h t  
data i s  obta ined f rom r e l a t i v e l y  accurate sound- 
i n g  systems whereas t h e  wind data f rom geosta- 
t i o n a r y  c loud  winds may have systemat ic  e r r o r s  
i n c o n s i s t e n t  w i t h  t h e  thermal f i e l d s .  I n  
comparing t h e  accurac ies o f  t h e  400 mb winds, 
we may be v a l i d a t i n g  aga ins t  a data s e t  w i t h  
t h e  same b i a s  thereby enhancing t h e  wind simul a- 
t i o n  s ince  FGGE winds have been i n f l u e n c e d  by 
o t h e r  wind d a t a  n o t  i nc luded  i n  t h e  NMC f i e l d s .  

ECMWF 'na tu re ' .  I n  t h i s  experiment, we 
again show i n  F igu res  5a, b, and c t h e  rms 12 
hour f o r e c a s t  impact e r r o r s  o f  t h e  same f i e l d s ,  
b u t  now we use t h e  ECMWF 'na tu re '  f i e l d .  The 
rms f o r e c a s t  sea l e v e l  asymptot ic  pressure e r r o r  
f o r  temperature da ta  i n  t h e  e x t r a t r o p i c s  i s  about 
12-13 mb compared t o  4 mb f o r  wind data i n s e r -  
t i o n .  T h i s  i s  ve ry  s i m i l a r  t o  t h e  r e s u l t s  w i t h  
r e a l  data. The s i m i l a r i t y  a l s o  ho lds  f o r  t h e  
500 mb h e i g h t  f i e l d s  except t h a t  t h e  asymptot ic  
e r r o r  l e v e l s  f o r  wind da ta  a r e  s u b s t a n t i a l l y  
b e t t e r  t han  those w i t h  t h e  f u l l  FGGE data. The 
i n f e r r e d  400 mb zonal winds f o r  t h e  temperature 
d a t a  i s  now s u b s t a n t i a l l y  improved t o  about 9 m/s 
w h i l e  t h e  wind da ta  i s  about t h e  same as with 
r e a l  data. T h i s  i n d i c a t e s  t h a t  t h e  c o n s i s t e n t  
accurate g l o b a l  temperature f i e l d s  can reduce 
t h e  12 h r  f o r e c a s t  wind e r r o r s .  

The r e s u l t s  i n  t h e  t r o p i c s  f o r  t h e  ECMWF 
' n a t u r e '  experiment a r e  more c o n s i s t e n t  w i t h  
t h e  i d e a l i z e d  twin s i m u l a t i o n  experiment t h a n  
ob ta ined  w i t h  t h e  r e a l  NMC data. The two f i e l d s  
a r e  comparable i n  t h e  12 h r  f o r e c a s t  e r r o r s  f o r  
sea l e v e l  pressure wind 500 mb geopo ten t ia l  
h e i g h t s  b u t  wind da ta  f o r e c a s t s  have h a l f  t h e  
rms zonal wind e r r o r  t han  t h a t  f rom temperature 
data i n  t h e  t r o p i c s .  

3b. SIMULATION STUDY RESULTS: COMPOSITE 
SYSTEMS 

I n  t h e  f o l l o w i n g  s e r i e s  o f  experiments we 
couple su r face  pressure f i e l d s  w i t h  b o t h  wind 
and temperature da ta  s ince  pressure d a t a  i s  
r e a d i l y  a v a i l a b l e  over  most o f  t h e  g lobe f rom 
land-based s t a t i o n s  and s h i p  repo r t s .  
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GLAS ' n a t u r e ' .  F igures 6a, b, and c 
c o m a r e  t h e  12 hour f o r e c a s t  e r r o r s  o f  tempera- 
t u r e  and pressure w i t h  wind and pressure da ta  
f o r  t h e  same bas ic  t h r e e  v a l i d a t i o n  f i e l d s .  
' n a t u r e '  da ta  se t  f o r  these f i g u r e s  i s  f rom 
t h e  GLAS model. 
composite temperature d a t a  has reduced t h e  sea 
l e v e l  f o r e c a s t  e r r o r s  t o  2 mb, 500 mb he igh ts  
t o  20 m, and zonal winds t o  about 3 m/s, almost 
40% l e s s  than  t h e  e r r o r s  obta ined w i t h o u t  t h e  
pressure data. The composite wind system had 
s i m i l a r  asymptot ic  e r r o r s  as those w i t h o u t  pres- 
sure. 
systems had t h e  same asymptotic e r r o r  l e v e l s  as 
t h e  systems w i t h o u t  pressure data. 

The 

These experiments show t h a t  t h e  

I n  t h e  t r o p i c s ,  t h e  use o f  composite 

NMC ' n a t u r e ' .  F igu res  7a, b, and c show 
t h e  composite system w i t h  t h e  NMC ' n a t u r e '  da ta  
set. 
reduc t i ons  i n  f o r e c a s t  e r r o r s  f o r  r e a l  da ta  
composite systems r e l a t i v e  t o  t h e  e a r l i e r  i n d i -  
v i d u a l  r e a l  data systems. Fo r  example, t h e  sea 
l e v e l  pressure asymptot ic  l e v e l s  a r e  8 mb 
compared w i t h  16 mb f o r  t h e  p rev ious  temperature 
o n l y  experiment, 80 m compared with 120 m f o r  
500 mb geopo ten t ia l  h e i g h t s  and 10 m/s compared 
w i t h  12 m/s. The h e i g h t  and wind f o r e c a s t  
e r r o r s  were about t h e  same f o r  t h e  composite 
wind system b u t  t h e  sea l e v e l  f o r e c a s t  e r r o r s  
were reduced i n  h a l f  t o  about 4 mb. I n  t h e  
t r o p i c s ,  t h e  r e s u l t s  a r e  r e l a t i v e l y  una f fec ted  
by t h e  a d d i t i o n  o f  su r face  pressure f o r  b o t h  
composite systems. 

In these experiments, we observe major  

ECMWF 'na tu re ' .  F igu res  8a, b, and c 
compare t h e  composite system f o r  t h e  t h i r d  
' n a t u r e '  d a t a  set ,  namely, t h e  f r a t e r n a l  ECMWF 
model. I n  t h e  e x t r a t r o p i c s ,  t h e  asymptot ic  
composite temperature system f o r e c a s t  e r r o r  
l e v e l s  f o r  sea l e v e l  pressure, 500 mb he igh ts  
and zonal winds a re  4 mb, 40 m, and 6 m/s, 
respec t i ve l y .  These e r r o r  l e v e l s  a r e  h a l f  
again what t h e  r e a l  da ta  e r r o r  l e v e l s  were f o r  
t h e  composite system and reduced t h e  e r r o r s  t o  
more t h a n  h a l f  t h a t  o f  t h e  same f r a t e r n a l  
experiment w i t h o u t  pressure data. I n  a d d i t i o n ,  
t h e  e r r o r  l e v e l s  a r e  comparable t o  t h a t  o f  t h e  
wind o n l y  system f o r  t h e  f r a t e r n a l  experiment. 
I n  t h e  t r o p i c s ,  t h e  e r r o r s  a r e  a l s o  . s i g n i f i c a n t l y  
reduced w i t h  t h e  composite temperature system 
f o r  sea l e v e l  pressure and geopo ten t ia l  h e i g h t s  
b u t  s l i g h t l y  f o r  zonal winds. Yet, t h e  zonal 
wind e r r o r s  a t  500 mb a r e  o n l y  4-5 m/s compared 
t o  2-3 m/s f o r  t h e  wind data system. I n  b o t h  
cases, t hey  a r e  s i g n i f i c a n t l y  b e t t e r  t han  those 
ob ta ined  f o r  t h e  r e a l  data composite systems. 

4.  SUMMARY 

The general conc lus ions f rom t h e  experiments 
us ing  p r imary  v a r i a b l e s  a r e  t h a t  (i) wind data 
a lone  has a g r e a t e r  impact t han  temperature da ta  
a lone f o r  i n f e r r i n g  t h e  o t h e r  s t a t e  v a r i a b l e s ,  
(ii) t h a t  s i m i l a r  r e s u l t s  a r e  obta ined f o r  a l l  
t h r e e  I na tu re '  experiments and a re  probably  n o t  
model dependent, (i i i ) t h a t  atmospheric s t a t e s  
a d j u s t  t o  wind da ta  i n  e x t r a t r o p i c s  as w e l l  as 
t r o p i c s ,  and ( i v )  t h a t  t h e  adjustment t imes t o  
wind d a t a  a r e  much more r a p i d  than  t o  tempera- 
t u r e  data. 
o f  temperature and pressure show s i g n i f i c a n t  
improvements ove r  those o f  temperature only. 

The r e s u l t s  o f  t h e  composite system 

2 7 7  
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OBSERVING SYSTEM SIMULATION EXPERIMENTS RELATED TO SPACE-BORNE LIDAR WIND 

PROFILING. PART 2: SENSITIVITY TO ATMOSPHERIC AND INSTRUMENTAL INFLUENCES 

R.  Dlouhy and M.  Haled 

M/A COM Sigma Data, Corp. 
Laboratory for  Atmospheric Sciences 

NASAJGoddard Space Flight Center 
Greenbelt, MD 20771 

ABSTRACT 

Three major potential sources of errors t h a t  
influence the performance of the proposed L I D A R  
wind profiling systems are distributions and 
concentrations of aerosols, available power for 
pulsing the L I D A R  and the effects of clouds and 
large-scale precipitations. Idealized simul a t i o n  
studies are performed t o  study their  sensit ivity.  
Two experiments are performed in which we assign 
random error levels of 3 m/s and 6 m/s t o  simu- 
la te  the potential effects of errors corres- 
ponding t o  2 pulses or 10 pulses per g r i d  area. 
These results are then compared w i t h  the ideal- 
ized LIDAR wind profile accuracies obtained in 
the experiments described ear l ie r  in Halem and 
Dlouhy, P a r t  1. Results from a second set  of 
experiments introducing wind profiles only down 
t o  cloud t o p  are also presented. The third 
experiment studied assumes sufficient global 
aerosol concentrations only in the lower tropo- 
sphere and shows the resultant impact on fore- 
cast accuracy. 

1. INTRODUCTION 

The experience gained w i t h  space observing 
systems has t a u g h t  us t h a t  instrument performance 
i s  greatly influenced by a wide variety of 
factors from atmospheric effects,  space launch 
environment, t o  ground-based algorithm design. 
Moreover, the sensit ivity t o  such influences 
varies from instrument t o  instrument, depending 
on the s ta te  of technology and real d a t a  exper- 
ience. In the case of LIDAR winds, there are 3 
major characterist ics t h a t  are intr insic  t o  the 
system which could greatly limit the performance. 

Firs t ,  the coherent CO2 laser system 
proposed by NOAA/ERL for the WINDSAT requires 
distributions o f  10 IJ size aerosol concentra- 
t ions throughout  the atmsophere t o  determine the 
doppler shifted backscatter signal. 
generally agreed t h a t  while there are probably 
sufficient aerosol concentrations in the lower 
troposphere and in the stratosphere, there may 
be insufficient concentrations a t  h i g h  lat i tudes 
and i n  the mid-tropospheres over oceans. 

I t  i s  

1 Space Data and Computation Division, NASA/GSFC. 

Simulation experiments are presented assuming 
inadequate signal return for complete global 
wind determinations in these regions. 

Second, atmospheric influences such as 
clouds and precipitation affect the L I D A R  
system's abi l i ty  t o  obtain complete vertical 
wind profiles. In t h i s  study, we report on 
experiments in which the complete wind  profiles 
are only available in model generated cloud-free 
regions down t o  model cloud tops. 

T h i r d ,  a major constraint on system perfor- 
mance i s  the available power required for the 
expected operational lifetime d u r a t i o n  of a 
LIDAR space-borne system. The number of pulses 
which can be used t o  sample a 300 km square area 
gives radial velocities per model grid and i s  
directly related t o  the expected errors of mean 
wind speed. 

number of simulation experiments again employing 
two of the three 'nature' experiments (GLAS and 
ECMWF) described in Halem and Dlouhy (1984), 
referred t o  hereafter as HD1. However, t o  
simul ate the potenti a1 sources of error,  various 
observational assumptions are made either with 
regard t o  the distribution of the d a t a  or the 
quality of the d a t a  se ts  assimilated by the 
model. Section 2 describes the simulation 
experiments and assumptions made. 
we analyze the results separately for the 
different 'nature' experiments and summarize the 
results in Section 4. 

For th i s  paper, we were able t o  conduct a 

I n  Section 3 

2. DESCRIPTION OF EXPERIMENTS 

The question of paramount concern i n  con- 
sideration of a L I D A R  wind system i s  the d is t r i -  
bution i n  space and time of the appropriate 
aerosol concentrations. Since time dependent 
accurate estimates of 10 IJ aerosol distributions 
are not available, we made a number of gross 
assumptions. The in i t ia l  experiment presented 
here assumes t h a t  aerosols of 10 IJ size are 
always a b u n d a n t  u p  t o  800 mb and t h a t  above the 
boundary 1 ayer are no t  present. Subsequent 
experiments assuming aerosols extending th rough-  
out the atmosphere b u t  with much reduced concen- 
trations i n  the mid t o  upper troposphere b u t  
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f requencies a r e  planned. “ g 6 -  

c loud  cover  based on s t a t i s t i c a l  c loud  coverage 

We a l s o  conducted a s e t  o f  experiments i n  
which we assumed t h a t  t h e  accuracy o f  t h e  
p r o f i l e s  i s  a f u n c t i o n  o f  t h e  LIDAR p u l s i n g  
frequency. 
aerosol  concen t ra t i ons  u n i f o r m l y  d i s t r i b u t e d  
everywhere so t h a t  t h e  i ns t rumen ta l  e r r o r  i s  
random and has t h e  same absolute1 va lue i n  a l l  
d i r e c t i o n s  and a t  a l l  atmospheric l e v e l s .  Two 
e r r o r  l e v e l s  a r e  s tud ied,  one w i t h  random wind 
component e r r o r s  o f  3 m/s and one w i t h  6 m/s. 
Whi le  t h e r e  i s  no firm b a s i s  f o r  making these 
assumptions, t h e  l ower  e r r o r  l i m i t s  correspond 
t o  p resc r ibed  GARP da ta  requirements. 
doub l i ng  those  e r r o r  l e v e l s ,  we o b t a i n  a crude 
range o f  degradat ion s e n s i t i v i t y  t h a t  a t  l e a s t  
prov ides some i n f o r m a t i o n  on system performance. 
The methodology f o r  conduct ing these s i m u l a t i o n  
s t u d i e s  i s  t h e  same as t h a t  desc r ibed  i n  HO1. 

I n  these experiments we assumed t h e  

By 

- I I I I I ,  

a - 

3. RESULTS 

We examine t h e  e f f e c t s  o f  s i m u l a t i n g  severa l  
sources o f  LIDAR wind e r r o r  f o r  two d i f f e r e n t  
rep resen ta t i ons  o f  ‘ n a t u r e ’ ,  GLAS and ECMWF. 
They a r e  compared w i t h  s i m i l a r  r e s u l t s  obta ined 
f o r  p e r f e c t  LIDAR wind experiments presented i n  
HDI. 

GLAS ‘na tu re ’ .  The dashed curve i n  F igu res  
l a ,  b y  and c shows t h e  e f f e c t  o f  adding a 3 m/s 
random e r r o r  t o  each wind component w i t h  p e r f e c t  
wind da ta  f o r  t h e  GLAS ‘nature. ‘  The experiment 
t h u s  f a r  has o n l y  been c a r r i e d  ou t  f o r  19 days. 
There seems t o  be v i r t u a l l y  no d e t e r i o r a t i o n  i n  
t h e  12 hour  f o r e c a s t  e r r o r s  f o r  sea l e v e l  pres- 
sure and 500 mb geopo ten t ia l  h e i g h t s  i n  t h e  
t r o p i c s  and e x t r a t r o p i c s .  However, t h e  12 hour 
f o r e c a s t  winds a t  400 mb show a 1 m/s degrada- 
t i o n  g l o b a l l y .  
f i g u r e  i s  a curve showing t h e  e f f e c t  o f  s imulated 
c loud  and p r e c i p i t a t i o n  t h a t  prevents  t h e  
p e n e t r a t i o n  o f  LIDAR s igna ls .  
e f f e c t  o f  these c louds on sea l e v e l  pressure 
increases t h e  12 hour rms f o r e c a s t  e r r o r s  f rom 
1 mb t o  4 mb i n  t h e  e x t r a t r o p i c s  and l e s s  t h a n  
1 mb i n  t h e  t r o p i c s .  
i s  a s i m i l a r  degradat ion o f  about 15 m i n  t h e  
12 hour f o r e c a s t  500 mb h e i g h t s  and 2 m/s i n  
t h e  400 mb winds. However, i n  t h e  t r o p i c s  where 
convec t i ve  c louds pene t ra te  t o  h i g h  l e v e l s  i n  
t h e  atmosphere i n  w i n t e r  and summer, we see t h e  
12 h r  f o r e c a s t  e r r o r  d o u b l i n g  t o  n e a r l y  8 m/s. 
D i s t r i b u t i o n s  o f  mean c loud  cover  under t h e  
hypo thes i s  a re  be ing  ob ta ined  f o r  p r e s e n t a t i o n  

Also i n d i c a t e d  i n  t h e  same 

The asymptot ic  

I n  t h e  e x t r a t r o p i c s  t h e r e  
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12 HR FORECAST ERRORS (ECMWF NATURE) 
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a t  t h e  conference. A d d i t i o n a l  experiments a re  
a l s o  planned t o  s tudy t h e  e f f e c t s  o f  i n s u f f i -  
c i e n t  aerosol  concen t ra t i ons  i n  t h e  mid- t o  
upper troposphere. 

ECMWF ' n a t u r e ' .  The curves i n  F igu res  2a, 
b, and c show t h e  asymptot ic  e r r o r  l e v e l s  o f  
i n f e r r e d  s t a t e s  f o r  t h e  two experiments descr ibed 
i n  Sec t i on  2, concen t ra t i on  o f  aerosols  on l y  i n  
t h e  boundary 1 ayer  and boundary g l  obal winds 
w i t h  random 3 m/s e r r o r s  compared w i t h  p e r f e c t  
winds alone. 
t o  complete a c loud  experiment w i t h  ECMWF data 
s i m i l a r  t o  t h e  one p r e v i o u s l y  reported. 

wind e r r o r s  produce n e g l i g i b l e  e f f e c t s  i n  t h e  
12 h r  f o r e c a s t  sea l e v e l  pressure and t h e  500 mb 
geopo ten t ia l  g l o b a l l y .  
GLAS r e s u l t s  t h e r e  i s  a l s o  l i t t l e  e f f e c t  i n  t h e  
400 mb zonal winds producing 12 h r  zonal wind 
f o r e c a s t  e r r o r s  o f  about 4 m/s. These resul.ts 
suggest t h a t  random wind e r r o r s  o f  these magni- 
tudes a r e  as good as p e r f e c t  winds. A f u r t h e r  
experiment w i t h  double wind e r r o r s  o f  6 m/s i s  
planned. 

It has been suggested t h a t  t h e r e  a r e  
probably  adequate 10 p aerosol  concen t ra t i ons  
g l o b a l l y  a t  a l l  t imes  i n  t h e  boundary l a y e r  b u t  
t h e  s i t u a t i o n  i n  t h e  upper t roposphere i s  more 
uncer ta in .  The remain ing cu rve  i n  F i g u r e  2 
shows t h a t  t h e r e  i s  v i r t u a l l y  no f o r e c a s t  s k i l l  
g l o b a l l y  i f  wind p r o f i l e s  a r e  o n l y  a v a i l a b l e  
f rom t h e  su r face  up t o  800 mb. Thus, g loba l  
measurements o f  aerosol  d i s t r i b u t i o n s  i n  t i m e  
and space a r e  e s s e n t i a l  t o  r e s o l v e  t h e  p o t e n t i a l  
impact o f  inadequate concen t ra t i ons  on LIDAR 
wind sensing systems. More d e t a i l e d  s tud ies  
a r e  planned t o  i nco rpo ra te  t r a c e r  s i m u l a t i o n  o f  
aerosol  d i s t r i b u t i o n .  

It was n o t  p o s s i b l e  f o r  t h i s  paper 

As w i t h  t h e  GLAS experiment, t h e  random 

I n  c o n t r a s t  w i t h  t h e  
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1.4 

SIMULATION STUDIES OF THE IMPACT OF ADVANCED OBSERVING SYSTEMS 

ON NUMERICAL WEATHER PREDICTION 

R. A t l as ,  E. Kalnay, J .  Susskind, D. Reuter, W. E. Raker, and M. Halem 

Laboratory  f o r  Atmospheric Sciences 
NASA/Goddard Space F1 i g h t  Center 

Greenbelt,  MD 20771 

1. INTRODUCTION 

A s e r i e s  o f  r e a l i s t i c  s i m u l a t i o n  s t u d i e s  
i s  be ing  conducted as a coopera t i ve  e f f o r t  
between t h e  European Centre f o r  Medium Range 
Weather Forecasts  (ECMWF) , t h e  Na t iona l  Meteoro- 
l o g i c a l  Center (NMC), and t h e  Goddard Laboratory  
f o r  Atmospheric Sciences (GLAS) , t o  p r o v i d e  a 
q u a n t i t a t i v e  assessment o f  t h e  p o t e n t i a l  impact 
o f  proposed observ ing systems on l a r g e  scale 
numerical weather p r e d i c t i o n .  A spec ia l  objec- 
t i v e  o f  t h i s  p r o j e c t  i s  t o  avoid t h e  u n r e a l i s t i c  
cha rac te r  o f  e a r l i e r  s i m u l a t i o n  s tud ies.  Fol -  
l o w i n g  a b r i e f  rev iew  o f  p rev ious  s i m u l a t i o n  
s tud ies  and r e a l  data impact t e s t s ,  t h e  method- 
o logy  f o r  t h e  c u r r e n t  s i m u l a t i o n  system w i l l  be 
described. Resu l t s  f rom an assessment o f  t h e  
r e a l i s m  o f  t h e  s i m u l a t i o n  system and o f  t h e  
p o t e n t i a l  impact of advanced observ ing systems 
on numerical weather p r e d i c t i o n  w i l l  be 
presented a t  t h e  conference. 

2. EARLY SIMULATION STUDIES 

Since t h e  advent o f  me teo ro log i ca l  s a t e l -  
l i t e s  i n  t h e  1960s, a cons ide rab le  research 
e f f o r t  has been d i r e c t e d  toward t h e  des ign  o f  
space-borne me teo ro log i ca l  sensors, t h e  develop- 
ment o f  opt imal  methods f o r  t h e  u t i l i z a t i o n  o f  
s a t e l l i t e  soundings and winds i n  g l o b a l - s c a l e  
models, and an assessment o f  t h e  i n f l u e n c e  o f  
e x i s t i n g  s a t e l l i t e  d a t a  and t h e  p o t e n t i a l  
i n f l u e n c e  of f u t u r e  s a t e l l i t e  da ta  on numerical 
weather p r e d i c t i o n .  Observing system s i rnu la t i on  
experiments have p layed an impor tant  r o l e  i n  
t h i s  research and i n  t h e  p lann ing  o f  Data 
Systems Tests  (DST) and t h e  F i r s t  GARP Global 
Experiment (FGGE). Such s t u d i e s  have a ided i n  
t h e  des ign  o f  t h e  g loba l  observ ing system, t h e  
t e s t i n g  o f  d i f f e r e n t  methods o f  a s s i m i l a t i n g  
s a t e l l i t e  data, and i n  assessing t h e  p o t e n t i a l  
impact o f  s a t e l l i t e  da ta  on weather fo recas t i ng .  

The e a r l i e s t  s i m u l a t i o n  s t u d i e s  proceeded 
accord ing t o  t h e  f o l l o w i n g  sequence o f  steps: 
F i r s t ,  an a r t i f i c i a l  h i s t o r y  o f  t h e  atmosphere 
i s  c rea ted  by numerical i n t e g r a t i o n  o f  a model. 
Second, s imulated "data" a r e  c rea ted  f rom t h e  
h i s t o r y  by  a d d i t i o n  o f  random v a r i a t i o n s  t o  t h e  
h i s t o r y  values f o r  temperature, wind, and 
pressure. Thihd, t h e  numerical i n t e g r a t i o n  t h a t  
c rea ted  t h e  h i s t o r y  i s  repeated, b u t  w i t h  t h e  

me teo ro log i ca l  v a r i a b l e s  i n  t h e  model rep1 aced 
by t h e  s imulated data a t  l o c a t i o n s  and t imes 
corresponding t o  t h e  assumed p a t t e r n  o f  obser- 
vat ions.  

Fo r  example, i f  t h e  observ ing subsystem 
under s tudy i s  designed t o  produce wind data, 
t h e  winds i n  t h e  h i s t o r y  a re  rep laced by simu- 
l a t e d  wind "data"  a t  l o c a t i o n s ,  he ights ,  and 
t imes  corresponding t o  t h e  coverage expected 
f rom t h e  observ ing system. 
d i r e c t e d  a t  t h e  performance o f  an observ ing sub- 
system design t o  y i e l d  temperature o r  pressure 
i n fo rma t ion ,  t h e  temperature o r  pressure va lues 
i n  t h e  h i s t o r y  a r e  rep laced by t h e  r e s p e c t i v e  
s imu la td  "data"  i n  a s i m i l a r  fash ion.  

I f  t h e  study i s  

I f  t h e  da ta  had no e r r o r s ,  and t h e r e f o r e  
were i d e n t i c a l  w i t h  t h e  h i s t o r y  values, and was 
i n s e r t e d  a t  a l l  g r i d  po in ts ,  t h e  new i n t e g r a t i o n  
would be i d e n t i c a l  w i t h  t h e  h i s t o r y .  However, 
when e r r o r s  a r e  present, t h e  i n s e r t e d  da ta  
p e r t u r b  t h e  computed c i r c u l a t i o n ,  causing i t  t o  
depar t  f rom t h e  h i s t o r y .  
t h e  h i s t o r y  and t h e  per turbed c i r c u l a t i o n  
r e s u l t i n g  f rom t h e  data i n s e r t i o n  i s  a measure 
o f  t h e  e f f e c t  o f  t h e  e r r o r s  i n  t h e  s imulated 
data. The e f f e c t  o f  t h e  e r r o r s  u s u a l l y  i s  
expressed i n  terms o f  d i f f e r e n c e s  o f  t h e  ineteor- 
o l o g i c a l  v a r i a b l e s  such as wind components, 
averaged over  a l l  p o i n t s  o f  t h e  computing g r i d .  
These d i f f e r e n c e s  a r e  considered t o  represent  
t h e  e r r o r s  i n  t h e  de te rm ina t ion  o f  t h e  g loba l  
atmospheric s ta tes ,  r e s u l t i n g  f rom t h e  assumed 
e r r o r s  i n  t h e  observ ing system. 

data and data coverage and assess t h e i r  impact 
on f o r e c a s t i n g  s k i l l ,  a somewhat d i f f e r e n t  
approach has been u t i l i z e d  (Cane e t  al., 1981). 
I n  t h i s  procedure a f o r e c a s t  m o d e m n t e g r a t e d  
f o r  a l o n g  per iod,  such as one o r  two months. 
T h i s  l o n g  r u n  i s  t hen  assumed t o  be "nature." 
"Observations" a r e  then  e x t r a c t e d  f rom t h e  
na tu re  run, f o l l o w i n g  a s u i t a b l e  geographical 
and temporal d i s t r i b u t i o n ,  and random "observa- 
t i o n a l "  e r r o r s  a r e  added. These s imulated 
observat ions a r e  then  a s s i m i l a t e d  w i t h  an 
a n a l y s i s  cyc le ,  and t h e  same model i s  used as 
a " f o r e c a s t  model" f rom t h e  analyzed f i e l d s .  

The d i f f e r e n c e  between 

I n  o r d e r  t o  s imu la te  d i f f e r e n t  t ypes  of 
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Simu la t i on  s t u d i e s  conducted by Charney 
e t  a l .  (1969), Halem and Jast row (1970), Jast row 
and Halem (1970, 1973), Wi l l iamson and Kasahara 
(1971) , Kasahara (1972) , Gordon e t  a l .  (1972) , 
and o the rs  i n d i c a t e d  t h a t  a l l  th- t h e  
p r imary  me teo ro log i ca l  v a r i  ab1 es--wi nd, pressure, 
and temperature--could be determined i f  a 
cont inuous t i m e  h i s t o r y  o f  any one o f  these 
v a r i a b l e s  were i n s e r t e d  i n t o  a general c i r c u l a -  
t i o n  model. 
an a n a l y s i s  o f  t h e  GARP data requirements, t h e  
" u s e f u l "  range o f  p r e d i c t a b i l i t y ,  t h e  need f o r  
re fe rence  l e v e l  data, and t h e  r e l a t i v e  u s e f u l -  

I n  a d d i t i o n ,  t hese  s t u d i e s  prov ided 

t h a t  produce 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  
improvements i n  t h e  72 h f o r e c a s t s  over  Nor th  
America. Also, t h e  f i r s t  FGGE case s tud ies  
repo r ted  by Bengtsson (1981a,b) w i t h  t h e  ECMWF 
model, i n d i c a t e d  improvements i n  sho r t -  and 
extended-range f o r e c a s t s  w i t h  t h e  FGGE data. 
S i m i l a r l y ,  Gustaf fson (1979), employing t h e  
Swedish opera t i ona l  f o r e c a s t / a n a l y s i s  system 
(i .e., a 300 km, quasi -geost rophic  model), 
showed pe r iods  d u r i n g  t h e  f i r s t  Special 
Observing Per iod  (SOP-1) i n  which t h e  s a t e l l i t e  
i n f o r m a t i o n  had a p o s i t i v e  impact on t h e  objec- 
t i v e  a n a l y s i s  which a l s o  r e s u l t e d  i n  improved 

ness of asynopt ic  versus synop t i c  measurements numerical forecasts .  
and ana lys i s .  From t h e  r e s u l t s ,  i t  was concluded 
t h a t  t h e  a s s i m i l a t i o n  o f  s a t e l l i t e - d e r i v e d  
temperature p r o f i l e s  meeting t h e  GARP data 
s p e c i f i c a t i o n s  should y i e l d  a s u b s t a n t i a l  
improvement t o  t h e  accuracy o f  numerical weather 
f o r e c a s t s  . 

An examinat ion of t h e  u n d e r l y i n g  r a t i o n a l e  
f o r  t h e  s i m u l a t i o n  s t u d i e s  as p r e v i o u s l y  con- 
ducted (Jast row and Halem, 1973), as w e l l  as 
a comparison o f  t h e  r e s u l t s  o f  t h e  above s t u d i e s  
w i t h  t h e  r e s u l t s  o f  subsequent r e a l  data impact 
t e s t s  i n d i c a t e s  severa l  impor tan t  l i m i t a t i o n s .  
The most impor tan t  weakness stems from t h e  f a c t  
t h a t  t h e  same numerical model has been used 
b o t h  t o  generate t h e  s imulated observat ions and 
t o  t e s t  t h e  ef fect iveness of these observat ions.  
Other weaknesses r e l a t e  t o  t h e  model-dependence 
o f  t h e  s t u d i e s  and t h e  s p e c i f i c a t i o n  o f  observa- 
t i o n a l  e r r o r s  as random. 

3. REAL DATA IMPACT TESTS 

I n  recen t  r e a l  da ta  impact s tud ies ,  most o f  
t h e  q u a l i t a t i v e  conclus ions o f  t h e  preceeding 
observ ing system s i m u l a t i o n  experiments have 
been confirmed, a l though i n  some respec ts  t h e  
r e s u l t s  appear t o  be o v e r l y  o p t i m i s t i c .  
p a r t i c u l a r ,  i t  was c l e a r  f rom est imates o f  t h e  
q u a l i t y  of s a t e l l i t e  temperature soundings and 
c loud - t rack  wind data obta ined d u r i n g  t h e  NASA 
Data Systems Test (DST) , (Desmarais e t  al., 
1979) t h a t  t h e  accurac ies o f  t h e  FGGE s a t e l l i t e  
observ ing systems would be cons ide rab ly  poorer  
than  were needed t o  i n f e r  wind p r o f i l e s  o f  t h e  
accuracy s p e c i f i e d  i n  t h e  GARP da ta  r e q u i r e -  
ments. Moreover, as a r e s u l t  o f  these DST 
s tud ies ,  expec ta t i ons  t h a t  t h e  FGGE observ ing 
system would s i g n i f i c a n t l y  improve t h e  f o r e c a s t  
s k i l l  and range o f  use fu l  p r e d i c t a b i l i t y  a l s o  
were quest ionable.  Fo r  example, a f o r e c a s t  
impact t e s t  by G h i l  e t  a l .  (1979) w i t h  a coarse 
r e s o l u t i o n  second-or-del showed o n l y  a 
modest b e n e f i c i a l  impact o f  t h e  DST-6 s a t e l l i t e  
sounding data, w h i l e  a s i m i l a r  s tudy by Tracton 
e t  a l .  (1980) revealed a s l i g h t  nega t i ve  impact 
f o r T - 5  and a s l i g h t  p o s i t i v e  impact f o r  
DST-6, b o t h  of which were m e t e o r o l o g i c a l l y  
i n s i g n i f i c a n t .  

temperature-soundi ng impact t e s t  was repeated 
w i t h  a more accurate f o r e c a s t  model employing 
h i g h e r  r e s o l u t i o n ,  A t l a s  (1979, 1982) and A t l a s  
e t  a l .  (1979, 1982) showed t h a t  t h e  DST data 
were i n  c e r t a i n  cases capable o f  making m o d i f i -  
c a t i o n s  t o  t h e  analyzed atmospheric s t a t e s  

I n  

More r e c e n t l y ,  however, when t h e  same DST-6 

These r e s u l t s  a r e  supported by our  recen t  
i n v e s t i g a t i o n  o f  t h e  FGGE s a t e l l i t e  observ ing 
system f o r  t h e  SOP-1 p e r i o d  (Halem e t  al., 
1982). U t i l i z i n g  t h e  GLAS Four th  Order Global 
Atmospheric Model, an ex tens i ve  s e r i e s  o f  data 
a s s i m i l a t i o n / f o r e c a s t  impact experiments have 
been conducted. 
a l though t h e  GARP da ta  accuracy requi rements f 
t h e  s a t e l l i t e  observ ing systems were n o t  met, 
a s s i m i l a t i o n  o f  FGGE s a t e l l i t e  da ta  i s  capable 
o f  p r o v i d i n g  a reasonable de te rm ina t ion  o f  t h e  
complete atmospheric s ta te.  I n  general,  a sma 
improvement t o  f o r e c a s t  s k i l l  i n  t h e  Nor thern 
Hemisphere and a l a r g e r  improvement i n  t h e  
Southern Hemisphere r e s u l t s  f rom t h e  ass imi-  
l a t i o n  o f  s a t t e l l i t e  soundings and c loud - t rack  
winds. 

These experiments show t h a t  

4. REMAINING PROBLEMS AND THE PRESENT STUDY 

The r e s u l t s  o f  t h e  r e a l  data impact s t u d i e s  
i n d i c a t e  t h a t  major  d e f i c i e n c i e s  i n  t h e  g loba l  
observ ing system s t i l l  e x i s t  and t h a t  t h e  FGGE 
s a t e l l i t e  sounders a r e  f a r  from opt imal .  
Advanced pass ive i n f r a r e d  and microwave sounders 
and a c t i v e  scat terometer  and l i d a r  sounders i n  
a v a r i e t y  o f  combinations have r e c e n t l y  been 
proposed t o  improve t h e  accuracy o f  s a t e l l i t e  
obse rva t i ons  and extend t h e  u s e f u l  range of 
numerical weather p r e d i c t i o n .  Real i s t i c  
observ ing system s i m u l a t i o n  experiments are 
r e q u i r e d  t o  determine which o f  t h e  proposed 
ins t rumen ts  w i l l  p rov ide  t h e  g r e a t e s t  improve- 
ments as w e l l  as t h e  opt imal  des ign o f  t h e  
f u t u r e  g loba l  observ ing system. 

As i n d i c a t e d  before,  p rev ious  s i m u l a t i o n  
s tud ies  have been cha rac te r i zed  by t h e  use o f  
t h e  same model t o  s imu la te  "na tu re "  and observa- 
t i o n s  and t o  produce forecasts .  T h i s  " i d e n t i c a l  
t w i n "  problem may d i s t o r t  t h e  conclus ions 
d e r i v e d  f rom such s tud ies ,  as discussed i n  t h e  
f o l l o w i n g  sect ion.  

I n  t h e  present  study, we at tempt  t o  avo id  
these l i m i t a t i o n s  by des ign ing  a more r e a l i s t i c  
s i m u l a t i o n  system and c a l i b r a t i n g  i t s  r e s u l t s  
by comparison w i t h  r e a l  da ta  experiments 
performed w i t h  a s i m i l a r  system, and by accu- 
r a t e l y  s i m u l a t i n g  t h e  expected accuracy and 
c h a r a c t e r i s t i c s  o f  obse rva t i ona l  systems. The 
s i m u l a t i o n  system w i l l  t hen  be used t o  study 
t h e  p o t e n t i a l  impact of advanced pass ive 
sounders and 1 i d a r  temperature, pressure, humi- 
d i t y ,  and wind observ ing systems. 
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5. DESIGN OF THE SIMULATION SYSTEM 

The a n a l y s i s / f o r e c a s t  s i m u l a t i o n  system 
c o n s i s t s  o f  f o u r  elements: 1) An atmospheric 
model i n t e g r a t i o n  t o  p r o v i d e  a complete reco rd  
o f  t h e  " t r u e "  s t a t e  o f  t h e  atmosphere ( c a l l e d  
nature). Th i s  reco rd  i s  t hen  used t o  f a b r i c a t e  
obse rva t i ona l  r e p o r t s  and t o  eva lua te  analyses 
and forecasts .  2) A convent ional  data ass im i la -  
t i o n  c y c l e  t h a t  i s  used as t h e  " c o n t r o l  exper i -  
ment." The c o n t r o l  experiment i s  l i k e  an 
opera t i ona l  f o recas t -ana lys i  s c y c l e  based on 
convent ional  observat ions,  except t h a t  i t  makes 
use o f  f a b r i c a t e d  convent ional  data obta ined 
f rom t h e  na tu re  r u n  t o  produce t h e  analyzed 
f i e l d s .  3 )  A s a t e l l i t e  d a t a  a s s i m i l a t i o n  t h a t  
d i f f e r s  f rom t h e  c o n t r o l  i n  a l s o  i n c l u d i n g  
f a b r i c a t e d  s a t e l l i t e  d a t a  i nco rpo ra ted  i n  an 
i n t e r m i t t e n t  o r  t ime-cont inuous manner, i n  t h e  
fo recas t -ana lys i  s cyc le .  4)  Forecasts  produced 
f rom b o t h  c o n t r o l  and s a t e l l i t e  i n i t i a l  condi- 
t i ons .  
na tu re  p rov ides  an assessment o f  t h e  impact of 
sate1 1 i t e  data. 

Two impor tan t  cons ide ra t i ons  a re  i nvo l ved  
i n  t h e  des ign  o f  t h e  c o n t r o l  a s s i m i l a t i o n  run:  
t h e  na tu re  o f  t h e  i n i t i a l  cond i t i ons ,  and t h e  
f o r e c a s t  model used. I n  r e a l i t y ,  shor t - range 
f o r e c a s t s  have e r r o r s  stemming f rom t h r e e  
d i f f e r e n t  sources: 
s ta te ;  2) model e r r o r s  t h a t  can be asc r ibed  t o  
numerical t r u n c a t i o n  ( h o r i z o n t a l  and v e r t i c a l  
t r u n c a t i o n  e r r o r s  due t o  i n s u f f i c i e n t  r e s o l u t i o n ) ;  
and 3 )  model e r r o r s  t h a t  can be asc r ibed  t o  t h e  
"phys ics"  o f  t h e  model. 
pa ramete r i za t i on  o f  subgr id  processes 1 i k e  
r a d i a t i o n ,  cumulus convection, and f r i c t i o n ,  as 
w e l l  as sources o f  ex te rna l  f o r c i n g ,  l i k e  
orography, sea/land con t ras t ,  and even t h e  use 
o f  an a r t i f i c i a l  r i g i d  t o p  boundary cond i t i on ,  
common t o  a l l  numerical models. Numerical and 
"phys i ca l  I' d e f i c i e n c i e s  i n t r o d u c e  s s temat i c  

ev iden t  i n  t h e  d i f f e r e n c e s  between model and 
ohserved c l i m a t o l o g i c a l  averages. A s t r i k i n g  
example o f  these c l  ima to l  o g i c a l  e r r o r s  i s  
apparent i n  t h e  s t a t i o n a r y ,  f o r c e d  p l a n e t a r y  
waves. 
n u m e r i c a l l y  w e l l  resolved,  t h e y  a r e  no t  w e l l  
s imulated by numerical models. 
f o recas t ,  a model tends t o  d r i f t  towards i t s  own 
c l ima to logy ,  so t h a t  se r ious  e r r o r s  i n  t h e  
s t a t i o n a r y  waves a r e  apparent a f t e r  even a 
s h o r t  t ime. For  r e a l  i s t i c  s i m u l a t i o n  s tud ies ,  
a l l  t h r e e  sources of e r r o r s  should be simulated. 
I n  p rev ious  s i m u l a t i o n  experiments, t h e  
model was used t o  produce t h e  " t r u e "  s t a t e  and 
" fo recas ts . "  Therefore, t h e  e r r o r s  i n  t h e  f o r e -  
c a s t s  were due o n l y  t o  e r r o r s  i n  t h e  i n i t i a l  
cond i t i ons .  Th i  s method ( " i d  e n t i  c a l  t w i n  
exper iment" )  has t h e  apparent advantage t h a t  i t  
i s o l a t e s  t h e  e f f e c t  o f  i n i t i a l  da ta  e r r o r s  and 
avoids b o t h  numerical and "phys i ca l  I' er ro rs .  
On t h e  o t h e r  hand, i t  has a ve ry  impor tan t  
shortcoming: s ince  t h e  model and "nature"  have 
t h e  same c l ima to logy ,  t h e  accuracy o f  t h e  
s imulated f o r e c a s t s  may be f a r  s u p e r i o r  t o  t h e  
accuracy o f  r e a l  f o recas ts .  As a r e s u l t ,  t h e  
e x t e r n a l  e r r o r  growth due t o  t h e  f a c t  t h a t  
c u r r e n t  models a r e  o n l y  approximations o f  t h e  
atmosphere i s  n o t  present  i n  t h e  " i d e n t i c a l  

Comparison of these f o r e c a s t s  w i t h  

1) inaccuracy o f  t h e  i n i t i a l  

The l a t t e r  i n c l u d e  

e r r o r s  i n  t h e  model i n t e g r a t i o n s  wh + ch a r e  most 

Even though these l a r g e  sca le  waves a r e  

I n  a numerical 

t w i n "  experiments. Th is  has t h e  e f f e c t  o f  
i n c r e a s i n g  t h e  s k i l l  o f  convent ional  f o r e c a s t s  
a t  l ow  l e v e l s  o f  da ta  coverage, because t h e  
p e r f e c t  f o r e c a s t  model i s  a b l e  t o  " f i l l  up" data 
gaps. Consequently, a t  low l e v e l s  o f  data, t h e  
impact o f  an observ ing system i s  overestimated, 
whereas t h e  impact o f  h igh  l e v e l s  o f  data, such 
as prov ided by s a t e l l i t e s  can be underestimated. 
I n  add i t i on ,  i f  t h e  "nature"  and " f o r e c a s t "  
models a re  n o t  r e a l i s t i c  enough, i.e., d o n ' t  
possess a r e a l i s t i c  model c l ima to logy ,  t h e  data 
impact may be d i s t o r t e d .  Fo r  example, a fo re -  
c a s t  model t h a t  cannot s imu la te  t h e  " r o a r i n g  
f o r t i e s "  regime i n  t h e  Southern Hemisphere w i l l  
n o t  be helped by b e t t e r  l ow  l e v e l  winds i n  t h e  
Southern Hemisphere. The f o r e c a s t  model used 
should be s u f f i c i e n t l y  accurate t h a t  e r r o r  
growth should be dominated by i n i t i a l  data 
e r r o r s  r a t h e r  than  by model dominated e r r o r s  
such as t r u n c a t i o n  e r ro rs .  Otherwise, t h e  
experiment may overest imate t h e  s k i l l  o f  t h e  
f o r e c a s t  and underest imate t h e  i n f l u e n c e  o f  t h e  
da ta  on t h e  analys is .  

p rov ide  an accurate i n d i c a t i o n  o f  how s imulated 
d a t a  w i l l  i n f l u e n c e  f o r e c a s t s  i n  t h e  r e a l  world, 
i t  i s  c r u c i a l  t h a t  t h e i r  e r r o r  c h a r a c t e r i s t i c s  
be r e a l i s t i c .  Fo r  s imulated obse rva t i ona l  
e r r o r s  t o  be r e p r e s e n t a t i v e  o f  r e a l  observa- 
t i o n a l  e r r o r s  they  should be i n t roduced  a t  
ac tua l  observ ing l o c a t i o n s  and should n o t  be 
j u s t  w h i t e  noise. 
d e v i a t i o n  o f  t h e  o rde r  o f  GARP e r r o r s  s a t u r a t e  
t h e  spectrum a t  h i g h  f requencies and t h e i r  
e f f e c t  i s  mos t l y  averaged out. B ias  and h o r i -  
zon ta l  and v e r t i c a l  c o r r e l a t i o n s  of e r r o r s  w i t h  
each o t h e r  and w i t h  t h e  synop t i c  s i t u a t i o n  
should be i n t roduced  approp r ia te l y .  

a t tempt  t o  min imize d i f f i c u l t i e s  o f  e a r l i e r  
s t u d i e s  d iscussed prev ious ly .  
t h e  " i d e n t i c a l  t w i n "  cha rac te r  o f  prev ious 
s tud ies,  t h e  h i g h  r e s o l u t i o n  (1.875" x 1.875' x 
15 l e v e l s )  ECMWF model w i l l  be used as nature,  
and t h e  4" x 5' x 9 l e v e l s  GLAS model f o r  
a s s i m i l a t i o n  and fo recas t i ng .  Special care 
w i l l  be taken  t o  s imu la te  r e a l i s t i c a l l y  observa- 
t i o n a l  e r r o r s .  

F i n a l l y ,  i f  s i m u l a t i o n  s tud ies  a r e  t o  

Random e r r o r s  with a s tandard 

I n  t h e  c u r r e n t  s i m u l a t i o n  s tud ies ,  we w i l l  

I n  o rde r  t o  avoid 

6. SIMULATION OF OBSERVATIONS OF SPACE-BASED 
SOUNDING SYSTEMS 

I n  t h i s  study, we w i l l  be s i m u l a t i n g  f o r e -  
c a s t  impacts u s i n g  t h e  c u r r e n t  pass ive HIRS2/MSU 
sounding system as w e l l  as o t h e r  pass ive systems 
us ing  t h e  Advanced AMTS and AMSU i n f r a - r e d  and 
microwave sounders a lone and i n  va r ious  c m b i n a -  
t i o n s .  I n  a d d i t i o n ,  we w i l l  s imu la te  a c t i v e  
l i d a r  systems which measure pressure p r o f i l e ,  
temperature p r o f i l e ,  and winds. The l o c a t i o n  
and t imes  o f  t h e  pass ive soundings w i l l  be 
i d e n t i c a l  t o  those produced qpera t i ona l  l y  i n  
November 1979. I n  t h e  case o f  t h e  opera t i ona l  
HIRS2/MSU sounding system, one c o u l d  s imu la te  
atmospheric soundings i n  a manner analogous t o  
those o f  t h e  convent ional  observ ing system by 
u s i n g  ac tua l  s t a t i s t i c s  r e l a t i n g  accurac ies o f  
r e t r i e v e d  atmospheric soundings w i t h  co loca ted  
radiosonde repo r t s .  Th i s  approach has two 
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impor tan t  drawbacks. F i r s t ,  t h i s  procedure 
cannot be used w i t h  f u t u r e  sounders, f o r  which 
we have no e r r o r  s t a t i s t i c s .  
more s i g n i f i c a n t l y ,  t h e  e r r o r s  o f  temperature 
p r o f i l e s  r e t r i e v e d  from pass ive sounders a r e  
n o t  random, b u t  a r e  h i g h l y  c o r r e l a t e d  i n  t h e  
h o r i z o n t a l  and v e r t i c a l  and a r e  dependent on 
t h e  na tu re  o f  t h e  synop t i c  s i t u a t i o n ,  i n c l u d i n g  
t h e  i n t e r r e l a t i o n s h i p  between atmospheric 
temperature-humid i ty  p r o f i l e ,  ground temperature, 
and c l o u d  f i e l d s .  

mined f rom pass ive sounders, we t h e r e f o r e  t a k e  
t h e  more fundamental approach o f  f i r s t  simu- 
l a t i n g  rad iance  observat ions seen by  t h e  s a t e l -  
l i t e  and then  r e t r i e v i n g  temperature p r o f i l e s  
f rom t h e  observat ions.  The s i m u l a t i o n s  a r e  
performed u s i n g  t h e  r a d i a t i v e  t r a n s f e r  model 
desc r ibed  i n  Susskind e t  a1 . (1983) and tempera- 
t u r e  r e t r i e v a l s  as i n  Susskind e t  a]. (1984). 
I n  o rde r  t o  s imu la te  rad iances f o r h e  channels 
f o r  a g i v e n  observat ion,  one needs t h e  su r face  
pressure, atmospheric temperature-humidity- 
ozone p r o f i l e ,  t h e  ground temperature and emis- 
s i v i t y  as a f u n c t i o n  o f  frequency, and t h e  
m u l t i - l a y e r  c loud  f i e l d  t o g e t h e r  w i t h  t h e  
s p e c t r a l  p r o p e r t i e s  o f  t h e  clouds. I n  a d d i t i o n ,  
one needs t h e  v iew ing  ang le  of t h e  s a t e l l i t e  
and l o c a t i o n  o f  t h e  sun. I n  o r d e r  t o  s imu la te  a 
sounding repo r ted  a t  a g i v e n  t i m e  and l o c a t i o n ,  
t h e  atmospheric temperature-humid i ty  p r o f i l e  i s  
t aken  f rom t h e  "na tu re "  run, as ob ta ined  f rom 
ECMWF, i n t e r p o l a t e d  i n  space and t i m e  t o  t h e  
s a t e l l i t e  coord inates.  The su r face  pressure i s  
ob ta ined  u s i n g  i n t e r p o l a t e d  sea l e v e l  pressure 
values, again g i v e n  by "nature," and topograph- 
i c a l  f i e l d s .  The f i e l d s  ob ta ined  f rom ECMWF 
d i d  n o t  c o n t a i n  i n f o r m a t i o n  about ozone, ground 
temperature and e m i s s i v i t y ,  and c louds however. 
O f  these, ozone i s  t h e  l e a s t  s i g n i f i c a n t  and was 
f i x e d  as a f u n c t i o n  of l a t i t u d e  accord ing t o  
c l i m a t o l o g i c a l  values. The ground temperatures 
and su r face  e m i s s i v i t i e s  were s imulated accord ing 
t o  reasonable va lues determined f rom a n a l y s i s  o f  
HIRSPIMSU da ta  f o r  November 1979 as i n  Susskind 
e t  a l .  (1984). 

I n  t h e  case o f  ground-temperature, we 
generated f i e l d s  of TG-TA, t h a t  i s  ground 
temperature minus sur face a i r  temperature, and 
examined t h e i r  mean and s tandard d e v i a t i o n  over  
a Z"x2" g r i d  f o r  t h e  month. 
f o r  a i v e n  l o c a t i o n  were then  d e f i n e d  as TG = 
TA + G- A + 6 where TA i s  t h e  i n t e r  o l a t e d  
su r face  a i r  temperature as above, G- A i s  t h e  
mean ground-surface a i r  temperature d i f f e r e n c e  
f o r  t h e  l o c a t i o n  as determined f rom r e a l  
HIRSP/MSU da ta  f o r  t h e  month, and 6 i s  a random 
component c o n s i s t e n t  w i t h  t h e  observed s tandard 
dev ia t i on .  Sur face e m i s s i v i t y ,  E ,  a t  50.3 GHz, 
which i s  an impor tan t  f a c t o r  a f f e c t i n g  MSU and 
AMSU observat ions,  was determined i n  an analo- 
gous manner, u s i n g  mean and s tandard d e v i a t i o n  
va lues of E determined f o r  November 1979 f rom 
t h e  r e a l  HIRSP/MSU data. 
t o  note, l o o k i n g  a t  t hese  maps, t h a t  t h e  
s tandard d e v i a t i o n s  o f  E were i n  general small, 
except f o r  t hose  areas where t h e  i c e  edge was 
changing d u r i n g  t h e  month o r  i n  reg ions  o f  
v a r i a b l e  snow cover. Sur face e m i s s i v i t y  f o r  
t h e  i n f r a - r e d  channels was taken  as f i x e d  as 
desc r ibed  i n  Susskind e t  a l .  (1983). 

Secondly, and much 

To s imu la te  atmospheric temperatures de te r -  

- 

Ground temperatures 

7-5- 
p.r 

It was i n t e r e s t i n g  

Perhaps t h e  s i n g l e  most impor tan t  f a c t o r  
a f f e c t i n g  t h e  observat ions and accuracy o f  
pass ive r e t r i e v a l s  i s  clouds. I n  o rde r  t o  get  
t h e  proper  s p a t i a l  c o r r e l a t i o n s  o f  e r r o r s  as a 
f u n c t i o n  of synop t i c  s i t u a t i o n ,  t h e  c loud  f i e l d s  
must be very r e a l i s t i c a l l y  r e l a t e d  t o  t h e  
synop t i c  s i t u a t i o n .  We used t h e  r e l a t i v e  
humid i t y  f i e l d s ,  r., t o  produce up t o  f o u r  
l e v e l s  o f  broken cfouds a t  each sounding loca-  
t i o n ,  w i th  pressures a t  850 mb, 700 mb, 500 mb, 
and 300 mb. The c loud  f r a c t i o n  a .  a t  a g i ven  
l e v e l  j, i s  s imulated accord ing t i  

r j  - r c j  

1 - rcj 
"j  = -------- 

where r c j  i s  a pressure dependent r e l a t i v e  
humid i t y  c u t o f f  va lue  whose values were prov ided 
by NMC. 

The rad iances f o r  channel i observed by t h e  
s a t e l l i t e  a r e  computed as 

* * 
R i  = C aj R i j  + (1-Caj) Ri,cLR 

where R i j  i s  t h e  rad iance which would be observed 
i n  channel i i f  t h e  f i e l d  o f  view were complete ly  
covered by c louds  a t  1 eve1 j. i s t h e  
rad iance which w p l d  be observed 7FL!here were 
no clouds, and a .  i s  t h e  f r a c t i o n  o f  t h e  sky 
covered by c loud2 a t  l a y e r  j as seen f r o  above. 
C lea r l y ,  w h i l e  a .  can be as l a r g e  as I ,  fa., 
can o n l y  be betwden 0 and 1. To i n s u r e  t h j s ,  we 
assume t h e  c louds i n  each l a y e r  are,total ly cor-  
r e l a t e d  i n  space and f i x  a j  = aj-Cak f o r  

l a y e r  j where a: rgp resen ts  a l l  l a y e r s  above 
j, b u t  c o n s t r a i n  a .  t o  be no l e s s  than  zero. 
o t h e r  words, a j  eqdals zero,if a. i s  l e s s  than  
t h e  c loud iness  above, and a .  i s  ?!he d i f f e r e n c e  
between a j  and t h e  l a r g e s t  g loudiness above 
otherwise. A1 1 c loud  rad iances a re  s imulated 
assuming t h e  c l  ouds a re  opaque a t  i n f r a -  r e d  
f requenc ies  and t ransparen t  a t  microwave f r e -  
quenci es. 

The GLAS r e t r i e v a l  method uses two f i e l d  o f  
view t o  per form a c loud  c o r r e c t i o n  t o  be used on 
t h e  observed i n f r a r e d  radiances. I n  t h e  simula- 
t i o n  of radiances, obse rva t i ons  i n  two f i e l d s  o f  
v iew were s imulated f o r  each sounding. The 
rad iances a l e  s imulated assuming o n l y  t h e  c loud  
f r a c t i o n s  a j  d i f f e r  i n  t h e  t w $  f i e l d s  o f  view. 
F o r  a g i ven  l e v e l ,  a. and a .  , corresponding 
t o  c l o u d  f r a c t i o g s  i i ' k o t h  f i d t i s  o f  view, were 
s imulated f rom a .  i n  t h e  f o l l o w i n g  way. A t  
aj = 0 o r  100, b a t h  c l p d  f r a c t i o n s  a r e  Set a t  
0 t o  100. Otherwise a .  i s  l e s s  than  a . ,  
v a r y i n g  l i n e a r l y  betwedh t h e  f o l l o w i n g  p d i n t s  
( 8 ,  0), (20, l o ) ,  (90,,60) and (100, l oo ) ,  and 
a. i s  g r e a t e r  t han  a .  v a r y i n  l i n e a r l y  between 

p o i n t s  (o,o), (20~30) and Qioo,ioo). Th is  
a l l ows  f o r  reasonable d i s c r i m i n a t i o n  between t h e  
c l o u d  f r a c t i o n  and rad iances i n  b o t h  f i e l d s  o f  
view. I n  a n a l y s i s  o f  ac tua l  data, t h i s  d i s -  
c r i m i n a t i o n ,  which i s  necessary f o r  per forming 
t h e  c loud  c o r r e c t i o n ,  i s  ob ta ined  by separa t i ng  
and then  averaging obse rva t i ons  i n  t h e  warmest 
and c o l d e s t  i n d i v i d u a l  spots i n  an area. 

R i  , 

k 

I n  
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As i n  t h e  a n a l y s i s  o f  r e a l  HIRSEIMSU data, 
soundings a r e  r e j e c t e d  i f  t h e  rad iances i n d i c a t e  
t o o  much c loud iness  i n  t h e  f i e l d  o f  view ( t y p i -  
c a l l y  more than  70% i n  a sounding area) o r  i f  no 
atmospheric s o l u t i o n  can be found f rom which 

' 

computed rad iances match t h e  c l o u d  co r rec ted  
rad iances t o  w i t h i n  1°K. AMTS and AMSU observa- 
t i o n s  and r e t r i e v e d  temperatures a re  produced 
i n  an analogous way. 

I n  t h e  case of a c t i v e  sounders, t h e  e r r o r s  
obta ined f rom a n a l y s i s  o f  t h e  da ta  a r e  more 
n e a r l y  random and unco r re la ted  w i t h  each other .  
Therefore, t h e  approach o f  generat ing random 
uncor re la ted  e r r o r s  w i l l  be used i n  s i m u l a t i n g  
r e t r i e v e d  q u a n t i t i e s .  
coverage o f  sounding da ta  w i l l  be taken as i n  
t h e  pass ive sounders f o r  comparison purposes. 
Later ,  more r e a l i t i c  scan p a t t e r n s  f o r  t h e  
a c t i v e  sounders w i l l  be used. Studies w i l l  be 
made as a f u n c t i o n  o f  assumed noise l e v e l  and 
scan pa t te rn .  I n  a l l  cases, s igna l  t o  no i se  
values w i l l  be at tenuated a t  g i ven  levels, 
accord ing t o  t h e  e f f e c t i v e  c loud  cover, ai, 
as d e f i n e d  above. 

To beg in  w i th ,  t h e  
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1.5 

1. INTRODUCTION 

The E a r t h  R a d i a t i o n  Budget Experiment (ERBE) 
p r o j e c t  w i l l  f l y  t h r e e  s e t s  o f  inst ruments;  each 
s e t  c o n s i s t s  of a nonscanning package and a scan- 
n i n g  radiometer. These w i l l  f l y  on t h e  NOAA F and 
G o p e r a t i o n a l  s a t e l l i t e s  and on a dedicated space- 
c r a f t ,  t h e  E a r t h  R a d i a t i o n  Budget S a t e l l i t e  (ERBS). 
The NOAA spacecraf t  a r e  i n  Sun-synchronous o r b i t s  
w i t h  99" i n c l i n a t i o n  o r b i t s ,  and thus p r o v i d e  glob- 
a l  coverage. The ERBS w i l l  be i n  a 57' i n c l i n a -  
t i o n  o r b i t  and w i l l  precess around t h e  E a r t h  t o  pro-  
v i d e  sampling o f  t h e  d i u r n a l  c y c l e  o f  reg ions  be- 
tween 2 57" l a t i t u d e .  The p r imary  f u n c t i o n  o f  t h e  
scanning rad iometer  i s  t o  p r o v i d e  measurements f o r  
t h e  c a l c u l a t i o n  of t h e  Ear th -emi t ted  and absorbed 
s o l a r  r a d i a t i o n  a t  t h e  t o p  o f  t h e  Earth-atmosphere 
system, averaged over  250 x 250 km regions. 
t h e r  d e s c r i p t i o n  o f  t h e  p r o j e c t  and i t s  s c i e n t i f i c  
o b j e c t i v e s  i s  g i ven  by Barkstrom and H a l l  (1982). 

A f u r -  

T h i s  paper w i l l  t r e a t  e r r o r s  i n  these r e g i o n a l  
averages. E r r o r  sources i n c l u d e  inst rument  no i se  
and o f f s e t s ,  s p e c t r a l  v a r i a b i l i t y  o f  t h e  scenes, 
modeling o f  d i r e c t i o n a l  and b i d i r e c t i o n a l  f u n c t i o n s  
accord ing t o  scene, and scene m i s i d e n t i f i c a t i o n .  
Also, t h e r e  a r e  sampling e r r o r s  due t o  s p a t i a l  v a r i -  
a b i  1 i t y  over  t h e  Earth-atmosphere system, which 
e n t e r  t h e  es t ima te  o f  t h e  reg iona l  average o f  t h e  
r a d i a n t  ex i tance.  
t i o n  through t h e  da ta  a n a l y s i s  a lgo r i t hms  w l l l  be 
studied. 

These e r r o r s  and t h e i r  propaga- 

2. DESCRIPTION OF PROBLEM 

A scanning rad iometer  measures t h e  upwel l  i ng 
radiance L f rom t h e  scene toward t h e  inst rument ,  as 
shown i n  f i g u r e  (1). T h i s  rad iance v a r i e s  wi th  t h e  
d i r e c t i o n ,  which i s  measured by t h e  z e n i t h  angle 6 
o f  t h e  e x i t i n g  r a y  and, f o r  t h e  r e f l e c t e d  s o l a r  
r a d i a t i o n ,  t h e  azimuth angle 4 o f  t h e  r a y  r e l a t i v e  
t o  t h e  Sun and t h e  z e n i t h  angle 60 o f  t h e  Sun a t  
t h e  scene. A b i d i r e c t i o n a l  f u n c t i o n  R(e0, 0, 4) 
i s  d e f i n e d  t o  r e l a t e  t h e  rad iance t o  t h e  r a d i a n t  ex- 
i t a n c e  M a t  t h e  t o p  o f  t h e  Earth-atmosphere system 
(TOA) : 

METHOD FOR ESTIMATING ERRORS FOR RADIqTION BUDGET BASED ON 
A SCANNING RADIOMETER 
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G. L o u i s  Smith, Lee M. Av is ,  Richard N. Green, and Bruce A. W i e l i c k i  
Atmospheric Sciences D i v i s i o n ,  Langley Research Center, NASA 

L 5 l/n RM 

T h i s  b i d i r e c t i o n a l  f u n c t i o n  depends upon t h e  scene, 
f o r  example whether t h e  scene i s  c loud,  land, e tc .  
I n  p r a c t i c e ,  t h e  b i d i r e c t i o n a l  f u n c t i o n  v a r i e s  from 
one c l o u d  scene t o  another, e v e m e  same con- 
d i t i o n s  o f  c l o u d  he igh t ,  type, etc., so t h a t  It 
must be represented by a b i d i r e c t i o n a l  model. The 
f u n c t i o n  i s  n o t  d e t e r m i n i s t i c ,  b u t  i s  d e f i b l e  

on l y  i n  a s t a t i s t i c a l  sense. 
have been developed e.g., by T a y l o r  and Stowe (1984) 
and Stuhlmann e t  a l .  (1983), and t y p i c a l  models a re  
shown i n  f i g u r e  (2) f o r  cloud. I n  o rde r  t o  s e l e c t  
t h e  p roper  b i d i r e c t i o n a l  model f o r  t h e  I n t e r p r e t a -  
t i o n  o f  t h e  data, i t  i s  necessary t o  i d e n t i f y  t h e  
scene. 

B i d i r e c t i o n a l  models 

The ins t rumen t  i d e a l l y  prov ides t h e  broadband 
rad iance measurement i n  each o f  t h r e e  channels. 
The s p e c t r a l  responses o f  t h e  va r ious  channels o f  
t h e  inst rument ,  however, a r e  n o t  p e r f e c t l y  f l a t ,  bu t  
a r e  r a t h e r  compl icated f u n c t i o n s  o f  wavelength, as 
shown i n  f i g u r e  ( 3 ) .  
each channel does n o t  p r o v i d e  a t r u e  measure o f  t h e  
broadband ( i n t e g r a t e d )  radiance, b u t  a convo lu t i on  
o f  t h e  s p e c t r a l  rad iance o f  t h e  incoming r a d i a t i o n  
w i t h  t h e  s p e c t r a l  response o f  t h e  channel. The re -  
s u l t i n g  e r r o r  assoc ia ted  w i t h  t h e  s p e c t r a l  v a r i a b i l -  
i t y  o f  t h e  incoming rad iance can be reduced by iden- 
t i f y i n g  t h e  scene type, and then  us ing  o n l y  those 
s p e c t r a l  rad iances a h i c h  a r e  approp r ia te  t o  t h a t  
scene type,  a t  t h e  g i ven  v iew ing  angles. 

Thus, t h e  n e t  response o f  

It i s  seen t h a t  scene i d e n t i f i c a t i o n  i s  a key 
f u n c t i o n  i n  t h e  accurate de te rm ina t ion  o f  r a d i a n t  
ex i tances  a t  t h e  t o p  o f  t h e  E a r t h ' s  atmosphere. 
The data f l o w  f o r  a n a l y s i s  o f  Scanning rad iometer  
da ta  i s  s e t  up as shown i n  f i g u r e  (4). Us ing a 
"g loba l  'I s p e c t r a l  c o r r e c t i o n ,  approximate broadband 
shortwave and longwave rad iances a t  t h e  spacec ra f t  
a r e  computed. The scene i s  then  i d e n t i f i e d ,  and an 
improved s p e c t r a l  c o r r e c t i o n  determined f o r  t h e  
f i n a l  c a l c u l a t i o n  o f  t h e  radiances. Also, a b i d i -  
r e c t i o n a l  model based on t h i s  scene t y p e  i s  used t o  
es t ima te  t h e  r a d i a n t  e x i t a n c e  f o r  t h e  p i x e l ,  i.e. 
t h e  f i e l d  o f  view o f  a s i n g l e  measurement, by use 
o f  a rearrangement o f  equat ion (1): 

M = n L/R ( 2 )  

The instantaneous r e g i o n a l  average i s  t hen  computed 
by averaging a l l  est imates o f  r a d i a n t  e x i t a n c e  f o r  
p i x e l s  t h a t  f e l l  i n  t h e  region. A p i x e l  i s  cons id-  
e red  t o  be i n  t h e  r e g i o n  i f  t h e  p i x e l  cen te r  f a l l s  
w i t h i n  t h e  reg ion.  These r e g l o n a l  averages a r e  
then  averaged th.roughout t h e  month t o  produce a 
monthly-averaged r a d i a n t  e x i t a n c e  f o r  t h e  reg ion.  

assoc ia ted  w i t h  it. 
and t h e  way i n  which they propagate through t h e  a- 
n a l y s i s  w i l l  be b r i e f l y  considered. 

Each s tep  i n  t h i s  a n a l y s i s  procedure has e r r o r s  
I n  t h i s  paper, t hese  e r r o r s  

2.1 Scene I d e n t i f i c a t i o n  Procedure - 
The scene i d e n t i f i c a t i o n  procedure f o r  ERBE 

f i r s t  c l a s s i f i e s  t h e  u n d e r l y i n g  surface by i t s  geo- 
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graphic  t y p e  (geotype): land, ocean, o r  snow, des- 
e r t  o r  land-ocean mix ( coas ta l  regions). The c loud  
cover  i s  d e f i n e d  i n  terms o f  f o u r  c lasses:  c l e a r  
( l e s s  than 5% c loud  cover), p a r t l y  cloudy (between 
5% and 50% c loud) ,  mos t l y  cloudy (between 50% and 
95% c loud )  and ove rcas t  (more than  95% cloudy). The 
c loud  c l a s s  f o r  a g iven measurement p a i r  (shortwave 
and longwave rad iances)  i s  se lec ted  accord ing t o  t h e  
measurement p a i r  i n  a manner s i m i l a r  t o  a t h r e s h o l d  
method, b u t  modi f ied t o  account f o r  t h e  var iance 
associated w i t h  each c lass.  Th is  technique, c a l l e d  
t h e  Maximum L i k e l i h o o d  Estimate, i s  i l l u s t r a t e d  i n  
f i g u r e  (5). 
t h a t  t h e  c l a s s  i s  known, t h e  rad iance i n  each chan- 
n e l  v a r i e s  w i t h  c l o u d  cover, c loud  type, o t h e r  a t -  
mospheric v a r i a b l e s  (haze, aerosols) ,  sea s t a t e ,  
etc., which cause v a r i a t i o n s  w i t h i n  t h e  class. 
There i s  a d i s t r i b u t i o n  of measurement p a i r s  w i t h i n  
each c lass ,  as represented by t h e  l i g h t  l i n e s .  
These d i s t r i b u t i o n s  can be p a r t i a l l y  cha rac te r i zed  
by t h e  means and var iances o f  t h e  shortwave and 
longwave channels and t h e i r  c o r r e l a t i o n .  
wave-longwave p lane  i s  p a r t i t i o n e d  i n t o  reg ions  ac- 
c o r d i n g  t o  which i s  t h e  most probable scene i d e n t i -  
f i c a t i o n  f o r  t h e  measurement pa i r .  The boundaries 
of these reg ions  a r e  i n d i c a t e d  by t h e  heavy s o l i d  
l i n e s  i n  f i g u r e  (5). Thus, e.g. i f  a measurement 
p a i r  f a l l s  w i t h i n  r e g i o n  I ,  i t  i s  i d e n t i f i e d  as 
" c l e a r  ocean." 

number o f  cons iderat ions.  
c l a s s i f i c a t i o n  o f  c loud  cover  would be des i rab le .  
However, t h e  s c a t t e r  w i t h i n  each c l a s s  i s  so g rea t  
t h a t  t h e  i d e n t i f i c a t i o n  would render t h e  ref inement  
useless. Also, t h e  amount o f  data which a r e  a v a i l -  
a b l e  f o r  t h e  generat ion o f  t h e  b i d i r e c t i o n a l  models 
i s  l i m i t e d .  
c o l l e c t e d  data f o r  19 months. However, when one 
at tempts t o  develop b i d i r e c t i o n a l  models, i t  i s  
necessary t o  " b i n "  t h e  data accord ing t o  v iewing 
z e n i t h  angle, s o l a r - z e n i t h  angle, azimuth angle, 
l a t i t u d e ,  and scene c lass.  It was found, i n  prac-  
t i c e  t h a t  t h e  number o f  da ta  p o i n t s  i n  some o f  t h e  
b i n s  i s  marg ina l  f o r  an accu ra te  e s t i m a t i o n  o f  t h e  
mean f o r  t h a t  b in .  Thus, any f u r t h e r  s u b d i v i d i n g  
would r e s u l t  i n  increased e r r o r s  i n  t h e  means o f  
t h e  b i d i r e c t i o n a l  models. The r e s u l t  i s  a cho ice  
o f  b i n  s i z e  which compromises between b i n - d i s c r e t i -  
z a t i o n  e r r o r s  and bin-sample mean errors .  

2.2 Spec t ra l  C o r r e c t i o n  

The spectrum of t h e  incoming r a d i a t i o n  a f f e c t s  
t h e  response of each channel t o  t h e  incoming r a d i -  
ances. I n  account ing f o r  t h e  s p e c t r a l  response o f  
t h e  inst rument ,  t h e  e r r o r s  i n c u r r e d  by i n f e r r i n g  
t h e  longwave and shortwave radiances f rom t h e  mea- 
surements can be reduced by u s i n g  t h e  scene i n f o r -  
mat ion i n  t h i s  c a l c u l a t i o n ,  which i s  r e f e r r e d  t o  as 
s p e c t r a l  c o r r e c t i o n .  The technique used f o r  ERBE 
i s  e s s e n t i a l l y  a reg ress ion  method, whereby t h r e e  
channels (longwave, shortwave, and t o t a l )  a r e  used 
t o  es t ima te  t h e  broadband longwave and shortwave 
rad iances c o r r e c t e d  f o r  t h e  imper fec t i ons  o f  t h e  
i ns t rumen t  s p e c t r a l  response. The equa t ion  i s  

Given t h a t  t h e  geotype i s  ocean, and 

The s h o r t -  

The s e l e c t i o n  o f  scene c lasses i s  based on a 
F o r  example, a f i n e r  

The Nimbus 7 ERB-scanning rad iometer  

t h e  r e s i d u a l  e r r o r  o f  t h e  regress ion,  due t o  s c a t t e r  
about t h e  !=-E r e l a t i o n  and i s  because o f  v a r i a b i l -  
i t y  o f  t h e  spec t ra  w i t h i n  t h e  scene class. 
e r r o r  can be reduced o n l y  by r e s t r i c t i n g  t h e  scene 
c l a s s  so as t o  reduce t h e  v a r i a t i o n  o f  t h e  spect ra 
w i t h i n  t h e  c lass.  However, t h e  narrowing o f  scene 
c lasses requ i res  t h e  i d e n t i f i c a t i o n  o f  t h e  scene, 
which becomes l n c r e a s t n g l y  d i f f i c u l t  and r e s u l t s  i n  
a d d i t i o n a l  e r r o r s  i n  scene i d e n t i f i c a t i o n .  

For  t h e  purpose o f  i d e n t i f y i n g  t h e  scene, r a d i -  
ances a r e  f i r s t  est imated us ing  a g loba l - reg ress ion  
m a t r i x  C i ,  i n  which t h e  c o e f f i c i e n t s  correspond t o  
t h e  e n t i r e  E a r t h  w i t h  no d i s t i n c t i o n  between scene 
classes. A f t e r  t h e  scene i s  i d e n t i f i e d ,  t h e  sho r t -  
wave and longwave rad iances a re  computed by apply-  
i n g  equat ion (3) w i t h  t h e  approp r ia te  C i  f o r  t h e  
scene type. 

3.  ERROR A N A L Y S I S  

Th is  

The e r r o r  a n a l y s i s  f o r  t h i s  problem d i f f e r s  
f rom t h e  usual e r r o r  ana lys i s ,  i n  t h a t  e r r o r s  i n  
scene i d e n t i f i c a t i o n  r e s u l t  i n  d i s c r e t e  changes i n  
t h e  s p e c t r a l  c o r r e c t i o n  and b i d i r e c t i o n a l  f unc t i ons ,  
o r  branching i n  t h e  computational f low. I n  addi -  
t i o n ,  t h e r e  a r e  t h e  usual cons ide ra t i ons  of t e rm 
e r r o r s  which can be t r e a t e d  i n  a l i n e a r  manner. I n  
o rde r  t o  analyze t h e  e r r o r s ,  we consider  f i r s t  t h e  
e f f e c t s  o f  t h e  scene i d e n t i f i c a t i o n  e r r o r s ,  a f t e r  
which t h e  e f f e c t s  o f  t h e  o t h e r  e r r o r s  on t h e  r a d i -  
a n t  ex i tance  a t  TOA f o r  each p i x e l  w i l l  be inc luded.  
F i n a l l y ,  t h e  e r r o r  i n  t h e  regional-average r a d i a n t  
ex i tance  i s  t rea ted .  

Scene I d e n t i f i c a t i o n  Probabi 1 i t i e s  - 3.1 

I n  o rde r  t o  compute t h e  probable e r r o r s  due t o  
scene i d e n t i f i c a t i o n  e r r o r s ,  i t  i s  necessary t o  
compute t h e  p r o b a b i l i t y  t h a t  a scene which i s  i n  
t r u t h  t y p e  j i s  i d e n t i f i e d  as t y p e  i. 
b i l i t y  w i l l  be denoted as P i j ,  and i s  

This  proba- 

where P j  i s  t h e  p r o b a b i l i t y  o f  t h e  occurrence o f  
scene j, P j ( x )  i s  t h e  normal ized p r o b a b i l i t y  d i s -  
t r i b u t i o n  o f  x = ( L s w , L L w )  f o r  scene' type j , and 
t h e  i n t e g r a t i o n  i s  over  t h e  reg ion  which i s  d e f i n e d  
by t h e  scene i d e n t i f i c a t i o n  a l g o r i t h m  as being 
scene t y p e  i. The s t a t i s t i c a l  makeup o f  t h e  f i e l d ;  
i .e. t h e  probabi  1 i t y  o f  occurrence o f  va r ious  
scene classes, e n t e r s  t h e  a n a l y s i s  through P j .  The 
P j ( x )  can be approximated e.g. i f  t h e  means, v a r i -  
ances, and c o r r e l a t i o n s  o f  t h e  shortwave and long-  
wave measurements a r e  known f o r  each scene type, 
and t h e  t y p e  o f  d i s t r i b u t i o n  i s  known o r  assumed, 
e.g., Gaussian. Also, one can compute t h e  bounda- 
r i e s  d e l i n e a t i n g  t h e  reg ions  R i ,  f o r  use i n  t h e  
scene i d e n t i f i c a t i o n  procedure. 

The presence o f  inst rument  no i se  i n  t h e  data 
w i l l  i nc rease  t h e  p r o b a b i l i t y  o f  making e r r o r s  i n  
scene type. Th is  i s  accoun ted t fo r  by t r e a t i n g  x as 
t h e  sum o f  two random processes: t h e  scene rad iance 
and t h e  i ns t rumen t  no i se  vectors. Then t h e  c o v a r i -  
ance m a t r i x  f o r  x w i l l  be t h e  sum o f  t h e  covar iance 
ma t r i ces  f o r  these two processes, and would be used 
f o r  t h e  computation o f  t h e  P i j .  

where C i  i s  a m a t r i x  ( i n  general 2x3) o f  reg ress ion  
c o e f f i c i e n t s  f o r  scene c l a s s  i. The te rm EL i s  
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The approx imat ion i s  made t h a t  

d??(xlxETj)sT = Pij[%T + cov(m)] (12) 

The f i r s t  t e rm on t h e  r ight -hand s i d e  o f  equa- 

xi 
which i s  s i m i l a r  t o  t h e  approx imat ion o f  equa t ion  
(9). 
t i o n  (11) i s  t h e  e r r o r  var iance due t o  b i d i r e c t i o n -  
a l  modeling e r r o r  and t h e  second te rm i s  e r r o r  var-  
i ance  due t o  spect ra l -model ing e r r o r ,  b o t h  as re-  
s u l t s  o f  s c e n e - i d e n t i f i c a t i o n  e r r o r .  The t h i r d  and 
f o u r t h  terms a r e  c o u p l i n g  terms between these two 
e f f e c t s  . 

The p o s s i b i l i t y  e x i s t s  t o  modify t h e  maximum 
l i k e l i h o o d  method so as t o  remove b iases o r  t o  make 
i t  a minimum-variance method, by a d j u s t i n g  t h e  
boundaries o f  t h e  regions. However, t h i s  i s  beyond 
t h e  scope o f  t h e  present  paper. 

Scene I d e n t i f i c a t i o n  E r r o r  E f f e c t s  - 3.2 

As p o i n t e d  ou t  e a r l i e r ,  an e r r o r  i n  scene iden- 
t i f i c a t i o n  causes e r r o r s  i n  two areas o f  t h e  data 
ana lys i s :  f i r s t ,  t h e  wrong s p e c t r a l  c o r r e c t i o n  ma- 
t r i x  C j  i s  used, and second, t h e  wrong b i d i r e c t i o n -  
a l  model R j  i s  used. I n  t h i s  s e c t i o n  e r r o r s  induced 
i n  t h e  r a d i a n t  e x i t a n c e  es t ima te  M f rom t h e  measure- 
ment w i l l  be derived. 

I f  t h e  scene i s  i d e n t i f i e d  as t y p e  i, b u t  i s  i n  
t r u t h  t y p e  j, t h e  shortwave and longwave-radiant ex- 
i t a n c e s  a t  TOA, expressed as components o f  a two- 
dimensional vector ,  a r e  est imated as 

A 

!ij = nQiCirn ( 5 )  

where Q .  i s  a 2x2 d iagonal  m a t r i x  w i t h  l / R i  on t h e  
d iagonal  f o r  t h e  shortwave o r  longwave component, 
respec t i ve l y .  
scene t y p e  j would be 

The c o r r e c t  r a d i a n t  e x i t a n c e  f o r  

$j = nQjCjm ( 6  1 

Thus, due t o  s c e n e - i d e n t i f i c a t i o n  e r r o r ,  t h e r e  i s  
an e r r o r  i n  t h e  es t ima te  o f  r a d i a n t  ex i tances:  

E M i j  = n(QiCi - Qjcj)? 

= n(Qi - Q j ) C f ?  + nQj(Cf - Cj ) !  (7  1 
The f i r s t  t e rm i s  t h e  e r r o r  due t o  t h e  s e l e c t i o n  o f  
t h e  wrong b i d i r e c t i o n a l  f u n c t i o n  and t h e  second 
te rm i s  t h e  e r r o r  due t o  t h e  s e l e c t i o n  o f  t h e  wrong 
s p e c t r a l  co r rec t i on .  The expected e r r o r ,  g iven 
+ha t  t h e  scene was i d e n t i f i e d  as t y p e  i, i s  

(8 1 

where t h e  approx imat ion has been made t h a t  

P j  JRi dy Pj(x)m = Pijii (9  1 

Th is  e r r o r ,  i f  non-zero, represents  a b i a s  i n  t h e  
a n a l y s i s  o f  t h e  data. 
b iased  e s t i m a t o r  i s  t hus  

The c o n d i t i o n  f o r  an un- 

P i j [ (Q l  - Qj)Cl + Q j ( C f  - cj)]ij l = o 
j 

for a l l  f (10) 
Assuming t h a t  t h e  b i a s  i s  zero, t h e  covar iance ma- 
t r i x  o f  t h e  e r r o r s  due t o  scene i d e n t i f i c a t i o n  
e r r o r  i s  c a l c u l a t e d  u s i n g  equat ion (8) t o  be 

' c o v [ ~ ~ ~ ( s c e n e ) ]  .r n2 Pfj(Qi - Q j )  

+ TI 2 PijQj(C, - Cj)[@iT + cov(n)l 

To ta l  P i x e l  E r r o r  --- 3.3 

The r a d i a n t  e x i t a n c e  f o r  each p i x e l  i s  computed 
by use o f  equat ion (2). F o r  a g iven scene, t h e r e  
i s  a g r e a t  amount o f  v a r i a b i l i t y  i n  t h e  b i d i r e c t i o n -  
a l  f u n c t i o n  R due t o  t h e  i n f i n i t e  v a r i e t y  o f  Ear th-  
atmosphere scenes w i t h l n  each scene class. Thus, 
t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  f u n c t i o n  R i s  n o t  
known p r e c i s e l y ,  even when t h e  scene i s  c o r r e c t l y  
i d e n t i f i e d ,  b u t  i t s  t r u e  va lue d i f f e r s  f rom t h e  
model va lue  E, which I s  used i n  t h e  data processing, 
by an amount ER. 
volved i n  t h e  s p e c t r a l  c o r r e c t i o n ,  EL. F i n a l l y ,  
t h e  measurements themsel ves w i  11 have some e r r o r ,  

Also, t h e r e  i s  t h e  e r r o r  i n -  

Em. The t r u e  r a d i a n t  e x i t a n c e  would be 

and t h e  es t ima te  f o r  t h e  r a d i a n t  ex i tance  would be 
* 
!j = W Q j C j ?  ' (14)  

If t h e  scene i s  i n c o r r e c t l y  i d e n t i f i e d  as t y p e  i, 
t h e  es t ima te  f o r  M w i l l  be 

Mij nQ fCp  (15) 
The e r r o r  i s  

A 

= !lj - ! = ($1, - fij) + (fij - (16) 

The f i r s t  p a r e n t h e t i c a l  express ion i s  t h e  e r r o r  due 
t o  s c e n e - i d e n t i f i c a t i o n  e r r o r  and t h e  second i s  due 
t o  b i d i r e c t i o n a l  f u n c t i o n  and s p e c t r a l - c o r r e c t i o n  
v a r i a t i o n s  f rom t h e  nominal and t o  i ns t rumen t  e r -  
ro rs .  
data f l ow ,  whereby e r r o r s  cause s e l e c t i o n  o f  d i f f e r -  
i n g  R j ' s  and C j ' s ,  and t h e  second p a r t  i s  l i n e a r  i n  
t h e  e r ro rs .  A v e c t o r  UJ w i l l  be def ined,  whose com- 
ponents a r e  t h e  q u a n t i t i e s  which e n t e r  equa t ion  
(14). 
as 

The f i r s t  p a r t  i s  due t o  branching i n  t h e  

From equa t ion  (16), t h e  b i a s  can be w r i t t e n  

/ a i . \  

(17) 
The var iance o f  t h e  rad ian t -ex i tance  e r r o r s  f o r  t h e  
p i x e l s  can be computed nex t  as 
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u 2 EMi = cov[gM,(scene)] 2 2  1 2  
u E ~  = ui(samp1ing) + - 3 M  UA (21) 

The f i r s t  t e rm on thLe r igh t -hand  s i d e  7s t h e  v a r i -  
ance due t o  scene i d e n t i f i c a t i o n  as computed i n  t h e  
l a s t  sect ion.  The second te rm i s  t h e  var iance due 
t o  b i  d i  r e c t i  onal  and s p e c t r a l  - c o r r e c t i o n  v a r i a t i o n s  
and ins t rumen t  noise. The t h i r d  te rm i s  t h e  cross 
te rm between t h e  branching and t h e  l i n e a r  terms, 
and accounts f o r  e r r o r s  i n  t h e  r a d i a n t  ex i tance  due 
t o  s c e n e - i d e n t i f i c a t i o n  e r r o r s  caused by v a r i a b i l -  
i t y  i n  b i d i r e c t i o n a l  f unc t i on ,  spec t ra l  c o r r e c t i o n ,  
o r  i ns t rumen t  noise. 

E r r o r s  Due t o  Regional Averaging 3.4 --- 
A f t e r  each measurement has been used t o  e s t i -  

mate a r a d i a n t - e x i t a n c e  va lue  a t  t h e  t o p  o f  t h e  
Earth-atmosphere system, t h e  measurements f o r  which 
t h e  c e n t e r  o f  t h e  " f o o t p r i n t "  o r  p i x e l  l i e s  w i t h i n  
a g i ven  r e g i o n  a r e  then  averaged t o  produce an av- 
erage f o r  t h e  region. Because of s p a t i a l  v a r i a t i o n s  
o f  r a d i a n t  e x i t a n c e  ove r  t h e  reg ion,  t h e r e  w i l l  be 
a sampling e r r o r  assoc ia ted  w i t h  t h i s  reg iona l  aver-  
age value. Because o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  
o p t i c a l  and e l e c t r o n i c  systems, t h e r e  i s  a va r ia -  
t i o n  o f  t h e  response o f  t h e  inst rument  t o  p o i n t s  
w i t h i n  t h e  f o o t p r i n t  o f  t h e  p i x e l .  Th is  s p a t i a l  
v a r i a t i o n  o f  t h e  response i s  descr ibed by t h e  p o i n t -  
spread func t i on ,  shown i n  f i g u r e  (6)  i n  an i n s t r u -  
ment coo rd ina te  system. As t h e  rad iometer  scans 
f rom n a d i r  t o  t h e  hor izon,  t h e r e  i s  a growth i n  t h e  
area covered a t  t h e  TOA, as i l l u s t r a t e d  by f i g u r e  
(7). The r e s u l t i n g  coverage o f  t h e  reg ions  by t h e  
p i x e l s  near  n a d i r  and a t  l a r g e  n a d i r  angles i s  
shown schemat i ca l l y  i n  f i g u r e  (8), where t h e  p i x e l s  
a r e  represented by contours o f  50% o f  peak va lue  o f  
t h e  po in t - sp read  funct ion.  
e f f e c t  i s  t r e a t e d  t h e o r e t i c a l l y  by Smith e t  a l .  
(1983). 
t h a t  t h i s  sampling e r r o r  i s  independent o f  t h e  
o t h e r  e r ro rs .  Thus, t h e  e r r o r  i n  t h e  r e g i o n a l  av- 
erage i s  g i ven  by 

(19)  E~ = E# sampl i n g )  + 

where N i s  t h e  number of measurements i n  t h e  region. 
The f i r s t  t e rm i s  t h e  sampling e r r o r  and t h e  second 
i s  t h e  e r r o r  i n  t h e  average r a d i a n t  ex i tance  due t o  
t h e  measurement e r ro rs .  The var iance o f  t h e  reg ion-  
al-average r a d i a n t  e x i t a n c e  e r r o r ,  assuming i t s  b ias  
t o  be zero, i s  

The e r r o r  due t o  t h i s  

For t h e  p resen t  ana lys i s ,  i t  i s  assumed 

l J  
J c 

j = l  

The e r r o r  var iance due t o  sampling i s  computed i n  
terms o f  t h e  s p a t i a l  spectrum o f  t h e  r a d i a n t  e x i t -  
ance f i e l d ,  t h e  t r a n s f e r  f u n c t i o n  of t h e  inst rument  
which descr ibes i t s  o p t i c s  and t ime  response o f  
t h e  inst rument  and e l e c t r o n i c s ,  and t h e  sampling 
P a t t e r n  (Smith and Bess, 1978; Smith e t  al., 1983). 

4. CONCLUDING REMARKS 

T h i s  paper has fo rmu la ted  an e r r o r  a n a l y s i s  f o r  
t h e  r a d i a n t  e x i t a n c e  a t  t h e  top-of-the-atmosphere 
as computed f rom scanning rad iometer  data. 
d i t i o n  t o  p r o v i d i n g  a measure o f  t h e  q u a l i t y  o f  t h e  
es t ima ted  r a d i a n t  ex i tance,  t h e  numerical evalua- 
t i o n  o f  these e r r o r s  w i l l  p r o v i d e  a b a s i s  f o r  t rade -  
o f f s  o f  va r ious  parameters i n v o l v e d  i n  t h e  a n a l y s i s  
o f  t h e  data. F o r  example, t h e  n a d i r  ang le  beyond 
which da ta  becomes more m is lead ing  than  u s e f u l  can 
be est imated by t h i s  procedure. Also, t h i s  paper 
p rov ides  a conceptual framework f o r  understanding 
r e s u l t s  f rom s i m u l a t i o n  s t u d i e s  o f  E a r t h  r a d i a t i o n  
budget experiments. 

I n  ad- 
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1. INIRODUCI'ION 

The Eas te rn  Equator ia l  P a c i f i c  (EEP), 
def ined  h e r e  a s  t h e  r e g i o n  between 2OoN, 20's 
and 8S0W, 14SoW, i s  wel l  known f o r  i t s  l a r g e  
s c a l e  sea sur face  temperature (SST) warming 
event. Such a SST warming event  i s  termed 'El- 
Nino' which, toge ther  with the  sur face  p r e s s u r e  
seesaw of P a c i f i c  and Indian  Ocean (Southern 
O s c i l l a t i o n ) ,  i s  c a l l e d  'PNSO'. The PNSO 
phenomenon has  r e c e n t l y  been accepted a s  one of 
the  s t r o n g e s t  s i g n a l s  of short-term c l imate  
change. The te leconnect ions  between ENS0 and 
f loods  i n  South America, drought i n  India ,  
southward s h i f t  of  j e t  stream p o s i t i o n  over the  
USA, e t c . ,  a r e  under s tudy (Horel and Wallace, 
1981; Hoskins and Karoly. 1981). I n  t h i s  
aspect ,  t h e  ex t raord inary  1982-83 El-Nino event 
i s  a n  e x c e l l e n t  case t o  study because of i t s  
s t rong  i n t e n s i t y ,  long l a s t i n g  and double 
peaking f e a t u r e s .  Many s t u d i e s  have been 
publ i shed  t o  d i s c u s s  t h e  onse t  and peak s t a g e s  
of t h i s  l a s t  event, but t o  understand the 
meteorological  c h a r a c t e r i s t i c s  of t h i s  unusual 
case completely, we a l s o  need t o  know more 
d e t a i l s  about i t s  decaying s tage .  I n  t h i s  
study, we analyzed t h e  J u l y  and August 
geos ta t ionary  (GOES-W) s a t e l l i t e  d a t a  of 1983 
over the  EEP r e g i o n  t o  es t imate  the  v a r i a t i o n s  
of outgoing longwave r a d i a t i o n  (OLB), albedo and 
c loudiness  a t  monthly time s c a l e s .  The data  
were obta ined  from the  new I n t e r n a t i o n a l  
S a t e l l i t e  Cloud Climatology P r o j e c t  (ISCCP) of 
t h e  World Climate Research Program ( S c h i f f e r  and 
BOSSOW, 1983). 

2. DATA ANALYSIS 

The cloud e s t i m a t e s  and r e l a t e d  parameters  
used i n  t h i s  study a r e  e x t r a c t e d  from GOES-W 
d a t a  s e t s  c o l l e c t e d  a t  Colorado S t a t e  Univers i ty  
f o r  the  ISCCP. Although d e t a i l e d  s p e c i f i c a t i o n s  
of ISCCP data  q u a l i t y  i s  r e f e r r e d  t o  The 
Pre l iminary  Implementation P lan  of ISCCP 
( S c h i f f e r ,  1982) ,  r e l a t e d  information t o  t h e  
p r e s e n t  study i s  a s  fol lows.  The raw s a t e l l i t e  
da ta  i s  processed a f t e r  being r e c e i v e d  t o  
genera te  two (B1 and BZ) da ta  s e t s .  B1 da ta  a r e  
averaged and sampled from t h e  raw data  whi le  B2 
da ta  a r e  sampled from B1 s e t .  B1 h a s  a 
s u b s a t e l l i t e  r e s o l u t i o n  of  8 x 12 km. B2 p i x b l s  
have the  same r e s o l u t i o n  but  have been sampled 
t o  32  x 36 km. We have used t h e  l a r g e r  da ta  
s e t ,  B1, f o r  t h i s  study. Since the ISCCP da ta  
a r e  c o l l e c t e d  every t h r e e  hours, we analyzed 

images a t  8 and 20 GMT (near  l o c a l  midnight and 
l o c a l  noon i n  t h e  EEP). A s  f o r  t h e  navigat ion,  
f i x e d  e a r t h  l o c a t i o n s  were used a s  the  
boundaries  of t h e  t a r g e t  sec tor  during data  
e x t r a c t i o n  t o  make s u r e  a l l  da ta  a r e  of the same 
area .  The study area  f o r  t h i s  paper i s  shown i n  
F igure  1. In order  t o  use the  2-channel (or  
b i s p e c t r a l )  th reshold  technique t o  der ive  
cloudiness ,  background maps were cons t ruc ted  
f i r s t  by accumulating minimum albedo and maximum 
b r i g h t n e s s  temperature f o r  a per iod  of 1 0  days 
over the  study region.  Monthly ' r e l a t i v e '  OLR 
maps and background maps were accumulations of 
10-day maps of t h a t  month, Monthly c loudiness  
c i , s t r i b u t i o n s  were obta ined  from the combination 
of background temperature, albedo and Om maps. 
To e l imina te  the p o s s i b l e  nonuniform background 
t6mperatures over the  s tudy area ,  t h e  whole 
r e g i o n  was subdivided i n t o  16 small s e c t o r s .  
Thd. th reshold  temperature  and albedo of each 
s e c t o r  where chosen from a frequency histogram 
(not  shown h e r e ) .  

LONGITUDE 

Fig.  1. The E a s t e r n  Equator ia l  P a c i f i c  ( t h i c k  
l i n e )  def ined  f o r  t h i s  study with 
corresponding l o n g i t u t d e - l a t i t u d e  g r i d  
a s  the  background (dash l i n e ) .  The REP 
r e g i o n  i s  subdivided i n t o  16 s e c t o r s  
( l A ,  l B ,  lC, l D ,  e t c . ) .  

For the  8 QMT image, s ince  i t  has  only 
i n f r a r e d  data ,  a s i n g l e  threshold  method was 
used t o  d e r i v e  oloudiness ,  but t h e  threshold  
temperature  was compared t o  the  20 GMT th reshold  
temperature  t o  make s u r e  t h a t  t h e  sea sur face  
temperature d i d  not  vary  unreasonably. After  
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c l o u d i n e s s  i s  d e r i v e d  f o r  each s e c t o r  and each  
image, t h e  average of  t h a t  s e c t o r  f o r  a month 
g i v e s  t h e  monthly c l o u d i n e s s .  

To o b t a i n  t h e  mean OLR maps, b r i g h t n e s s  
c o u n t s  of  i n f r a r e d  d a t a  a r e  f i r s t  c o n v e r t e d  t o  
i r r a d i a n c e  a c c o r d i n g  t o  t h e  Stefan-Boltzmann law 
w i t h o u t  any l imb da rken ing  o r  f r equency  r e sponse  
, c o r r e c t i o n s .  Then t h e  i r r a d i a n c e s  a r e  avoraged 
f o r  a month t o  g e t  t h e  monthly ou tgo ing  longwave 
r a d i a t i o n  f i e l d .  The mean of J u l y  and August 
r e s u l t s  i n  t h e  bi-monthly ave rage .  

3. RESULTS 

3.1 Background F e a t u r e s  

F i g u r e s  2 and 3 a r e  i n f r a r e d  background 
maps f o r  J u l y  'and August a t  8 GMT. The warm 
r e g i o n  d u r i n g  J u l y  h a s  an  e f f e c t i v e  b l a c k  body 
t empera tu re  warmer than  26' C. Over t h e  EEP, i t  
i s  o b v i o u s l y  l a r g e r  t han  t h a t  of August. We 
n o t e  t h a t  i f  no c l o u d s  s t a y  over  t he  same 
l o c a t i o n  l o n g e r  than  1 0  days,  t h e  background 
maps shou ld  a l s o  r e p r e s n t  t he  ocean s u r f a c e  
c o n d i t i o n s .  The re fo re ,  t h e  dec rease  of warm 
a r e a  from J u l y  t o  August i s  c o n s i s t e n t  w i t h  t h e  
changes of  SST i n d i c e s  of  1982-83 El Nino 
(Arkin,  e t  a l . ,  1983) .  Our i n f r a r e d  background 
maps o f  20 GMT a l s o  show s i m i l a r  l a r g e  s c a l e  
f e a t u r e s .  Ilowever, i f  we compare our  background 
maps w i t h  t h e  mean SST map of Summer 1983 
(Arkin,  e t  a l . ,  1983) ,  F i g u r e  3,  a d i f f e r e n c e  
a p p e a r s  i n  t h a t  t h e  i s o t h e r m s  i n  our  maps do no t  
e x t e n d  t o  the  c o a s t  of South America. T h i s  
d i f f e r e n c e  i s  p robab ly  caused  by t h e  l imb 
da rken ing  e f f e c t  of t h e  l a r g e  viewing a n g l e .  . 

F i g .  2 .  The J u  1 ackround map a t  8 GMT d e r i v e d  
from GOES-W d a t a .  The b r i g h t e s t  r e g i o n  
has  b r i g h t n e s s  t e m p e r a t u r e  over  2 6 ' ~  
and t h e  d a r k e s t  r e p r e s e n t s  r e g i o n s  of  
b r  i g h t n e  s s  temper a t u r e  c o l d e r  t han  12OC. 

F i g .  3 .  The August background map a t  8 GhW d e r i v e d  
from GOES-W d a t a .  The b r i g h t e s t  r e  i on  
has  b r i g h t n e s s  t empera tu re  over  26 C 
and t h e  d a r k e s t  r e p r e s e n t s  r e g i o n s  of  
b r i g h t n e s s  t empera tu re  c o l d e r  t han  12OC. 

8 

3.2 Outaoing Lonnwave R a d i a t i o n  (Om) 
A t  t he  confe rence  we w i l l  c o n t r a s t  our  

h i g h e r  space-time ou tgo ing  longwave r a d i a t i o n  
maps f o r  Summer 1983 w i t h  those  used by the 
Climate  A n a l y s i s  Center  (1983)  f o r  t h e  same timc 
and r e g i o n .  

3.3 C loud iness  

The  v e r y  p r e l i m i n a r y  r e s u l t s  of our 
c l o u d i n e s s  a n a l y s e s  a r e  d i s c u s s e d  b r i e f l y  i n  
t h i s  s e c t i o n .  A t  t h e  confo rence  we w i l l  show 
a d d i t i o n a l  q u a n t i t a t i v e  c l o u d i n e s s  summaries. 
I n  F i g u r e s  4 and 5 ,  enhanced c loudy-c l ea r  maps 
of J u l y  and August a r e  shown. The b r i g h t  
r e g i o n s  a r e  c l e a r  a r e a s  and t h e  da rk  r e g i o n s  a r e  
c loudy.  The bottom row of the s t u d y  r e g i o n  
(Region 4A, B, C, D )  i s  now comple t e ly  shown i n  
t h e  map. From F i g u r e s  4 and 5 ,  we no te  the  
cloudy a r e a s  s h i f t e d  northward between J u l y  and 
August. Our e x p l a n a t i o n  i s  t h a t  i n  August,  c o l d  
wa te r  moved n o r t h  of t h e  equa to r  and c o o l e d  t h e  
SST t o  about  l 0 C  l e s s  t h a n  t h e  ave rage  
t empera tu re  of t h e  summer. In a s s o c i a t i o n  wi th  
t h i s  change, t h e  minimum c l o u d i n e s s  r e g i o n  moved 
a s  w e l l  and i n c r e a s e d  c l e a r  a r e a s  a long  t h e  
equa t o r .  
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a d d i t i o n ,  s i n c e  t h i s  s t u d y  h a s  used two s e p a r a t e  
a l g o r i t h m s  t o  d e r i v e  ( a )  c loud  amount and ( b )  
t o t a l  outgoing longwave r a d i a t i o n ,  we w i l l  u s e  
t he  d a t a  s e t s  i n  f u t u r e  r e s e a r c h  on t h e  
c l o u d / r a d i a t i o n  feedback problem - a key element 
i n  c l i m a t e  s tudy  and model development. 
Even tua l ly ,  o u t p u t s  such a s  t h a t  p r e s e n t e d  i n  
t h i s  s tudy  which a r e  d e r i v e d  from t h e  same d a t a  
s e t  (eg.  ISCCP), w i l l  be  t e s t e d  and augmented by 
s e t s  where the  c loud  d a t a  and t o t a l  r a d i a t i o n  
from e a r t h  a r e  measured by s e p a r a t e  in s t rumen t s .  

5.  ACKNOWLEDGEMENTS 

Mr. Richa rd  Peek and Mr. William Davis 
a s s i s t e d  w i t h  t h e  ISCCP d a t a  a c q u i s i t i o n  a t  t h e  
ISCCP S e c t o r  P rocess ing  Center  a t  Colorado S t a t e  
U n i e r s i t y .  T h i s  r e s e a r c h  h a s  been suppor t ed  i n  
p a r t  by N O M ,  through CIRA, under c o n t r a c t  
number NA8iM-D-00058, and by t h e  N a t i o n a l  
Sc ience  Foundat ion.  

6.  REFWENCES 

F ig .  4 .  Enhanced c loud-c l ea r  maps of J u l y  a t  
20 GMT. The b r i g h t  r e g i o n s  a r e  c l e a r  and 
t h e  da rk  r e g i o n s  a r e  cloudy. Arkin, P.A., J .D.  Kapman. and R.W. Reynolds,  1983: 

1982-1983 El Nino/Southern O s c i l l a t i o n  Event 

F i g .  5 .  Enhanced c loud-c l ea r  maps of August a t  
20 GMT. The b r i g h t  r e g i o n s  a r e  c l e a r  nnd 
t h e  da rk  r e g i o n s  a r e  cloudy. 

4 .  SUMMARY 

Using new ISCCP GOES-W s a t e l l i t e  d a t a  
c o l l e c t e d  a t  CSU, we have s t u d i e d  t h e  decay of 
t h e  1982-83 El Nino e v e n t  a t  30-day t ime s c a l e s  
f o r  two months. O u r  background maps and OLR 
f i e l d s  a r e  compared t o  t h e  seasona l  maps of t h e  
US Climate Ana lys i s  Center .  With s imple 
t h r e s h o l d  t echn iques ,  we d e t e c t e d  t h e  v a r i a t i o n s  
of c l o u d i n e s s  i n  r e sponse  t o  SST changes.  I n  

Quick Look A t l a s .  NOAA/NWS, Nat iona l  Meteo- 
r o l o g i c a l  Center ,  Cl imate  Ana lys i s  Cen te r ,  
Washington, D.C. 

Cl imate  Ana lys i s  Center ,  1983: Climate d i a g n o s t i  
b u l l e t i n .  August,  1983. NOAA/NWS, N a t i o n a l  
Me teo ro log ica l  Center ,  Cl imate  Ana lys i s  Center ,  
Washington, D.C. 

Horel,  J.D., and J . M .  Wallace, 1981: P l a n e t a r y -  
s c a l e  a tmosphe r i c  phenomena a s s o c i a t e d  w i t h  
t h e  Sou the rn  O s c i l l a t i o n .  Mon. Wea. Rev., m, 
813-829. 

Hoskin, B.J., and Karoly,  1981: The s t e a d y  
l i n e a r  r e sponse  of a s p h e r i c a l  atmosphere t o  
thermal  and o r o g r a p h i c  f o r c i n g .  J. Atmos. Sci., 
38, 1179-1196. 

Rasmusson, E.M., and J.M. Wallace,  1983: Meteo- 
r o l o g i c a l  a s p e c t s  of t h e  E l  Nino/Southern 
O s c i l l a t i o n .  Science,  m. 1195-1202. 

S c h i f f e r ,  R.A., 1982: The i n t e r n a t i o n a l  
s a t e l l i t e  c l o u d  c l ima to logy  p r o j e c t  (ISCCP): 
P r e l i m i n a r y  implementat ion plan.  Washington, 
J anua ry ,  1982. pp. 11. 

S c h i f f e r ,  R.A., and W.B. Rossow. 1983: The 
i n t e r n a t i o n a l  s a t e l l i t e  o loud  c l i m a t o l o g y  
p r o j e c t  (ISCCP): t h e  f i r s t  p r o j e c t  of t h e  
world c l i m a t e  r e s a r c h  programme. B u l l ,  Amer. 
Meteor.  S O C ~ .  64. 119-184. 

c s  

2 96 



Preprints 

Preprints 

Second Conference on 
Coastal Meteorology 

January SO-February 1,1980 
Los Angeles, Cali$ 
Tlie Second Conjerence on Coaslal Melrorology, 
sportsored by Ihr American Meleorological 
Society, was held 30 January-1 February 1980 
in 1,os Angeles, Calif. A session on “Coaslal 
(tnd Ocean Sludies” was held jointly with the 
60lh A M S  Annual Meeting and the Third Con- 
jerence on Ocean- Almospltere Inleraclion. The 
aolnme contains .more Ihan 60 papers arranged 
under the jollownq session lopics: 
e Coastal and Ocean Sludies 
e Pollution, Power Plant Siting, arid Socielnl 

e Data and Forecasting 
e CEWCOM-76, 78 and Marine Aerosols 
e Sea and Lake Breeze 
e Mesoscale Circulation 
e Climatology, Synoptic-Scale Circnlalion, arid 

e Low-Lend W i n d  and Gravity Wrtiws 
e M A  BIXS W C  and Cali.fornia Inversion 
e Slratns/Fog arid Marine Boundary Layer 

e Sea Surface and Subsurface llehnaior 

Need.s 

Insolat ion 

S t r  uct urc 

307 pages 

*uihilr n i i r r i k i b b  

S m t l  ordrr nnd rmtittntlc*r t o :  

AMERICAN METEOROLOGICAL 
SOCIETY 
4<5 Beacon S t . .  Boston, MA 02108 

Second Conference on 
Flash Floods 

March 18-20, 1980 
Atlanta, G a .  

The Second Conference on Flash Floods, spon- 
sored by the American Meteorological Society, 
was held 18-20 March 1980 in Atlanta, Ga. The 
volume contains 45 papers arranged under the 
following session topics: 

Case studies of recent flash floods 0 Human re- 
sponse o Climatology o Satellite and radar applica- 
tions 0 Forecasting techniques 0 Operations 0 Warn- 
ing systems 0 Forecast delivery and utilization 
tems 

258 pages $N AMS Members 
10’ 

15’ 
$2d Nonmembers 

sys- 

(add $2.00 postage) 
‘while available 

Send order and remittance to: 

AMERICAN METEOROLOGICAL SOCIETY 
45 Beacon St., Boston, MA 02108 
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PREPRINTS 

SEVENTH CONFERENCE 

ON 

PROBABILITY AND STATISTICS IN ATMOSPHERIC SCIENCES 

NOVEMBER 2-6, 7987 MONTEREY, CALIFORNIA 

Session Topics: 

Principal Components 0 Radar 
0 Weather Modification 
0 Climate Modeling 
0 Satellite Applications Variables 
0 Atmospheric Systems 

0 Spatial Considerations 
0 Prediction of Continous 

0 Numerical Weather Prediction n 
0 Evaluation and Verificat 
0 Clouds and Visibility 
0 Markov Models 
0 Autoregressive Models 
0 Probability Models 

?35 Pages 

$15 AMS Members 
$20 Nonmembers 

(plus $2 postage/handlingl 

Send order & remittance to: 

American Meteorological 

45 Beacon St. 
Society 

Boston, MA 02108 
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PUBLlCATlONS OF THE AMS 
Nonmember Prices Effective August 1 .  1983. 

BOOKS 
Compendium of Meteorology. 1951-Out of Print 
Dynamic Meteorology and Weather Forecasting. 1957-Out of 
Print 
Glossary of Meteorology. 1959: third printing. 1980-$25.00 

' 

Vilhelm Bjerkiies Memorial Volume, 1962-$12.00 
A Century of Weather Progress, 1970-$10.00 
Workshop on Micrometeorolo y. 1973435.00 
Atmospheric Science mid h h i c  Poticy, 1976-$6.0U 
Workshop on the Future of National Atmospheric Kcsearch, 

Curricula in the Atmospheric and Oceanographic Sciences, 1982- 

Workshop on the Planetary Boundary Layer. 1980-$25.00 
Lectures on Air Pollution and Environmental Impact Analyses. 

Disrribured by AMs: 
Weather Modification in the Public Interest. l974-$10.50 
Clouds and Storms. 1980-$57.50 
A Field Guide to the Atmosphere, 1981--%13.95 
The American Weather Book, 1982-$14.95 

1977-$0.00 

$10.00 

1975; second printing, l982-$30.00 

METEOROLOGICAL :MONOGRAPHS (ISSN 0065-9401) 
No. 1 Wartime Developments in Applied Climatology. 

No. 2 The Observations and Photochemistry of Atmospheric 

No. 3 On the Rainfall of Hawaii, 1951-$12.00 
No. 4 On Atmosoheric Pollution. 1951-$12.00 

1 9 4 7 4  12.00 

Ozone. 1950-$12.00 

No: 23 
No. 24 
No. 25 

No. 26 

No. 27 
No. 28 

No. 29 

No. 30 
No. 31 

No. 32 

No. 33 

No. 34 

No. 35 
No. 36 
No. 37 

No. 38 

No. 39 
No. 40 
No. 41 

Hail: A Review of Hail Science and Hail Suppression, 

Solar Radiation and Clouds. 1980-$35.00 
1977-$35.00 

METROMEX: A Review and Summary, 1981-$35.00 
Tropical Cyclones-Their Evolution, Structure. and Ef- 
fects, 1982-$40.00 

N O .  
No. 
No. 
No. 
No. 

No. 
No. 
Nos. 

No. 
No. 

5 Forecasting in Middle Latitudes, 1952-Out of Print 
6 Thirty- Da y Forecasting , I 9 5 3 4  1 2.00 
7 The Jet Stream, 1954-$12.(N 
8 Recent Studies in Bioclimatology. 1954-$12.00 
9 Industrial Operations under Extremes of Weather. 

10 Interaction of Sea and Atmosphere. 1957-$l2.00 
1 I Cloud and Wea!her Modification. 1957-$12.00 

1957-$12.00 

12-20 Meteorological Research Reviews. 1957. Review of 
Climatology; Meteorological Instruments; Radiometeor- 
ology: Weather Observations. Analysis and Forecasting: 
Applied Meteorology; Physics of the Upper Atmosphere; 
Physics of Clouds: Physics of Precipitation; Atmospheric 
Electricity. (In 1 voI.)-$24 

21 Studies of Thermal Convection. 1959-$12.00 
22 Topics in Engineering Meteorology. 1960-$12.00 

Atmosoheric Radiation Tables. 1960-$12.00 
Fluctuations in the Atmospheric Inertia, ~l961-$12.00 
Statistical Prediction by Discriminant Analysis. 

The Dynamical Prediction of Wind Tides on Lake Erie. 

Severe Local Storms, 1963-$20.00 Paperbound. 
Agricultural Meteorology. 1965-$20.00 Paperbound: 
$22.00 Clothbound. 
Scattered Radiation in the Ozone Absorption Bands at 
Selected Levels of a Terrestrial, Rayleigh Atmosphere. 
1966-$20.00 Paperbound; $22.00 Clothbound 
The Causes of Climatic Change, 1968-$20.00 
Meteorological Investigations of the Upper Atmosphere. 

On the Distribution and Continuity of Water Substance in 
Atmospheric Circulations, 1969-$18.00 
Meteorological Observations and Instrumentation, 

Long-Period Global Variations of Incoming Solar Radia- 
tion, 1971-$20.00 
Meteorology of the Southern Hemisphere, 1972425 
Alberta Hailstorms, 1973-518.00 
The Dynamic Meteorology of the Stratosphere and Meso- 
snhere. 1975-$35.00 

1962-$12.00 

1963-$12.00 

1968-$I8.00 

1970425 .OO 

* Add $2.00 per itrni for postaKc and handling. Prices SUIJ- 
ject to future changes without notice. 

HISTORICAL MONOGRAPHS 
'rhe History of American Weather (All 4 vols.-S40.00) 

Early American Hurricanes (1492-1870), 1963-$12.00 
Early American Winters (2 voIs.-$22.00) 

Early American Tornadoes (1586-1870), 1970-$12.00 

$20.00 

Thought in the Nineteenth Century, 1979-$35.00 

(1604-1820), 1966-7812.00 
(1821-1870), 1967---$12.00 

The History of Meteorology (to 1800). 1977; second printing. 1983- 

The Thermal Theory of Cyclones: A History of Meteorological 

TRANSLATIONS 
No. 76 Problems of U iiarnic Meteorology and Climatic 

No. 82 Question of Physics of'the Atmosphere-$5.00 
Studies of Clouds, Precipitation, and Thunderstorn1 Elec- 

tricity-$10.00 

Theory -Out  of S r in t  
' 

CONFERENCE PREPRINTS/PROCEEDINGS 
$20.00 each (unless other price is given) 

Second National Conference an  Weather Modihcation, 1970 
Seventh Conference on Severe 1,ocal Storms, 1971 
International Conference on Weather Modification, 1971 
Second Symposium on hfeteorological Observations and 

'Third Conference on Weather Modification, 1972 
Conference on Atmospheric Radiation, 1972 
Third conference on Probability and Statistics in Atmospheric 

Science, 1973 
International Tropical Meteorology Meeting, 1974 ( 2  vols.) 

4 2 5  
Second International Conference on the Environmental Im- 

pact of Aerospace Operations in the High Atmosphere, 1974 
Sixth conference on Aerospace and Aeronautical Meteorology, 

I974 
Fourth Confcrence on Weather Modification, 1974 
Third Symposium on Meteorological Observations and 

b-ourth Conference on Probability and Statistics in Atmo- 

Conference on 1 lydrometeorology, 1976 
Iiiternational Conference on Cloud Physics, 1976-$35.00 
'I'hird Conference on Numerical \reather Prediction, 1977 
Sixth Conference on Planned and Inadvertent Weather 

10th Conference 011 Severe Local Storms, 1977 
Second Conferelice on ~-lvdronieteorolo~v. 1977 

Instrunientation, 1972 

Instrumentation, 1975 

spheric Sciences, 1975 

Modification, 1977 

Fifth Conference on Probability and St&tics in Atmospheric 

Joint Conference on Applications of Air Pollution Meteor- 

I I th Technical Cotiference on Hurricanes and Tropical 

Fifth Joint Conference on Fire and Forest Meteorology, 1978 
18th Conference on Radar Meteorology, 1978 
Conference on Flash Floods : Hydrometeorological Aspects, 

Conference on Climate and Energy : Climatological Aspects 

Conference on Sierra Nevada Meteorology, 1978 
Third Conference on Atmospheric Radiation, 1978 (Abstracts) 
Conference on Cloud Physics and Atmospheric Electricity, 

Conference on Weather Forecasting and Analysis and Aviation 

Conference on Atnios heric Environment of Aerospace Sys- 

Sciences, 1977 

ology, 1977 

Meteorology, 197 7-$25 .OO 

1978 

and Industrial Operations, 1978 

19 7 8-$25 -00 

Meteorology, 1978 

tems and Applied deteorology, 1978 
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(continued) 

Conference and Workshop on Wind Energy Characteristics 

Third Conference 0 1 1  13 ydrolneteorology, 1979 
1 Ith Conference on Severe Local Storms, 1979 
Seventh Conference on Inadvertent and Planned Weather 

Modification, 1979 (Extended Abstracts) 
Sixth Conference on Probability and Statistics in Atmospheric 

Sciences, 1979 
Second Conference on Coastal Meteorology, 1980 
Second Conference on Flash Floods, 1980 
Second Joint Conference on Applications of Air I’ollution 

Meteorology and Second (‘onference on Industrial Meteorol- 

Eighth Conference on Weather Forecasting and Analysis, 1Y80 
13th Technical Conference on Hurricanes and Tropical Meteor- 

Fifth Symposium on Turbulence, Diffusion, and Air Pollution, 1981 

and Wind Energy Siting, 1979-$25.00 

ogy, 1980-$32.00 

ology, 1980 

(Extended Abstracts) 

Conference on Biometeorology, 1981 (Extended Abstracts) 
15th Conference on Agriculture and Forest Meteorology and Fifth 

Fourth Conference on AtmospFeric Radiation. 1981 
Eighth Conference on Inadvertent and Planned Weather Modifica- 

Fourth Conference on Hydrometeorology, I98 I 
Fifth Conference on Numerical Weather Prediction. 1981 
Seventh Conference on Probability and Statistics in Atmospheric 

Second Conference on Mountain Meteorology. 1981 
20th Conference on Radar Meteorology, 1981425 
12th Conference on Severe Local Storms. 1982425 
Third Joint Conference on Applications of Air  Pollution Meteor- 

First International Conference on Meteorology and Air/Sea Inter- 

Second Symposium on the Composition of the Nonurban Tropo- 

tion, 1981 (Extended Abstracts) 

Sciences. I98 I 

ology (Extended Abstracts), 1982 

action of the Coastal Zone. 1982425 

sphere (Extended Abstracts). 1982 

* Add $2.00 per item for postage and handling. Prices sub- 
ject to future changes without notice. 

Ninth Conference on Weather Forecasting and Analysis, 1982 
Conference on Cloud Physics (Extended Abstracts), 1982 
Proceedings of the International Conference on the Aviation 

Proceedings of the International Conference on Climate and Off- 

Sixth Symposium on Turbulence and Diffusion (Extended Abstracts). 

Fifth Symposium on Meteorological Observations and lnstrumen- 

16th Conference on Agriculture and Forest Meteorology and Sixth 

Seventh Conference on Fire and Forest Meteorology. 1983 
Sixth Conference on Numerical Weather Prediction. 1983 
Ninth Conference on Aerospace and Aeronautical Meteorology. 

First International Conference on Southern Hemisphere Meteorol- 

21st Conference on Radar Meteorology. 1983432 
13th Conference on Severe Local Storms (Extended Abstracts). 

Fifth Conference on Hydrometeorology. 1983 
Fifth Conference on Atmospheric Radiation (Extended Abstracts), 

Eighth Conference on Probability and Statistics in Atmospheric 

Weather System, 1981 (published 1982)-$25 

shore Energy Resources, 1980 (published 1982)-$25 

1983 

tation, 1983425 

Conference on Biometeorology (Extended Abstracts). 1983 

1983 

ogy (Extended Abstracts). 1983 

1983425 

1983 

Sciences, 1983 

BIBLIOGRAPHIES ON OCEANOGRAPHY 
Ph sical Oceanography of the Indian Ocean, 1 9 6 5 4 u t  of 

L i n t  
Collected Biblio raphies on Physical Oceanography. (1953- 

1964), 1 9 6 6 d u t  of Print 
Marine Corrosion, 1967-$5.00 
Marine Seismics, 1967-$5.00 
Oceanography of the Tropical Atlantic, 1967-0ut of Print 
Marine Atlases, 1968-$10.00 

ARlSnewsletter 
Volume 5 ,  1984. Monthly Calendar year subscription : $60.00* 

Brief, timely reports on happenings on the Li’ashington scene and 
throughout the  U.S. and the world meteorological communities. T h e  
affairs of government, industry, academe, and  national and  international 
bodies a s  they affect the  atmospheric and  related hydrospheric sciences 

and  their practitioners a re  reported under the  following headings : News ; 
Opportunities ; Dates  t o  Note ; Congressional Happenings ; Government 
Publications; Personalities; and  Contracts  and  Grants .  

‘Add $15 for postage and handling of subscriptions mailed outside U S A :  and Canada. 

For further information, write to : 

AMERICAN METEOROLOGICAL SOCIETY 

45 Beacon Street, Boston, Massachusetts 02108 U. S. A. 
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TROPICAL CYCLONES 
Their Evolution, Structure and Effects 

by Richard A. Anthes 

Tropical cyclones and hurricanes, 
long feared for the death and de- 
struction that often accompanies 
them, are among the most fasci- 
na ring of atmospheric phenomena. 
Created by thermodynamic proc- 
esses, they unleash vast amounts 
of energy and influence a wide var- 
iety of natural processes along 
their paths. 

In Tropical Cyclones- Their 
Euoljvtion, Structure and Effects, 
the author, Richard A. Anthes, 
tells the story of their creation and 
destruction, of meteorology's suc- 
cesses in understanding, modeling 
and predicting their behavior, and 
of the attempts to modify them. 

Chapter Topics Include: 

Structure and Life Cycle of 
Tropical Cyclones 

Physical Processes in Trop- 
ical Cyclones 

Simulation of Tropical Cy- 
c lones by Numerical  
Models 

Hum'cane Modification 
Oceanic Response to Trop- 

Tropical Cyclone Forecasting 
ical Cyclones 

208 Pages 
11 Pages of References 
17 Photos, 99 Figures 
Hardcover 

A unique feature of this book, which may be used in the home, 
laboratory, or classroom, is a thorough treatment of the inter- 
actions between storm and ocean, with both observations and 
theory being integrated to provide a complete description. 

$30 AMS Members 
$40 Nonmembers 
( p h ~  $2 portage/handling 

Send order and remittance to:  

AMERICAN METEOROLOGICAL SOCIETY 
45 Beacon St. 

Boston, Mass. 02108 

Meteorological Monographs, Vol. 19, No. 41 
American Meteorological Society 

ISBN: 0-933876-54-8 
' ISSN: 0065-9401 


