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ABSTRACT 

The e f f e c t s  o f  f i n i t e  and s e m i - i n f i n i t e  c l oud  shape on d i u r n a l  

s a t e l l i t e  observat ions were i n v e s t i g a t e d  by s i m u l a t i n g  d i u r n a l  s a t e l l i t e  

observa t ions  o f  a  f i n i t e  cub ic  and s e m i - i n f i n i t e  c l oud  and comparing 

these r e s u l t s  w i t h  ac tua l  d i u r n a l  sate1 1  i t e  observa t ions  o f  c l oud  f i e l d s .  

Theo re t i ca l  sate1 1  i t e  observa t ions  were c rea ted  by computing re1  a t i v e  

rad iances from a  t h e o r e t i c a l  mode1 which used t h e  Monte Ca r l o  method t o  

s imu la te  t h e  s c a t t e r i n g  o f  s o l a r  r a d i a t i o n  by a  f i n i t e  and i n f i n i t e  

c l oud  f o r  o p t i c a l  depths o f  73.5 and 20.0. The d i u r n a l  v a r i a t i o n s  i n  

rad iance  f o r  an i n f i n i t e  and f i n i t e  cub ic  c l oud  viewed a t  a  z e n i t h  ang le  

(8 )  o f  0' were bo th  symmetric about l o c a l  noon when t h e  maximum rad iance  

occurred. When v iew ing  t h e  same c louds from an average z e n i t h  ang le  

(8)  o f  18"  t o  31 " (measured westward from z e n i t h )  , t h e  d i u r n a l  v a r i a t i o n  

i n  rad iance  f o r  t he  i n f i n i t e  c l oud  was aga in  n e a r l y  symmetric about 

l o c a l  noon when t h e  maximum rad iance  occurred. The f i n i t e  cub ic  c loud, 

however, had a  skewed d i u r n a l  v a r i a t i o n  i n  rad iance  w i t h  t he  maximum 

radiance o c c u r r i n g  a t  1400 l o c a l  t ime.  Th is  was t r u e  f o r  bo th  o p t i c a l  

depths. 

The t h e o r e t i c a l  d i u r n a l  v a r i a t i o n s  i n  rad iance  f o r  t h e  i n f i n i t e  

and f i n i t e  c louds were then  compared t o  d i u r n a l  rad iance data from 

c loud  f i e l d s  observed by geos ta t i ona ry  s a t e l l i t e .  The comparison was 

done by forming cumula t i ve  d i s t r i b u t i o n  f u n c t i o n s  (CDF) f rom h o u r l y  

f requency d i s t r i b u t i o n s  o f  d i g i t i z e d  v i s i b l e  sate1 1  i t e  data.  Selected 



CDF probabi l i ty  l eve l s  were plotted as  a function of time and then com- 

pared t o  the  theoret ica l  diurnal var ia t ion of radiance. 

Two cloud f i e l d s  consis t ing of cloud c lu s t e r s  t h a t  covered more 

than 90 percent of the  4' l a t i t u d e  by 4' longitude study area were chosen 

t o  examine the  diurnal radiance pattern of semi-infini te clouds. The 

observed radiance pattern fo r  both of the  observed cloud f i e l d s  c losely  

resembled the  theoret ica l  radiance pattern f o r  an i n f i n i t e  cloud w i t h  

the  pattern being symmetric about local noon when the  maximum radiance 

occurred. This was t r u e  f o r  both 4 and 16 n .  m i  resolution data .  Two 

cloud f i e l d s  consist ing of scat tered clouds t h a t  covered l e s s  than 30 

percent of  the study areas  were chosen t o  examine t he  diurnal radiance 

pattern of f i n i t e  clouds. The diurnal radiance observations a t  4 and 

16 n .  m i  resolut ions  fo r  both observed cloud f i e l d s  c losely  resembled 

the  theoret ica l  radiance pat tern  fo r  a f i n i t e  cloud viewed from 8 = 18+31° ,  

w i t h  the  greater  radiances occurring d u r i n g  the  afternoon hours and 

peaking a t  1400 LT. 

The r e s u l t s  from the four cloud f i e l d s  showed t h a t  the  rad ia t ive  

features  of both semi- inf in i te  and f i n i t e  clouds can be found i n  s a t e l -  

l i t e  observations. T h i s  was t r u e  not only f o r  the  h i g h  resolution data 

(4  n .  mi), b u t  a l so  fo r  16 n .  m i  resolut ion data indicat ing t h a t  none 

of these cloud rad ia t ive  features  were resolution dependent. 



ACKNOWLEDGEMENTS 

The authors would l i k e  t o  thank Drs. W. Gray and P. Mielke, f o r  

t h e i r  he lp fu l  suggestions, Ms. Lee Ann M i t che l l  and Od i l i a  Panella f o r  

t h e i r  he1 p i n  t yp ing  the  manuscript, M r .  John K l e i s t  f o r  h i s  programming 

assistance and Ms. Judy Sorbie f o r  d r a f t i n g  the f igures.  This research 

was supported by the National Science Foundation under grant  ATM78-27556. 

Computer t ime was provided by the National Center f o r  Atmospheric Research 

which i s  supported by the National Science Foundation. 



TABLE OF CONTENTS 

Chapter 

ABSTRACT . . ; . . . . . . . . . . . . . . . .  

P 

Page 

. iii w 

. . . . . . . . . . . . . . . . . . . . .  ACKNOWLEDGEMENTS I 

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . .  v i i  

LIST OF SYMBOLS . . . . . . . . . . . . . . . . . . .  
1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  

1.1 Background . . . . . . . . . . . . . . . . . .  
1.2 Problem and Ob jec t i ves  . . . . . . . . . . . . .  
1.3 Approach . . . . . . . . . . . . . . . . . . . .  

2. SIMULATED DIURNAL RADIANCE PATTERNS OF A FINITE 
AND AN INFINITECLOUD . . . . . . . . . . . . . . . . . .  5 
2 .1  Model D e s c r i p t i o n  . . . . . . . . . . . . . . . . . .  5 
2.2 Adjustment o f  Model Radiances t o  Simulate 

S a t e l l i t e D a t a  . . . . . . . . . . . . . . . . . . .  11 
. . .  2.3 Model Resul ts  S imu la t i ng  S a t e l l i t e  Observat ions 15 

3. SATELLITE DATA DESCRIPTION AND PROCESSING . . . . . . . .  23 
3 . 1  S a t e l l i t e  C h a r a c t e r i s t i c s  . . . . . . . . . . . . . .  23 
3.2 S a t e l l i t e  Dataset  D e s c r i p t i o n  . . . . . . . . . . . .  24 
3.3 C a l i b r a t i o n  o f  SMS-1 V i s i b l e  S a t e l l i t e  Data . . . . .  25 
3.4 C a l i b r a t i o n  o f  SMS-1 I n f r a r e d  S a t e l l i t e  Data . . . .  33 
3.5 S t a t i s t i c a l  Procedures Performed on S a t e l l i t e  Data . 33 

4. DESCRIPTIVE COMPARISON OF SIMULATED DIURNAL SATELLITE 
OBSERVATIONS WITH SMS-1 DIURNAL SATELLITE DATA . . . .  37 
4 . 1  Comparison o f  an I n f i n i t e  Cloud D iu rna l  Radiance 

P a t t e r n  w i t h  Two Selected Cloud F i e l d s  . . . . . . .  37 
4 .1 .1  Case 1 . . . . . . . . . . . . . . . . . . . .  37 
4.1.2 Case 2 . . . . . . . . . . . . . . . . . . . .  44 

4 . 2  Comparison o f  a F i n i t e  rb ic  Cloud D iu rna l  
Radiance P a t t e r n  w i t h  . .  Selected Cloud F i e l d s  . . .  5 1  

. . . . .  4.2.1 Case 3 . . . . . . . . . . .  . . 5 1  
4.2.2 Case 4 . . . . . . .  . . . . . . .  56 

5. SUMMARY AND CONCLUSIONS . . . . . . . . . . . . .  6 4 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . .  67 



LIST OF FIGURES 

F igure  Page 

Cumulative p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n  f o r  C 1  
model a t  h = 0.7 pm . . . . . . . . . . . . . . . .  
Slab c loud  w i t h  coord ina te  system . . . . . . . . .  

Examples o f  a  s i n g l e  s a t e l l i t e  observa t ion  o f  a  
t h e o r e t i c a l  i n f i n i t e  (a) and f i n i t e  cub ic  c l oud  (b) . 

4  
. r 

R e l a t i v e  p o s i t i o n s  o f  t h e  s a t e l l i t e  and a  f i n i t e  C. - 

c l oud  s i t u a t e d  i n  t h e  e q u i t o r i a l  p lane a t  t h e  equinox . . 16 

5  Theo re t i ca l  d i u r n a l  v a r i a t i o n  o f  upwe l l i ng  radiance 
as viewed by s a t e l l i t e  f o r  an o p t i c a l l y  t h i c k  (t = 73.5) 
i n f i n i t e  c l oud  ( t op  two curves) and f i n i t e  cub ic  c l oud  
(bottom two curves) from 0 = 0' (a) and 0 = 18 -t 31 O ,  

0 = 2 z 0  (b)  . . . . . . . . . . . . . . . . . . . .  
Same as F igure  5  except t = 20 . . . . . . . . . .  
Averaging scheme used t o  reduce % n. m i  r e s o l u t i o n  
6 - b i t  v i s i b l e  da ta  t o  2  n. m i  r e s o l u t i o n  8 - b i t  data . . .  26 

8 GATE sec to r  and SMS-1 s a t e l l i t e  subpoint  (SSP) . . .  

Comparison o f  NOAA-2 SR ( s o l i d  l i n e )  and SMS-1 V I S S R  
(dashed l i n e )  r e l a t i v e  response func t i ons  . . . . .  

10 GATE sec tor  and t h e  f o u r  regions o f  simultaneous 
measurements by SMS-1 and NOAA-2 on September 17, 
1974 near 1000 GMT . . . . . . . . . . . . . . . . . . . .  30 

SMS-1 v i s i b l e  photograph from J u l y  8, 1974 con ta in ing  
t h e  Case 1 c loud  f i e l d  . . . . . . . . . . . . . . . . . .  38 

Diurna l  v a r i a t i o n  o f  se lec ted  CDF p r o b a b i l i t y  l e v e l s  
f o r  4 n. m i  r e s o l u t i o n  I R  data f o r  Case 1 . . . . . . . .  40 

D iu rna l  v a r i a t i o n  o f  se lec ted  CDF p r o b a b i l i t y  l e v e l s  
f o r  4  n. m i  r e s o l u t i o n  v i s i b l e  radiances f o r  Case 1 . . .  4 1  

14 D iurna l  v a r i a t i o n  o f  t h e  50% p r o b a b i l i t y  l e v e l  
from F igure  13 and t h e  (90%-60%) d i f f e r e n c e  a t  
4  and 16 n. m i  r e s o l u t i o n s  f o r  v i s i b l e  radiances . . . . . .  43 

SMS-1 v i s i b l e  photograph from June 29, 1974 con ta in ing  
t h e  Case 2  c loud  f i e l d  . . . . . . . . . . . . . . . .  
D iu rna l  v a r i a t i o n  o f  se lec ted  CDF p r o b a b i l i t y  l e v e l s  
f o r  4  n. m i  r e s o l u t i o n  I R  data f o r  Case 2  . . . . .  



LIST OF FIGURES (cont inued) 

F igure  

17 D iu rna l  v a r i a t i o n  o f  se lec ted  CDF probabi  1  i ty  l e v e l s  
f o r  4 n. m i  r e s o l u t i o n  v i s i b l e  radiances f o r  Case 2 . 

D iu rna l  v a r i a t i o n  o f  t h e  50% p r o b a b i l i t y  l e v e l  
f rom F igure  17 and t h e  (90%-60%) d i f f e r e n c e  a t  
4  and 16 n. m i  r e s o l u t i o n s  f o r  v i s i b l e  radiances . . .  

19 SMS-1 v i s i b l e  photograph from J u l y  8, 1974 con ta in ing  
t h e  Case 3 c loud  f i e l d  . . . . . . . . . . . . . . . .  

2 0  D iu rna l  v a r i a t i o n  o f  se lec ted  CDF probabi  1  i t y  l e v e l s  
f o r  4 n. m i  r e s o l u t i o n  I R  da ta  f o r  Case 3  . . . . . .  

2 1 Diu rna l  v a r i a t i o n  o f  se lec ted  CDF p robab i l  i t y  l e v e l s  
f o r  4  n. m i  r e s o l u t i o n  v i s i b l e  radiances f o r  Case 3 . 

22 D iu rna l  v a r i a t i o n  o f  t h e  50% probabi 1  i ty  l e v e l  
f rom F igure  2 1  and t h e  (90%-60%) d i f f e r e n c e  a t  
4 and 16 n. m i  r e s o l u t i o n s  f o r  v i s i b l e  radiances . . .  

Page 

2 3 SMS-1 v i s i b l e  photograph from J u l y  13, 1974 con ta in ing  
. . . . . . . . . . . . . . . . . .  t h e  Case 4  c loud  f i e l d  58 

24 D iu rna l  v a r i a t i o n  o f  se lec ted  CDF p robab i l  i t y  l e v e l s  
f o r  4 n. m i  r e s o l u t i o n  I R  da ta  f o r  Case 4 . . . . .  

D i  u rna l  v a r i a t i o n  o f  se lec ted  CDF probabi 1  i ty 1  eve1 s  
f o r  4 n. m i  r e s o l u t i o n  v i s i b l e  radiances f o r  Case 4 . 

26 D iu rna l  v a r i a t i o n  o f  t h e  50% p r o b a b i l i t y  l e v e l  
f rom F igure  25 and t h e  (90%-60%) d i f f e r e n c e  a t  

. . .  4 and 16 n. m i  r e s o l u t i o n s  f o r  v i s i b l e  radiances 

v i i i  



LIST OF SYMBOLS 

i 

lwc 

s 1 ope 

area of cloud top 

area of X-face of cloud 

area of Y-face of cloud 

y- i ntercept 

6-bit  raw count for  sensor i 

SMS-1 nonlinear 8-bi t  raw count 

SMS-1 1 inear 8-bit  raw count 

NOAA-2 1 i near 8-bi t raw count 

cumulative dis t r ibut ion function 

i nterpol ated probabi 1 i t y  1 evel 

gain of sensor i 

1 iquid water content 

occurrence corresponding to  a particular probabi 1 i ty  level 

effective f i  1 tered radiance 

number of occurrences in the i t h  class  interval 

number of cloud droplets cm -3  pm-l 

model radiance from cloud top into sol id angle AuI(~,$) 

N~ model radiance from X-face of cloud into sol id angle h ( i , 5 )  

N~ model radiance from Y-face of cloud into sol id angle b ( 6 , $ )  

nh(i ,$) area-averaged radiance into sol id angle b(i ,?) 

O i offset  of sensor i 

power of sensor i 

P L probabi 1 i ty  1 eve1 

P(a) scattering phase function 

PP(a) cumulative probabi 1 i t y  number 



probabi 1 i ty 

d rop le t  radius i n  microns or co r re l a t i on  c o e f f i c i e n t  

random number 

geometric distance 

u n i t  vector i n  d i r e c t i o n  o f  viewer 

u n i t  vector  normal t o  cloud top 

t o t a l  cloud area 

t o t a l  number o f  occurrences i n  a1 1 c lass i n t e r va l s  

voltage o f  sensor i 

highest c lass i n t e r v a l  o f  a t  l eas t  one occurrence 

X-axis 

u n i t  vector  normal t o  X-face o f  c loud 

Y-axis 

u n i t  vector  normal t o  Y-face o f  c loud 

Z-axis 

sca t te r ing  angle 

volume sca t te r ing  c o e f f i c i e n t  

second sca t te r ing  angle 

wavelength 

s o l i d  angle 

azimuth angle 

op t i ca l  depth 

zen i th  angle 



i nd iv idua l  clouds. Di f ferences between the sca t te r ing  proper t ies  o f  an 

i n f i n i t e  c loud and a  f i n i t e  c loud are due t o  r ad i a t i on  enter ing and 

leaving through the sides o f  the f i n i t e  cloud. L igh t  e x i t i n g  through 

the sides o f  a  f i n i t e  c loud resu l t s  i n  a  smaller magnitude o f  upward 

d i r ec t i ona l  r e f  1  ectance compared t o  the upward d i r ec t i ona l  r e f  1  ectance 

fo r  an i n f i n i t e  cloud. The sides o f  a  f i n i t e  cloud are a lso 

responsible f o r  producing an angular d i s t r i b u t i o n  o f  scat tered 1  i g h t  

t h a t  i s  d i f f e r e n t  from t h a t  found f o r  an i n f i n i t e  cloud. The 

recogni t ion  o f  the r a d i a t i v e  e f f ec t s  o f  c loud shape has a  la rge impact 

on the approach o f  how, where and when t o  view c loud f i e l d s  t o  proper ly 

observe t h e i r  r a d i a t i v e  charac te r i s t i cs ,  such as w i t h  sate1 1  i t es .  

Sate1 1  i t e  observations o f  c loud f i e l d s  usual l y  e x h i b i t  hor izonta l  

inhomogenei t i e s  w i t h i n  those c loud f i e l d s .  I f  hor izonta l  inhomogenei- 

t i e s  are i nd i ca t i ve  o f  the presence o f  e f f ec t s  due t o  cloud shape, 

then the sca t te r ing  e f f ec t s  o f  those c loud features could a f f e c t  the 

s a t e l l i t e  observations and i n t e rp re ta t i on  o f  those observations. There 

are two ob jec t ives t o  t h i s  study t o  determine how cloud shape a f f ec t s  

sate1 1  i t e  observations and i n t e rp re ta t i on  o f  those observations. The 

f i r s t  ob jec t ive  i s  t o  inves t iga te  the e f f ec t s  o f  cloud shape on d iurna l  

s a t e l l i t e  observations o f  i nd iv idua l  clouds and f i e l d s  o f  clouds of 

varying hor izonta l  homogeneity. The second ob jec t i ve  i s  t o  invest igate  

the e f f e c t  o f  vary ing the s a t e l l i t e  sensor spa t i a l  reso lu t ion  on these 

d iu rna l  sa te l  1 i t e  observations t o  determine i f  the observed phenomena 

are reso lu t ion  dependent. 

1.3 Approach 

The f i r s t  ob jec t i ve  i s  ca r r i ed  out  by f i r s t  generat ing a  simulated 

sequence o f  d iurna l  sate1 1  i t e  observations f o r  a  theore t i ca l  f i n i t e  and 



infinite cloud for selected viewing geometries. Next, a diurnal 

sequence of high resolution visible satellite data that contains a 

field of clouds and conforms to the viewing geometries used in the 

theoretical sequences is selected. If the infrared data indicates that 

there is little change in the field or only minor changes that will not 

bias the results, the visible satellite data are statistically i j l  ; , I  

stratified and the results are compared to the previously generated 

theoretical diurnal variations of scattered light for an infinite and 1 ' 1  
a finite cloud. The second objective entails degrading the high 

resolution data to low resolution through the use of a spatial 

averaging scheme and performing the same type of analysis done in 

objective one. 



Chapter 2 

SIMULATED DIURNAL RADIANCE PATTERNS OF A FINITE AND AN INFINITE CLOUD 

2.1  Model Descr ip t ion 

The model used i n  t h i s  study f o r  s imula t ing the i n t e rac t i on  o f  

so lar  r ad i a t i on  w i t h  a  c loud i s  based on the Monte Carlo method which 

has been described i n  d e t a i l  by Cashwell and Everet t  (1959). This 

method simulates the paths o f  i nd iv idua l  photons through a  c loud by 

using random numbers i n  conjunct ion w i t h  probabi 1  i t y  d i s t r i b u t i o n s  f o r  

computing the sca t te r ing  angle o f  a  photon when an i n t e rac t i on  occurs 

and a lso f o r  computing the distance t r a v e l l e d  by a  photon between 

in terac t ions.  Kattawar and Plass (1971) and Danielson e t  a l .  (1969) 

have used the Monte Carlo method t o  compute sca t te r ing  i n  semi - in f in i te  

hor izonta l  cloud layers. Busygin e t  a l .  (1973) and McKee and Cox 

(1974, 1976) used the Monte Carlo method t o  ca lcu la te  sca t te r ing  i n  

f in i te-shaped clouds. The vers ion o f  the model used i n  t h i s  study i s  
- 

described i n  McKee and Cox (1974, 1976) and DeMaria and McKee (1979). 

A b r i e f  desc r ip t ion  o f  the model w i l l  be given t o  f a m i l i a r i z e  the 

reader w i t h  t h i s  p a r t i c u l a r  model. . 

The Monte Carlo method i s  a , - d i r ec t  s imula t ion of the r ad ia t i ve  . 

processes ins ide  a cloud. A three-dimensional se t  of boundaries are - 
defined f o r  the 1  i m i t s  o f  the cloud and then photons ',are a1 lowed t o  

; /' 

enter  the c l ~ u d  from a  spec i f i c  d i rec t ion .  The distance each photon 

t r ave l s  u n t i  1  a  sca t te r ing  event occurs i s  de,termined and then the new 

d i r e c t i o n  o f  t r ave l  i s  selected from the appropr iate phase funct ion.  



Th is  process i s  repeated u n t i l  t h e  photon escapes through a  c l o i i d  

boundary. The d i s tance  between i n t e r a c t i o n s  and the  phase func t i on  a re  

determined by s p e c i f i e d  c l oud  microphys i  c a l  p r o p e r t i e s  and t h e  wave- 

1 ength o f  t h e  i n t e r a c t i n g  r a d i a t i o n .  

The present  model considers an i s o l a t e d  c l oud  w i t h  no absorp t ion ,  

no surrounding atmosphere and no ground r e f l e c t i o n .  Consequently, t he  

o n l y  processes s imu la ted  a r e  t h e  d is tance  t r a v e l l e d  by each photon 

between s c a t t e r i n g  events and t h e  change i n  d i r e c t i o n  caused by each 

i n t e r a c t i o n .  

The c l oud  i s  assumed t o  be homogeneous and comprised o f  water 

d r o p l e t s  w i t h  a  s i z e  d i s t r i b u t i o n  o f  

6  n ( r )  = 2.373 r exp (-1.5r)  (2.1) 

where r i s  t h e  d r o p l e t  r a d i u s  i n  microns and n( r )  i s  t h e  number o f  

d r o p l e t s  cmm3 pin-1. Th i s  d i s t r i b u t i o n  was ob ta ined  from Diermendj ian 

(1969) and i s  r e f e r r e d  t o  as a  type  C1 d i s t r i b u t i o n  which i s  a  model 

f o r  a  cumulus cloud. For 100 d r o p l e t s  cmm3, t h e  C1 d i s t r i b u t i o n  

r e s u l t s  i n  a  l i q u i d  water  con ten t  ( Iwc) o f  0.063 g  mm3. The volume 

s c a t t e r i n g  c o e f f i c i e n t  ($1 i s  dependent on t h e  wavelength (A) o f  

t h e  i n t e r a c t i n g  r a d i a t i o n ,  t h e  d r o p l e t  d i s t r i b u t i o n ,  and t h e  1  i q u i d  

water  con ten t .  The va lue o f  p : r 16.73 kmml f o r  a  wavelength 

o f  0.7 pm, t h e  Cl d i s t r i b u t i o n  end a l i q u i d  water con ten t  of 

0.063 g  III-~. Since t h e  c l oud  i s  assumed t o  be homogeneous, o p t i c a l  

depth (1) i s  1  i n e a r l y  r e l a t e d  t o  geometr ic d i s tance  (s)  ' through the  

re1  a t i  on 

r = J: gds o r  r = gs. 

For t h e  C1 d i s t r i b u t i o n  and wavelength o f  0.7 pm, t h e  volume 

s c a t t e r i n g  c o e f f i c i e n t  f o r  any l i q u i d  water  con ten t  amount i s  d i r e c t l y  



propor t iona l  t o  the volume sca t te r ing  coe f f i c ien t  o f  16.73 km-l fo r  

1  i q u i d  water content o f  0.063 g  o r  

Therefore, from Eq. (2.2) a c loud 1.5 km t h i c k  would have an op t i ca l  

depth o f  25.0 f o r  a  l i q u i d  water content o f  0.063 g  m-'. The sane 

s i ze  cloud w i t h  a  l i q u i d  water content o f  0.185 g  m-3 would have a  

volume sca t te r ing  c o e f f i c i e n t  o f  49.1 from Eq. (2.3) and an op t i ca l  

depth (t) o f  73.5 from Eq. (2.2). 

The distance t h a t  a  photon t r ave l s  between sca t te r ing  events i s  

d i r e c t l y  simulated i n  the model since the f r a c t i o n  o f  r ad i a t i on  

t ransmi t ted through a  given distance (e-T) i s  a lso the p r o b a b i l i t y  

t h a t  a  photon w i l l  t r a v e l  through t h a t  same distance wi thout  an 

i n t e r a c t i o n  (PR). This i s  expressed by 

e-T = exp (- ~ i $ d s )  = PR . 

A random number (RN) between zero and one i s  chosen f o r  the 

p r o b a b i l i t y  PR, and the distance t o  the next sca t te r ing  event(s) 

i s  ca lcu la ted by determining the upper 1  i m i t  o f  i n t eg ra t i on  o f  

The s ing le  sca t te r ing  phase func t ion  P(a) defines the angular 

d i s t r i b u t i o n  o f  the r ad ia t i on  fo l l ow ing  a sca t te r ing  event. The 

sca t te r ing  angle a i s  measured from the d i r e c t i o n  o f  propogation 

before the sca t te r  t o  the d i r e c t i o n  a f t e r  the scat ter .  The phase 

funct ion i s  normalized so t h a t  the i n t eg ra l  over a l l  s o l i d  angles 

equals one, i. e. , 



2n R Jo Jo P(a) s i n  o da dy = 1 , 

where y i s  the angle o f  r o t a t i o n  about the o r i g i n a l  d i r e c t i o n  o f  

propagation. Since the phase func t ion  i s  independent o f  y, Eq. (2.6) 

reduces t o  

2n J;P(~) s i n  a  da = 1 . 

The p r o b a b i l i t y  o f  a  photon being scat tered between 0 and a (PP(CY))  

i s  then given by 
I 

PP(a) = 2n Po P(al) s i n  a '  da- , (2.8) 

where primes ind ica te  a  spec i f i c  angular i n t e r v a l  o f  i n teg ra t ion .  The 

phase funct ion i s  character ized by a  strong forward sca t te r ing  peak as 

shown i n  Figure 1 which shows a 50 percent p r o b a b i l i t y  o f  a  photon 

sca t te r ing  between 0 and 10 degrees. The sca t te r ing  angle (a) i s  

computed from Eq. (2.8) i n  the same manner t h a t  the distance between 

sca t te r ing  events was ca lcu la ted i n  Eq. (2.5). A random number between 

zero and one i s  selected f o r  PP(a) and the  upper 1  i m i  t o f  i n teg ra t ion  

i s  solved f o r  i n  Eq. (2.81, which i s  the sca t te r ing  angle a. The 

second angle y, which along w i t h  angle a  spec i fy  the new d i r ec t i on  o f  

t r ave l ,  i s  chosen randomly between 0 and 2n. 

The cloud geometry along w i t h  the coordinate system used i n  the 

model are shown i n  Figure 2. The inc iden t  sun l igh t  i s  plane p a r a l l e l  

and i s  always i n  the Y-Z plane, which r e s t r i c t s  the sun l igh t  t o  the 

s lab top and/or the +Y face o f  the cubic cloud. The d i r e c t i o n  of 

t r ave l  o f  e x i t i n g  r ad ia t i on  i s  spec i f i ed  by a zen i th  angle 8 measured 

from the +Z ax is  and an azimuth angle @ measured from the - Y  axis.  A @ 

value o f  0 i s  opposite the sun and a  @ angle o f  n i s  towards the sun. 





Figure 2. Slab cloud w i t h  coordinate system. 



The model ou tpu t  g ives  r e l a t i v e  radiance values f o r  each o f  t h e  

s lab  faces averaged over a  f i n i t e  so l  i d  angle A u ,  where 

f o r  .A(cos 8) = 0.05 and A$ = 71/12. A l l  radiances are  r e l a t i v e  t o  all 

i n c i d e n t  s o l a r  i r r a d i a n c e  o f  n. 

The accuracy o f  t h e  computed radiances depends on the  number o f  

photons processed through a  g iven  s imu la t ion .  The model s imu la t ions  

f o r  t h i s  study were performed w i t h  80,000 photons being processed 

through a  g iven  cloud. Th is  l a r g e  number o f  photons s i g n i f i c a n t l y  

reduced t h e  noise l e v e l s  i n  t h e  model radiances. 

2.2 Adjustment o f  Model Radiances t o  Simulate S a t e l l i t e  Data 

The Monte Car lo  model was used t o  s imu la te  t h e  angular  

d i s t r i b u t i o n  o f  sca t te red  l i g h t  from an i n f i n i t e  and a  f i n i t e  cloud. 

An i n f i n i t e  c loud has a  f i n i t e  v e r t i c a l  e x t e n t  and an e f f e c t i v e l y  

i n f i n i t e  h o r i z o n t a l  ex ten t .  Photons en te r  t h e  top  o f  t h e  c loud and 

e x i t  through e i t h e r  t h e  t o p  o r  b o t t e a  o f  t h e  cloud. A f i n i t e  c loud has 

photons en te r  t he  t o p  and/or one s i c { >  o f  t h e  c loud and they are  a l lowed 

t o  e x i t  any o f  t h e  s i x  faces o f  t h e  cloud. Before these model 

s imu la t ions  can be compared t o  r e a l  s a t e l l i t e  data, however, c a r e f u l  

adjustments t o  some o f  these model radiances are  necessary due t o  t h e  

sampl i ng na ture  o f  a  sate1 1 i t e  sensor. 

The sensor on a  s a t e l l i t e  cannot reso l ve  any d e t a i l s  o r  

inhomogeneit ies w i t h i n  an observa t ion  t h a t  a re  smal le r  than t h a t  

sensor 's  h ighes t  reso lu t i on .  The sensor r e t u r n s  one value f o r  each 

f i e l d  o f  view (FOV) which represents an area-weighted average o f  t he  

d i f f e r e n t  br ightnesses o f  t h e  var ious  cloird f i e l d  e l e ~ n e ~ l t s  t h a t  1 i e  



w i t h i n  t h a t  FOV: c loud top, c loud s ide and the ear th ' s  surface. A 

s a t e l l i t e  observation (or  p i x e l )  o f  an i n f i n i t e  cloud (Figure 3a) would 

have the e n t i r e  FOV f i l l e d  w i t h  c loud and i n  p a r t i c u l a r  w i t h  on ly  the 

top o f  the cloud. Since the c loud f i l l s  the FOV and i s  homogeneous, no 

adjustment o f  the i n f i n i t e  c loud Monte Carlo model radiances needs t o  

be made t o  simulate a s a t e l l i t e  observation. A sate1 l i t e  observation 

o f  a f i n i t e  cubic c loud (Figure 3b) t h a t  has the FOV exact ly  f i l l e d  by 

the c loud contains cont r ibut ions from both the top and observed sides 

o f  the cloud f o r  a l l  s a t e l l i t e  viewing angles (8) except 8 = 0'. 

Since the cloud t h a t  l i e s  w i t h i n  the FOV i s  not  homogeneous (both top 

and sides v i s i b l e  t o  sate1 1 i t e ) ,  s imula t ing a sate1 1 i t e  observation (or  

p i x e l )  o f  a f i n i t e  c loud requires area-averaging the Monte Carlo model 

radiances from the top and appropr iate sides. 

This area-averaging o f  the f i n i t e  cubic cloud model radiances i s  

accomplished by f i r s t  determining the t o t a l  cloud area (TA) v i s i b l e  

from a given sol i d  angle box hu centered on (8,q) by 

I >  ,. TAh(~ ,$) = AT(€*:) + AX(?*$) + Ay (9*$ )  , 

where AT, AX, and Ay are the areas o f  the top, X ,  and Y faces o f  the 

cloud; €, 2 ,  and 9 are the u n i t  vectors perpendicular t o  the respec- 

t i v e  cloud faces; and 5 i s  the u n i t  vector  i n  the d i r e c t i o n  spec i f ied  

by @,$). The dot  products o f  3 and the three other u n i t  vectors are 

approximated by 

I 2 cos 0 , 
, 1 1 .  

2 z s i n  0 s i n  Q , 
' 3  9.S r s i n  0 cos 41 , 



a. Infinite Cloud 

b. Finite Cloud 

Figure 3. Examples of a single satellite observation 
of a theoretical infinite (a) and finite 
cubic cloud (b). 



where cos 8  and s i n  0 a re  t h e  average cosine and s ine  o f  t h e  z e n i t h  I 

angles 0 and c o s - I  (cos 8  - .05) which bound t h e  s o l i d  angle box 
- - 

Aw(B,@); and s i n  @ and cos @ a re  t h e  average s i n e  and cosine o f  t h e  

s o l i d  angle box azimuth angles 9 and ( @  + 11/12). The area-averaged 
- - 

radiance (E) f o r  t h e  s o l i d  angle box Aw(O,+) i s  then c a l c u l a t e d  by 

m u l t i p l y i n g  t h e  radiances from each appropr ia te  s ide  by the  f r a c t i o n a l  , 

a rea o f  t h a t  s i d e  v i s i b l e  from t h e  p o i n t  de f ined  by (g,?): 

where NT, NX, and Ny a re  t h e  model ou tpu t  radiances from the  top, X ,  

and Y faces, respec t i ve l y ,  i n t o  t h e  s o l i d  angle box ~w(8 ,$) .  This  

area-averaging scheme assumes t h a t  t h e  t h e o r e t i c a l  f i n i t e  cub ic  c loud 

e x a c t l y  f i l l s  t h e  s a t e l l i t e  sensor 's  FOV f o r  a l l  poss ib le  v iewing 

angles. For t h e  case o f  t h e  cub ic  c loud used i n  t h i s  study, t h e  

t h e o r e t i c a l  s a t e l l i t e ' s  FOV must vary  by almost 7 1  percent  t o  account 

f o r  t h e  v a r i a t i o n  i n  t h e  t o t a l  c loud area viewed. 

I n  o rder  t o  compare unadjusted i n f i n i t e  c loud and ad jus ted  f i n i t e  

c loud model radiances w i t h  r e a l  s a t e l l i t e  observat ions o f  c loud f i e l d s ,  

t h e  assumption t h a t  t h e  i n d i v i d u a l  c loud elements i n  t he  observed c loud 

f i e l d s  a re  r a d i a t i v e l y  n o n i n t e r a c t i n g  must be made. Th i s  assumption i s  

necessary s ince  t h e  r a d i a t i v e  behavior  o f  a  f i e l d  o f  c louds i s  being 

compared t o  an i n d i v i d u a l  t h e o r e t i c a l  c l oud  which i s  v o i d  o f  c loud 

i n t e r a c t i o n s .  Also, i t  i s  necessary t o  use o n l y  observed c loud f i e l d s  

which are,  on t h e  whole, c l ose  t o  a  s teady-state c o n d i t i o n  throughout 

t h e  day. Th is  i s  necessary because l a r g e  changes i n  c loud cover o r  

th ickness  cou ld  s u b s t a n t i a l l y  a f f e c t  t h e  d i u r n a l  v a r i a t i o n  i n  observed 



rad iance f o r  t h a t  c l oud  f i e l d .  Some changes i n  t h e  mic rophys ica l  

s t r u c t u r e  o f  t h e  observed c louds may occur d u r i n g  t h e  day, b u t  McKee 

and K leh r  (1978) demonstrated t h a t  such changes w i l l  change t h e  . . , . 
r e f l e c t e d  radiances by o n l y  a few percent .  .-: 

2.3 Model Resul ts  S imu la t i ng  Sate1 1 i t e  Observat ions 

Simulated upwe l l i ng  rad iances from an i n f i n i t e  c l oud  and a f i n i t e  

cub ic  c l oud  f o r  s o l a r  z e n i t h  i l l u m i n a t i o n  angles (e0) o f  0, 15, 30, 45 

and 60' were c a l c u l a t e d  us ing  t h e  Monte Ca r l o  model. Two se ts  o f  

s imu la t i ons  were performed w i t h  c louds o f  o p t i c a l  depth 73.5 and 20.0 

(F igures 5 and 6, r e s p e c t i v e l y ) .  Both f i g u r e s  show t h e  t h e o r e t i c a l  

d i u r n a l  v a r i a t i o n  o f  s c a t t e r e d  l i g h t  observed by s a t e l l i t e  f o r  an 

i n f i n i t e  and f i n i t e  cub i c  c l oud  from two d i f f e r e n t  v iew ing  geometries. 

The c louds l i e  on t h e  equator  a t  t h e  equinox so t h a t  t h e  sun passes 

d i r e c t l y  overhead a t  l o c a l  noon (F igure 4). The two v iew ing  angles a re  

i n  t h e  p lane  of t h e  c l oud  and sun a t  z e n i t h  angles o f  8 = 0' and an 

average angle ( 8 )  f rom 18  t o  31 O ,  @ = 2Z0, w i t h  t he  ang le  measured west- 

ward from z e n i t h  a l l o w i n g  t h e  v iewer  t o  see o n l y  t he  t o p  and west face  

of the  c loud.  This  i n t e r v a l  o f  v iew ing  angles was chosen s ince  t h e  

SMS-1 s a t e l l i t e  i s  s i t u a t e d  over t h e  equator a t  45OW l o n g i t u d e  and t h e  

GATE sec to r  covers t h e  l o n g i t u t i n a l  i n t e r v a l  50°W t o  5"W, a1 l ow ing  f o r  

a  40" l o n g i t u d i n a l  range i n  s a t e l l i t e  v iew ing  angles a long  t h e  equa- 

t o r i a l  p lane t o  t h e  eas t  o f  t he  s a t e l l i t e  sub-point .  

F igu re  5 dep i c t s  t h e  t h e o r e t i c a l  d i u r n a l  v a r i a t i o n  o f  upwel l  i n g  

rad iance f o r  an o p t i c a l l y  t h i c k  (t = 73.5) i n f i n i t e  and f i n t e  cub ic  

c l oud  from two d i f f e r e n t  v iew ing  geometries. When l o o k i n g  s t r a i g h t  

down a t  an i n f i n i t e  c l oud  (8 = 0°), t h e  d i u r n a l  v a r i a t i o n  o f  rad iance 

i s  symmetric about l o c a l  noon. when the  peak rad iance i s  observed. The 
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Figure 5. Theoretical diurnal var ia t ion of upwelling radiance as 
viewed by s a t e l l i t e  fo r  an op t ica l ly  thick (T = 73.5) 
i n f i n i t e  cloud ( top two curves) and f i n i t e  cubic cloud 
(bottom two curves) from 8 = O0 ( A )  and 8 = 18+ 31 O, 
(I = 2 2 O  (B). 



r e l a t i v e  radiances range i n  magnitude from 0.40 four hours before and 

a f t e r  noon t o  a peak value of 1.07 a t  local noon. When viewing the 

same i n f i n i t e  cloud a t  an average zenith angle 8 = 18 -t 31 O ,  4 = 22O, 

a s l i g h t l y  d i f f e r en t  diurnal radiance pattern i s  observed. Overall , 

the  two curves a r e  very s imi la r :  both tend t o  be nearly symmetric 

about local  noon and both a r e  c lose  in  magnitude a t  most times of the  

day. The l a rge s t  d i f ferences  occur during mid-moring and a t  noon when 

the  radiances a r e  s l i g h t l y  l e s s  than the  8 = 0" case. The f i n i t e  cubic 

cloud simulation f o r  0 = O 0  (where only the  cloud top i s  observed) 

depicted i n  Figure 5 i s  s imi lar  i n  shape t o  what i s  seen i n  the i n f i n i t e  

cloud case fo r  8 = 0". The curve i s  symmetric about local noon w i t h  

the  r e l a t i v e  radiances ranging in magnitude from 0.33 four hours before 

and a f t e r  local noon t o  a maximum value of 0.61 a t  local noon. When 

t h i s  same f i n i t e  cloud i s  viewed off  the  ve r t i ca l  8 = 18 -+ 31°, a  

s t r i k ing ly  d i f f e r en t  diurnal var ia t ion i n  observed radiance occurs. 

In this case both the  top and west face of the  cloud a re  v i s i b l e  t o  

the viewer or  s a t e l l i t e .  In the morning hours a ra the r  slow r i s e  i n  

r e l a t i v e  radiance i s  observed from 0.24 r e l a t i v e  radiance a t  0800 LT 

t o  0.38 r e l a t i v e  radiance a t  1200 LT w i t h  only the  top and ea s t  face  

of the cloud being d i r ec t l y  illuminated by the  sun. In the afternoon 

hours a sharp r i s e  i n  observed radiance occurs as the  west face of the  

cloud becomes illuminated i n  addit ion t o  the top of the  cloud. This 

e f f e c t  r e s u l t s  i n  a  maximum observed r e l a t i v e  radiance of 0.47 a t  

1330 LT. 

Figure 6 depic ts  the  theoret ica l  diurnal var ia t ion of upwelling 

radiance fo r  an i n f i n i t e  and a f i n i t e  cubic cloud each w i t h  an optical  

depth of 20.0 and from the  same two viewing geometries discussed i n  



"' ~ f g u r e  6 .  Same as Figure 5 except T = 20. 
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Figure 5. The 0 = 0" i n f i n i t e  cloud case i s  symmetric about local 

noon w i t h  r e l a t i v e  radiances ranging i n  magnitude from 0.32 four hours 

before and a f t e r  noon t o  a maximum value of 0.71 a t  local noon. When 

viewed from 8 = 18 + 31°, the  diurnal radiance pattern s t i l l  tends t o  

be symmetric about noon w i t h  both curves being close i n  magnitude a t  

most times of the  day. The peak radiance of 0.68 r e l a t i v e  radiance 

occurs a t  1300 LT, but this i s  only a minor increase from the 1100 LT 

r e l a t i v e  radiance of 0.66. Except f o r  s l i g h t l y  lower 1100 and 1200 LT 

r e l a t i v e  radiance values and s l i g h t l y  higher afternoon r e l a t i v e  rad i -  

ances, the  two i n f i n i t e  cloud curves a re  almost ident ica l .  The f i n i t e  

cubic cloud case fo r  8 = 0° depicted i n  Figure 6 i s  symmetric about 

noon with r e l a t i v e  radiances ranging i n  magnitude from 0.20 four hours 

before and a f t e r  local  noon t o  a peak value of 0.32 a t  local noon. 

Viewing this same f i n i t e  cloud from an average angle 8 = 18 -+ 31" so 

t h a t  the top and west face a r e  v i s i b l e  t o  the observer r e s u l t s  i n  a 

noticeably skewed diurnal brightness d i s t r i bu t i on ,  s imi la r  t o  what was 

previously described i n  Figure 5. In this case,  the r e l a t i v e  radiances 

observed i n  the  morning hours (-0.18) show 1 i t t l e  change pr ior  t o  noon. 

A t  1300 LT, however, a 33 percent increase t o  approximately 0.24 re la -  

t i v e  radiance occurs and this value pe r s i s t s  unt i l  1600 LT. 

The previous discussion has pointed out a number of cha r ac t e r i s t i c s  

of clouds through the use of simulated diurnal s a t e l l  i t e  observations. 

The f i r s t  cha r ac t e r i s t i c  i s  t h a t  an i n f i n i t e  cloud viewed anywhere i n  

the  in terval  0 = O 0  t o  = 18 + 31 (measured westward from zeni th)  has 

a theoret ica l  diurnal radiance pattern t h a t  i s  e s s en t i a l l y  symmetric 

about noon, has a sharp r i s e  ( f a l l )  i n  the  morning (afternoon) hours, 



and has a maximum radiance value a t  or very close to  noon which i s  

driven by the diurnal variation of the incident solar radiation. The 

second character is t ic  i s  that  a f i n i t e  cloud (or a f ie ld  of radiatively 

noninteracting f i n i t e  clouds) viewed a t  8 = 0" has a theoretical diurnal 

radiance pattern that  i s  also symmetric about noon w i t h  a  peak value 

occurring a t  local noon. The third character is t ic  i s  that  when viewing 

f i n i t e  clouds from an average angle 8 = 18 +- 31°, a prominent afternoon 

peak i n  radiance i s  observed that  i s  a t  l eas t  30 percent greater than 

the 1100 LT radiance vlaue. This i s  character is t ical ly  unique to  the 

f i n i t e  cloud i n  that  the duration of these higher radiances i s  for  

three or more hours in the afternoon and the percent increase i n  a f te r -  

noon radiances i s  f a r  greater than any observed i n  the two in f in i t e  

cloud cases. 

Significant differences between the theoretical diurnal variation 

i n  observed radiances for an in f in i t e  and  f i n i t e  cubic cloud for  

8 = 18 + 31" are  due to  cloud shape as both the cloud top and west 

face become illuminated i n  the afternoon i n  the f i n i t e  cloud case. 

Similar diurnal radiance patterns should be apparent i n  s a t e l l i t e  

observations of inhomogeneous cloud f ie lds  i f  those horizontal inhomo- 

geneities are indicative of the presence of effects  of cloud shape. 





Chapter 3 

SATELLITE DATA DESCRIPTION AND PROCESSING 

The s a t e l l i t e  data used i n  t h i s  study f o r  comparison w i t h  t he  

s imulated sate1 1 i t e  observat ions i s  1974 GARP A t l a n t i c  T rop i ca l  

Experiment (GATE) s a t e l l i t e  da ta  which was c o l l e c t e d  by the  f i r s t  

Synchronous Meteor01 og i  c a l  Sate1 1 i t e  (SMS-1) and descr ibed by Smith 

and Vonder Haar (1976). Th i s  da ta  s e t  was chosen f o r  two reasons. The 

f i r s t  i s  t h a t  SMS-1 was a geos ta t ionary  s a t e l l i t e  t h a t  c o l l e c t e d  bo th  

v i s i b l e  and i n f r a r e d  ( I R )  data throughout t h e  day, p r o v i d i n g  a d i u r n a l  

sequence o f  observat ions from a f i x e d  p o s i t i o n .  The second reason was 

t h e  cheap and easy accessabi l  i t y  o f  t h e  sate1 1 i t e  da ta  a t  t h e  Nat iona l  

Center f o r  Atmospheric Research (NCAR) Computing Faci 1 i t y  where a1 1 o f  

t h e  computer processing f o r  t h i s  study was performed. 

3 . 1  Sate1 1 i t e  C h a r a c t e r i s t i c s  

SMS-1 was a geos ta t ionary  s a t e l l i t e  o r b i t i n g  a t  an a l t i t u d e  o f  

approximately 35,000 km and p o s i t i o n e d  a t  0' l a t i t u d e  and 45' W 

1 ongi tude. The sate1 1 i t e  c o l  1 ected f u l  1 -d i sc  data every 30 minutes 

du r i ng  GATE f o r  t he  p e r i o d  cover ing  June 27 t o  September 20, 1974. 

The I R  data were taken s t a r t i n g  a t  0000 GMT and ending a t  2300 GMT, 

p r o v i d i n g  24 hours o f  I R  coverage. The v i s i b l e  data were taken 

s t a r t i n g  a t  0800 GMT and ending a t  1900 GMT, p r o v i d i n g  12 hours o f  

v i s i b l e  cove:.age. 



3.2 Sate1 1 i t e  Data Set  D e s c r i p t i o n  

The image scanning dev ice  c a r r i e d  aboard SMS-1 i s  c a l l e d  a  V i s i b l e  

I n f r a r e d  Spin-Scan Radiometer (VISSR) which con ta ins  e i g h t  v i s i b l e  

sensors i n  t h e  spec t ra l  range o f  0.55 pm t o  0.75 pm and two redundant 

I R  sensors i n  t h e  range 10.5 pm t o  12.5 pm. The V I S S R  permi ts  h i g h  

s p a t i a l  r e s o l u t i o n ,  narrow s p e c t r a l  r e s o l u t i o n  and smal l  s o l  i d  angle 

measurements o f  r e f l e c t e d  s o l a r  r a d i a t i o n  and em i t t ed  I R  r a d i a t i o n  

from t h e  t o p  o f  t h e  atmosphere. The FOV o f  a  s i n g l e  I R  sensor i s  

approx imate ly  4 by 4 n. m i  a t  t h e  s a t e l l i t e  sub-point  (SSP). Only one 

I R  sensor i s  used f o r  any g i ven  image. The FOV o f  a  s i n g l e  v i s i b l e  

sensor i s  approx imate ly  1/2 by 1/2 n. m i  r e s o l u t i o n  a t  t h e  SSP. 

The vo l t age  responses o f  t h e  e i g h t  v i s i b l e  sensor p h o t o m u l t i p l i e r s  

a r e  assumed t o  be 1  i n e a r  w i t h  i n c i d e n t  energy 

where Pi i s  power i n  wat ts ,  Gi i s  t h e  g a i n  o f  a  g iven  sensor i n  wat ts  

p e r  v o l t ,  Vi i s  vo l t age  (0 - < Vi - < 5), Oi i s  t h e  vo l t age  o f f s e t  and 

s u b s c r i p t  i denotes one o f  t h e  e i g h t  sensors. The vo l t age  o f f s e t  f o r  

each sensor i s  assumed t o  be n e g l i g i b l e ,  l e s s  than  0.03 v o l t s .  The 

convers ion o f  vo l t age  t o  raw counts t h a t  a r e  re tu rned  by t h e  s a t e l l i t e  

i s  non l i nea r  and approximates a  square r o o t  f u n c t i o n  

where Ci i s  a  6 - b i t  raw count  (0 - c Ci - < 63) f o r  sensor i and 28 .1  i s  

a  constant .  Th i s  nonl  i r ~ e a r  v o l  tage- to-count  convers ion was used t o  

keep t h e  s ic j ra l - to -no ise  r a t i o  l i n e a r  w i t h  respec t  t o  counts;  t he re  

i s  an increase i n  s i gna l - t o -no i se  r a t i o  w i t h  respec t  t o  i nc reas ing  

i n c i d e n t  l i g h t  energy (see Design Review Report--Vi  s i  b l e  I n f r a r e d  



Spin-Scan Radiometer (VISSR) f o r  a Synchronous Meteorological Sate1 1 i t e  

(SMS) , pub1 i shed by Santa Barbara Research Center (1972)). 

F u l l  reso lu t ion  I R  data (4 by 4 n. m i )  was co l lec ted  and stored 

on magnetic tape a t  the o r i g i n a l  data c o l l e c t i o n  s i t e ;  however, reduced 

reso lu t ions v i s i b l e  data (2 by 2 11. m i )  produced by the averaging 

scheme i l l u s t r a t e d  i n  Figure 7 was stored on tape. I t  should be noted 

t h a t  the r esu l t an t  2 n. m i  reso lu t ion  raw count data (c:') are not  t r ue  

averages since the square r oo t  d i g i t i z a t i o n  process was no t  taken i n t o  

account. 

The f u l l  reso lu t ion  I R  and reduced reso lu t ion  v i s i b l e  sate1 1 i t e  

data f o r  the GATE sector out1 ined i n  Figure 8 were extracted from the 

o r i g i n a l  f u l l - d i s c  image d i g i t a l  recordings by Smith and Vonder Haar 

(1976). These raw data do not  conform exact ly  t o  ear th  l a t i t u d e  and 

longi tude coordinates and Smith e t  a1 . (1976) e lected t o  bypass earth- 

l o ca t i ng  the raw data since t o  do so would have created d i scon t i nu i t i e s  

i n  the data s ignal  and would have been very cost ly .  

3 .3  Ca l ib ra t ion  o f  SMS-1 V i s i b l e  S a t e l l i t e  Data 

Since no prelaunch photometric data from the SMS-1 F l i g h t - 1  V I S S R  

detector  i s  avai l a b l e  f o r  ca l  i bra t i on  purposes, Smith and Loranger 

(1977) devised a ca l  i bra t i on  procedure which u t i  1 i zed  the NOAA-2 

scanning radiometer (SR) model F-15 aboard a po la r -o rb i  t i n g  sate1 1 i t e  

operat ional dur ing 1974 GATE t o  cross-cal i bra te  the SMS-1 sensor. This 

i s  possib le since the NOAA-2 SR was photometr ical ly  ca l i b ra ted  p r i o r  

t o  launch as discussed by Jones e t  a l .  (1965) and Smith and Loranger 

(1977). The re1 at.i \le spectra l  response charac te r i s t i cs  o f  t he  NOAA-2 

SR and t h e  S M S - 1  VISSR (e igh t  detector  mean) shown i n  ~ i ~ h r e  9 dep ic t  

.the simi 1 a). norSnial i zed spectra l  responses o f  the two instruments. The 



16 6-bit ful l  resolution 
visible data (% by $ n .  mi.) 

nR 
= E C i ,  

"(2 n .  mi) i =l 

n R where CS i s  8-bi t data (0 < c:' c 255). - - 

Figure 7. Averaging scheme used to reduce $ n .  mi. resolution 
6-bit visible data to 2 n .  m i  resolution 8-bit data. 





WAVELENGTH ( p m )  

Figure 5 .  Comparison of NOAA-2 SR (so l id  l i n e )  and SMS-1 VISSR 
(dashed 1 ine )  re1 a t i v e  response functions (from Smith 
and Loranger, 1977). 
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f o l  low ing  d iscuss ion  on t h e  sate1 1 i t e  c ross-ca l  i b r a t i o n  i s  based on 

Smith and Loranger (1977). 

Cross-cal i b r a t i o n  was achieved by determin ing a l i n e a r  regress ion  

r e l a t i o n s h i p  between a s e t  o f  co- loca ted  measurements i n  space and t ime 

from NOAA-2 and SMS-1. The NOAA-2 SR sensor vo l tage responses and raw 

count  sca le  a re  b o t h  l i n e a r  w i t h  respec t  t o  i n c i d e n t  r a d i a t i o n .  As 

seen e a r l i e r  i n  Eq. ( 3 . 2 ) ,  t h e  SMS-1 shortwave raw count data i s  no t  

1 i n e a r  w i t h  vo l tage,  even though t h e  vo l t age  ou tpu ts  were 1 i nea r  w i t h  

i n c i d e n t  energy. These non l i nea r  SMS-1 raw count da ta  were resca led  

t o  a normal ized 1 i n e a r  8 - b i t  raw count sca le  equ i va len t  t o  t h a t  used 

f o r  t h e  NOAA-2 d i g i t i z a t i o n  process by 

where cS a i s  t h e  l i n e a r i z e d  SMS-1 8 - b i t  raw count,  c:' i s  t he  

nanl i n e a r  8 - b i t  raw count, 255.0 i s  t h e  maximum SMS-1 8 - b i t  raw count,  

and 254.0 i s  a s c a l i n g  constant  t o  sca le  t h e  data t o  t h e  8 - b i  t count 

sca le  used f o r  t he  NOAA-2 d i g i t i z a t i a n  process. 

The nex t  s tep i s  t o  co-navigate simultaneous separate observat ions 

by each s a t e l l i t e  o f  t h e  same area on t h e  e a r t h ' s  sur face  such t h a t  

each p i x e l  o f  data from one s a t e l l i t e  i s  l o o k i n g  a t  approx imate ly  the  

same l o c a t i o n  as t h e  corresponding p i x e l  o f  t h e  o the r  s a t e l l i t e .  The 

data se ts  se lec ted  by Smith and Loranger (1977) f o r  co-nav iga t ion  were 

taken on September 17, 1974 near 1000 GMT as t h e  NOAA-2 p o l a r  o r b i t e r  

was descending toward t h e  equator and t h e  SMS-1 sate11 i t e  was i n  a 

geostat ional,  p o s i t i o n  over t h e  equator a t  45' W. 'he reg ion  bounded 

by 19' N t o  1' S and 12.5' W t o  35' W was used f o r  t h e  ana l ys i s  

(F igure  10). The area o f  simultaneous observat ions i n  F igure  10 i s  



Figure 10. GATE sector and the four regions of simultaneous measurements 
by SMS-1 and NOAA-2 on September 17, 1974 near 1000 GMT. 



d i v i d e d  up i n t o  f o u r  areas s ince  bo th  s a t e l l i t e s  would be mon i to r i ng  

forward s c a t t e r  t o  t h e  eas t  o f  t he  NOAA-2 o r b i t a l  t r a c k  (areas 2 and 4) 

b u t  o n l y  SMS-1 would mon i to r  forward s c a t t e r  t o  t h e  west o f  t h e  o r b i t a l  

t r a c k  o f  NOAA-2 (areas 1 and 3). The two se ts  o f  data were then 

remapped t o  i d e n t i c a l  e a r t h  coord inates w i t h  s p a t i a l  e r r o r s  o f  +1 p i x e l  

(24 n. m i ) .  C o r r e l a t i o n  c o e f f i c i e n t s  between t h e  SMS-1 and NOAA-2 da ta  

se ts  were c a l c u l a t e d  f o r  each r e g i o n  by 

1 where c i  denotes s a t u r a t i o n  f r e e  NOAA-2 values, cs  denotes SMS-1 

values and bars denote mean q u a n t i t i e s .  The r e s u l t s  shown i n  Table 1 

show h igh  c o r r e l a t i o n  c o e f f i c i e n t s  between SMS-1 and NOAA-2 da ta  i n  t he  

forward s c a t t e r  reg ions 2 and 4, w i t h  lower c o r r e l a t i o n  c o e f f i c i e n t s  

i n  reg ions  1 and 3 where SMS-1 was mon i to r i ng  forward s c a t t e r  and 

NOAA-2 was mon i to r i ng  backscat ter .  This  discrepancy i s  1 i k e l y  

exp la ined by t h e  presence o f  f i n i t e  clouds and t h e i r  associated 

s c a t t e r i n g  p r o p e r t i e s  (see F igure  5) i n  t h e  f o u r  regions o f  

co-navigated data. The d i u r n a l  f i n i t e  c l oud  curve i n  F igure  5 f o r  

v iew ing  a f i n i t e  c l oud  o f  t h e  v e r t i c a l  (8 = 18 -+ 31 " )  shows t h a t  an 

observa t ion  o f  a f i n i t e  c loud from t h e  s u n l i t  s i de  (afternoon hours 

Table 1. C o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  f o u r  
regions o f  simultaneous measurements 
by SMS-1 and NOAA-2 sate1 1 i t e s .  

Region C o r r e l a t i o n  Coeff  i c i  en t  



i n  F igure  5) w i l l  be much b r i g h t e r  than an observa t ion  o f  t h e  same 

c loud  viewed from t h e  shadowed s ide  (morning hours i n  F igure  5). Th i s  

would e x p l a i n  t h e  h igh  c o r r e l a t i o n  c o e f f i c i e n t s  i n  regions 2 and 4 

s ince  b o t h  s a t e l l i t e s  a re  v iewing  t h e  shadowed s ides  o f  t h e  f i n i t e  

clouds r e s i d e n t  i n  those regions. The c o r r e l a t i o n  c o e f f i c i e n t s  i n  

regions 1 and 3 should be lower due t o  shape e f f e c t s  s ince  SMS-1 i s  

observ ing t h e  shadowed s ides o f  any f i n i t e  clouds r e s i d e n t  i n  those 

regions w h i l e  NOAA-2 s imul taneously  observes t h e  s u n l i t  s ides o f  those 

same clouds. The h igh  c o r r e l a t i o n  c o e f f i c i e n t s  i n  regions 2 and 4 does 

i n d i c a t e  t h a t  t h e  SMS-1 and NOAA-2 s a t e l l i t e  da ta  were co-navigated 

success fu l l y  and t h a t  t h e  sensor response-to-count l i n e a r i t y  assumption 

f o r  bo th  sate1 1 i t e s  i s  v a l i d .  

Since t h e  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  areas 2 and 4 were so h igh  

(0.97 and 0.95, r e s p e c t i v e l y )  f o r  t h e  two se ts  o f  s a t e l l i t e  data, a 

regress ion  ana l ys i s  was performed on t h e  combined da tase t  o f  areas 2 

and 4 t o  f i n d  t h e  equat ion desc r i b ing  t h e  r e l a t i o n s h i p  between t h e  

c a l  i bra ted  1 i near NOAA-2 data and t h e  uncal i bra ted  1 i near i  zed SMS-1 

data. The general form o f  t h e  regress ion  equat ion t o  be solved f o r  i s  

c a = a c : + b  s (3.5) 

where cs a and c i  a re  t h e  1 i n e a r i z e d  SMS-1 and NOAA-2 counts, 

respec t i ve l y ,  a i s  t h e  s lope and b i s  t h e  y - i n t e r c e p t  of t h e  

regress ion  1 ine.  The s lope i s  so lved by 

and t h e  y - i n t e r c e p t  i s  found by 



For t h e  combined da tase t  o f  areas 2 and 4, t h e  s lope (a) i s  equal t o  

0.683 and t h e  y - i n t e r c e p t  (b) has a va lue  o f  2.34. 

The f i n a l  ca1 i b r a t o n  equat ion  f o r  SMS-1  non l i nea r  raw count  data 

s t a r t s  w i t h  t h e  photometr ic  c a l i b r a t i o n  equat ion o f  t h e  NOAA-2 SR 

expressed by 

where NEFF i s  t he  e f f e c t i v e  f i l t e r e d  rad iance f o r  t h e  spec t ra l  

response i n t e r v a l  .515 pm f A - < .890 pm (see Smith and Loranger (1977) 

f o r  de ' r i va t ion) .  Combining Eqs. (3.3) and (3.5), a l i n e a r  NOAA-2 raw 

count  c: can be expressed i n  terms o f  a non l i nea r  SMS-1 raw count 

S u b s t i t u t i n g  Eq. (3.9) i n t o  Eq. (3.8) g ives  t h e  f i n a l  c a l i b r a t i o n  

equat ion  f o r  t h e  non l i nea r  SMS-1 v i s i b l e  raw count data. 

3.4 Cal i b r a t i o n  o f  SMS-1 I R  S a t e l l i t e  Data - 
The I R  8 - b i t  raw counts were conver ted t o  e q u i v a l e n t  b l a c k  

temperatures (K) through t h e  use of a s tandard NESS lookup t a b l e  and 

appl i c a t i  on of app rop r i a te  c a l  i b r a t  I on adjustment r o u t i n e s  repo r ted  by 

Smith and Vonder Haar (1976). 

3 .5  S t a t i s t i c a l  Procedure Performed on Sate1 1 i t e  Data 

Cloud f i e l d s  f o r  s tudy were se lec ted  by v i s u a l l y  i n s p e c t i n g  

f u l l - d i s c  v i s i b l e  s a t e l l i t e  photographs from SMS-1  and choosing 4' 

l a t i t u d e  by lo l ong i t ude  square areas t o  t h e  eas t  o f  t h e  SSP (0' N, 

4.5' W) near t he  equator  which con ta ined  a c l oud  f i e l d .  It i s  necessary 

t o  choose c loud  f i e l d s  t o  t h e  eas t  o f  t h e  SSP and near t h e  equator i n  



order  t o  conform w i t h  t h e  v iew ing  geometr ies used i n  c r e a t i n g  t h e  

t h e o r e t i c a l  sate1 1 i t e  observa t ions  discussed i n  t h e  p rev ious  chapter.  

The l a r g e  area s i z e  was chosen so t h a t  as t h e  c l oud  f i e l d  was t racked 

du r i ng  t he  day, t h e  n e t  e f f e c t s  o f  some c louds moving i n  and o u t  o f  t he  

area and o f  c louds growing and d i s s i p a t i n g  would n o t  s u b s t a n t i a l  l y  b i a s  

t h e  d i u r n a l  v a r i a t i o n  i n observed radiance. 

A f t e r  c a l i b r a t i o n  o f  t h e  SMS-1  v i s i b l e  raw counts t o  radiances, 

t h e  o r i g i n a l  2 n. m i  r e s o l u t i o n  da ta  were reduced t o  4 n. m i  r e s o l u t i o n  

data by averaging f o u r  ad jacent  va lues toge ther .  Th i s  averaging scheme 

can be thought  o f  as a g r i d  w i t h  a g r i d  spacing o f  4 n. m i  o v e r l a i d  

onto t h e  2 n. m i  r e s o l u t i o n  da ta  and then  averaging t oge the r  t h e  f o u r  

2 n. m i  r e s o l u t i o n  da ta  p o i n t s  t h a t  l i e  w i t h i n  each g r i d  box. This  

f i r s t  r educ t i on  i n  h o r i z o n t a l  r e s o l u t i o n  was done t o  make the  v i s i b l e  

da ta  d i r e c t l y  comparable w i t h  t h e  I R  da ta  which was o r i g i n a l l y  4 n. m i  

r e s o l u t i o n .  Th i s  a l l ows  f o r  an assessment o f  t h e  amount o f  c l oud  

cover and th ickness  changes which cou ld  a f f e c t  t h e  d i u r n a l  v a r i a t i o n  i n  

observed radiance. 

Next, a s t a t i s t i c a l  procedure was then  performed on t h i s  reduced 

r e s o l u t i o n  v i s i b l e  and I R  data. The f i r s t  s tep  i n  t h i s  procedure was 

t o  generate a frequency d i s t r i b u t i o n  w i t h  30 c l ass  i n t e r v a l s  o f  3.18 

radiance u n i t s  f o r  t h e  v i s i b l e  da ta  which ranges from 0 t o  94.2 

~ m - ~ s r - '  and 5 K f o r  t h e  I R  da ta  which ranges from 160 t o  310 K. A 

cumulat ive d i s t r i b u t i o n  f u n c t i o n  (CDF) was then  generated by summing 

over  a l l  o f  the  c l a s s  i n t e r v a l  f requencies 



where ni i s  t h e  number of occurrences i n  t h e  ith c l a s s  i n t e r v a l ,  TN 

i s  t he  t o t a l  number o f  occurrences i n  a11 t h e  c l ass  i n t e r v a l s ,  and x 

i s  t h e  h ighes t  c l ass  i n t e r v a l  i n  which an occurrence i s  found. The 

v i s i b l e  data were summed from smal l  t o  l a r g e  rad iance values w h i l e  t h e  

IR were summed from l a r g e  t o  smal l  va lues o f  temperature. Selected 

p r o b a b i l i t y  l e v e l s  ( lo%,  20%, 30%, e tc .  ) were c a l c u l a t e d  by f i r s t  

de te rmin ing  which occurrence (m) corresponds t o  a p a r t i c u l a r  

probabi  1 i t y  l e v e l  by 

m = (PL> (TN) 

where PL i s  t h e  probabi  1 i t y  l e v e l  o f  i n t e r e s t .  

Next, t he  c l a s s  i n t e r v a l  i i n  which m f a l l s  i n  i s  determined 

and the  app rop r i a te  va lue (F) o f  rad iance o r  temperature i s  computed by 

1 i n e a r l y  i n t e r p o l a t i n g  between t h e  endpoints  o f  t h a t  p a r t i c u l a r  c l ass  

i n t e r v a l  (i), assuming t h a t  a l l  o f  the  occurrences i n  i are  evenly  

d i  s t r i  buted over t h a t  c l a s s  i n t e r v a l  : 

I ower c l a s s  m ] + , [class  i n t e r v a l  s i z e ]  . (3.12) = [ i n t e r v a l  s i z e  1 i m i t  

These p r o b a b i l i t y  l e v e l s  were then  p l o t t e d  versus t ime o f  day t o  d e p i c t  

t he  v a r i a t i o n  o f  observed rad iance and temperature d u r i n g  t h e  day. 

A f t e r  per fo rming  the  s t a t i s t i c a l  procedure on bo th  t he  v i s i b l e  and 

I R  4 n, m i  r e s o l u t i o n  da ta  f o r  each hour o f  t h e  day, t h e  averaging 

scheme which reduced the  2 n. mi r e s o l u t i o n  da ta  t o  4 n. m i  r e s o l u t i o n  

data was app l i ed  t o  bo th  t he  v i s i b l e  and I R  4 n. m i  r e s o l u t i o n  da ta  t o  

reduce it t o  8 n. m i  r e s o l u t i o n  data. The s t a t i s t i c a l  procedure 

descwSbed eau i ~ r  was then  a p p l i e d  t o  t h i s  8 n. m i  r e s o l u t i o n  data.  

Th i s  sequence o f  r e s o l  u t i o n  r e d u c t i o n / s t a t i  s t i c a l  s t r a t i f i c a t i o n  was 



performed f o r  each hour of the day out t o  a resolution o f  64 n. m i  at. 

which point  t h e  or ig inal  6400 17 .  m i  resolutioii data poirits a t  4. mi 

resolution were  reduced t o  only 25 data points  by the averaging scheme. 



Chapter 4  

DESCRIPTIVE COMPARISON OF SIMULATED DIURNAL SATELLITE 
OBSERVATIONS WITH SMS-1 DIURNAL SATELLITE DATA 

4 . 1  Comparison o f  an I n f i n i t e  Cloud D iu rna l  Radiance P a t t e r n  w i t h  Two 

Selected Cloud F i e l d s  

The s imu la ted  sequences of d i u r n a l  s a t e l l i t e  observat ions f o r  a  

t h e o r e t i c a l  f i n i t e  and i n f i n i t e  c l oud  f o r  se lec ted  v iew ing  geometries 

show dramatic d i f f e r e n c e s  between t h e  two types o f  c louds. A l a r g e  

number o f  c l oud  f i e l d s  were s tud ied  i n  an a t tempt  t o  f i n d  d i u r n a l  

r a d i a t i v e  c h a r a c t e r i s t i c s  s i m i l a r  t o  e i t h e r  t h e  t h e o r e t i c a l  f i n i t e  

o r  i n f i n i t e  c loud. Four c l oud  f i e l d s  were se lec ted  f o r  a  q u a l i t a t i v e  

comparison w i t h  t h e  s imulated d i u r n a l  r a d i a t i v e  behavior  o f  t he  f i n i t e  

and i n f i n i t e  c louds.  

4.1.1 Case 1 

The f i r s t  c l oud  f i e l d  f o r  s tudy (Case 1) i s  l oca ted  a t  7' N 

l a t i t u d e  and 18' W l ong i t ude  on J u l y  8, 1974. The c l oud  f i e l d  i s  

e x t r a c t e d  from t h e  I n t e r t r o p i c a l  Convergence Zone (ITCZ) which on t h i s  

p a r t i c u l a r  date i s  a l i n e  o f  l a r g e  dense clouds and c l oud  c l u s t e r s  

s t r e t c h i n g  across t he  A t l a n t i c  Ocean a t  7' N l a t i t u d e .  F igu re  11 shows 

t h a t  t he  c l oud  f i e l d  i n  t he  Case 1 study area i s  composed o f  organized 

mature cumulonimbus clouds, a s u b s t a n t i a l  amount o f  h i g h  l e v e l  c i r r u s  

clouds and a v a r i e t y  o f  low and m id - l eve l  c louds s i t u a t e d  about t h e  

c l u s t e r  o f  thunderstorms. The a rea l  c l oud  cover  i n  t h e  Case 1 study 

area i s  g rea te r  than  90 percen t .  





Before ana l yz ing  t h e  v i s i b l e  data, t h e  I R  da ta  i s  s t u d i e d  t o  

determine if any major c l oud  changes occur t h a t  co i t ld  s u b s t a n t i a l l y  

a f f e c t  the  d i u r n a l  charac te r  of  t h e  v i s i b l e  data. The d iu r r ra l  v a r i a -  

t i o n  of se lec ted  CDF p r o b a b i l i t y  l e v e l s  f o r  t he  4 n. m i  r e s o l u t i o n  I R  

da ta  f o r  Case 1 (F igure  12) revea ls  t h a t  two minor  changes i n  t h e  c l oud  

f i e l d  do occur as t he  day progresses. The f i r s t  change i s  a  general  

c o o l i n g  t r e n d  i n  t he  a f te rnoon hours which i s  o f  t he  g r e a t e s t  magnitude 

above t h e  60% p r o b a b i l i t y  l e v e l .  The 80% and 90% probabi  l i t y  l e v e l s  

cool  more than 15 K between 0900 LT and 1330 LT. The second change 

t h a t  occurs i s  a  s l  i g h t  increase i n  a rea l  c l oud  cover (< 10 percent) .  

Th is  i s  determined by t h e  number o f  da ta  p o i n t s  warmer than  287 K, a 

t h resho ld  u t i l i z e d  by Smith (unpubl ished notes) f o r  separa t ing  low 

(warm) c l oud  da ta  p o i n t s  from background ocean da ta  p o i n t s .  The 10% 

p r o b a b i l i t y  l e v e l  i s  s i t u a t e d  a t  t h e  286 K p o i n t s  a t  0900 LT, and by 

1430 LT i s  s i t u a t e d  a t  t h e  279 K p o i n t ,  i n d i c a t i n g  an inc rease  i n  t he  

number o f  da ta  p o i n t s  coo le r  than 287 K between those two t imes. The 

c l oud  scene as a whole shows a s l i g h t  increase (< 5 percen t )  i n  c l oud  

cover o c c u r r i n g  d u r i n g  t h e  l a t e  morning hours and an inc rease  i n  t he  

h e i g h t  o f  about 40 percen t  o f  t he  c l oud  cover i n  t he  a f te rnoon hours. 

The d i u r n a l  v a r i a t i o n  o f  radiances f o r  4  n. m i  r e s o l u t i o n  v i s i b l e  

da ta  from Case 1 f o r  se lec ted  CDF p r o b a b i l i t y  l e v e l s  a re  shown i n  

F igure  13. The p r o b a b i l i t y  l e v e l s  f rom t h e  CDF's a t  and above t h e  70% 

p r o b a b i l i t y  l e v e l  e x h i b i t  a symmetry about l o c a l  noon when t h e  maximum 

radiances (56.0 ~ r n " s r - l  a t  t he  90 percen t  p r o b a b i l i t y  l e v e l )  occur, 

c l o s e l y  resembl ing t h e  t h e o r e t i c a l  d i u r n a l  v a r i a t i o n  i n  rad iance f o r  an 

i n f i n i t e  c l oud  dep i c ted  i n  F igu re  5. The t h e o r e t i c a l  peak rad iance a t  

noon i n  F igure  5 i s  approx imate ly  2.19 t imes the  va lue o f  t he  0800 LT 
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Figure 12. Diurnal var ia t ion of selected CDF probabil i ty level s 

for 4 n .  mi resolution IR data fo r  Case 1. 



Figure 13. Diurnal variation of selected CDF probabi 1 i t y  level s 
for  4 n. m i  resolution visible radiances for Case 1. 



rad iance,  which i s  c l ose  t o  what i s  observed i n  Case 1 where t h e  peak 

rad iance a t  noon f o r  t h e  90% l e v e l  i s  1.90 t imes t h e  va lue a t  0800 LT. 

The probabi  1  i t y  l e v e l s  below 70% a r e  skewed towards t h e  a f te rnoon w i t h  

a minor peak i n  rad iance o c c u r r i n g  a t  1400 LT. Th i s  phenomerlon cou ld  

be a t t r i b u t e d  t o  a change i n  t h e  c l oud  f i e l d  o r  t o  f i n i t e  e f f e c t s .  

Consider ing t h e  f a c t s  a v a i l a b l e  ( inc rease  i n  c l oud  cover i n  t he  a f t e r -  

noon, an inc rease  i n  t h e  number o f  very  c o l d  da ta  p o i n t s ,  and l a rge  

convec t i ve  c l oud  elements i n  t h e  c l oud  f i e l d )  t h e r e  a re  two l i k e l y  

causes f o r  t h e  increase i n  v i s i b l e  b r i gh tness  i n  t h e  midd le  p r o b a b i l i t y  

l e v e l s  d u r i n g  t h e  a f te rnoon hours. The f i r s t  cause i s  development o f  

c o l d  c i r r u s  c louds around t h e  per imeter  o f  t h e  convec t i ve  c l oud  

elements. Th is  would account f o r  t h e  increase i n  bo th  c l oud  cover and 

i n  t h e  number o f  very  c o l d  da ta  p o i n t s ,  w i t h  t h e  convec t i ve  c l oud  

elements p r o v i d i n g  a p e r f e c t  source f o r  t h e  c i r r u s  clouds. The second 

cause cou ld  be t h a t  t he  inc rease  i n  c l oud  cover i s  due t o  development 

o f  warm, low l e v e l  c louds t h a t  have a b r i gh tness  o r  rad iance va lue  i n  

t h e  range of t h e  middle p r o b a b i l i t y  l e v e l s .  The increase i n  very  c o l d  

I R  da ta  p o i n t s  cou ld  then  be due t o  v e r t i c a l  growth o f  t h e  convec t i ve  

c l oud  elements i n t o  c o l d e r  l e v e l s  o f  t he  atmosphere i n  t he  af ternoon.  

It i s  l i k e l y  t h a t  one o r  bo th  o f  these causes combined i s  t h e  reason 

f o r  t he  delayed minor  peak i n  t h e  v i s i b l e  da ta  p r o b a b i l i t y  l e v e l s  and 

n o t  f i n i t e  c l oud  o r  c l oud  shape e f f e c t s .  

The 50% p r o b a b i l i t y  l e v e l  f rom F igu re  13 as we1 1 as t h e  (90%-60%) 

d i f f e r e n c e ,  which represents  t h e  r e l a t i v e  behavior  o f  t h e  da ta  p o i n t s  

between these l e v e l s ,  f o r  each hour o f  t h e  day f o r  4 and 16 n. m i  

r e s o l u t i o n  da ta  a re  shown i n  F igu re  14. S e l e c t i n g  p r o b a b i l i t y  l e v e l s  

were d i f f e renced  i n  an at tempt  t o  separate t h e  c l oud  da ta  p o i n t s  (h i gh  
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Figure 1 4 .  Diurnal var ia t ion of the 50% probabil i ty level from 
Figure 13 and the  v i s i b l e  radiance (90%-60%) d i f -  
ference a t  4 and 16 n .  mi resolut ions .  



probabi  7 i t i e s )  from t h e  background ocean da ta  p o i n t s  ( low 

probabi 1 i t i e s )  which are  sometimes contaminated by sung1 i n t .  The 

4 n. m i  r e s o l u t i o n  (90%-60%) d i f f e r e n c e  curve shows a  symmetry about 

t h e  noon hour t h a t  i s  very s i m i l a r  t o  t h e  i n f i n i t e  c l oud  d i u r n a l  

rad iance curve i n  F igure  5, w i t h  t h e  r a t i o  o f  observed radiances a t  

0800 LT and 1200 LT (1.91) be ing  very c lose  t o  t he  comparable 

t h e o r e t i c a l  r a t i o  (2.19). The (90%-60%) d i f f e rence  f o r  16 11. m i  

- 2  -1 r e s o l u t i o n  da ta  i s  s l i g h t l y  reduced i n  magnitude (-2.0 Wm s r  ) 

compared t o  t he  4 n. m i  r e s o l u t i o n  (90%-60%) curve, b u t  s t i l l  r e t a i n s  

t h e  i n f i n i t e  c loud c h a r a c t e r i s t i c  o f  symmetry about t h e  noon hour. The 

reduc t i on  it) t h e  magnitude o f  t he  radiances as h o r i z o n t a l  r e s o l u t i o n  i s  

degraded i s  due t o  t h e  averaging scheme used t o  degrade r e s o l u t i o n .  

Averaging s i x teen  4 n. m i  r e s o l u t i o n  data p o i n t s  together  t o  g e t  one 

16 n. m i  r e s o l u t i o n  data p o i n t  causes t h e  data p o i n t s  b r i g h t e r  and 

darker  than the mean radiance f o r  t he  whole scene t o  be averaged 

towards t h e  mean. This  e f f e c t  reduces t h e  range o f  t h e  radiances i n  a 

g iven  scene as h o r i z o n t a l  r e s o l u t i o n  i s  degraded and can be considered 

as a measure o f  t h e  h o r i z o n t a l  inhomogeneity i n  t h e  c loud f i e l d  w i t h i n  

t he  study area. 

4 .1 .2  Case 2 
- - 
I he second c l u u d  f i e l d  f a r  study (Case 2) i s  l oca ted  a t  5 . 5 O N  

l a t i t u d e  and 20aW long i tude on June 29, 1974. Th i s  c loud f i e l d  i s  a l s o  

ex t rac ted  from the  I T C Z  and cons i s t s  o f  a  s e c t i o n  o f  a l a r g e  c loud  

c l u s t e r  s i t u a t e d  i n  t he  eastern A t l a n t i c .  F igure  15 shows t h a t  t h e  

promini_tnt cloird type i n  t h e  scene i s  c i r r u s  o u t f l o w  from t h e  

cumulonimbus clouds associated w i t h  t h e  c loud c l u s t e r .  Low and 





mid- leve l  convec t ive  c louds a re  a l s o  ev iden t  i n  t h e  c loud f i e l d .  The 

study area i n  Case 2 i s  almost t o t a l l y  c l oud  covered (> 95 percent) .  

Examination of t h e  d i u r n a l  v a r i a t i o n  o f  se lec ted  CDF p r o b a b i l i t y  

l e v e l s  f o r  4 n. m i  r e s o l u t i o n  I R  data f o r  Case 2 i n  F igure  16 revea ls  

t h a t  a  few changes i n  t he  c loud  f i e l d  occur i n  t h e  a f te rnoon hours. 

The p r o b a b i l i t y  l e v e l s  a t  and above the  50% l e v e l  show t h a t  an increase 

i n  temperature, almost 10 K, occurs i n  h a l f  t h e  data p o i n t s  i n  t h e  

scene. The p r o b a b i l i t y  l e v e l s  below 50% show an opposi te  t r e n d  w i t h  a 

decrease i n  temperature occu r r i ng  j u s t  p r i o r  t o  1200 LT and con t i nu ing  

u n t i l  1400 LT i n  t he  af ternoon.  Cloud cover decreases s l i g h t l y  i n  t h e  
. .. 

2 e a r l y  morning hours t o  a minimum o f  about 87 percent  and increases 

sharp ly  du r i ng  t h e  l a t e  morning and a f te rnoon hours t o  almost 100 

percent  by 1400 LT. Th is  increase i n  c loud cover i s  accompanied by a 

decrease i n  t he  he igh t  o f  t h e  t a l l  c loud  elements i n  t h e  scene, 

a f f e c t i n g  almost h a l f  o f  t h e  area o f  t h e  scene. 

The d i u r n a l  v a r i a t i o n  o f  radiances f o r  4 n. m i  r e s o l u t i o n  v i s i b l e  

da ta  from Case 2 f o r  se lec ted  CDF p r o b a b i l i t y  l e v e l s  a re  shown i n  

F igure  17. The p r o b a b i l i t y  l e v e l s  a t  and above t h e  50% p r o b a b i l i t y  

l e v e l  a re  nea r l y  symmetric about l o c a l  noon except f o r  a  s l i g h t  

reduc t i on  i n  radiances i n  t h e  a f te rnoon hours. Th is  observed symmetry 

i n  t h e  d i u r n a l  v a r i a t i o n  o f  radiances i s  s i m i l a r  t o  t h e  t h e o r e t i c a l  

d i u r n a l  v a r i a t i o n  i n  radiance f o r  an i n f i n i t e  c loud shown i n  F igure  5. 

The r a t i o  o f  t h e  observed 1200 LT radiance t o  t h e  0800 LT radiance a t  

t h e  90% p r o b a b i l i t y  l e v e l  i s  1.87 and a t  t h e  70% p r o b a b i l i t y  l e v e l  

1,97, bot11 comparable w i t h  t h e  t h e o r e t i c a l  r a t i o  o f  2.19. The 

p r o b a b i l i t y  l e v e l s  below 50% are  skewed w i t h  t h e  peak radiance . - 
occu r r i ng  i n  t he  after'nbon, as l a t e  as 1400 LT a t  t he  10% p r o b a b i l i t y  
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Figure 16. Diurnal variation of selected CDF probability levels 
for 4 n,  nri resolution IR data for Case 2. 
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Figure 17 .  Diurnal variation of selected CDF probability levels 
for  4 n .  mi resolution vis ible  radiances for  Case 2 .  



l e v e l .  This  afternoon peak i n  radiance, as i n  Case 1, i s  n o t  

a t t r i b u t e d  t o  c l oud  shape e f f e c t s .  Since t h e  a rea l  c l oud  cover i s  

almost 100 percent ,  t h e  a f te rnoon increase i n  v i s i b l e  radiance o f  t h e  

lower p r o b a b i l i t y  l e v e l s  i n  F igure  17 cannot be a t t r i b u t e d  t o  an 

increase i n  c loud cover. The probable cause f o r  t h e  a f te rnoon increase 

i n  radiance i s  an increase i n  t he  th ickness  o f  low l e v e l  warm clouds i n  

t h e  Case 2 study area du r i ng  t h e  af ternoon,  as evidenced by the  coo l i ng  

t h a t  occurs i n  t h e  p r o b a b i l i t y  l e v e l s  below t h e  50% probabi  1  i t y  l e v e l  

i n  F igure  16. The increased geometr ic th ickness o f  t h e  clouds cou ld  

cause an increase i n  observed radiances i f  the  c loud o p t i c a l  th ickness  

increases concu r ren t l y  w i t h  t h e  geometry th ickness.  The converse o f  

t h i s  argument cou ld  account f o r  t h e  warming o f  t h e  IR h i g h  p r o b a b i l i t y  

l e v e l s  and t h e  decrease i n  radiance i n  t h e  v i s i b l e  da ta  h i g h  

probabi 1  i t y  l eve1 s. The warmi ng t r e n d  cou ld  be associated w i t h  
I h 

d i s s i p a t i o n  o f  t he  tops o f  dy ing  convect ive towers o r  c i r r u s  a n v i l s  i n  

t he  c loud c l u s t e r .  As these clouds d i ss ipa te ,  t he  number o f  very  c o l d  

data p o i n t s  would decrease as would t h e  number o f  very b r i g h t  data 

p o i n t s  i f  t h i s  decrease i n  geometric th ickness  i s  accompanied by a 

decrease i n  o p t i c a l  th ickness.  

The d i u r n a l  (90%-60%) d i f f e rences  a t  4 and 16 n. m i  r e s o l u t i o n s  as 

we1 1 as the  50% probabi 1 i t y  l e v e l  from F igure  17 f o r  Case 2 a re  p l o t t e d  

i n  F igure  18. Both t h e  4 and 16 n. m i  r e s o l u t i o n  (90%-60%) d i f f e rences  

are  skewed w i t h  t he  maximum value f o r  bo th  curves o c c u r r i n g  a t  1100 LT. 

Th i s  i s  due t o  t h e  c loud f i e l d  changes which caused t h e  reduc t i on  o f  

t h e  a f te rnoon radiance l e v e l s  i n  t h e  h igh  p r o b a b i l i t y  l e v e l s  i n  

F igure  14. Even w i t h  t he  reduc t i on  i n  a f te rnoon (90%-60%) d i f f e r e n c e  
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Figure 18. Diurnal variation of the 50% probability level from 
Figure 17 and the visible radiance (90%-60%) dif- 
ference at 4 and 16 n. mi resolutions. 



rad iance l e v e l s ,  t h e  0800 LT t o  1200 LT r a t i o  i s  1.83, vel*y c lose  t o  

what was seen i n  Case 1 (1.91) and t h e  t h e o r e t i c a l  i n f i n i t e  c loud case 

(2.19). Th i s  i n d i c a t e s  t h a t  o n l y  a  smal l  amount o f  c loud change 

occurred p r i o r  t o  1200 LT. The 16 n. m i  r e s o l u t i o n  (90%-60%) 

d i f f e r e n c e  i s  very c lose  i n  magnitude t o  t h e  4 n. m i  r e s o l u t i o n  

(90%-60%) d i f f e rence .  This  i n d i c a t e s  t h a t  a  h igher  l e v e l  o f  h o r i z o n t a l  

homogeneity e x i s t s  i n  t he  Case 2 s tudy area than i n  t h e  Case 1 study 

area. 

4.2 Comparison o f  a  F i n i t e  Cubic Cloud D iu rna l  Radiance Pa t te rn  w i t h  

Two Selected Cloud F i e l d s  

4.2.1 Case 3 

The t h i r d  c loud f i e l d  f o r  study (Case 3) i s  l oca ted  a t  OON 

l a t i t u d e  and 3 3 O W  l ong i t ude  on J u l y  8, 1974. F igure  19  shows t h a t  t h i s  

i s  a  broken c loud f i e l d  c o n s i s t i n g  o f  low and mid- leve l  c louds and 

c loud groups rang ing  i n  s i z e  up t o  50 n. m i  i n  diameter. There i s  no 

apparent c loud f i e l d  o rgan i za t i on  t o  t h i s  p a r t i c u l a r  c l oud  f i e l d  except 

f o r ,  t h e  clumping o f  c louds together  i n t o  c loud groups. The Case 3 

study area has about 20 t o  25 percent  o f  i t s  4' l a t i t u d e  by 4' 

l ong i t ude  area covered by clouds. 

Examination o f  t h e  d i u r n a l  v a r i a t i o n  o f  se lec ted  CDF probabi  1  i ty 

l e v e l s  f o r  4 n. m i  r e s o l u t i o n  I R  da ta  f o r  Case 3  (F igure 20) revea ls  

t h a t  some minor changes i n  t h e  c loud  f i e l d  a re  occu r r i ng  d u r i n g  t h e  

day, b u t  these changes are  work ing i n  oppos i t i on  t o  any f i n i t e  c l oud  

e f f e c t s  t h a t  may be occu r r i ng  d u r i n g  t h e  day. The f i r s t  change i s  a  

warming t h a t  i s  occu r r i ng  a t  t h e  90%, 80% and 70% p r o b a b i l i t y  l e v e l s .  

The 90% l e v e l  warms from 272 K a t  0800 LT t o  281 K a t  1300 LT which i s  

then fo l l owed  by a  s l i g h t  c o o l i n g  t r e n d  t o  277 K by 1600 LT. Th is  
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F i g u r e  20. Diurnal  v a r i a . t i o n  o f  s e l  e c t e d  CDF probabi  1 i t y  1 eve1 s 
f o r  4 n.  m i  r e s o l u t i o n  IR d a t a  f o r  Case 3 .  

220 

230 

240 

250 

260 

270 

I 1 I I I I I I 1 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

- - 
9 0 '10 

- 

- 
. ,: 

t 

- 
50 % 

- 30% - - 
10% 

3007 I I I I 1 t I I I 
8 9 10 11 12 13 14 15 16 17 

LOCAL Tl M E ( loo HOURS ) 



i n d i c a t e s  t h a t  t h e  amount o f  middle l e v e l  c loudiness du r i ng  t h e  morning 

and e a r l y  a f te rnoon hours i s  decreasing. Th is  warming t r e n d  i s  

accompanied by about a 6 percent  decrease i n  t o t a l  c loud cover based on 

t h e  287 K th resho ld .  Based s o l e l y  on the  knowledge t h a t  c loud cover i s  

decreasing as w e l l  as c loud he igh t ,  t he  expected d i u r n a l  v a r i a t i o n  i n  

radiance would have t h e  expected maximum radiance occu r r i ng  sometime 

d u r i n g  t h e  morning hours and a minimum observed radiance occu r r i ng  i n  

t h e  e a r l y  a f te rnoon hours. 

The d i u r n a l  v a r i a t i o n  o f  radiances f o r  4 n. m i  r e s o l u t i o n  v i s i b l e  

data from Case 3 f o r  se lec ted  CDF p r o b a b i l i t y  l e v e l s  a re  shown i n  

F igure  21. I ns tead  o f  t h e  d i u r n a l  rad iance curves be ing  symmetric 

about l o c a l  noon as i n  Cases 1 and 2, a1 1 o f  t h e  p r o b a b i l i t y  l e v e l s  

p l o t t e d  show a peak i n  radiance a t  1130 LT fo l l owed  by a second peak i n  

radiance a t  1400 LT f o r  t h e  l e v e l s  a t  and above t h e  70% p r o b a b i l i t y  

l e v e l .  These two peaks a re  due t o  two d i f f e r e n t  phenomena and are  

independent o f  each other .  The f i r s t  peak (21.0 ~ m - ~ s r ' l  a t  t h e  90% 

l e v e l )  t h a t  occurs i n  a1 1 probabi  1 i t y  l e v e l s  i s  due t o  sung1 i n t  which 

i s  contaminat ing t h e  c loud  scene. Sung l i n t  i s  caused by t h e  specular  

r e f l e c t i o n  o f  s u n l i g h t  o f f  o f  t h e  ocean sur face  which exp la ins  why the  

low p r o b a b i l i t y  l e v e l s  were a f f ec ted .  I f  t h e  s u n l i g h t  e f f e c t s  a re  

ignored i n  t h e  d i u r n a l  rad iance curves i n  F igure  21, t he  low p robab i l -  

i t y  l e v e l s  (ocean) a re  cons tan t  throughout t h e  day, w h i l e  t h e  90% l e v e l  

shows a r i s e  i n  radiance i n  t h e  morning hours f o l l owed  by a r a p i d  r i s e  

t o  a peak radiance value o f  21.0 ~ m - ~ s r - l  occu r r i ng  a t  1400 LT. Th is  

i s  very s i m i l a r  t o  t h e  t h e o r e t i c a l  d i u r n a l  v a r i a t i o n  o f  radiance f o r  a 

f i n i t e  cub ic  c l oud  seen i n  F igure  5 where t h e  t h e o r e t i c a l  peak radiance 

a l s o  occurs a t  1330 LT. The 1330 LT t h e o r e t i c a l  rad iance i s  42 percent  
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Figure 21. Diurnal variation of selected CDF probabil i ty 
levels for 4 n .  mi resolution visible radiances 
for Case 3. 



grea te r  than t h e  1000 LT radiance which i s  very  c lose  t o  t he  40 percent  

increase i n  observed radiance seen i n  Case 3 f o r  t h e  same two t imes. 

Th is  a f te rnoon peak i n  radiance i s  due t o  t h e  v e r t i c a l  ex ten t  o f  t he  

f i n i t e  c loud o r  c l oud  shape e f f e c t s .  I t  i s  impor tan t  t o  note t h a t  t h e  

observed v i s i b l e  data behaved d i f f e r e n t l y  than  expected based on t h e  

I R  data alone. Cloud shape e f f e c t s  can account f o r  t h e  discrepancy 

between t h e  v i s i b l e  and I R  data, and based on the  example, c loud shape 

must be considered as impor tan t  a v a r i a b l e  as c loud cover and th ickness 

when ca tego r i z i ng  o r  s tudy ing  c loud  f i e 1  ds. 

The 50% p r o b a b i l i t y  l e v e l  from F igure  2 1  as w e l l  as t he  (90%-60%) 

d i f f e r e n c e  f o r  4 and 16 n. m i  r e s o l u t i o n  da ta  f o r  Case 3 a re  shown i n  

F igure  22. The d i f f e r e n c i n g  has n o t  complete ly  e l  im ina ted  t h e  sung1 i n t  

e f f e c t s  as seen i n  t h e  minor r i s e  i n  radiance a t  1000 LT. The f i n i t e  

c loud e f f e c t s  a re  s t i l l  ev iden t  due t o  t h e  prominent a f te rnoon maximum 

i n  radiance centered a t  1400 LT. The 1400 LT radiances a t  bo th  4 and 

16 n. m i  r e s o l u t i o n s  are  approx imate ly  6 1  percent  g rea te r  than t h e i r  

r espec t i ve  1000 LT radiances, which i s  s u b s t a n t i a l l y  h igher  than the  

42 percent  increase i n  t h e o r e t i c a l  radiances f o r  t h e  same two t imes 

i n  F igure  5. The 16 n. m i  r e s o l u t i o n  (90%-60%) d i f f e r e n c e  curve i s  

reduced i n  magnitude by approximately 2.0 ~ m - ~ s r - l  compared t o  t he  

4 n. m i  r e s o l u t i o n  (90%-60%) d i f f e r e n c e  due t o  t h e  h igh  degree o f  

h o r i z o n t a l  inhomogeneity i n  t he  broken c loud f i e l d .  

4.2.2 Case 4 

The f o u r t h  c loud f i e l d  f o r  s tudy (Case 4) i s  l oca ted  a t  2' S 

l a t i t u d e  and 25' W l ong i t ude  on J u l y  13, 1974. F igure  23 shows t h a t  

t h i s  i s  a broken c loud f i e l d  c o n s i s t i n g  o f  low- leve l  c louds and c loud 

groups t h a t  range i n  s i z e  up t o  40 n. m i  i n  diameter.  Some c loud f i e l d  
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. . .-.--;.. . o rgan i za t i on  i s  ev iden t  i n  t h e  c loud  scene w i t h  t h e  m a j o r i t y  o f  c louds 

and c loud groups runn ing  d iagona l l y  through t h e  ,center  o f  t h e  4' 

l a t i t u d e  by 4' l ong i t ude  study area, extending from t h e  northwest 

corner  a l l  t h e  way t o  t h e  southeast corner .  Th is  main band o f  cloirds 

i s  accompanied by a number o f  smal le r  bands o f  c louds t o  the  southwest 

and p a r a l l e l  t o  t h e  main band. The c louds cover about 25 percent  o f  

t he  Case 4 study area. 

The d i u r n a l  v a r i a t i o n  o f  se lec ted  CDF p r o b a b i l i t y  l e v e l s  f o r  

4 n. m i  r e s o l u t i o n  I R  data f o r  Case 4 a re  shown i n  F igure  24. Since 

t h e  v i s i b l e  data shows t h a t  almost 25 percent  o f  t h e  study area i s  

c loud covered and a1 1 o f  these clouds are  warm low clouds, a t h resho ld  

temperature o f  288 K i s  more appropr ia te  f o r  separa t ing  c loud  and ocean 

data p o i n t s  than t h e  287 K t h resho ld  used i n  Cases 1, 2, and 3. 

Overa l l ,  F igure  24 shows l i t t l e  change occu r r i ng  i n  t he  c loud f i e l d  

du r i ng  the  day. No change i n  c loud cover occurs, a very s l i g h t  c o o l i n g  

o f  t h e  90% p r o b a b i l i t y  l e v e l  occurs i n  t h e  af ternoon,  and a s l i g h t  

c o o l i n g  occurs i n  t h e  ocean values (10% l e v e l )  du r i ng  the  day. 

The d i u r n a l  v a r i a t i o n  o f  radiances f o r  4 n. m i  r e s o l u t i o n  v i s i b l e  

data from Case 4 f o r  se lec ted  CDF p r o b a b i l i t y  l e v e l s  a re  shown i n  

F igure  25. The 1100 LT data were n o t  a v a i l a b l e  f o r  ana l ys i s  and were 

est imated by i n t e r p o l a t i n g  between t h e  1000 and 1200 LT data. Th is  

est imated data i s  a c t u a l l y  a b e t t e r  rep resen ta t i on  o f  what would be 

observed a t  1100 LT s ince  the  observed data would have been con- 

taminated w i t h  s u n g l i n t  i n  a manner s i m i l a r  t o  Case 3 (F igure 21). 

The p r o b a b i l i t y  l e v e l s  a t  and above t h e  70% l e v e l  a re  skewed w i t h  a 

maximum radiance of 20.0 ~ m - ~ s r - '  a t  t he  90% l e v e l  occu r r i ng  a t  

1400 LT. This  i s  very s i m i l a r  t o  t h e  d i u r n a l  v a r i a t i o n  o f  radiances . I 8 T . 2 -  

' B .  
1 a 1 .  I 
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for 4 n .  mi resolution IR data for  Case 4. 
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Figure 25. Diurnal var ia t ion of selected CDF probabil i ty l eve l s  
f o r  4 n .  mi resolution v i s i b l e  radiances f o r  Case 4. 





seen f o r  t he  f i n i t e  c l oud  (F igure 5) and i n  Case 3 (F igure 21). The 

1330 LT radiance i s  33 percent  g rea te r  than t h e  1000 LT radiance 

comparable t o  t h e  42 percent  and 40 percent  increases seen i n  t h e  

t h e o r e t i c a l  f i n i t e  c loud case and Case 3, respec t i ve l y ,  f o r  t h e  same 

two times. The 50% and 30% p r o b a b i l i t y  l e v e l s  show l i t t l e  change 

du r i ng  t h e  day, w i t h  some s u n g l i n t  e f f e c t s  ev iden t  from 0900 LT t o  

1300 LT. Since t h e  I R  da ta  showed t h a t  no l a r g e  change i n  t h e  c loud 

f i e l d  occurs d u r i n g  t h e  day, t h e  a f te rnoon maximum radiance observed i n  

t h e  h igh  p r o b a b i l i t y  l e v e l s  i n  F igure  25 i s  due t o  c l oud  shape e f f e c t s .  

The 50% probabi  1  i t y  l e v e l  f rom F igure  25 as we1 1 as ' the (90%-60%) 

d i f f e r e n c e  a t  4  and 16 n. m i  r e s o l u t i o n  f o r  Case 4 a re  shown i n  

F igure  26. The f i n i t e  c loud e f f e c t s  a re  s t i l l  ev ident  due t o  t h e  

prominent a f te rnoon maximum i n  radiance a t  1400 LT. The 1400 LT 

radiances a t  b o t h  4 and 16 n. m i  r e s o l u t i o n s  are  approximately 68 

percent  g rea te r  than t h e i r  r espec t i ve  1000 LT Padiances. This  i s  

comparable t o  t h e  6 1  percent  increase i n  t h e o r e t i c a l  f i n i t e  c loud 

radiance f o r  t h e  same two t imes i n  F igure  5. The 16 n. m i  r e s o l u t i o n  

(90%-60%) d i f f e r e n c e  curve i s  reduced i n  magnitude by a t  l e a s t  

2.0 ~ m - ~ s r - '  compared t o  t h e  4 n. m i  r e s o l u t i o n  (90%-60%) d i f f e rence .  

Th is  i s  comparable t o  t h e  amount o f  reduc t i on  seen i n  Cases 1 and 3 and 

i s  rep resen ta t i ve  o f  a  h igh  degree o f  h o r i z o n t a l  inhomogeneity. 
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F igure  26. D iu rna l  v a r i a t i o n  o f  t h e  50% p r o b a b i l i t y  l e v e l  f rom 
F igure  25 and t h e  v i s i b l e  radiance (90%-60%) d i f -  
ference a t  4 and 16 n. m i  r e s o l u t i o n s .  





. j Chapter 5 9 t 

SUMMARY AND CONCLUSIONS 

The e f f e c t s  o f  f i n i t e  and s e m i - i n f i n i t e  c loud shape on d i u r n a l  

sate1 1  i t e  observat ions were i n v e s t i g a t e d  by s i m u l a t i n g  d i u r n a l  

s a t e l l i t e  observat ions o f  a  f i n i t e  cub ic  and s e m i - i n f i n i t e  c loud and 

comparing these r e s u l t s  w i t h  ac tua l  sate1 1 i t e  observat ions o f  c loud 

f i e l d s  w i t h  c l oud  cover va ry ing  from l e s s  than 30 percent  t o  g rea te r  

than 90 percent .  

Theore t ica l  sate1 1  i t e  observat ions were c rea ted  by computing 

r e l a t i v e  radiances from a  t h e o r e t i c a l  model which used t h e  Monte Car lo  

method t o  s imu la te  t h e  s c a t t e r i n g  o f  s o l a r  r a d i a t i o n  by a  f i n i t e  cub ic  

and i n f i n i t e  c l oud  f o r  o p t i c a l  depths o f  73.5 and 20.0. These 

radiances were computed f o r  f i v e  d i f f e r e n t  s o l a r  i 11 uminat ion angle 
, 

and then ad jus ted  t o  s imu la te  a  se r i es  o f  geos ta t ionary  s a t e l l i t e  

observat ions du r i ng  t h e  day. These computations were made w i t h  t h e  

s a t e l l i t e  and clouds s i t u a t e d  i n  t h e  equa to r i a l  p lane a t  t h e  equinox. 

The d i u r n a l  v a r i a t i o n s  i n  radiance f o r  a  t h e o r e t i c a l  i n f i n i t e  and 

f i n i t e  cub ic  c loud viewed a t  a  z e n i t h  v iewing  angle (8) o f  0' were 

bo th  symmetric about l o c a l  noon when t h e  maximum radiance occurred. 

Th is  was t r u e  f o r  bo th  o p t i c a l  depths. When v iewing  t h e  same clouds 

from an average z e n i t h  v iewing  angle o f  18 t o  31' (measured westward 

from zen i th )  t h e  d i u r n a l  v a r i a t i o n  i n  radiance f o r  t h e  i n f i n i t e  c l oud  

was again e s s e n t i a l l y  symmetric about l o c a l  noon when t h e  maximum 

radiance occurred. The f i n i t e  cub ic  c loud,  however, had a  skewed 



d i u r n a l  v a r i a t i o n  i n  radiance w i t h  t h e  maximum radiance occu r r i ng  a t  

1400 l o c a l  t ime. This  was t r u e  f o r  bo th  o p t i c a l  depths. 

The d i u r n a l  v a r i a t i o n  i n  radiance f o r  t h e  i n f i n i t e  and f i n i t e  

clouds were then compared t o  d i u r n a l  rad iance data from c loud f i e l d s  

observed by geos ta t ionary  sate1 1 i t e  (SMS-1). The comparison was 

accompl i shed by forming frequency d i s t r i b u t i o n s  f o r  each hour o f  

d i g i t i z e d  v i s i b l e  sate1 1 i t e  data f o r  a c l oud  scene and then genera t ing  

cumulat ive d i s t r i b u t i o n  func t i ons  (CDF) f rom those hou r l y  frequency 

d i s t r i b u t i o n s .  Selected CDF probabi  1 i t y  l e v e l s  from each hour were 

p l o t t e d  as a f u n c t i o n  of t ime and t h e  compared t o  t h e  t h e o r e t i c a l  

d i u r n a l  v a r i a t i o n  o f  radiance. 

Two c loud  f i e l d s  c o n s i s t i n g  o f  c loud c l u s t e r s  t h a t  covered more 

than 90 percent  o f  t h e  4' l a t i t u d e  by 4' l ong i t ude  study area were 

chosen t o  examine t h e  d i u r n a l  rad iance p a t t e r n  o f  s e m i - i n f i n i t e  clouds. 

The observed radiance p a t t e r n  f o r  b o t h  o f  t h e  observed c loud  f i e l d s  

c l o s e l y  resembled t h e  t h e o r e t i c a l  rad iance p a t t e r n  f o r  an i n f i n i t e  

c l oud  w i t h  t h e  p a t t e r n  be ing  symmetric about l o c a l  noon when t h e  

maximum radiance occurred. Th is  was t r u e  f o r  bo th  t h e  p r o b a b i l i t y  

l e v e l s  a t  and above t h e  70% l e v e l  and the  (90%-60%) d i f f e rences  a t  4 

and 16 n. m i  r e s o l u t i o n s  f o r  bo th  cases. 

Two c loud  f i e l d s  c o n s i s t i n g  o f  sca t te red  clouds t h a t  covered l e s s  

than 30 percent  o f  t h e  s tudy areas were chosen t o  examine t h e  d i u r n a l  

rad iance p a t t e r n  o f  f i n i t e  clouds. The 90% p r o b a b i l i t y  l e v e l s  as we1 1 

as t h e  (90%-60%) d i f f e r e n c e s  a t  4 and 16 n. m i  r e s o l u t i o n s  for.  bo th  

observed c loud f i e l d s  c l o s e l y  resembled t h e  t h e o r e t i c a l  rad iance 

p a t t e r n  f o r  a f i n i t e  c l oud  viewed from =I8 + 31°, w i t h  t h e  g rea te r  

radiances occu r r i ng  du r i ng  t h e  a f te rnoon hours and peaking a t  1400 LT. 



The results from the four cloud fields show that the radiative 

features of semi-infinite and finite clouds can both be found in 

satellite observations. This was true not only for the high resolution 

data (4 n. mi), but also for 16 n. mi resolution data which indicates 

that none of these cloud radiative features are resolution dependent. 

These results mean that care should be used in interpreting and using 

satellite data since cloud shape and the viewer, cloud and solar 

geometry can significantly i nf 1 uence the magnitude of the observed 

radiances. 
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