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1.0 INTRODUCTION 

With t he  launch of t he  TIROS (1961 -1965) and ESSA (1966-1969) ser ies  

of s a t e l l i t e s ,  i n t e r e s t  arose i n  t r y i n g  t o  determine c loud amount and 

cloud type (low, middle, h igh)  from s a t e l l i t e  data i n  an ob jec t i ve  man- 

ner (Conover, 1962, 1963; Leese, 1964; M i  11 e r  e t  a1 . , 1970). A f t e r  the  

launch of meteorological  s a t e l l i t e s  such as Nimbus 2 and 3 ca r r y ing  

re1 i a b l  e i n f r a r e d  radiometers, mu1 t i - s p e c t r a l  techniques were developed 

t o  match data from d i f f e r e n t  s a t e l l i t e  sensors viewing the  same cloud 

f i e l d s  (Vonder Haar, 1970; Shenk and Holub, 1972). Beginning w i t h  ITOS-1 

(1 970) simultaneous h igh  reso lu t i on  v i s i b l e  and i n f r a r e d  data po in ts  from 

s a t e l l i t e s  were matched p rec i se l y  i n  both space and time. Study o f  these 

combined data sets showed them t o  conta in much more information than when 

both data channels were considered separately (Booth, 1973). 

F igure 1 i s  an example o f  t he  simultaneous v i s i b l e  and I R  data re -  

ceived from the  scanning radiometer (SR) onboard the  NOAA-2 spacecraft. 

As can be seen, t he  most s t r i k i n g  d i f f e rence  between the  two p i c tu res  i s  

the  cloudiness on the  v i s i b l e  p i c t u r e  i n  southeast Colorado which d i s -  

appears f o r  t he  most p a r t  on the  i n f r a r e d  p i c t u r e  o f  t h i s  area. I n  t h i s  

case the  clouds are b r i g h t  and warm s i g n i f y i n g  the  presence o f  low clouds, 

i.e., s t ra tus .  The clouds i n  t he  nor thern p o r t i o n  o f  Colorado show up 

b r i g h t  i n  the  v i s i b l e  and whi te (co ld )  i n  the I R  s i gn i f y i ng  f a i r l y  deep, 

h igh clouds. The clouds over Washington, Oregon and Northern C a l i f o r n i a  

appear very t h i n  and gray on the  v i s i b l e  image wh i l e  on the  i n f r a r e d  view 

these clouds cover a much l a r g e r  area and are  whi te  (co ld) ;  thus probably 

i n d i c a t i n g  c i r r u s .  

The b i -spec t ra l  technique o f  the  present paper goes a s tep fu r the r  

than q u a l i t a t i v e  comparison o f  these combined data sets by analyzing both 

the  v i s i b l e  and i n f r a r e d  data received a t  a s i n g l e  measurement p o i n t  o r  



Figure 1.  Hard copy p r i n t  from the vis ible  ( l e f t )  and IR ( r i g h t )  
channel of the Scanning Radiometer onboard NOAA-2 
which is  received direct ly a t  Colorado State Univer- 
s i t y ' s  APT station. I 



contiguous array of scan spots in a quantitative manner. From these data 

we derive the cloud amount (ACLD) and the cloud top temperature TCLD = 

TCLD (NCLD); through an appropriate vertical temperature sounding we 

derive cloud height. The technique is also designed to approach the prob- 

lem of determining cloud amounts and heights for cloud sizes below the 

size of the sensors geometric field of view. The present paper will pre- 

sent the theory for the bi-spectral technique as well as the assumptions 

that are made. An uncertainty analysis is used to show the required 

measurement accuracy needed for the technique to be successful. Verifi- 

cation of this technique is shown by using data obtained from the NOAA 

polar orbiting sate1 1 i tes together with concurrect cloud estimates from 

the ground. The bi-spectral techniques should prove valuable in the 

analysis of SMSIGOES data as well as for several other satellite data 

sets which have simultaneous visible and infrared capabi 1 i ties. 

2.0 GENERAL BI-SPECTRAL METHOD 

Consider a single measurement spot: 4 n  mi at S S P  
Sub - Satellite Point 

for NOAA 2 or 3) 

or a measurement array: 

each containing a fraction of their total area covered with clouds (ACLD, 

in tenths) and the remaining fraction cloudfree (ACLR). At each scan 

spot and for each finite array we assume the availability of two spectral 

radiance measurements from a satellite, MS (i .e. 0.5<~<0.8~m) and ML (i .e., 

1 O<h<ll The magni tudes of the measured radiances may be assumed to 

arise from: 

- 
Ms - ( A ~ ~ ~  a~~~ H~ + A~~~ a~~~ H ~ )  



with:  a  = albedo o f  t he  surface (cloud, land o r  ocean) 

HS = the  so la r  i r r ad iance  ( e .  0.5<h<0.8pm) 

reaching the  surface; HS = NtnSUN 

N '  = so la r  constant f o r  the  sate1 l i t e  

and assuming: 

a )  t h a t  b i - d i r e c t i o n a l  re f lec tance e f f e c t s  can be 
accounted f o r  w i t h i n  "a"; f o r  d i f f u s e  case, a =  IT^ 

b)  t h a t  HS i s  the  same a t  a l l  l e v e l s  i n  the  atmosphere, 

and a lso  

M~ = A~~~ N~~~ + A~~~ N~~~ (2  

w i t h  NCLR and NCLD the  spectra l  i n f r a r e d  ( i  .e., l O < ~ < l l p m )  radiance 

a r i s i n g  from the  c loudfree and c l e a r  regions viewed respec t ive ly  and 

assuming : 

a) t h a t  t he  i n f r a r e d  em iss i v i t y  o f  the  (water) 
clouds and surface i s  .9. 

b) t h a t  clouds i n  view have a l l  tops a t  near ly  
the  same l e v e l  ( i .e . ,  i 500  m) 

Equations (1) and (2) may be jo ined by the r e l a t i o n  imp1 i e d  above: 

and the  se t  solved fo r  the  two desi red unknowns: 

(where NCLD y i e l d s  Teff o f  clouds, from Planck's Law). 

provided we assume "a p r i o r i "  knowledge o f :  

= the  albedo o f  the c loudfree reg ion  ( i .e . ,  .10 f o r  
ocean, .20 f o r  land, both inc lude atmospheric term) 

a~~~ = the  albedo o f  the  cloud ( i .e . ,  0.50) 

and NCLR = the  i n f r a r e d  radiance from the  c loud- f ree surface 
( i .e . ,  NCLR = F(TS)) 



All of th is  "a priori" information can be acquired i n  practice from the 

actual array of s a t e l l i t e  measurements, using suitable methods such as 

"minimum a1 bedo" (Vonder Haar e t .  a1 . , 1973) ; "clear column radiance" 

(Smith,  1974), etc. A complete description of these methods i s  beyond 

the scope of this  paper. However, an uncertainty analysis to  t e s t  the 

effect of these assumptions used in the bi-spectral method will be in- 

cluded in the next section. 

The solutions for  ( I ) ,  ( 2 )  and (3 )  for  cloud amount and cloud 

radiance are: 

and : 

I 
3.0 UNCERTAINTY ANALYSIS 

The general approach contains several assumptions. Since there 

are many methods to  infer the required "a priori" data, as we1 1 as pos- 

s ib i l i t i e s  for i terat ive solutions, the practical application of the 

bi -spectral method to determine cloud parameters to  meet the need of a i r  

operations, temperature soundings, wind sets  from SMS, etc. will depend 

f i r s t  of a l l  on uncertainties in the measured radiances MS and ML.  To 

t e s t  the method we have thus proceeded through the development in 

reverse order. 

Differentiating Equation ( 4 )  imp1 ic i  t ly:  

(continued next page) 



This  shows t h a t  t he  u n c e r t a i n t y  i n  c loud amount (nACLD) depends on t h e  

magnitude and u n c e r t i a n t y  o f  t he  i n c i d e n t  s o l a r  i r r a d i a n c e  on t h e  cloud, 

HS; t he  r e f l e c t e d  s o l a r  radiance measured a t  t he  s a t e l l  i t e ,  MS; and 

t h e  assumed b i - d i r e c t i o n a l  r e f l e c t a n c e  o f  t h e  c loud and c loud f ree  

regions,  kLD and pcLR, respec t i ve l y .  Note t h a t  i n  most cases  AH^ and 

A pCLR w i l l  be 1  ess than 10% o f  t h e i r  magnitudes, AMS can be w i t h i n  5% 

~ C L D  can be deduced by d i r e c t  measurement. 

D i f f e r e n t i a t i n g  (5 )  we have: 

Equation ( 6 )  and (7 )  were evaluated sys tema t i ca l l y  us ing  these t y p i c a l  

m i d - l a t i  tude values: 

HS = 305 ~ - r n - ~  ( f o r  cos cSUN = 0.82) 

M~ 
= 22. ~ . m - ~ -  s r - l  



( t h e  NCLR and NcLD radiances correspond t o  e f f e c t i v e  sur face temperatures 

o f  2 9 0 ' ~  and 250°K, r e s p e c t i v e l y )  

Using t h e  values above we evaluated Equat ion ( 5 )  and (6 )  f o r  uncer ta in -  

t i e s  o f  5%, 10% and 20% and Equat ion ( 7 )  f o r  values o f  ACLD ranging 

from 0.3 t o  0.7. 

4.0 RESULTS AND DISCUSSION OF UNCERTAINTY ANALYSES 

Resul ts  o f  t h e  u n c e r t a i n t y  ana l ys i s  f o r  c loud amount (ACLD) shows 

t h a t  as t h e  c loud amount var ies ,  t h e  r e l a t i v e  u n c e r t a i n t y  i n  c loud amount 

de termina t ion  remains about 15 t o  20%. The absolute u n c e r t a i n t y  thus 

remains i n  t he  0.05 t o  0.10 range f o r  t o t a l  c loud amounts l e s s  than 

0.50 and when measurements and assumptions have 5% unce r ta in t y .  For 

example, w i t h  a l l  u n c e r t a i n t y  a t  t he  5% l e v e l :  

I f :  

Then A A ~ ~ ~  

Resul ts  o f  the  u n c e r t a i n t y  ana l ys i s  f o r  determin ing c loud t o p  temperature 



showed t h a t  w i t h  measurement u n c e r t a i n t i e s  o f  5% and ACLD assumed t o  be 

f .05 then: 1 

0.7 0.3 5' K 0.6 km* 

As can be noted, we have the  f o r t u n a t e  s i t u a t i o n  wherein t h e  de termina t ion  

o f  c loud he igh t  i s  most d i f f i c u l t  f o r  scenes o f  low c loud amount b u t  t h a t  

t h e  u n c e r t a i n t y  i n  ob ta in ing  c loud amount i s  minimized f o r  these scenes. 

Overa l l ,  t he  u n c e r t a i n t y  ana l ys i s  i n d i c a t e s  t h a t  use fu l  data from 

the  b i - spec t ra l  technique i s  h i g h l y  probable. Thus a simultaneous t e s t  

o f  t he  method aga ins t  ground observat ions was performed. (Simultaneously,  

sate1 1 i t e  radiance measurements were tes ted  f o r  accuracy and s t a b i  1  i ty  

(see Appendix 1 ) . 

5.0 RESULTS FROM THE BI-SPEC PROGRAM 

I n  o rder  t o  t e s t  t h e  b i - s p e c t r a l  program, i t  was necessary t o  choose 

an area t h a t  corresponded t o  a l o c a t i o n  where c loud observat ions and 

upper a i r  data were ava i l ab le .  The f i r s t  obvious l o c a t i o n  was WSMR 

since i t  took  c loud observat ions dur ing  t h e  t ime o f  t h e  s a t e l l i t e  pass 

and took f requent  upper l e v e l  soundings. Two o the r  l o c a t i o n s  which were 

u s u a l l y  i n  good view by the  s a t e l l i t e  were chosen, Denver, Colorado and 

Oklahoma City, Oklahoma. We app l i ed  the  b i - spec t ra l  model f o r  a  20 x Z0 

* t o  ob ta in  t h i s  va lue i t  w i l l  be necessary t o  r e f i n e  our  measurements 
f o r  ACLD s ince  we found t h a t  ACLD cou ld  n o t  be determined t o  f .05 f o r  
c loud amounts g rea ter  than 0.5. 



l a t i  tude-longitude box centered on the  l o c a t i o n  o f  i n t e r e s t .  The 

problem arose o f  t he  s i ze  o f  an area t o  choose t o  correspond best  w i t h  

the  ground observer 's measurement o f  c loud amount. The method chosen 

was t o  assume a 40 mi. r a d i a l  v i s i b i l i t y  i n  terms o f  sky cover measure- 

ments f o r  the  ground observer and t o  use data f 40 mi les  from the  loca-  

t i o n  o f  the s i t e  t o  compute an average c loud amount and cloud top  

temperature from the  model output. 

F igure 2 i s  a comparison o f  ground observed and s a t e l l i t e  determined 

cloud amount and c loud height  where standard meteor01 ogi  ca l  symbol s a re  

used f o r  amount fo r  the  WSMR area. Since these data correspond t o  the  

data s e t  used f o r  ca l i b ra t i on ,  (See Table 1 i n  Appendix I ) ,  i t  tends 

towards most ly  c l e a r  cases. Thus, the  b i  -spectra l  technique hand1 es 

t h i s  we l l  as should be expected. I n  several cases shown here, t he  b i -  

spec t ra l  technique does p i c k  o u t  small scale f i e l d s  o f  cumulus and 

towering cumulus b u i l d i n g  up over t h e  White Sands reg ion  (F igure 3). . 

For middle and h igher  type cloudiness the  technique shows some discrep- 

ancies. Unfortunately, no est imate was made o f  the  t o t a l  opaque c loud 

amount i n  t he  surface observat ions made a t  White Sands as was done f o r  

Denver and Oklahoma City. Since our assumption o f  an em iss i v i t y  o f  .9 

i s  made o f  a l l  em i t t i ng  surfaces, we w i l l  obv iously  determine too warm 

a cloud-top temperature f o r  surfaces l ess  than t h i s .  In some instances 

when very t h i n  c i r r u s  i s  observed, t he  v i s i b l e  channel measurements are 

o f f  as we l l  s ince i t  views the  under ly ing surface as we l l  as t he  cloud. 

I n  some instances, as seen on November 13, 1974, we completely miss the  

clouds. This  problem w i l l  appear i n  t he  two o ther  loca t ions  and w i l l  

be discussed i n  f u r t h e r  d e t a i l  i n  the  next  sect ion. Table 2 gives the  

actual  percentage amounts and heights o f  clouds observed as determined 

I 





W h i t e  
Sqnds 

Field 

Figure 3 .  a .  ) NOAA-2 VHRR ( Very High Resolut ion Radiometer) 1 Km 
v i s i b l e  image f o r  9/11/74 showing small cumulus j u s t  
t o  t h e  no r th  of White Sands. 

b.) NOAA-2 SR 4 Km v i s i b l e  image f o r  9/11/74 corresponding 
t o  a . )  above. 



TABLE 1 

WSMR MEASURED AND BI-SPEC HIGH RESOLUTION COMPARISON 

High Re2. 
Calc. ( K) Time Radian V Results 

+ 0 
-3Oc 

Date 

Cloud Cgntamination 
250 -3 C 

WSMR MEASURED AND BI-SPEC CAL. TEMP. COMPARISON 

Bi-Speg 
Calc. ( K) 

WSMRo 
Meas. ( K) Radian V Results Date 

6 /  5/ 74 

Time - 
-lOc Attenuation .23" 
Precip. Water 

-2'~ Attenuation .54" 
Precip. Water 

-4'~ due to Attenua- 
tion .Sf' Precip. 
Water 

Possible Cloud 
Contamination -2.5 C 
Attenuation .57" 
Precip. Water 

-2'~ Attenuation -43" 
Precip . Water 
-2'~ Attenuation -45" 
Precip. Water 

-2'~ due to Attenuation 
.4" Precip. Water 



TABLE 2 

WSMR CLOUD OBS. 

DATE TOTAL 
OPAQUE 

C LOUD 

LAYER 1 LAYER 2 LAYER 3 

AMT HGT* AW HGT AMT HGT 
- -  - - 

few C u  

few C u  

15.0 

few C u  

few T C u  

few C u  

250 

clear 

clear 

11.0 

few C u  

120 25 0 

150 250 

clear 1" snow 

LAYER 1 LAYER 2 LAYER 3 

IMT HGT AMT HGT AMT HGT 

c 1 ear 

c 1 ear 

clear 

.2 7.0 

.5 14.0 

clear 

.10 14.0 

clear 

c 1 ear 

.4 19.5 

.1 2.5 

.14 17.0 

clear 

.07 sfc .  snow 

* i n  thousands o f  f e e t  



from s a t e l l i t e s .  I n  t h e  Denver comparisons (F igure  4, Table 3) ,  t he re  

were more c loudy cases, and t h e  r e s u l t s  seem q u i t e  good f o r  a l l  b u t  t h e  

t h i n  c i r r u s  cases. On March 13, 1974, t h e  technique was a b l e  t o  de te r -  

mine two l a y e r s  o f  c loud which were observed, whi 1 e on November 13, 

t he  s a t e l l i t e  was ab le  t o  determine t h e  tops o f  t he  clouds w h i l e  t h e  

observer repor ted  sky obscured a t  500 ft. Cases such as August 28 and 

October 23 p o i n t  o u t  t h e  problem w i t h  c i r r u s  and how t h e  v i s i b l e  channel 

sees through them p a r t i a l l y  and underest imates amount w h i l e  t h e  I R  

determines too  warm a temperature g i v i n g  them too  low a he igh t .  How- 

ever  the  technique appears t o  do a good j o b  a t  a f a i r l y  h i g h  r e s o l u t i o n  

f o r  the  most p a r t .  You w i l l  no te  on t h i s  curve, t h e  t o t a l  opaque c loud 

amount as est imated by t h e  observer i s  p l o t t e d .  Th is  number i s  more 

c l o s e l y  r e l a t e d  t o  what t h e  s a t e l l i t e  sees than i s  t h e  t o t a l  c loud 

amount s ince  t h e  opaque c loud would have a h igher  o p t i c a l  depth and 

would have been seen by t h e  s a t e l l i t e .  I t s  e m i s s i v i t y  would be c lose r  

t o  1 a l l ow ing  the  proper temperature t o  be measured. The s a t e l l i t e  i s  

very c lose  t o  bo th  amount and height ,  i n  a l l  b u t  two instances,  August 

28 and October 23, when t h e  opaque c loud amount i s  g rea te r  than .8. 

I n  t h e  cases where t h e  b i - s p e c t r a l  program measures a h igher  c loud height ,  

i t  would obv ious ly  mean t h e  s a t e l l i t e  perceives t h e  c loud- top w h i l e  t h e  

observer sees c loud base. On t h e  two cases mentioned above, t h e  sate1 1 i t e  

determined c lose  t o  t h e  amount observed b u t  measured too  h igh  a tempera- 

t u re .  Th is  shows t h a t  even w i t h  an apparent opaque cloud, t h e  e m i s s i v i t y  

may n o t  be 1, thus a l l ow ing  t h e  s a t e l l i t e  t o  measure too  warm a tempera- 

t u r e  and consequently t oo  low a he igh t .  There does n o t  appear t o  be any 

c o r r e l a t i o n  between e r r o r s  i n  he igh t  and amount due t o  l a r g e  s a t e l l i t e  

v iewing angles. 





The t h i r d  location chosen was Oklahoma City. As can be seen in 

Figure 5 and Table 4 ,  there was a high percentage of t h i n  c i r rus  and 

large viewing angles by the s a t e l l i t e .  The thin c i r rus  problem i s  quite 

evident fo r  the October 9 and November 13 cases. Here the observer re- 

ported 8/10 cloudiness for  both days b u t  only 0/10 and 1/10 total  

opaque cloudiness, respectively. Therefore, on these days the sate1 1 i t e  

was not able to  detect any cloudiness over OKC. In other instances, the 

s a t e l l i t e  i s  able t o  determine multi-layered clouds when the observer 

was socked i n  by low clouds, such as 3/13. On October 30, the s a t e l l i t e  

seemed to  be measuring the t o p  of the thunderstorm over OKC while the 

observer could only see the base of the clouds. In most other cases where 

large errors occur, i t  i s  due to the assumption of a emissivity of .9, 

a1 though the clouds observed defini te ly had an emissivity of less  than 

th is .  Again, there doesn't seem to be any real error  induced by low 

viewing angles, most of the error  i s  due to  the emissivity and optical 

depth pro bl em. 

6.0 SPECIAL APPROACH FOR THE CASE OF CIRRUS 

As has been shown by the previous resu l t s ,  c i r rus  clouds point out 

a special problem in the present technique for  determining cloud amount 

and height. There are two approaches tha t  can by used to  t ry  and deter- 

mine the proper emissivity of these clouds. The f i r s t  method i s  t o  

correlate vis ible  brightness to  emissivity and correct the IR data by 

the emissivity determined by the vis ible  channel. The second method i s  

t o  use mu1 tispectral  data available from the same NOAA sate1 1 i t e  (VTPR - 

Vertical Temperature Prof i 1 e Radiometer data) and correlate the radiances 

of each spectral band t o  each other until  a proper level i s  determined 



TABLE 4 

DATE 

* i n  thousands of feet 

S A T E L L I T E  CLOUD OBS.  

LAYER 1 LAYER 2 LAYER 3 

AMT HGT* AMT HGT* AMT HGT* 

.55 7.0 .30 17.5 .15 26.5 

.5  9.4 

c l e a r  

c l e a r  

.5 21.0 

.1 7.0 

.5 18.0 

.75 21.4 

c l e a r  

c 1 e a r  

.4  7.3 

1 . 0  33.0 

c 1 e a r  

OKC CLOUD OBS. 

NAD I R TOTAL 
ANGLE OPAQUE 

CLOUD 

go 3/ 13/ 74 1 .0  

45O 6/ 05/ 74 .6 

go 6/ 19/ 74 0 

29' 6/ 26/ 74 0 

48' 7/ 24/ 74 .1 

35O 8/ 07/ 74 .2 

55O 8/ 14/ 74 .1 

36O 8/ 28/ 74 1 .0  

14' 9/11/74 

43O 1 O/ 09/ 74 3 

32' 10/23/74 .5 

46' 1 O/ 30/ 74 1 . 0  

LAYER 1 LAYER 2 LAYER 3 

AMT HGT* AMT HGT* AMT HGT* 

1 .0  1 .3  

.1 3.0 .7 250 

c l e a r  

c l e a r  

. 4  30.0 

.2  5.0 

.4  25.0 

1 . 0  1 .3  

c l e a r  

.8 25.0 

.5 8.0 

1.0 1 .3  R repor ted  

13O 1 I/ 13/ 74 .1 .8 25.0 



f o r  the cloud. 
I 

To account for  the c i r r u s  problem equation (2) must be modif ied as 

fo l lows:  

where : 

E = emiss iv i ty  

One method t o  obtain (E) would be t o  co r re la te  the v i s i b l e  b r igh t -  

ness o f  a  cloud t o  i t s  emissiv i ty .  This technique has been t r i e d  w i t h  

varying success by Mosher (1 974) and Shenk and Curran (1973). Measure- 

ments o f  c i r r u s  clouds i n f r a red  emiss iv i t i es  (Kuhn and Weickman, 1969; 

Davis, 1971; Valovcin, 1968; Brown and Houghton, 1956; P la t t ,  1975; 

Hubert, 1975) and calculated by (Jacobowitz, 1970; Yamamoto e t  al., 1970; 

Fleming, 1973, and Liou, 1974) f o r  varying geometric thicknesses have 

shown values ranging from .1 t o  .8. I n  general the r e l a t i o n  between 

(E) and the geometric thickness (H) i s  poor, i nd ica t ing  t h a t  the i c e  

c rys ta l  concentration (W i n  gm.m-3) has a  major e f fec t  on the i n f r a red  
I 

emissivi  t y .  

It can be shown, (Fleming, 1973) t ha t  the re f lec ted (scattered) 

so lar  radiance (Nr) from a c i r r u s  cloud i s  c lose ly  re la ted  t o  i t s  

ef fect ive op t i ca l  depth T* = KWH where K = an ex t i nc t i on  coe f f i c ien t  

dependent upon p a r t i c l e  s ize  and density. I f  we assume l i t t l e  absorp- 

t i o n  by the c i r r u s  layer, then: I 
* 

= 1  .O - e-TS sec 5 



where: 
* 

T = W T *  (Lo0 
S 0 

= s i n g l e  s c a t t e r i n g  albedo "1.0) 

Th is  r e l a t i o n  between c i r r u s  phys ica l  p r o p e r t i e s  and c i r r u s  albedo 

has a  weak dependence on s o l a r  z e n i t h  angle ( 5 )  f o r  angles l e s s  than 

60'. 

From L iou  (1  974) i t  i s  poss ib le  t o  now r e l a t e  T* t o  i n f r a r e d  

e m i s s i v i t y ,  From F igure  6 o f  L iou,  i f  we assume a  p a r t i c l e  s i z e  o f  40vm 
1  

and use t h e  curve f o r  a  number d e n s i t y  o f  N  = .02 cmm3 we ob ta in :  

(wH) - E  

Then us ing Equat ion (8 )  we can r e l a t e  albedo t o  E  (see F igure  6 ) .  Using 

t h i s  graph and the  albedo measured by t h e  s a t e l l i t e  over c i r r u s  i t  would 

be poss ib le  t o  o b t a i n  an est imate o f  t he  e m i s s i v i t y  o f  t he  c loud t o  use 

i n  Equat ion ( 2 ' ) .  Two cases were s tud ied  t o  t e s t  t h e  r e l a t i o n s h i p  be- 

tween albedo and temperature as measured by t h e  s a t e l l i t e .  One case 

(F igure  7) was o f  c i r r u s  over t h e  G u l f  o f  C a l i f o r n i a ;  t h e  o the r  o f  c i r r u s  

over t he  southern p a r t  o f  Ar izona (F igure  8). Both show a  f a i ? l y  s t rong 

r e l a t i o n s h i p  between Teff and aCLD, even though the  c i r r u s  over land  shows 

a  s h i f t  t o  h igher  albedoes due t o  t h e  c o n t r i b u t i o n  o f  t he  a1 bedo of t h e  

'note t h a t  w  = .231N f o r  c i r r  s  c r y s t a l s  o f  r a d i i  equal t o  40pm 
where the  number dens i t y  i s  i n  cm-Y (see Fleming, 1973). I 





Figure  7. Rela t ionsh ip  between a t  bedo and blackbody temberature as 
der ived  from NOAA SR measurements of c i r r u s  over t he  G u l f  
o f  C a l i f o r n i a .  I 



Figure  8. Re la t ionsh ip  between a1 bedo and blackbody temperature as 
der ived  from NOAA SR measurements o f  c i r r u s  over southern 
Arizona. 



l and  sur face  through t h e  cloud. Th i s  does p o i n t  o u t  t h a t  two se ts  o f  

r e l a t i o n s h i p s  must be developed t o  account f o r  t h e  d i f f e r e n c e s  o f  land-  

ocean re f l ec tance .  Shenk and Curran (1973) have tes ted  t h i s  technique 

f o r  s a t e l l i t e  measurements o f  c i r r u s  over t h e  Nor th  A t l a n t i c  Ocean. 

A f t e r  t h e i r  F igu re  3 (F igu re  9) they  developed a s e t  o f  curves by us ing  

Equat ion 2 '  assuming t o t a l  c loud  cover i n  t h e  f i e l d  of v iew o f  the  

sensor. They then developed a fami1.y o f  curves f o r  d i f f e r e n t  c loud  tops 

us ing  2 8 8 ' ~  as NCLR and us ing  measured I R  values TBB ( M L ) .  For t h e i r  

measurements they  found t h a t  f o r  a c loud  of a = 25%, TBB = 265OK, t h a t  

t he  E would equal .5. Using t he  work o f  L i o u  f o r  a = 25% and 5 = 15O, 

an E = .3 would be determined. Thus i t  appears as though a r e l a t i o n -  

sh ip  should be developed f o r  a s p e c i f i c  s a t e l l i t e  experiment. Th i s  

should be i n  r e l a t i o n  t o  spec ia l  c loud  and ground t r u t h  measurements 

du r i ng  t h e  observa t ion  t ime o f  t h e  s a t e l l i t e .  

A second method t h a t  cou ld  be used, and w i l l  be tes ted ,  has been 

developed by Bunt ing and Conover ( 1  974) us ing  mu1 t i  -spec t ra l  rad iance 

data from t h e  VTPR experiment onboard t h e  NOAA s a t e l l i t e s . *  Th i s  

system uses a r a d i a t i v e  t r a n s f e r  model which t r i e s  t o  s imu la te  t he  rad-  

iance t h a t  should be seen by t he  s a t e l l i t e  v iewing a g iven  c loud  a t  a 

c e r t a i n  he igh t  and e m i s s i v i t y .  Model c louds were then found which 

s a t i s f i e d  f o u r  o f  t he  spec t ra l  reg ions  (bands 4,5,6,8), each charac te r -  

i z e d  by an e m i s s i v i t y  and a c loud- top he igh t .  Shown i n  F igure  10 i s  t h e i r  

F igure  1, a comparison o f  t h e i r  channel 4 and 8 where t he  ove r l ap  denotes 

t h e  l o c a t i o n  o f  t h e  assumed c loud  he igh t  and t h e  c louds e m i s s i v i t y .  

*Other techniques us ing  v e r t i c a l  temperature sounding data have 
been developed by Chahine (1974) and Smith (1975) t o  determine f r a c -  
t i o n a l  c loud  amount and he igh t  and bo th  show promise f o r  determin ing 
l a r g e  sca le  c loudiness.  



Figure 9. Family of curves relat ing t rue  cloud t o p  temperature (Tc) to  
what would be measured by sate1 1 i t e  f o r  given emissivi t i e s  
(From Shenk and Curran, 1973). 



A i r c r a f t  comparisons du r i ng  t h e  t ime o f  t h e  NOAA pass show t h i s  scheme 

t o  work q u i t e  w e l l .  With t h e  use o f  t h e  SR data i n  con junc t ion  w i t h  

t h i s  data, i t  may be poss ib le  t o  f i ne - tune  the  VTPR c a l c u l a t i o n  

through use o f  t h e  h igher  r e s o l u t i o n  SR data. Thus, t h i s  technique would 

become a mu1 t i - s p e c t r a l  r a t h e r  than a b i - s p e c t r a l  technique t o  determine 

c l  oud he igh ts  and amounts. 

A t h i r d  approach t o  overcome t h e  c i r r u s  problem i s  t o  use a 6.7pm 

channel t o  d i sc r im ina te  between c i r r u s  and c l e a r  cond i t i ons  i n  t h e  upper 

troposphere (Shenk e t  a1 . , 1974). However, t h i s  method i s  open t o  some 

d i f f i c u l t y  of i n t e r p r e t a t i o n  when upper t ropospher ic  water vapor con- 

t e n t  changes. 

7.0 SUMMARY AND CONCLUSIONS 

Th is  paper has presented a technique t o  determine c loud amount and 

c loud he igh t  us ing simultaneous v i s i b l e  and i n f r a r e d  data obta ined from 

the  NOAA sate1 1 i te .  Several assumptions are  necessary i n  t he  development 

of t h i s  technique, bu t  t h e  u n c e r t i a n t y  ana l ys i s  has shown t h a t  w i t h  proper 

g round- t ru th  ca l ib ra t ion , reasonab le  and use fu l  r e s u l t s  can be expected. 

Cursory g round- t ru th  comparisons have shown t h a t  t he  I R  channel appears 

t o  g i v e  reasonable r e s u l t s  w h i l e  comparisons w i t h  t h e  v i s i b l e  channel 

appears t o  con ta in  fac to rs  t h a t  have n o t  been accounted f o r  t o  date. Due 

t o  these fac to rs  and the  l a c k  o f  c l o u d - t r u t h  data a t  a r e s o l u t i o n  o f  t h e  

NOAA s a t e l l i t e ,  we have n o t  been ab le  t o  t e s t  t h e  accuracy o f  t h e  tech- 

nique fo r  i n d i v i d u a l  scan spots. When an . i r r a y  o f  s a t e l l i t e  data i s  

taken, comparisons t o  ground observed c loud amounts show good comparison 

f o r  a l l  bu t  the  c i r r u s  cases. Two techniques were descr ibed which could 

c o r r e c t  t h i s  problem and w i l l  be t e s t e d  and incorpora ted  i n t o  t h i s  technique 



t o  a1 low measurements o f  a1 1 c loud types. Th is  method has many appl i c a -  

t i o n s  and can be used by many o f  t h e  present  sate1 1 i t e s  now i n  o r b i t .  

The VISSIR ( V i s i b l e  and I n f r a r e d  Spin Scan Radiometer) data a v a i l a b l e  

from the  GOES se r i es  o f  s a t e l l i t e s  i s  probably  t h e  bes t  a v a i l a b l e  f o r  

use w i t h  t h i s  method. The DMSP (Defense Meteor01 o g i  c a l  Sate1 1 i t e  Program) 

s a t e l l i t e s  a l s o  have dual-channel radiometers capable o f  us ing  t h i s  tech- 

nique on an opera t iona l  bas is .  I t  appears now as though many o f  t h e  

f u t u r e  s a t e l l i t e s  such as t h e  TIROS-N s e r i e s  w i l l  have t h i s  dua l -  

channel c a p a b i l i t y  and w i l l  be p o t e n t i a l  candidates f o r  use i n  determin- 

i n g  c loud i n fo rma t i on  us ing t h e  b i - s p e c t r a l  method. 
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Appendix 1  : Test  o f  Accuracy and R e p r o d u c i b i l i t y  o f  S a t e l l i t e  
Rad ia t i ve  Measurements 

To check t h e  accuracy o f  t he  s a t e l l i t e  measurements, i n f l i g h t  c a l i b r a t i o n  

o f  t h e  v i s i b l e  and i n f r a r e d  sensor i s  needed. One method i s  t o  have t h e  

sensor scan a  sur face  t a r g e t  o f  known br igh tness  and temperature and com- 

pare t h i s  t o  t h e  d i g i t i z e d  v i s i b l e  and I R  data rece ived from t h e  SR sensor 

o f  t h e  NOAA s a t e l l i t e s * .  One such t a r g e t  i s  t he  White Sands Nat iona l  

Monument where the  Atmospheric Sciences Laboratory a t  White Sands M i s s i l e  

Range has s e t  up a  ground t r u t h  s i t e  (Wil l iamson, 1975). A t  t h i s  s i t e  

measurements a re  made o f  t h e  sur face  r a d i a t i o n  temperature i n  t h e  10-1 lvm 

range w i t h  a  Barnes PRT-5, as w e l l  as t he  incoming and outgoing r a d i a n t  

f l u x  i n  t h e  .5 -.7 vm range us ing  an Eppley Model 2 P rec i s i on  Spec t ra l  

Pyranometer . Measurements a r e  simul taneous w i t h  t h e  passage o f  t h e  NOAA 

sate1 1  i t e  a1 lowing n e a r l y  d i r e c t  comparisons once v iewing angle, sun angle, 

and water vapor a t t enua t i on  problems a re  taken i n t o  account. 

Some p re l im ina ry  comparisons are  shown i n  F igs.  11 and 13. F ig.  11 

i s  a  comparison of ground based measured r a d i a t i v e  sur face  temperature and 

s a t e l l i t e  measured sur face  temperature, Both raw data and data cor rec ted  

f o r  l i m b  darkening and water vapor absorp t ion  a r e  shown i n  t h e  f i g u r e .  An 

I R  r a d i a t i v e  t rans fer  model having 10 wavenumber r e s o l u t i o n  i nco rpo ra t i ng  

B i g n e l l ' s  pressure broadened continuum developed by Cox (1975) was used 

f o r  t h i s  c a l c u l a t i o n .  Table 1  shows t h e  l o s s  t h a t  was ca l cu la ted  due t o  

water vapor absorpt ion (no te  p r e c e i p i  t a b l e  water)  and 1  imb darkening. As 

t h e  graph shows i n  F ig.  12, almost a l l  p o i n t s  a re  below t h e  1:1 l i n e  

showing t h e  sate1 1  i t e  was measuring a  co lde r  temperature then was measured 

a t  t he  surface. 

*Data i s  received by use o f  t he  CSU APT s t a t i o n  then i s  d i g i t i i e d  
a t  f u l l  r e s o l u t i o n  f o r  use i n  t h e  Bi-Spec program. 





Ts Measured by WSMR,OK 

Figure 12. Best f i t  curve of observed s a t e l l i t e  surface temperature 
and ground measured surface temperature shoving the sa te l -  
1 i t e  measures a temperature approximately 3 C colder 
on the average. 1 



Possible causes for this discrepancy are due in part to: 1) Theoretical 

model not accounting for all the absorption taking place between the 

surface and satellite (i .e., haze problems, etc.); 2) To arrive at a 

surface temperature for White Sands from the satellite it was necessary 

to average the IR data over the visually brightest area which could be as 

large as 40 sq. km. This averaging technique takes into account a much 

larger area than the field of view of the PRT (a few meters) which may 

cause a discrepancy in the two measurements; 3) Calibration errors are 

another source of error; and 4) Difference in radiometers, i .e., spectral 

response and sensitivity differences between the sate1 1 i te sensor and ground 

sensor. The best fit curve shows what could be assumed to be the best 

relationship between the ground and sate1 1 ite measurements. It still 

shows quite a bit of scatter around the curve but probably accounts for 

some of the systematic errors. More measurements are definitely needed 

and are continuing on a weekly basis through cooperation of CSU and WSMR. 

For the visible channel, comparison was made of the albedo as measured 

from the surface, to that which was measured by the satellite (fig. 

It was necessary to correct the sate1 1 ite data for viewing angle, sun angle, 

and bi -di rectional ref 1 ectance problems (Si kula and Vonder Haar , 1972). 

The results show that in only a few instances do the measurements attain 

the 5% accuracy we feel is needed. Work done by Walraven and Coulson 

(1 972) have shown there is definitely a bi -directional ref1 ectance problem 

with the White Sands which will affect the measurements. Our bi-directional 

reflectance model is based on clouds which does not exactly represent the 

reflectance of the sand and will cause discrepancies in the two 

measurements. Cox (1975) has shown that over a bright surface the 

atmosphere would absorb reflected radiation causing a lower a1 bedo to be 

measured from the satellite. Many of the factors affecting the IR channels, 
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Figure 13. Comparison of satellite measured surface albedo to ground 
based measured surface albedo for White Sands. 



such as c a l i b r a t i o n ,  ins t rument /spec t ra l  d i f f e rences ,  and s i z e  o f  area 

measured, a f f e c t  t h e  f i n a l  reading. These severa l  f a c t o r s  a f f e c t i n g  t h e  

r e f  1  ectance measurements have t o  be accounted f o r .  (See Jacobowi t z  and 

Gruber, 1975, f o r  a  d iscuss ion  o f  these).  

The u n c e r t a i n t y  ana l ys i s  has shown t h a t  a t  a  5% l e v e l  of u n c e r t a i n t y  

i n  t he  measured values we can assume reasonable values i n  c loud amount and 

c loud top  temperature. However, comparisons t o  "ground t r u t h "  data show 

we may no t  have t h i s  accuracy i n  t he  I R  o r  v i s i b l e  channel. Th is  can be 

accounted f o r  s ince t h e  e r r o r  i n  t he  I R  seems t o  be a systematic decrease 

as measured by the  sate1 1 i t e .  The v i s i b l e  channel presents a somewhat 

more compl i c a t e d  problem and requ i res  f u r t h e r  study. Thus, s idestepping 

t h i s  problem f o r  t he  moment, we have proceeded t o  run  t e s t  cases t o  

asce r ta in  t h e  accuracy o f  t h i s  technique i n  Sec t ion  5. Therewe w i l l  

avo id us ing i n d i v i d u a l  "spots"  f o r  v e r i f i c a t i o n  b u t  w i l l  use an average 
I 

a r ray .  Th is  w i l l  somewhat e l i m i n a t e  some o f  t he  e r r o r s  by smoothing the  

data. 
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