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A n i s o t r o p i c  S o l a r  R e f l e c t a n c e  Over White Sand-  

Snow, and S t r a t u s  Clouds 

A b s t r a c t  

I n t e g r a t e d  d i r e c t i o n a l  r e f l e c t a n c e s  and r e l a t i v e  an-  

i s o t r o p y  were measured o v e r  s t r a t u s  c l o u d s ,  snow, and w h i t e  

gypsum sand u s i n g  t h e  NIMBUS F-3 medium r e s o l u t i o n  r a d i o -  

me te r  (MRIR) and a  s i l i c o n - c e l l  pyranometer  mounted on a  

P i p e r  T w i n  Comanche. R e f l e c t a n c e s  i n  t h e  0 . 2 - 4 . 0  and 0 .55-  

0 .85  micron p o r t i o n s  o f  t h e  s o l a r  spec t rum were i n v e s t i -  

g a t e d .  E i g h t  f l i g h t s  were completed i n  d i f f e r e n t  geo-  

g r a p h i c  a r e a s  ove r  s t r a t u s  c l o u d s  of  v a r y i n g  t h i c k n e s s e s .  

Three f l i g h t s  were made ove r  snow i n  two d i f f e r e n t  l o c a l -  

i t i e s  and f i v e  f l i g h t s  were made ove r  w h i t e  sand  found i n  

t h e  White Sands Nat ional  Monument, New Mexico. 

The g r e a t e s t  a n i s o t r o p y  i n ,  s c a t t e r e d  r a d i a t i o n  was ob- 

s e r v e d  o v e r  s t r a t u s  c l o u d s .  T h i s  a n i s o t r o p y  was composed 

of  s t r o n g  forward  s c a t t e r i n g  and l e s s  pronounced back s c a t -  

t e r i n g .  The a n i s o t r o p y  obse rved  i n  t h e  r a d i a t i o n  r e f l e c t e d  

from snow was p r i m a r i l y  due t o  s p e c u l a r  r e f l e c t i o n  i n  t h e  

forward  d i r e c t i o n .  R e f l e c t i o n  back toward t h e  sun was t h e  

predominant  f e a t u r e  i n  t h e  r e f l e c t a n c e  d i s t r i b u t i o n s  ob- 

s e r v e d  o v e r  gypsum sand .  The r e s u l t s  d e m o n s t r a t e  t h e  i n t e r -  

a c t i o n  of t h e  s p e c t r a l  r e f l e c t i v i t y  of  t h e  s u r f a c e ,  t h e  

s p e c t r a l  r e s p o n s e  of t h e  i n s t r u m e n t ,  and t h e  s p e c t r a l  c h a r -  

a c t e r  of  t h e  energy  impinging upon t h e  r e f l e c t i n g  s u r f a c e .  





A n i s o t r o p i c  S o l a r  R e f l e c t a n c e  Over White Sand,  

S n o w ,  ( i n d  S t r a t u s  Clouds 

1 .  I n t r o d u c t i o n  

One of t h e  i m p o r t a n t  a d v a n t a q e s  of  t h e  m e t e o r o l o g i c a l  

s a t e l l i t e  i s  t h a t  i t  p r o v i d e s  a means whereby t h e  d i s t r i b u -  

t i o n  of e m i t t e d  t e r r e s t r i a l  energy  and r e f l e c t e d  s o l a r  en-  

e rgy  can be moni tored  ove r  l a r g e  p o r t i o n s  of t h e  e a r t h ' s  

s u r f a c e .  In t h e  c a s e  of r e f l e c t e d  s o l a r  e n e r g y ,  however,  

t h e  upward f low of energy  i s  no t  t h e  same i n  a l l  d i r e c t i o n s .  

In  o r d e r  t o  d e t e r m i n e  t h e  amount o f  ene rgy  r e f l e c t e d  i n  a l l  

d i r e c t i o n s ,  i t  i s  n e c e s s a r y  t o  e i t h e r  measure t h e  r e f l e c t e d  

s o l a r  ene rgy  i n  a l l  d i r e c t i o n s ,  o r  t o  make one measurement 

and combine i t  w i t h  a  p r i o r  knowledge of  t h e  d i r e c t i o n a l  

c h a r a c t e r  o f  t h e  r e f l e c t e d  e n e r g y .  S i n c e  p r e s e n t  me teo ro -  

l o g i c a l  s a t e l l i t e  sys tems a r e  n o t  c a p a b l e  of  measuring r e -  

f l e c t e d  ene rgy  i n  a l l  d i r e c t i o n s  s i m u l t a n e o u s l y ,  t h e  need 

o f  an improved knowledge-of s u r f a c e r e f l e c t i o n  c h a r a c t e r -  

i s t i c s  has prompted t h e  r e s e a r c h  r e p o r t e d  h e r e .  

Bandeen e t .  a l .  (1965)  used s a t e l l i t e  measurements t o  

e s t i m a t e  t h e  e a r t h ' s  a l b e d o .  In t h a t  s t u d y  i t  was neces -  

s a r y  t o  assume t h a t  t h e  r e f l e c t i o n  was i s o t r o p i c  and i n d e -  

pendent  of  wave leng th .  When t h e s e  a s sumpt ions  were used 

t h e  r e s u l t i n g  v a l u e  of annual  p l a n e t a r y  a l b e d o  d i d  n o t  b a l -  

ance  t h e  c o r r e s p o n d i n g  v a l u e s  of  e m i t t e d  thermal  r a d i a t i o n .  

Bandeen found i t  n e c e s s a r y  t o  app ly  a  c o r r e c t i o n  f a c t o r  t o  

t h e  measured p l a n e t a r y  a l b e d o  i n  o r d e r  t o  a c h i e v e  t h i s  



b a l a n c e .  Viezee  and Davis (1965)  have a l s o  r e p o r t e d  on d i f -  

f i c u l t i e s  encoun te red  i n  us ing  s a t e l l i t e  measurements t o  

o b t a i n  t h e  a l b e d o  of c1oud.v r e g i o n s  on e a r t h .  

Measurements have shown t h a t  t h e  s o l a r  r a d i a t i o n  r e -  

f l e c t e d  by many s u r f a c e s  on t h e  e a r t h  i s  d e f i n i t e l y  a n i s o -  

t r o p i c .  Labora to ry  measurements have been conducted  by 

Coulson e t .  a l .  (1965)  and Hapke and Van Horn (1963)  which 

show t h e  a n i s o t r o p y  i n  ene rgy  r e f l e c t e d  from s o i l s  and 

v e g e t a t i o n .  Bartman (1967)  and Kozlov and Federova ( 1 9 6 2 ) ,  

u s i n g  b a l l o o n s  and a i r p l a n e s  r e s p e c t i v e l y ,  have measured 

t h e  a n i s o t r o p y  i n  t h e  s o l a r  energy  r e f l e c t e d  from c l o u d s  

and snow f i e l d s .  

Th i s  pape r  summarizes measurements made from an a i r -  

p l a n e  w i t h  a  r a d i o m e t e r  o r i g i n a l l y  des igned  f o r  a  meteoro-  

l o g i c a l  s a t e l l i t e .  Because of t h e  r a d i o m e t e r  c o n s t r u c t i o n  

and o p e r a t i o n  and t h e  l a t e r a l  and v e r t i c a l  m o b i l i t y  of t h e  

a i r p l a n e ,  t h e  r e s u l t i n g  r e f l e c t a n c e  measurements cove r  a  

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

i s  p o s s i b l e  w i t h  many o t h e r  i n s t r u m e n t s  and means of  con- 

veyance.  R e s u l t s  a r e  g iven  f o r  t h r e e  h i g h l y  r e f l e c t i v e  

s u r f a c e s :  snow, w h i t e  s a n d ,  and s t r a t u s  c l o u d s .  I t  w i l l  

be seen  t h a t  t h e  high r e f l e c t i v i t y  i s  ach ieved  i n  a  d i f f e r -  

e n t  manner f o r  each s u r f a c e  and t o  a  v a r y i n g  d e g r e e  i n  d i f -  

f e r e n t  r e g i o n s  of t h e  s o l a r  spec t rum.  

2 .  I n s t r u m e n t a t i o n  



A P i p e r  Twin Comanche was used a s  a p l a t f o r m  f o r  t h e  

measurements .  Th i s  a i r p l a n e  i s  c a p a b l e  of  f l y i n g  t o  a l t i -  

t u d e s  u p  t o  9 ,000 m e t e r s  and m a i n t a i n i n g  c r u i s i n g  speeds  

of 80 me te r s  pe r  second .  

The r a d i o m e t e r  used f o r  t h e s e  measurements was t h e  

NIMBUS F-3 medium r e s o l u t i o n  r a d i o m e t e r  (MRIR)". Of t h e  

f i v e  c h a n n e l s  a v a i l a b l e  an t h e  r a d i o m e t e r ,  o n l y  r e s u l t s  from 

two of t h e  c h a n n e l s  w i l l  be d i s c u s s e d  h e r e .  These two 

c h a n n e l s  measure ene rgy  i n  t h e  0 . 2 - 4 . 0 ~  and 0 . 5 5 - 0 . 8 5 ~  por-  

t i o n s  of  t h e  s o l a r  spec t rum.  The 0 . 2 - 4 . 0 ~  bandpass  w i l l  

be r e f e r r e d  t o  a s  t h e  broad bandpass  and t h e  0 .55-0 .85u 

bandpass  a s  t h e  narrow bandpass .  The r a d i o m e t e r  u s e s  a  

r o t a t i n g  aluminum m i r r o r  t o  scan  a c r o s s  s u r f a c e s  w i t h i n  

t h e  view a r e a .  The i n s t a n t a n e o u s  f i e l d  of view i s  50 

m i l l i r a d i a n s  i n  c r o s s - s e c t i o n .  The manner i n  which t h e  

r a d i o m e t e r  was mounted on t h e  a i r p l a n e  and i t s  d i r e c t i o n  of 

s c a n  a r e  shown i n  F i g .  1 .  A c l o s e r  view of  t h e  r a d i o m e t e r  

i t s e l f  i s  a v a i l a b l e  i n  F ig .  2 .  The t ime  c o n s t a n t  o f  t h e  

r a d i o m e t e r  i s  0 .02 seconds .  

The r a d i o m e t e r  was b u i l t  and c a l i b r a t e d  by t h e  San ta  

Barbara  Research C e n t e r .  Seve ra l  c a l i b r a t i o n  c u r v e s  ( r e -  

f l e c t a n c e  v e r s u s  v o l t a g e )  were o b t a i n e d  f o r  t h e  p e r i o d s  

c o r r e s p o n d i n g  t o  t h e  measurements d i s c u s s e d  h e r e .  The 

method o f  c a l i b r a t i o n  has been d i s c u s s e d  by Bartman ( 1 9 6 7 ) .  

Any i n f o r m a t i o n  provided  i n  t h i s  paper  p e r t a i n i n g  t o  t h e  
manufac tu re  of i n s t r u m e n t s  i s  f o r  t h e  r e a d e r ' s  in forma-  
t i o n  on ly  and does n o t  i n d i c a t e  endorsement  by t h e  
a u t h o r s .  



ROTA77ON OF THE RADIOMETER MIRROR 
AS MOUNTED ON P/PER TWIN COMANCHE 

FRONT OF A/RPLANE RAD/OMEER ON 7HE AIRPLANE c m , ~ ~ ,  ETC 

F i s .  1, A s k e t c h  s h o w i n g  how t h e  NIMBUS M R I R  
was m o u n t e d  on  a  P i p e r  T w i n  Comanche. 



Fig. 2. N I M B U S  F - 3  m e d i u m  r e s o l u t i o n  r a d i o m e t e r  
( M R I R )  



The measurement errors associated with a current calibration 

were +2%. This excludes the errors associated with the 

calibration of the albedo source used i n  the calibration of 

the M R I R .  

The signal produced by the MRIR was recorded on a high 

speed strip chart recorder. The error in the recorded 

signal was 0.2% o f  full scale. The response time of the 

recorder was 0.1 seconds. 

The incoming solar energy was measured with a 2 n  

steradians instrument by mounting a Sol-a-meter (silicon- 

cell) on the top of the Piper Twin Comanche over the center 

of gravity of the aircraft. Physical and spectral charac- 

teristics of the Sol-a-meter are described by Dirmhirn 

(1967) and Selcuk and Yellott (1962). In order to insure 

that the Sol-a-meter would give accurate measurements of the 

total incoming solar energy, it was calibrated against an 

Eppley pyrheliometer. This calibration of the Sol-a-meter 

was checked before mounting it on the airplane and after i t  

was taken off the airplane. The Sol -a-meter calibration 

was also checked in place on the airplane by using a spe- 

cially constructed rotating aircraft test stand. No drift 

in calibration was observed for the Sol-a-meter during the 

measurement period. The error associated with the readings 

obtained with this instrument was r5%. The spectral re- 

sponse curves for the Sol-a-meter and the two MRIR channels 

are shown in Fig. 3. 

3. Assumptions and definitions 
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F i g .  3. Spectral response characteristics o f  t h e  - 
Sol-a-meter (silicon cell) and t h e  t w o  channels o n  
t h e  N I M B U S  F-3 M R I R  responding to solar radiation. 



The  r a d i a t i o n  g e o m e t r y  e m p l o y e d  i n  t h i s  a n a l y s i s  i s  

shown i n  F i q .  4 .  The p r i n c i p a l  p l a n e  i s  d e s c r i b e d  b y  A Z B O A -  

The s c a t t e r i n g  p l a n e  i s  d e s c r i b e d  b y  BOCB.  

F o r  t h e s e  m e a s u r e m e n t s  i t  was assumed t h a t  t h e  s u r f a c e  

b e i n g  v i e w e d  b y  t h e  r a d i o m e t e r  was u n i f o r m  i n  t o p o q r a p h y  

a n d  c o m p o s i t i o n .  The s e c o n d  a s s u m p t i o n  was t h a t  t h e  s c a t -  

t e r i n g  o r  r e f l e c t i o n  o f  s o l a r  e n e r g y  was s y m m e t r i c a l  w i t h  

r e s p e c t  t o  t h e  p r i n c i p a l  p l a n e .  The  a c t u a l  o b s e r v a t i o n s  

showed t h a t  t h e s e  a s s u m p t i o n s  w e r e  b e s t  s a t i s f i e d  i n  t h e  

c a s e  o f  w h i t e  s a n d  f o l l o w e d  i n  o r d e r  b y  s t r a t u s  c l o u d s  a n d  

snow. 

The  c a l i b r a t i o n  c u r v e s  o f  t h e  M R I R  w e r e  b a s e d  o n  t h e  

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

a n c e  o b s e r v e d  b y  t h e  r a d i o m e t e r  t o  t h e  r a d i a n c e  t h e  r a d i o -  

m e t e r  w o u l d  o b s e r v e  i f  i t s  f i e l d  o f  v i e w  w e r e  f i l l e d  com- 

p l e t e l y  b y  a n  i d e a l l y  d i f f u s e  r e f l e c t o r  o f  u n i t  r e f l e c t i -  

v i t y  i l l u m i n a t e d  b y  t h e  s o l a r  c o n s t a n t  a t  n o r m a l  i n c i d e n c e .  

T h i s  r e l a t i o n s h i p  cart be e x p r e s s e d  a s  

s o i  
i s  t h e  s o l a r  s p e c t r a l  i r r a d i a n c e  i r v p i n a i n q  u p o n  t h e  

e a r t h  a t  t h e  mean d i s t a n c e  b e t w e e n  t h e  s u n  a n d  t h e  e a r t h .  

@ A  
i s  t h e  s p e c t r a l  r e s p o n s e  o f  t h e  i n s t r u m e n t .  Ni i s  e x -  

p r e s s e d  as  b e i n q  e a u i v a l e n t  t o  



LOCAL 
ZENITH 

F i g .  4. R a d i a t i o n  g e o m e t r y  



where S, i s  t h e  s p e c u l a r  component of SO, normal t o ,  a n d  

a c t u a l l y  impinging  upon, t h e  r e f l e c t i n q  s u r f a c e .  I t  w i l l  

p rove  meaningful  t o  d e f i n e  a n o t h e r  r e f l e c t a n c e  t h a t  a p p l i e s  

f o r  any s o l a r  z e n i t h  a n g l e ,  c o ,  a s  

r = r 1 / c o s s 0 .  

I t  i s  a l s o  u s e f u l  t o  d e f i n e  an i n t e g r a t e d  d i r e c t i o n a l  r e -  

f l e c t a n c e  (r,,) t h a t  i s  e q u i v a l e n t  t o  t h e  a l b e d o  measured by 

a  ZIT pyranomete r .  Th i s  i n t e g r a t e d  d i r e c t i o n a l  r e f l e c t a n c e  

has t h e  ma themat i ca l  fo rm,  

J : "  Ncose s i n e  d e d (  
0 

,:IT I:/2 Nocosso cose  s i n s  dedm 

S i n c e  N i s  an i s o t r o p i c  r a d i a n c e ,  t h e  e x p r e s s i o n  above can 
" 0 

be r e w r i t t e n  a s  

r~ = ( T C O S ~ ~ ) - ~  1:' J (7) c o r e  s i n e  ded( .  

The b a r  on t h e  r e f l e c t a n c e  (7) i s  used t o  i n d i c a t e  t h a t  i t  

i s  an a v e r a g e  of  r e a d i n g s  t aken  by t h e  r a d i o m e t e r  a t  v a r -  

i o u s  combina t ions  of  e and 4 .  

F i e l d  measurements and a n a l y s i s  

The v a r i o u s  v a l u e s  of r a d i o m e t e r  z e n i t h  a n g l e  ( 8 )  

i l l u s t r a t e d  i n  F i g .  4 were o b t a i n e d  by r o t a t i n g  t h e  scan-  

ning m i r r o r  of t h e  r a d i o m e t e r .  Only r a d i o m e t e r  z e n i t h  



a n g l e s  l e s s  t h a n  o r  e o u a l  t o  75' a r e  p r e s e n t e d  s o  as  t o  

e l i m i n a t e  r e a d i n g s  f r o m  o u t s i d e  t h e  t a r s e t  b o u n d a r y .  V a r y -  

i n g  v a l u e s  o f  r e l a t i v e  a z i m u t h  ( $ )  w e r e  o b t a i n e d  b y  c h a n g i n g  

t h e  h e a d i n g  o f  t h e  a i r c r a f t  a t  p r e d e t e r m i n e d  i n c r e m e n t s  r e l -  

a t i v e  t o  t h e  a z i m u t h  o f  t h e  s u n  ( +  ) .  F o r  t h e  f i r s t  f e w  
0 

f l i g h t s  t h e  r e l a t i v e  a z i m u t h  was v a r i e d  i n  30' i n c r e m e n t s ,  

t h u s  r e q u i r i n g  a  t o t a l  f l i g h t  t i m e  o f  f o r t y  t o  f i f t y  m i n -  

u t e s .  I n  l a t e r  f l i g h t s  t h e  r e l a t i v e  a z i m u t h  was v a r i e d  b y  

45' i n c r e m e n t s .  The l a t t e r  p r e c e d u r e  s h o r t e n e d  t h e  f l  i g h t  

t i m e  t o  l e s s  t h a n  t h i r t y  m i n u t e s  a n d  a l s o  r e d u c e d  t h e  v a r -  

i a t i o n  o f  t h e  s o l a r  z e n i t h  a n g l e  ( s  ) d u r i n g  e a c h  f l i g h t .  
0 

F o r  e a c h  v a l u e  o f  r e l a t i v e  a z i m u t h ,  t h e  a i r p l a n e  was 

f l o w n  a t  a  p r e s c r i b e d  h e a d i n g  u n t i l  t h e  r a d i o m e t e r  com- 

p l e t e d  t e n  s c a n s .  O c c a s i o n a l l y ,  h o w e v e r ,  i t  was n e c e s s a r y  

t o  l i m i t  t h e  number  o f  s c a n s  t o  l e s s  t h a n  t e n  d u e  t o  t h e  

l i m i t e d  a r e a l  e x t e n t  o f  t h e  r e f l e c t i n g  s u r f a c e .  

Two f a c t o r s  w e r e  c o n s i d e r e d  i n  c h o o s i n g  t h e  a l t i t u d e  

o f  f l i g h t  o v e r  a  s u r f a c e .  On one  hand,  i t  was i m p o r t a n t  

t h a t  t h e  r e f l e c t i n g  s u r f a c e  f i l l  t h e  f i e l d  o f  v i e w  f o r  e <  - 
75'. On t h e  o t h e r  hand i t  was d e s i r e d  t h a t  t h e  r a d i o m e t e r  

f i e l d  o f  v i e w  i n t e g r a t e  o v e r  a s  much o f  t h e  s u r f a c e  a s  p o s -  

s i b l e .  O v e r  s u r f a c e s  w i t h  l i m i t e d  a r e a l  e x t e n t ,  t h e  s e c o n d  

f a c t o r  was c o m p r o m i s e d  i n  f a v o r  o f  t h e  f i r s t .  F l i g h t  a l -  

t i t u d e s  o f  t h e  a i r c r a f t  a b o v e  t h e  s u r f a c e s  v a r i e d  f r o m  1 2 0  

m e t e r s  o v e r  a  snow s u r f a c e  t o  1 2 0 0  m e t e r s  o v e r  s t r a t u s  

c l o u d s .  T h i s  means t h a t  when e=oO,  t h e  i n s t a n t a n e o u s  f i e l d  

o f  v i e w  r a n g e d  r o u g h l y  i n  d i a m e t e r  f r o m  6 t o  00 m e t e r s  



Once t h e  s i g n a l  from t h e  r a d i o m e t e r  was r e c o r d e d  on an 

a n a l o g  s t r i p  c h a r t ,  i t  was then  n e c e s s a r y  t o  o b t a i n  r e f l e c -  

t a n c e  v a l u e s  ( r ' )  c o r r e s p o n d i n g  t o  p rede te rmined  v a l u e s  of 

0 .  Through t h e  u s e  of an o v e r l a y  g r i d ,  t h e  a p p r o p r i a t e  

v a l u e s  of  r e f l e c t a n c e  were o b t a i n e d  from t h e  ana log  v o l -  

t a g e  t r a c e  on a  s t r i p  c h a r t  f o r  e v e r y  f i f t e e n  d e g r e e s  of 

r a d i o m e t e r  m i r r o r  r o t a t i o n  ( r a d i o m e t e r  z e n i t h  a n g l e ) .  The 

p o s i t i o n  of  t h e  m i r r o r  was de te rmined  from a  p u l s e  gen-  

e r a t e d  on t h e  ana log  t r a c e  by a  smal l  l i g h t  i n s t a l l e d  i n  

t h e  r a d i o m e t e r  housing a t  e=180°.  The r e c o r d e d  v o l t a g e s  

were c o n v e r t e d  by computer t o  r e f l e c t a n c e  and t h e  a v e r a g e ,  

maximum, minimum and s t a n d a r d  d e v i a t i o n  v a l u e s  were d e t e r -  

mined f o r  each pass  of t h e  a i r p l a n e  o v e r  t h e  r e f l e c t i n g  

s u r f a c e .  The r ange  i n  a v e r a g e  v a l u e s  a t  p a r t i c u l a r  v a l u e s  

of e and f o r  s u c c e s s i v e  p a s s e s  o v e r  t h e  same a r e a  g i v e s  

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

t h a t  have been o b t a i n e d .  R e p r e s e n t a t i v e  v a l u e s  of  t h i s  

pa ramete r  will  b e  g i v e n  f o r  each f l i g h t  d i s c u s $ e d .  

An a n a l y s i s  of t h e  e r r o r s  invo lved  r e v e a l e d  t h a t  t h e  

t o t a l  e r r o r  i n  r '  i s  + 3 % .  Where l a r g e  v a r i a t i o n s  i n  t h e  r e -  

f l e c t a n c e  o c c u r r e d  r a p i d l y ,  p a r t i c u l a r l y  f o r  e > 60°, t h e  

e r r o r  i s  somewhat l a r g e r  due t o  t h e  d i f f i c u l t y  i n  d e t e r -  

mining t h e  e x a c t  v a l u e  of r e f l e c t a n c e  c o r r e s p o n d i n q  t o  a  

p a r t i c u l a r  v a l u e  of e .  The e r r o r  i n  v a l u e s  of  r  i s  s t r o n g l y  

dependent  on t h e  e r r o r  i n  t h e  d e t e r m i n a t i o n  of  t h e  s o l a r  

z e n i t h  a n g l e .  For an e r r o r  of + l o  i n  any i n d i v i d u a l  e s t i -  

mate of c o ,  t h e  e r r o r  i n  r  r anges  from k 3 4  a t  i = o O  t o  t20% 
0 



a t  ~ , = 8 0 ~ .  D u r i n q  a n y  f l i g h t  t h e  s o l a r  z e n i t h  a n g l e  v a r i e d  

f r o m  1-10 '  d e p e n d i n s  o n  t h e  t i m e  r e q u i r e d  f o r  t h e  f l i g h t  

a n d  t h e  t i m e  o f  d a y .  The r e f l e c t a n c e s ,  r ,  w e r e  c o m o u t e d  

u s i n g  t h e  s o l a r  z e n i t h  a n g l e  a ~ p r o p r i a t e  f o r  e a c h  s e p a r a t e  

p a s s  o f  t h e  a i r p l a n e  o v e r  t h e  r e f l e c t i n g  s u r f a c e .  The 

t i m e  r e q u i r e d  f o r  e a c h  p a s s  was a p p r o x i m a t e l y  1 . 5  m i n u t e s .  

To o b t a i n  a  v a l u e  o f  i n t e g r a t e d  d i r e c t i o n a l  r e f l e c -  

t a n c e  ( r D )  f o r  e a c h  f l i g h t  o v e r  a  p a r t i c u l a r  s u r f a c e ,  i t  

was n e c e s s a r y  t o  u s e  a  f i n i t e  d i f f e r e n c i n g  p r o c e d u r e  t h a t  

w o u l d  u t i l i z e  r e f l e c t a n c e  m e a s u r e m e n t s  t a k e n  a t  f i f t e e n  

d e g r e e  i n c r e m e n t s  i n  e and  t h i r t y  o r  f o r t y - f i v e  d e g r e e  

i n c r e m e n t s  i n  $ o v e r  t h e  ZIT s t e r a d i a n s  a b o v e  e a c h  s u r f a c e .  

As a n  e x a m p l e ,  t h e  f i n i t e  d i f f e r e n c i n g  p r o c e d u r e  u s e d  f o r  

45' i n c r e m e n t s  i n  $ w i l l  b e  g i v e n .  Eq.  ( 5 )  was b r o k e n  i n t o  

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

a r r i v e  a t  t h e  f i n a l  v a l u e  o f  i n t e g r a t e d  d i r e c t i o n a l  r e f l e c -  

t a n c e .  I n  t h e  e q u a t i o n s  b e l o w  e l  = 0 d e g r e e s ,  e p  = 1 5  d e -  

g r e e s , .  . . e 7  = 90 d e g r e e s .  

{II~ /y24 (7) c o s e  s i n e  ded+  

(7) c o s e  s i n e  ded$ 

(7) c o s e  s i n e  ded$  i 
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I ( r i j )  ( C O S B ~ )  k i n e . )  ( n / 4 )  ( ~ 1 1 2 )  

j = 2  J 

5 .  R e s u l t s  

Tab le  1  l i s t s  t h e  f l i g h t s  made ove r  s t r a t u s  c l o u d s ,  

snow, and w h i t e  gypsum s a n d .  Columns 5-7 g i v e  t h e  a l t i t u d e  

(above  mean s e a  l e v e l )  of t h e  a i r c r a f t ,  t h e  h e i g h t  of t h e  

a i r c r a f t  above t h e  r e f l e c t i n g  s u r f a c e ,  and t h e  t h i c k n e s s  

of t h e  s t r a t u s  c l o u d s .  In t h e  c a s e s  of w h i t e  sand and snow 

t h e  h e i q h t  of  t h e  r e f l e c t i n g  s u r f a c e  above s e a  l e v e l  was 

de te rmined  by t o o o g r a p h i c  maps. The a l t i t u d e  of t h e  c loud  

t o p s  was de te rmined  by t h e  a i r c r a f t  a l t i m e t e r .  The t h i c k - "  

ness  of  t h e  c l o u d s  was u s u a l l y  de te rmined  by knowing t h e  

h e i g h t  of t h e  t o p  of t h e  c l o u d s  and t h e  h e i g h t  of t h e  bases  

r e ~ o r t e d  by nea rby  wea the r  s t a t i o n s .  I n  t h e  c a s e  of s t r a t u s  

c l o u d s  o v e r  w a t e r  (11 June  and 17 J u l y  1 9 6 5 ) ,  one p e n e t r a -  

t i o n  of  t h e  c loud  l a y e r  was made by t h e  a i r c r a f t  du r ing  

each f l i g h t  and t h e  h e i g h t  of t h e  t o o  and bottom of t h e  

l a y e r  de te rmined  from t h e  a i r c r a f t  a l t i m e t e r .  This  was n o t  

done f o r  s t r a t u s  c l o u d s  ove r  land  due t o  t h e  low a l t i t u d e s  

i n v o l v e d .  

Column 9 o f  Tab le  1  q i v e s  t h e  incoming enerqy  measured 

by t h e  S o l - a - m e t e r  a t  t h e  ton  o f  t h e  a i r p l a n e .  The v a l u e  



3 
0 

A S  
nv, 
0 
L a 

t' 
0-0 
V) 3 

*f- 0 
C? 
Q U 

u v, 
t 3 
Q C, 
Q 

In L 
aJ t' 
U v, 
E 
Q L 
t' Q, 
U > 
aJ 0 
? 

rc v, 
aJ t' 
L T  
0. 

? 'I- 

a- 
E 4- 
0 

w 
w s 
U 'f- 
aJ L 
L 3 

-t- U 
w 
u 

w aJ 
Q, L 
t' 3 
a V) 

L Q 
0. aJ 
aJ E 
t' 
c I= 
'I- 0 

.I- 

'4- t' 
0 Q 

s f -  

?- . 
L Q W  
a L C  
E Q 
E L W  
3 Q 
m -  E 
e s 

e c n l n  
a. = h 

aJ 0. 
? t' 

U aJ 
aJ at' 
? F .I- 

n'4-T 
QaJ3 
I- L 

-0 
E E 
*I- a 



o f  incoming energy  was used t o  e v a l u a t e  how much atmo- 

s p h e r i c  a t t e n u a t i o n  of t h e  incoming s o l a r  energy  had t aken  

p l a c e .  In column 1 4  t h e  i n t e g r a t e d  d i r e c t i o n a l  r e f l e c t a n c e s  

f o r  t h e  broad band channel  have been c o r r e c t e d  i n  t h i s  way 

f o r  a tmospher i c  a t t e n u a t i o n ,  t h u s  r educ ing  d i f f e r e n c e s  due 

t o  t h e  va ry ing  a t m o s p h e r i c  c o n d i t i o n s  i n  d i f f e r e n t  l o c a l  - 
i t i e s .  Th i s  c o r r e c t i o n  can m a t h e m a t i c a l l y  be e x p r e s s e d  a s  

C o r r e c t e d  ( P ~ ) ~  = ( S / S i )  ( P ~ ) ~ .  

S '  i s  t h e  t o t a l  incoming ene rgy  measured by t h e  S o l - a - m e t e r  

a n d  S i s  t h e  normal component of t h e  s o l a r  c o n s t a n t .  For 

s o l a r  z e n i t h  a n g l e s  exceed ing  70  d e g r e e s ,  t h e  S o l - a - m e t e r  

measurements  a r e  n o t  r e l i a b l e -  Th i s  i s  t h e  r e a s o n  f o r  some 

m i s s i n g  d a t a  i n  T a b l e  1 .  

Columns 11 and 1 3  g i v e  t h e  r a t i o  o f  t h e  i n t e g r a t e d  d i -  

r e c t i o n a l  r e f l e c t a n c e  ( r D )  $0 t h e  a v e r a g e  v a l u e  of  r e f l e c -  

t a n c e  (r) observed  a t  e = 0'. These r e s u l t s  g i v e  an idea  
-- -- " -- - -- - -  - - - -- -- ___- _ _ __ __-. __ _ 

o f  t h e  e r r o r  t h a t  one  cou ld  make i n  an e s t i m a t e  of a l b e d o  

( i n t e g r a t e d  d i r e c t i o n a l  r e f l e c t a n c e )  o b t a i n e d  by t a k i n g  

o n l y  one r e a d i n g  of r e f l e c t a n c e  a t  one r a d i o m e t e r  z e n i t h  

a n g l e  ( e = o O )  and i g n o r i n g  t h e  a n i s o t r o p y  i n  r e f l e c t e d  s o l a r  

r a d i a t i o n .  The r a t i o  w i l l  be r e f e r r e d  t o  a s  t h e  r e l a t i v e  
" . -  - - -  

a n i s o t r o p y .  Values of  r D / ( ~ ) o  a r e  g i v e n  f o r  both t h e  broad 

and  narrow bandpasses .  (P)' r e p r e s e n t s  an a v e r a g e  of a s  

many a s  130 v a l u e s  of r e f l e c t a n c e  pe r  f l i g h t .  

Column 15  ( c o l .  10  - c o l .  1 2 )  i l l u s t r a t e s  t h e  com- 

b i n e d  e f f e c t s  of a t m o s p h e r i c  a t t e n u a t i o n  a n d  t h e  s p e c t r a l  



c h a r a c t e r i s t i c s  of  s u r f a c e  r e f 1  e c t i v i  t y ,  incoming e n e r g y ,  

and bandpass  f i l t e r s  on t h e  i n t e g r a t e d  d i r e c t i o n a l  r e f l e c -  

t a n c e s  measured by t h e  broad and narrow bandpasses .  I n -  

t e g r a t e d  d i r e c t i o n a l  r e f l e c t a n c e s  f o r  t h e  broad and n a r -  

row bandpasses  a r e  g iven  i n  columns 10  and 1 2  r e s p e c t i v e l y .  

F i g s .  5-7 show r e f l e c t a n c e  d i s t r i b u t i o n s  obse rved  

ove r  s t r a t u s  c l o u d s  a t  t h r e e  d i f f e r e n t  l o c a t i o n s .  F i g s .  

8 and 9 r e p r e s e n t  t h e  d i r e c t i o n a l  r e f l e c t i o n  c h a r a c t e r i s -  

t i c s  observed  o v e r  snow and w h i t e  gypsum s a n d .  P a r t s  ( a )  

and ( b )  of each f i g u r e  show t h e  r a t i o  of  t h e  r e f l e c t a n c e  

(7) t o  (F ) ,  f o r  t h e  narrow and broad bandpasses .  P a r t  ( c )  

of each f i g u r e  shows t h e  v a r i a t i o n  of  F f o r  8 < 7 5 '  - and 

q~ = 0' and 180'. The number o f  r e a d i n g s  compr is ing  each 

p l o t t e d  p o i n t ,  o t h e r  than  e = o', i s  g iven  i n  p a r t  ( c )  

a long w i t h  a  r e p r e s e n t a t i v e  v a l u e  of t h e  r a n g e  i n  a v e r a g e  

v a l u e s  of r e f l e c t a n c e  o b t a i n e d  from s u c c e s s i v e  p a s s e s  o v e r  

t h e  r e f l e c t i n g  s u r f a c e .  

6.  D i scuss ion  of r e s u l t s  

Seve ra l  f e a t u r e s  of F i g s .  5 -9  a r e  of impor tance .  In 

t h e  c a s e s  i n v o l v i n g  s c a t t e r i n g  from s t r a t u s  c l o u d s ,  ( ~ i g s .  

5-7)  s t r o n g  forward  s c a t t e r i n g  i s  observed  a long  w i t h  l e s s e r  

b a c k s c a t t e r i n g .  For s t r a t u s  c l o u d s ,  t h e  m i n i m u m  r e f l e c -  

t a n c e  o c c u r s  when t h e  r a d i o m e t e r  z e n i t h  a n g l e  i s  n e a r  0'. 

The degree  o f  forward  and b a c k s c a t t e r i n g  i s  n o t  a s  l a r g e  a s  

t h a t  p r e d i c t e d  by t h e o r e t i c a l  r e s u l t s  i n v o l v i n g  s i n g 1  e  

s c a t t e r i n g  such a s  t h o s e  g iven  by Deirmendjian ( 1 9 6 4 ) .  
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F i q .  5 .  R e f l e c t a n c e s  o v e r  s t r a t u s  c l o u d s  n e a r  San F r t n -  
c i s c o ,  C a l . ,  o n  17  J u l y  1965 ,  0 7 5 4 - 0 8 4 0  PST  ( c  - 4 5 - 5 4  ) .  
( a )  a n d  ( b )  show t h e  h e m i s p h e r i c  v a r i a t i o n  o f  OF/(T) v e r -  
s u s  r e l a t i v e  a z i m u t h  ( $ 1  a n d  r a d i o m e t e r  z e n i t h  a n g l e O ( e ) .  
( c )  shows 7 v e r s u s  e i n  t h e  p r i n c i p a l  o l a n e .  
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F i g .  6. R e f l e c t a n c e s  o v e r  s t r a t u s  c l o u d s  n e a r  B a k p r s f i e l d ,  
C a l ,  o n  1 4  December 1966,  1 1 2 7 - 1 1 4 8  PST ,  ( c  = 5 7 - 5 8  ) .  
( a )  a n d  ( b )  show t h e  h e m i s p h e r i c  v a r i a t i o n  8 f  F/(F) v e r -  
s u s  r e l a t i v e  a z i m u t h  ( $ )  a n d  r a d i o m e t e r  z e n i t h  a n g l @  ( 8 ) .  
( c )  shows P v e r s u s  8 i n  t h e  p r i n c i p a l  p l a n e .  
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F i q .  7 .  R e f l e c t a n c e s  o v e r  s t r a t u s  c l o u d s  n e t r  Lo a n ,  Utah ,  
on 1 6  December 1966 ,  1031-1114 MST ( c  =66-70  ) .  ? a )  and 
( b )  show t h e  h e m i s p h e r i c  v a r i a t i o n  o f ° F / ( F )  v e r s u s  r e -  
l a t i v e  az imu th  ( $ )  and r a d i o m e t e r  z e n i t h  a n g l e  ( 9 ) .  ( c )  
shows F v e r s u s  e i n  t h e  p r i n c i p a l  p l a n e .  
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F i g .  8. Reflectances o v e r  snow near Lo an, Utah, on 16 
December 1966, 1031-1114 MST ( 5  =66-7007. (a) and ( b )  
show the hemispheric variation 8 f  F/(F) versus relative 
azimuth ( $ )  and radiometer zenith angleO(e). (c) shows - 
r versus e in t h e  principal plane. 
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Fig. 9. Reflectances over w h i t e  gypsum sand near Alamoc 
gordo, N. M., o n  29 October 1966, 0917-0946 MST ( s  -57-61'). 
( a )  and (b) s h o w  t h e  hemispheric variation o f  r/(r9 ver- 
sus r e l a t i y e  azimuth (I) and radiometer z e n i t h  angl@ ( 9 ) .  
( c )  shows r versus e in the principal plane. 



D i f f e r e n c e s  a r e  c e r t i a n l y  t o  be e x p e c t e d ,  however, s i n c e  

t h e  e x p e r i m e n t a l  r e s u l t s  r e p r e s e n t  i n t e g r a t e d  e f f e c t s  over  

a  r ange  of wavelengths  accompanied b y  mu1 t i p l e  s c a t t e r i n g ,  

va ry ing  d r o p - s i z e  d i s t r i b u t i o n s ,  and va ry ing  o p t i c a l  t h i c k -  

n e s s e s .  F e i g e l ' s o n  (1966 ,  c h a p t e r  2 )  d i s c u s s e s  t h e  impor- 

t a n c e  of  t h e s e  f a c t o r s  on t h e  r e f l e c t a n c e s  observed  o v e r  

s t r a t u s  c l o u d s .  The r e l a t i v e  impor tance  of each of t h e  

f a c t o r s  f o r  t h e  c a s e s  p r e s e n t e d  h e r e  i s  c u r r e n t l y  be ing  

s t u d i e d  by t h e  a u t h o r s .  

The r e f l e c t i o n  from snow and w h i t e  sand was n o t  ob- 

s e r v e d  t o  be a s  a n i s o t r o p i c  a s  t h e  s c a t t e r i n g  from s t r a t u s  

c l o u d s .  Th i s  i s  born o u t  q u a n t i t a t i v e l y  i n  columns 11 and 

13  of Tab le  1 .  The magnitude of t h e  r e l a t i v e  a n i s o t r o p y  

i n  both c a s e s  i s  rough ly  t h e  same magni tude ,  b u t  t h e  r e -  

f l e c t i o n  c h a r a c t e r i s t i c s  of t h e  two s u r f a c e s  were observed  

t o  be d i s t i n c t l y  d i f f e r e n t .  The r e f l e c t i o n  from snow i s  

g r e a t e s t  i n  t h e  forward  d i r e c t i o n  and i s  l a r g e l y  s p e c u l a r  

i n  n a t u r e  ( F i g .  8 ) .  The r e f l e c t i o n  f r o m  whi te  s a n d ,  how- 

e v e r ,  i s  u s u a l l y  l a r g e s t  i n  t h e  d i r e c t i o n  back toward t h e  

sun ( ~ i g .  9 ) .  A maximum i n  t h e  r e f l e c t i o n  from w h i t e  sand 

i n  t h e  forward  d i r e c t i o n  was o n l y  obse rved  when t h e  s o l a r  

z e n i t h  a n g l e  was q u i t e  l a r g e  (io = 76-82 ' ) ,  

From columns 11 and 1 3  of  T a b l e  1  i t  may be s e e n  t h a t  

a n i s o t r o p y  i n  t h e  r e f l e c t e d  a n d / o r  s c a t t e r e d  r a d i a t i o n  i n -  

c r e a s e s  a s  c o  i n c r e a s e s .  Th i s  r e s u l t  i s  p a r t i c u l a r l y  e v i -  

d e n t  i n  t h e  c a s e  of s t r a t u s  c l o u d s .  The r e l a t i v e  a n i s o -  

t r o p y  f o r  s t r a t u s  c louds  i s  very  c l o s e  t o  u n i t y  when io i s  



sma l l  and v a l u e s  a s  l a r g e  a s  1 . 7 3  a r e  o b t a i n e d  f o r  l a r g e  

s o l a r  z e n i t h  a n g l e s .  The d a t a  i n  column 14  f u r t h e r  i n d i -  

c a t e s  t h a t  t h e  i n t e g r a t e d  d i r e c t i o n a l  r e f l e c t a n c e  ove r  s t r a -  

t u s  c l o u d s  i n c r e a s e s  wi th  i n c r e a s i n g  s o l a r  z e n i t h  a n g l e .  

Th i s  c o n c l u s i o n  i s  s u p p o r t e d  by r e s u l t s  g i v e n  i n  F e i g e l ' s o n  

(1966 ,  page 1 0 7 ) .  

I t  was observed  i n  t h i s  s t u d y  t h a t  t h e  u n d e r l y i n g  s u r -  

f a c e  has an i n f l u e n c e  on t h e  magnitude of t h e  r e f l e c -  

t a n c e  from s t r a t u s  c l o u d s  obse rved  by pyranometers  and 

r a d i o m e t e r s .  T h i s  i s  s u g g e s t e d  most s t r o n g l y  when comparing 

t h e  r e s u l t s  f o r  s t r a t u s  c l o u d s  ove r  w a t e r  i n  column 14  

w i t h  t h e  r e s u l t  g iven  f o r  s t r a t u s  c l o u d s  ove r  snow nea r  

Logan, Utah. 

The t h i c k n e s s  of  a  c loud  a l s o  makes a  d i f f e r e n c e  i n  

t h e  magni tude  of  t h e  r e f l e c t a n c e s  o b s e r v e d .  Th i s  may be 

seen  i n  t h e  f l i g h t s  n e a r  San F r a n c i s c o  on 11 J u n e  and 17 

J u l y  1965. From columns 14 and 15 f o r  t h e  f l i g h t s  n e a r  San 

F r a n c i s c o  and B a k e r s f i e l d ,  C a l i f o r n i a ,  t h e  r e f l e c t i v i t y  

may be seen  t o  i n c r e a s e  markedly a s  t h e  t h i c k n e s s  of t h e  

c l o u d s  i n c r e a s e s .  The d a t a  f u r t h e r  s u g g e s t s  t h a t  t h e  

change i n  r e f l e c t a n c e  w i t h  i n c r e a s i n g  c loud  t h i c k n e s s  i s  

l e s s  r a p i d  a s  t h e  c louds  become t h i c k e r .  These c o n c l u s i o n s  

and t h e  d a t a  i n  column 15  a g r e e  r a t h e r  we l l  w i t h  t h o s e  

pub1 i s h e d  by Nei bu rge r  ( 1 9 4 9 ) .  

The r e s u l t s  i n  column 15  which show t h e  d i f f e r e n c e s  

in  r e f l e c t a n c e  measured by t h e  broad and narrow bandpasses  

i l l u s t r a t e  v e r y  e f f e c t i v e l y  t h a t  r e f l e c t a n c e s  va ry  markedly 



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

e n e r g y ,  s u r f a c e  r e f l e c t i v i t y ,  a n d  b a n d p a s s  c h a r a c t e r i s t i c s .  

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

i n  t h e  d a t a  f o r  s t r a t u s  c l o u d s .  The  d i f f e r e n c e  i n  t h e  b a n d -  

p a s s  r e f l e c t a n c e s  f o r  s t r a t u s  c l o u d s  o v e r  w a t e r  i s  c l e a r l y  

l e s s  t h a n  t h a t  d e t e r m i n e d  f o r  o t h e r  c a s e s ,  p a r t i c u l a r l y  

w h e r e  s t r a t u s  c l o u d s  w e r e  u n d e r l a i n  by snow.  I n  g e n e r a l ,  

t h e  d a t a  i n  t h i s  c o l u m n  i s  s u p p o r t e d  b y  m e a s u r e m e n t s  o f  

s p e c t r a l  r e f l e c t i v i t y  r e p r e s e n t a t i v e  o f  t h e s e  s u r f a c e s  r e -  

p o r t e d  b y  H o v i s  ( 1 9 6 6 ) ,  B a r t m a n  ( 1 9 6 7 ) ,  a n d  D i r m h i r n  

( 1 9 6 7 ) .  The  a p p a r e n t l y  anoma. lous r e s u l t  i n  t h i s  c o l u m n  

f o r  1 0  December  1 9 6 6  ( s  =82-86 ' )  i s  a t t r i b u t e d  t o  t h e  
0 

a p p e a r a n c e  o f  shadows o r  p o s s i b l y  t o  i n s u f f i c i e n t  a c c u r a c y  

i n  t h e  d e t e r m i n a t i o n  o f  t h e  s o l a r  z e n i t h  a n g l e .  

When t h e  c o r r e c t i o n  f o r  v a r y i n g  a t m o s p h e r i c  c o n d i t i o n s  

u s i n g  t h e  i n c o m i n g  e n e r g y  m e a s u r e d  b y  t h e  S o l - a - m e t e r  was 

a p p l i e d  t o  t h e  b r o a d  b a n d p a s s  i n t e g r a t e d  d i r e c t i o n a l  r e -  

- f 1  es t a  rt~es-, - ctmsi-s-&ewd- 1.-est&Wetw~e6-f or-ezn=-k- surfaceirr- 

c o l u m n  1 4 .  F u r t h e r m o r e ,  t h e  m a g n i t u d e s  o f  t h e s e  b r o a d  

b a n d p a s s  r e f l e c t a n c e s  a g r e e  r a t h e r  w e l l  w i t h  t o t a l  a l b e d o  

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

M e t r o r o l o g i c a l  T a b l e s  ( ~ i s t ,  1963 ,  p p .  4 4 2 - 4 4 3 ) .  

. . . -  

7. Summary 

The  r e s u l t s  p r e s e n t e d  h e r e  f o r  t h r e e  h i g h l y  r e f l e c t i v e  

n a t u r a l  s u r f a c e s  show t h a t  t h e  n a t u r e  o f  t h e  r e f l e c t i o n  o r  

s c a t t e r i n g  c a n  v a r y  i n  s e v e r a l  ways d e p e n d i n g  o n  t h e  t y p e  



and c h a r a c t e r  of t h e  s u r f a c e  i n v o l v e d .  Over s t r a t u s  c l o u d s ,  

s t r o n g  fo rward  s c a t t e r i n g  was observed  accompanied by l e s s e r  

b a c k s c a t t e r i n g .  A measure of t h e  r e l a t i v e  a n i s o t r o p y  i n  

s c a t t e r e d  r a d i a t i o n  ove r  s t r a t u s  c l o u d s  showed t h a t  t h e  

r e f l e c t a n c e s  obse rved  were t h e  most a n i s o t r o p i c  o v e r  t h i s  

s u r f a c e  of  t h e  t h r e e  s t u d i e d .  An i so t ropy  i n  t h e  r e f l e c t e d  

s o l a r  r a d i a t i o n  was observed  t o  d e c r e a s e  a s  t h e  s o l a r  z e n i t h  

a n g l e  became smal l  e r .  

Snow and w h i t e  gypsum sand e x h i b i t e d  l e s s  a n i s o t r o p y  

i n  t h e  r e f l e c t e d  s o l a r  r a d i a t i o n  t h a n  was obse rved  ove r  

s t r a t u s  c l o u d s .  The r e l a t i v e  a n i s o t r o p y  was ve ry  n e a r l y  

t h e  same f o r  both s u r f a c e s .  The l a r g e s t  r e f l e c t a n c e  o v e r  

snow was obse rved  i n  t h e  forward  d i r e c t i o n  and t h i s  ap-  

pea red  t o  c o n s i s t  l a r g e l y  of  s p e c u l a r  r e f l e c t i o n ,  In con- 

t r a s t ,  maximum r e f l e c t a n c e  obse rved  ove r  w h i t e  sand was i n  

t h e  d i r e c t i o n  back toward t h e  sun .  

The d i f f e r e n c e  i n  t h e  t o t a l  r e f l e c t a n c e s  measured by 

t h e  0 . 2 - 4 . 0 ~  and 0.55-0.85~1 bandpasses  of t h e  M R l R  v a r i e s  

between s u r f a c e s .  Over t h e  s u r f a c e s  s t u d i e d  h e r e ,  t h e  

d i f f e r e n c e s  were g r e a t e s t  o v e r  snow and l e a s t  f o r  s t r a t u s  

c l o u d s  ove r  w a t e r .  The r e s u l t s  a r e  i n d i c a t i v e  of how t h e  

measured i n t e g r a t e d  r e f l e c t a n c e  i s  dependent  on t h e  spec -  

t r a l  r e f l e c t i v i t y  of t h e  s u r f a c e  being observed  a s  we l l  a s  

t h e  s p e c t r a l  n a t u r e  of t h e  energy  impinging on t h e  s u r f a c e  

and t h e  f i l t e r  c h a r a c t e r i s t i c s  of t h e  i n s t r u m e n t .  

A comparison of i n t e g r a t e d  d i r e c t i o n a l  r e f l e c t a n c e  v a l -  

ues o b t a i n e d  ove r  s t r a t u s  c l o u d s  shows t h a t  t h e  r e f l e c t i v e  



p r o p e r t i e s  of t h e  under lying s u r f a c e  can e x e r t  cons ide rab l e  

i n f luence  on measured r e f l e c t a n c e s .  The r e f l e c t a n c e  of 

s t r a t u s  c louds  was observed t o  i nc rea se  a s  t h e  t h i cknes s  

of t h e  cloud inc rea sed .  
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( c )  

F i g .  10 .  R e f l e c t a n c e s  o v e r  s t r a t u s  c l o u d s  n e a r  San F r a n -  
c i s c o ,  C a l . ,  o n  1 1  J u n e  1965,  1 1 4 6 - 1 2 2 6  PST ( c o = 1 6 - 1 7 0 ) .  
( a )  a n d  ( b )  show t h e  h e m i s p h e r i c  v a r i a t i o n  o f  F/(F) ve r .  
s u s  r e l a t i v e  a z i m u t h  ( $ )  a n d  r a d i o m e t e r  z e n i t h  a n g l e 0 ( 8 ) .  
( c )  shows F v e r s u s  e i n  t h e  p r i n c i p a l  p l a n e .  
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STRATUS CLOUDS 
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F i g .  1 1 .  R e f l e c t a n c e s  o v e r  s t r a t u s  c l o u d s  n e a r  San F r a n -  
c i s c o ,  C a l . ,  on 1 7  J u l y  1 9 6 5 ,  1 1 3 7 - 1 2 2 5  PST ( c  = 1 7 - 1 8 ' ) .  
( a )  a n d  ( b )  show t h e  h e m i s p h e r i c  v a r i a t i o n  o f  'F/(T), v e r -  
sus r e l a t i v e  a z i m u t h  ( $ )  a n d  r a d i o m e t e r  z e n i t h  a n g l e  ( 0 ) .  
( c )  shows r v e r s u s  0 i n  t h e  p r i n c i p a l  p l a n e .  
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STRATUS CLOUDS 
I I JUNE 1965 

Fig. 12. Reflectances over stratus clouds near San Fban- 
cisco, Cal., o n  1 1  J u n e  1965, 0646-0734 PST ( 5  =58-68 ) .  

0- ( a )  and ( b )  show the hemispheric variation o f  r/(i)o ver- 
sus relative azimuth ( + )  and radiometer zenith angle ( 8 ) .  
( c )  shows r versus e in the principal plane. 



20 scans per point 
RANGE = 0.05 

STRATUS CLOUDS 
14 DECEMBER 1966 

SUN 

F i g .  1 3 .  R e f l e c t a n c e s  o v e r  s t r a t u s  c l o u d s  n e a r  B a i e r s f i e l d ,  
C a l . ,  o n  1 4  December 1 9 6 6 ,  1 3 5 2 - 1 4 1 5  PST  ( c  =63-66 ) .  
( a )  a n d  ( b )  show t h e  h e m i s p h e r i c  v a r i a t i o n  8 f  F/(F) v e r -  
s u s  r e l a t i v e  a z i m u t h  ( $ )  a n d  r a d i o m e t e r  z e n i t h  a n a l @  ( 6 ) .  
( c )  shows 7 v e r s u s  e i n  t h e  p r i n c i p a l  p l a n e .  
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STRATUS CLOUDS 
15 DECEMBER 1966 
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Fig. 14. Reflectances o v e r  stratus clouds near Bakersfield, 
Cal., o n  1 5  December 1966, 0818-0839 PST ( c  -76-79'). 
(a) and ( b )  s h o w  t h e  hemispheric variation 8 f  T/(F) ver- 
sus relative azimuth ( $ )  and radiometer z e n i t h  angl@ (e). 
(c) shows P versus e in the principal plane. 
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F i g .  15 .  R e f l e c t a n c e ~  o v e r  snow n e a r  L a r a m i e ,  Wyoming 
o n  1 0  December 1 9 6 6 ,  0 7 5 0 - 0 8 1 8  MST ( 5  =82-86 ' ) .  ( a )  a n d  
( b )  show t h e  h e m i s p h e r i c  v a r i a t i o n  o f ° F / ( F )  v e r s u s  r e l a t i v e  
a z i m u t h  ( + )  and r a d i o m e t e r  z e n i t h  a n g l e  (e)"c) shows F 
v e r s u s  e i n  t h e  p r i n c i ~ a l    lane. 
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Fig. 1 6 .  R e f l e c t a n c e s  o v e r  snow n e a r  L a r ~ m i e ,  W omfng on 
1 0  December 1 9 6 6 ,  1 0 4 0 - 1 1 1 2  M S T  ( c  -63-65 ) .  ( a r  and ( b )  
show t h e  h e m i s p h e r i c  v a r i a t i o n  o f  OF/(F) v e r s u s  r e l a t i v e  
a z i m u t h  ( $ )  a n d  r a d i o m e t e r  z e n i t h  a n g l e  r e ) .  ( c )  shows - 
r v e r s u s  e i n  t h e  p r i n c i p a l  p l a n e .  
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F i g .  17. Reflectances o v e r  w h i t e  gypsum sand near Alamo; 
N. M., on 1 5  August 1965, 1120-1153 MST ( c  = 2 0 - 2 2  ) .  

q:id;;d ( b )  show t h e  hemispheric variation o f  T/(P) ver- 
s u s  relative azimuth ( $ )  and radiometer zenith anal@ (6). 
( c )  shows versus e in t h e  principal plane. 
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F i g .  18. Reflectances over white gypsum sand near Alamo- 
gordo, N. M., on 2 9  October 1966, 1155-1231 MST ( c  -47-49'). 
(a) and (b) show the hemispheric variation of F/(F9 ver- 
sus relative azimuth ( a )  and radiometer zenith angl@ (9). 
(c) shows 7 versus e in the principal plane. 
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F i g .  1 9 .  R e f l e c t a n c e s  o v e r  w h i t e  gypsum sand  n e a r  4 l a m 0 - ~  
N.  M . ,  on 30 Oc tobe r  1 9 6 6 ,  0913-0939 M S T  ( <  =57-61 ) .  

q ; i d ; ~ d  ( b )  show t h e  h e m i s p h e r i c  v a r i a t i o n  of  7/(79 v e r s u s  
r e l a t i v e  az imu th  ( a )  and r a d i o m e t e r  z e n i t h  a n q l e  ( 0 9 .  ( c )  
shows F v e r s u s  e i n  t h e  p r i n c i p a l  p l a n e .  
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Fig. 20. Reflectances over white gypsum sand near Alamo- 
ordo, N. M., on 29 October 1966, 0913-0939 MST ( 5  -57-61'). 

?a) and (b) show the hemispheric variation of F / ( q  ver- 
sus relative azimuth ( $ )  and radiometer zenith angl@ ( 0 ) .  
( c )  shows r versus e i n  the principal plane. 




