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ABSTRACT 

* 

. 

The s p e c t r a l  r e f l e c t i v i t y  o f  c louds  of ice sphe res  is 

c a l c u l a t e d  f o r  t h e  near  i n f r a r e d  wavelength r eg ion  ( I N  5 ,\ 5 $ 4  ) 

f o r  comparison wi th  l abora to ry  o b s e r v a t i o n s  of  ice c louds .  The 

l a b o r a t o r y  cloud p a r t i c l e s  were h i g h l y  nonspher ica l  ice c r y s t a l s ,  

however, i t  i s  shown t h a t  t h e  major f e a t u r e  of  t h e  t h e o r e t i c a l  

spectrum a r e  i n  c l o s e  agreement wi th  t h e  obse rva t ions  when sphe res  

of equal  volume a r e  employed i n  t h e  r a d i a t i v e  t r a n s f e r  problem. 

The r e s u l t s  p rovide  some support  f o r  t h e  con ten t ion  t h a t  ran-  

domly o r i e n t e d  nonspher ica l  p a r t i c l e s  may be rep laced  by equiva-  

l e n t  sphe res  f o r  c a l c u l a t i o n s  of i n t e n s i t i e s .  

I 

The r e f l e c t i v i b i e s  a re  shown t o  be s e n s i t i v e  t o  t h e  

p a r t i c l e  s i z e ,  e s p e c i a l l y  t h e  r e f l e c t i v i t y  minima near  1 .5  and 

2 . 0  ,Y . Changes by a f a c t o r  o f  two i n  t h e  p a r t i c l e  s i z e  cause  

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

t h i s  v e r i f i e s  t h a t  s p e c t r a l  r e f l e c t i v i t y  measurements can  be 

of cons ide rab le  va lue  f o r  cloud i d e n t i f i c a t i o n .  The agreement 

of t h e  t h e o r e t i c a l  and experimental  s p e c t r a  a l s o  i n d i c a t e s t h a t  

it should be p o s s i b l e  t o  ob ta in  meaningful  conc lus ions  from 

i n f r a r e d  r e f l e c t i v i t y  measurements of p l a n e t a r y  atmospheres,  such 

a s  t h e  o b s e r v a t i o n s  which have been  made on  t h e  atmosphere of  

Venus. 
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I NT RODUC T I O  N 

I 

I n  t h e  wavelength r e g i o n  f r o m  1 t o  4 microns t he  a b s o r b t i v i t y  

of i c e ,  a s  w e l l  a s  t h a t  of many other m a t e r i a l s ,  h a s  an  a b s o l u t e  

va lue  such t h a t  t h e  r e f l e c t i v i t y  o f  c louds  composed of micron- 

s i z e d  p a r t i c l e s  should show l a r g e  v a r i a t i o n s  w i t h  wavelength 

and w i t h  p a r t i c l e  s ize .  Laboratory measurements conf i rm t h i s  and 

hence  sugges t  t h a t  near - inf ra red  r e f l e c t i v i t i e s  may be u s e f u l  f o r  

the  i d e n t i f i c a t i o n  o f  c louds  i n  p l a n e t a r y  atmospheres;  it is  con- 

c e i v a b l e ,  for example, t o  d e r i v e  the p a r t i c l e  composi t ion  and s i z e  

and the  cloud o p t i c a l  t h i c k n e s s  from t h e  s p e c t r a l  r e f l e c t i v i t y .  

Sagan and Po l l ack  (1967), and l a t e r  Hansen and Cheyney (1968) , have 

a t tempted  t o  e x t r a c t  such cloud parameters  from a comparison of 

t h e o r e t i c a l  computat ions t o  atmospheric  obse rva t ions ;  however, t o  

de termine  whether such a procedure can y i e l d  v a l i d  r e s u l t s  it i s  

impor t an t  t o  f i n d  i f  t h e  computat ions can i n  f a c t  d u p l i c a t e  

l a b o r a t o r y  s p e c t r a  i n  which t h e  cloud parameters  a r e  known. 

The pr imary purpose of t h i s  paper  i s  t o  show t h a t  the  major 

f e a t u r e s  i n  the best e x i s t i n g  l a b o r a t o r y  s p e c t r a  can  be d u p l i c a t e d  

by t h e o r e t i c a l  c a l c u l a t i o n s .  T h e  r e s u l t s  also i n d i c a t e  the 

s e n s i t i v i t y  of t h e  near - inf ra red  r e f l e c t i v i t i e s  t o  v a r i a t i o n s  of 

t h e  c loud  parameters .  

S e v e r a l  a u t h o r s  have  previous ly  made computa t ions  for  s i n q l e  

s c a t t e r i n g  by cloud p a r t i c l e s  i n  t he  nea r - in f r a red .  A two-stream 

approximat ion  for  t he  m u l t i p l e  s c a t t e r i n g  h a s  been  developed b y  
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Sagan and Po l l ack  (1967) and app l i ed  t o  the  nea r - in f r a red  

r e f l e c t i v i t y  of Venus. Good o b s e r v a t i o n a l  s p e c t r a  i n  t h e  near-  

i n f r a r e d  have been publ i shed  both f o r  t h e  atmosphere o f  Venus 

(Bottema e t  a l . ,  1965; Kuiper ,  1962) and f o r  t e r r e s t r i a l  c louds  

(Blau e t  a l . ,  1966) .  

*' 

8 

4 

LABORATORY OBSERVATIONS 

Zander (1966a, b) made l a b o r a t o r y  measurements w h i c h  a r e  w e l l  

s u i t e d  €or a comparison t o  t h e o r e t i c a l  computat ions.  The expe r i -  

menta l  methods he employed and a d e t a i l e d  d e s c r i p t i o n  o f  h i s  

r e s u l t s  w i l l  be publ i shed  elsewhere [Zander,  19683; hence i n  t h i s  

s e c t i o n  o n l y  the exper imenta l  cond i t ions  which m o s t  d i r e c t l y  

a f f e c t  t h e  t h e o r e t i c a l  i n t e r p r e t a t i o n  w i l l  be given.  

Zander measured the  near - inf ra red  s p e c t r a l  r e f l e c t i v i t y  

o f  an  o p t i c a l l y  dense  i ce  cloud a t  an  ang le  o f  i nc idence  

no = 1 5 O  from t h e  normal, an angle  o f  r e f l e c t i o n  Q = 1 5 O ,  and a n  

azimuth ang le  d i f f e r e n c e  CI, - C O O  = Oo;  i . e . ,  t h e  measurements were 

f o r  t h e  specu la r  d i r e c t i o n .  Evidence of a specu la r  component i n  

t h e  d i f f u s e  r e f l e c t i o n  f r o m  t e r r e s t r i a l  c louds  and hazes  h a s  been 

r e p o r t e d  (Tank, 1964; Deirmendjian,  1968) and hence o b s e r v a t i o n s  

i n  t h a t  d i r e c t i o n  may be an undes i r ab le  s p e c i a l  ca se .  However i n  

t h e  l a b o r a t o r y  measurements it i s  u n l i k e l y  t h a t  t h e r e  was 

s i g n i f i c a n t  rzfl.ectioil f r o m  f l a t  s u r f a c e s  cf h e r i z c n t a l l y  
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L 

. 

o r i e n t e d  c r y s t a l s  because t h e  p a r t i c l e s  w e r e  sma l l  and 

c o n t i n u a l l y  tumbling about  LZander , 1 9 6 6 b ]  . 
Zander (1968 and pe r sona l  communication) sampled t h e  

p a r t i c l e  shape and t h e  s i z e  d i s t r i b u t i o n  by i n s e r t i n g  a 

s l i d e  v e r t i c a l l y  i n t o  the upper p a r t  of t h e  c loud  and 

a l lowing  t h e  p a r t i c l e s  t o  adhere  t o  t h e  s l i d e  as a re- 

s u l t  of t h e i r  own motion; t h i s  procedure  could  conceiv- 

a b l y  have led t o  a d i s t r i b u t i o n  b i a s e d  toward t h e  smaller 

p a r t i c l e s  as  a r e s u l t  of t h e i r  g r e a t e r  Brownian motion,  

b u t  w e  have n o t  made an  a n a l y s i s  of t h a t  p o i n t .  Zander 

found t h e  i n d i v i d u a l  p a r t i c l e  d i ame te r s  t o  be w i t h i n  t h e  

range  l p  < d < 3 p  w i t h  t h e  maximum of t h e  d i s t r i b u t i o n  a t  l * 7 p -  

About 1/3 of these s i n g l e  c r y s t a l s  w e r e  p r i sms  and most 

of t h e  others  w e r e  hexagonal p l a t e s .  Each of these t w o  

forms showed c a v i t i e s  which r e s u l t e d  i n  a vo id  space  of 

n o t  m o r e  t h a n  Q 20%.  Zander (1966a) r e p o r t e d  t h a t  t h e  

p a r t i c l e s  which were c l u s t e r e d  i n t o  a g g r e g a t e s  composed 

a minimum f r a c t i o n  of those  sampled, b u t ,  as w i l l  be 

shown below, t h e  s m a l l e r  number of  aggrega te s  were prima- 

r i l y  r e s p o n s i b l e  f o r  t h e  s c a t t e r i n g  p r o p e r t i e s  of t h e  

c loud .  

- - 

The a b s o l u t e  r e f l e c t i v i t y  w a s  measured as 78 * 5 % a t  

h = 1 . 7 5 ~  and 56 * 5% a t  A = 2.251.1 w i t h  t h e  numbers b e i n g  
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the ratio of the observed intensity to that of a Lambert 

surface with albedo unity. The observed relative reflec- 

tivity from .95p to 4.011 is shown as the heavy curve in 

Figures 5, 6 and 8. That curve represents the average 

of 5 runs; the individual runs did not depart from the 

average by more than % 5 - 7% with the largest variations 

being for .95 < X < 1.211 and 3.0 < X < 4.0~. 

The optical thickness of the cloud in the visible 

region was measured at different times by Zander and 

found to be in the range T = 24 f 3. T ( X )  is here 

defined such that exp(-T) is the fraction of vertically 

incident radiation which experiences neither absorption 

nor scattering while traversing the cloud. 

The maximum in the observed reflectivity between 

1.5 and 2 . 0 ~ 1  appears to be at X % 1 . 8 ~  in Zander's 

(1966b) graph but the corresponding minimum in the 

absorbtivity of ice is at X % 1.85~1. It is not obvious 

that either the reflectivity measurement or the absor- 

tivity measurement should be in error by as much as A A  

% .05p, but the discrepancy probably results in part 

from Zander's finite resolving power ( A h  % .04~1) and the 

fact that the reflectivity falls off more sharply from 

1.85 to 2 . 0 ~  than from 1.85 to 1.5~. In order to have an 

uncluttered comparison of theory and observation we have 

drawn Zander's curve with the relative maximum at X ;5 1.85~. 
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COMPUTATIONAL PROCEDURE 

The M i e  s c a t t e r i n g  computations for  t h e  phase func- 

t i o n  ( s c a t t e r i n g  diagram) and t h e  s i n g l e  p a r t i c l e  a lbedo  

0 o w e r e  made w i t h  standard methods for  p a r t i c l e  s i z e  

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

( i . e . ,  t h e  complex index  of r e f r a c t i o n ,  nr - i n i )  f o r  

ice were t aken  f r o m  t h e  t a b l e s  of I r v i n e  and P o l l a c k  

(1968)which are based on an e x t e n s i v e  survey of  t h e  lit- 

e r a t u r e .  

be % 2 0 % .  N o  t empera ture  c o r r e c t i o n  w a s  a p p l i e d  t o  t h e  

t a b u l a t e d  q u a n t i t i e s  s i n c e  t h e  tab les  are for  a temper- 

a t u r e  ( -5OOC)  s u f f i c i e n t l y  close t o  t h a t  i n  Zander ' s  ex- 

per iment  (-44OC). The phase f u n c t i o n  w a s  c a l c u l a t e d  a t  

9 6  a n g l e s  [O(.2)5(2.5)180°]. The s i n g l e  p a r t i c l e  a lbedo ,  

w w a s  determined t o  a high accuracy ('.00001) because 

f o r  a lbedos  nea r  u n i t y  t h e  v a r i a t i o n s  i n  t h i s  parameter  

are magnif ied g r e a t l y  by t h e  m u l t i p l e  s c a t t e r i n g .  

I t  i s  expec ted  t h a t  t h e  error i n  ni may e a s i l y  

0' 

The r a d i a t i v e  t r a n s f e r  problem was so lved  us ing  t h e  

"double  only"  method desc r ibed  by Hansen ( 1 9 6 8 ) .  A t  

each wavelength t h e  pbase f u n c t i o n  w a s  used t o  de termine  

t h e  r e f l e c t i o n  and t r ansmiss ion  f u n c t i o n s  fo r  a c loud  of  

o p t i c a l  t h i c k n e s s  T % 2 and t h e  cor responding  func- 

t i o n s  f o r  a l a y e r  of twice t h a t  t h i c k n e s s  w e r e  t h e n  ob- 

t a i n e d  from t h e  doubl ing  equations,which are an expres-  

s i o n  of a p r i n c i p l e  f i r s t  g iven  by van d e  H u l s t  (1963) .  

- 2 5  
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I -  

- 

The process was repeated until an optical thickness 

T % 27  = 128 was reached. 

The phase functions were expanded in cosines of the 

azimuth angle and the first 10 terms in the expansion 

were used; since the incident and emergent angles were 

near normal in Zander's experiment the omitted terms did 

not affect the first three figures of accuracy in the 

results. Hence the primary limitation on the accuracy 

was the number of polar angles used in the Gauss quad- 

ratures; this number was varied and chosen in each case 

to be such that the self consistency (and other checks) 

indicated the errors to be < .1%. - 
The computations were made at 25 wavelengths in 

the interval . 9 5 p  < X < 4 p  including each wavelength - - 
in that region at whfch the absorbtivity has a relative 

maximum or minimum. 

COMPUTATIONAL RESULTS 

The initial computations were made for the particle 

size suggested in Zander's (1966a) original article, i.e., 

the particle diameters were taken to be in the range 

1~ - < d - < 3 p  with the peak of the distribution at dm = 1.7~. 

The exact shape of the distribution was unknown but due to 

its narrowness this was unimportant; for the calculations 

it was chosen to follow the "cloud" model distribution of 

Deirmend j ian (196 4 ) 

R 
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6 6d n(d) a d e-- 
m d 

l -  

where n(d) is the volume concentration at diameter d. 

This size spectrum is shown as distribution 1 in Figure 1, 

the single scattering albedo and the relative cloud optical 

thickness as functions of wavelength are given in Figures 

2 and 3 ,  and some representative phase functions are shown 

in the right half of Figure 4. 

To permit an absolute comparison to Zander's obser- 

vations the theoretical computations were made for 

4 cos0 coseO 

with 8 = 0 0 = 15' and 4 - ( P o  = oo, 
where S is the scattering function in the definition of 

Chandrasekhar (1960). The theoretical reflectivities for 

three optical thicknesses of the cloud are compared to the 

observations in Figure 5. The observed absorption 

features near X = 1.5, 2.0 and 3.011 are present in the 

theoretical curves but the spectral reflectivity does not 

correspond closely to the observations: the major absorp- 

tion features at 1.5 and 2 . 0 ~  are less than half as 

strong as observed by Zander, the minor features near 

1.0 and 2 . 5 ~  are entirely absent, and the reflectivity 

is a factor of 3-4 too high in the 3.4 - 4 . 0 ~  range. The 

agreement would be somewhat improved if the observed curve 

were shifted in the vertical direction but a significant 
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s h i f t  i s  n o t  allowed w i t h i n  t h e  a b s o l u t e  error e s t i m a t e d  

by Zander ( 2  5 % ) .  

Perhaps t h e  m o s t  l i k e l y  cause  of t h e  d i sc repancy  i s  

t h e  s i z e  assumed f o r  t h e  p a r t i c l e s .  Larger  p a r t i c l e s  would 

cause  s t r o n g e r  a b s o r p t i o n  f e a t u r e s ,  and hence,  t o  tes t  t h i s  

e f f e c t ,  c a l c u l a t i o n s  w e r e  made w i t h  p a r t i c l e s  a factor of 

two l a r g e r  t h a n  t h o s e  i n  t h e  f i r s t  d i s t r i b u t i o n  employed. 

rnk ~ ~ i ~ p ~ i t e d  r e f l e c t i v i t y  was changed i n  t h e  d e s i r e d  s e n s e ,  

b u t  t o  a l i m i t e d  e x t e n t ,  and t h e  f i t  t o  t h e  o b s e r v a t i o n  was 

s t i l l  unacceptab ly  poor.  

However, a f t e r  t h e  above computat ions w e r e  completed 

it was l ea rned  from Zander ( p e r s o n a l  communication) t h a t  

t h e  number of p a r t i c l e s  c l u s t e r e d  i n t o  a g g r e g a t e s  w a s  

s i g n i f i c a n t  (s 20% w i t h  an  aggrega te  counted as a s i n g l e  

p a r t i c l e ) .  Th i s  i s  impor tan t  s i n c e  t h e  components of  an  

a g g r e g a t e  would n o t  be expected t o  scat ter  i n c o h e r e n t l y  

and hence they  should n o t  be  t r e a t e d  as i n d i v i d u a l  p a r t i c l e s  

i n  the  r a d i a t i v e  t r a n s f e r  c a l c u l a t i o n s .  The manner i n  which 

t h e  aggrega te s  should be approximated depends on t h e  r a t i o  

of  t h e  p a r t i c l e  s i z e  t o  t h e  wavelength and on t h e  p a r t i c l e  

morphology i n c l u d i n g  t h e  amount of void space .  According 

t o  Zander ( p e r s o n a l  communication) t h e  d i s t r i b u t i o n  of 

a g g r e g a t e s  peaked a t  diameter  9 p  wi th  some p a r t i c l e s  be ing  

a s  l a r g e  as 1 5 p  and t h e  aggrega te s  were observed  t o  be 

c l o s e l y  packed w i t h  a void  space  e s t i m a t e d  as < 2 0 % .  S ince  

t h e  p a r t i c l e s  w e r e  t i g h t l y  packed it may be a r e a s o n a b l e  
- 



approximation t o  t r e a t  t h e m  as s p h e r e s ,  even though t h e y  

w e r e  n o t  s m a l l  compared to  t h e  wavelength.  The d i ame te r  of 

t h e  e q u i v a l e n t  spheres  would be s l i g h t l y  ( %  5 % )  less t h a n  

t h e  d iameter  of t h e  aggrega tes  b u t  t h i s  f a c t  would probably  

be a t  l ea s t  balanced by t h e  f a c t  t h a t  Zander found t h e  par -  

t i c l e  diameter t o  i n c r e a s e  w i t h  depth  i n t o  t h e  cloud.  There- 

f o r e ,  c a l c u l a t i o n s  were made w i t h  a double  c loud  model s i z e  

d i s t r i b u t i o n  ( d i s t r i b u t i o n  2 ,  F igu re  1) wi th  20% of t h e  par -  

t i c l e s  under t h e  p a r t i a l  d i s t r i b u t i o n  peaking a t  d iameter  9 ~ .  

The s i n g l e  s c a t t e r i n g  albedo and t h e  c loud  o p t i c a l  t h i c k -  

nes s  as a f u n c t i o n  of wavelength are shown i n  F igu res  2 and 

3 .  Some r e p r e s e n t a t i v e  p h a s e  f u n c t i o n s  are  shown i n  t h e  

l e f t  h a l f  of F igu re  4 and t h e  c loud  r e f l e c t i v i t y  i s  g iven  

i n  F i g u r e  6 .  

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

c l u d i n g  t h e  aggrega te s  agrees q u i t e  w e l l  w i th  t h e  observa- 

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

w i t h i n  t h e  range s p e c i f i e d  by Zander ( T  = 2 4  * 3 ) .  W e  n o t e  

t h e  fo l lowing  p o i n t s :  

The major f e a t u r e s  i n  t h e  r e f l e c t i v i t y  from 1 .3  t o  

2 . 2 ~  fi t  t h e  obse rva t ions  a lmos t  e x a c t l y .  These f e a t u r e s  

are ve ry  s e n s i t i v e  t o  t h e  p a r t i c l e  s i z e ;  computations w i t h  

s t i l l  l a r g e r  p a r t i c l e s  [ the  'c loud 'model  w i t h  i t s  peak a t  

diameter 1 6 p  ( d i s t r i b u t i o n  3 ,  Figure  1) f o r  which r ep re -  

s e n t a t i v e  phase f u n c t i o n s  are g iven  i n  F igu re  f] show fea -  

t u r e s  (F igure  8 )  s i g n i f i c a n t l y  s t r o n g e r  t h a n  those  f o r  (lis- 

t r i b u t i o n  2.  The abso lu te  r e f l e c t i v i t y  w i t h  t h e s e  larger 
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particles is too  small to be compatible with the observed 

curve. 

The mean extinction diameter is defined by 

where QeXt(r) is the extinction cross section for a par- 

ticle of radius r, and rl and r2 are respectively the lower 

and upper limits of the size distribution. a has the values 
2.16, 10.4 and 2 0 . 8 ~  at X = .95u for distributions 1, 2 and 

3 ,  respectively. Hence easily measurable variations in the 

reflectivity may occur for changes of less than an order 

of magnitude in the characteristic particle size. 

To further assess the relative contributions of the 

aggregate and individual particles, computations were made 

with a size distribution representing only the aggregates 

(a 'cloud' model with its peak at diameter 9 p ,  dl = 2 r1 

= 5 P ?  d2 = 2 r2 = 1511). The results (not shown) were prac- 

tically indistinguishable from those for distribution 2 

(which had 20% aggregates). The reflectivities in these 

two cases differed. by < 3% at each of the 22 common wave- 

lengths at which computations were made, with the reflec- 
5 



1 2  

t i v i t y  s l i g h t l y  lower f o r  t h e  d i s t r i b u t i o n  of a g g r e g a t e s  

o n l y .  The mean e x t i n c t i o n  diameter for  t h e  l a t t e r  d i s -  

t r i b u t i o n  was 1 1 . 0 ~  a t  h = .95p. These r e s u l t s  s u g g e s t  

t h a t  t h e  r e f l e c t i v i t y  f e a t u r e s  depend mainly on t h e  l a r g e  

p a r t i c l e s  i n  t h e  s i z e  d i s t r i b u t i o n  as a consequence of 

t h e  f a c t  t h a t  those p a r t i c l e s  l a r g e l y  de te rmine  t h e  mean 

p a r t i c l e  s i z e .  

The minor a b s o r p t i o n  f e a t u r e  a t  1.03~ i s  h a r d l y  v i s -  

i b l e  i n  any of t h e  t h e o r e t i c a l  s p e c t r a  and it i s  u n l i k e l y  

t h a t  employing nonspher ica l  p a r t i c l e s  would s i g n i f i c a n t l y  

s t r e n g t h e n  t h i s  dep res s ion .  

t h e o r e t i c a l  computat ions w i l l  n o t  y i e l d  a f e a t u r e  as s t r o n g  

a s  observed by Zander un le s s  t h e  a b s o r b t i v i t y  of ice has  a 

g r e a t e r  r e l a t i v e  maximum a t  1.03~ t han  i s  i n d i c a t e d  by t h e  

t a b u l a t e d  o p t i c a l  c o n s t a n t s .  h = l u  i s  i n  f a c t  near  t h e  

s h o r t  wavelength l i m i t  of r e l i a b l e  d e t e r m i n a t i o n s  of t h e  

ice  a b s o r b t i v i t y  because  of t h e  h igh  t r a n s m i s s i o n  there, 

however, t h e  a b s o r b t i v i t y  a t  1.03~ would have t o  be approx- 

i m a t e l y  an o r d e r  of magnitude l a r g e r  t h a n  t h e  v a l u e  g iven  

by I r v i n e  and Pol lack  (1968)  i n  o r d e r  t o  account  f o r  t h e  

f e a t u r e  r e p o r t e d  by Zander.  Perhaps it i s  more l i k e l y  t h a t  

the  observed r e f l e c t i v i t y  f e a t u r e  was an i n s t r u m e n t a l  e f f e c t ,  

s i n c e ,  accord ing  t o  W. Plummer ( p r i v a t e  communication),  t h e  

wavelength w a s  near  the  t a i l  of emiss ion  of Zander ' s  

i n f r a r e d  source .  Absorption by water vapor probably  could  

n o t  have been r e s p o n s i b l e  f o r  t h e  f e a t u r e  because  the 

water vapor a b s o r p t i o n  c o e f f i c i e n t  is  much less a t  1 p  t han  

Hence it appea r s  t h a t  the  
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. 

a t  some longer  wavelengths where no a b s o r p t i o n  w a s  appa ren t .  

The minor f e a t u r e  a t  2.611 i s  cons ide rab ly  less prom- 

i n e n t  i n  t h e  t h e o r e t i c a l  s p e c t r a  t h a n  i n  t h e  observed curve .  

Zander found t h i s  f ea tu re  t o  vary  s i g n i f i c a n t l y  wi th  t e m -  

p e r a t u r e  (probably  due t o  changes i n  t h e  p a r t i c l e  s i z e  d i s -  

t r i b u t i o n )  b u t  t h e r e  i s  c l e a r l y  a d i sc repancy  between t h e  

theo ry  and t h e  obse rva t ions ;  t h i s  i s  a p p a r e n t l y  t h e  r e s u l t  

of an e r r o r  i n  e i t h e r  t h e  t a b u l a t e d  a b s o r b t i v i t y  of ice  or 

t h e  assumptions employed i n  o u r  computat ions.  

I n  F i g u r e  6 t h e  t h e o r e t i c a l  r e f l e c t i v i t y  exceeds t h a t  

observed i n  t h e  range 3 . 6  < A < 4.0p, b u t  t h a t  i s  t h e  

r e g i o n  i n  which t h e  obse rva t ions  are most u n c e r t a i n .  I f  
- -. 

t h e  d e v i a t i o n  i s  r e a l ,  though, it could be a consequence 

of t h e  s p h e r i c a l  p a r t i c l e  approximation s i n c e ,  a s  mentioned 

by D .  G .  R e a  ( p e r s o n a l  communication),  agg rega te s  might 

s c a t t e r  a s  l a r g e  p a r t i c l e s  a t  long wavelengths  and e x h i b i t  

s c a t t e r i n g  p r o p e r t i e s  c h a r a c t e r i s t i c  of t h e  smaller com- 

ponents  on t h e  aggrega te  s u r f a c e  a t  s h o r t  wavelengths 

where x = > >  1. Such a s c a t t e r i n g  behavior  has  i n  

f a c t  been observed f o r  m i ' n e r a l  samples i n  t h e  l a b o r a t o r y  

by Rea, b u t  t h e  p o s s i b l e  d iscrepancy  i n  t h e  cloud r e f l e c -  

2 7 ~  r 

t i v i t i e s  must be reconfirmed expe r imen ta l ly  b e f o r e  it i s  

t a k e n  a s  c lear  evidence fo r  a breakdown i n  t h e  s p h e r i c a l  

p a r t i c l e  approximation.  

The observed r e f l e c t i v i t y  of 3-4% from 3 . 0  t o  3 . 2 ~ 1  

i s  perhaps  i n d i c a t i v e  of t h e  n o i s e  l e v e l  i n  Zande r ' s  

exper iment  s i n c e  any p a r t i c l e s  l a r g e  enough t o  y i e l d  t h e  



. 

observed f e a t u r e s  a t  1 . 5  and 2.011 would have a reflec- 

t i v i t y  < 1% f o r  3 . 0  - < - < 3 . 2 ~ .  

Our computed r e s u l t s  shown i n  F i g u r e s  5 ,  6 and 8 may be 

compared t o  t h e  t h e o r e t i c a l  computat ions of Sagan and 

P o l l a c k  (1967) who employed a t w o - s t r e q  approximation fo r  t h e  

m u l t i p l e  s c a t t e r i n g .  When t h e i r  r e f l e c t i v i t y  cu rves  f o r  

s i n g l e  p a r t i c l e s  of g iven  diameters are compared t o  our  c u r v e  

f o r  s i z e  d i s t r i b u t i o n s  w i t h  cor responding  mean e x t i n c t i o n  d i -  

ameters, it appears  t h a t  t h e  s p e c t r a l  f e a t u r e s  a r e  somewhat 

more pronounced i n  our  curves ;  t h i s ,  however, i s  expec ted  

s i n c e  t h e i r  r e s u l t s  apply to  t h e  i n t e n s i t y  i n t e g r a t e d  over  a l l  

a n g l e s  of i n c i d e n c e  and r e f l e c t i o n  and n o t  t o  t h e  i n t e n s i t y  a t  

t h e  p a r t i c u l a r  a n g l e s  of i nc idence  and emergence i n  Zander ' s  

experiment  (which w e r e  n e a r l y  normal t o  t h e  c l o u d t o p ) .  It  i s  

a p p a r e n t l y  f o r  t h i s  reason  t h a t  Sagan and Po l l ack  o b t a i n  t h e i r  

closest  agreement t o  t h e  spec t rum of Venus (which i s  p r a c t i -  

c a l l y  i d e n t i c a l  t o  Zander 's  l a b o r a t o r y  cu rve  f o r  p a r t i c l e s  

of diameter Q, 2011 whi le  we g e t  t h e  b e s t  f i t  t o  Z a n d e r ' s  lab- 

o r a t o r y  d a t a  w i t h  p a r t i c l e s  of h a l f  t h a t  s i z e .  

comparison of our  c a l c u l a t e d  s p h e r i c a l  a lbedos  t o  t h e i r  re- 

s u l t s  sugges t s  t h a t  t h e i r  approximation i s  q u i t e  a c c u r a t e  f o r  

t h e  i n t e g r a t e d  i n t e n s i t y .  

A pre l imina ry  

DISCUSSION 

The computed r e s u l t s  i n d i c a t e  t h e  s e n s i t i v i t y  of t h e  

n e a r - i n f r a r e d  r e f l e c t i o n  spectrum t o  t h e  p a r t i c l e  s i z e  and 
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to the cloud optical thickness; this reemphasizes the po- 

tential use of reflection spectra for cloud identification. 

Our computations were made at rather widely spaced wave- 

lengths and no attempt was made to degrade the theoretical 

spectra to account for the finite resolving power ( ~ . 0 4 r . l )  

in the observations; however, these deficiencies may easily 

be eliminated in cases where more exact computations are 

warranted. 

Due to the uncertainties in the optical constants of 

ice and our incomplete knowledge of the experimental pa- 

rameters such as the particle size distribution, it is 

possible that the close agreement of the major features in 

the theoretical and observational spectra is partly fortu- 

itous. But until further observations and computations are 

made the results must be regarded as evidence that in some 

circumstances randomly oriented nonspherical particles may 

be approximated by spheres; this is a contention which has 

previously been made by Sagan and Pollack (1967) and others. 

However, since the scattering properties of the cloud were 

determined mainly by the aggregates which may have been more 

spherical than the individual plates and prisms, it would 

also be desirable to have reflectivity measurements from 

'clouds in which the crystals were not allowed to agglomerate. 

From the minor reflectivity features there is a sug- 

gestion that the optical constants could be in error near 

2 . 6 ~  and perhaps also near l p ;  hence it would be of interest 

to have the absorbtivities remeasured in those regions. It 



would a l s o  be h e l p f u l  t o  have t h e  c loud r e f l e c t i o n  s p e c t r a  

reexamined a t  t h e  same wavelengths.  

Zande r ' s  measurements were t h e  f i r s t  of t h i s  t y p e  and 

a t  t h e  t i m e  he performed them there were no t h e o r e t i c a l  c a l -  

c u l a t i o n s  a v a i l a b l e ;  it i s  hence s u r p r i s i n g  t h a t  he ob ta ined  

so many parameters  which must be known f o r  an  adequate  i n t e r -  

p r e t a t i o n  (such as t h e  cloud o p t i c a l  t h i c k n e s s ,  t h e  a b s o l u t e  

r e f l e c t i v i t y ,  t h e  p a r t i c l e  morphology and t h e  s i z e  d i s -  

t r i b u t i o n ) .  I n  f u t u r e  obse rva t ions  it w i l l  be impor t an t  t o  

c o n t r o l  t h e  exper imenta l  c o n d i t i o n s  as  c l o s e l y  as p o s s i b l e ,  

e s p e c i a l l y  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  which should be 

known a t  increments  of t h e  r a d i u s  'L lu. 

On t h e  whole t h e  agreement between t h e  l a b o r a t o r y  and 

theore t ica l  r e s u l t s  i s  s u f f i c i e n t l y  c l o s e  t o  encourage t h e  

comparison of s i m i l a r  computations t o  o b s e r v a t i o n s  of atmos- 

p h e r i c  c louds .  Measurementskom an  a i r c r a f t  of t h e  a b s o l u t e  

i n t e n s i t y  s p e c t r a  of s o l a r  r a d i a t i o n  s c a t t e r e d  by t e r res t r ia l  

ice and water c louds  have been r e p o r t e d  by Esp ino la  and Blau 

(1965) and Blau e t  a1 ( 1 9 6 6 )  i n  t h e  r e g i o n  1.15 - 3 . 6 ~ 1 ,  

i n c l u d i n g  a f e w  examples of t h e  a n g u l a r  dependence of t h e  

s c a t t e r e d  l i g h t .  I n  t h e i r  obse rva t ions  t h e  a b s o r p t i o n  by 

CO, and H 2 0  vapor  above and w i t h i n  t h e  c louds  i s  s i g n i f i c a n t  

and must be accounted f o r  i n  a t h e o r e t i c a l  i n t e r p r e t a t i o n ;  

w e  w i l l  hence only  mention h e r e  t h a t  t h e  s p e c t r a l  f e a t u r e s  

t h a t  they  - observed f o r  c i r rus  c louds  near  X = 1 .5  and 2.01.1 

are deep and appear  t o  r e q u i r e  p a r t i c l e  sizes a t  l eas t  1011 
.# 
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i n  diameter .  F u r t h e r  obse rva t ions  i n c l u d i n g  t h e  angu la r  

p a t t e r n  of t h e  s c a t t e r i n g ,  e s p e c i a l l y  i n  t h e  r e g i o n  1 < A 

< 

f o r  making a complete a n a l y s i s .  

- 
2 . 5 ~  where gaseous abso rp t ion  i s  s m a l l ,  would be h e l p f u l  - 

F i n a l l y ,  t h e  r e s u l t s  of t h i s  paper  a l so  s u g g e s t  t h a t  

it i s  p o s s i b l e  t o  o b t a i n  meaningful conc lus ions  f r o m  t h e  

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

of Venus (Sagan and P o l l a c k ,  1 9 6 7 ;  Hansen and Cheyney, 1968). 
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FIGURES 

l -  

Fig. 1. Cloud particle size distributions normalized to 

unity at their maximum points. 

scattering results in Figs. 2-8 were made for these three 

size distributions of spherical ice particles. Distribu- 

tions 1 and 2 coincide for diameters less t h a ~  3:. 

Fig. 2. 

particle size distributions shown in Fig. 1. The wave- 

lengths at which the single and multiple scattering compu- 

tations were made are indicated by dots on the curve for 

distribution 3 .  

Fig. 3 .  Cloud optical thickness normalized to unity at 

A = . 9 5 ~  for the three particle size distributionsshown 

in Fig. 1. The interpolated curves between the wavelengths 

of the computations (indicated on curve 3 )  may not be accurate 

for 2 . 8 ~  < A < 3.2~, but that is unimportant for the mul- 

tiple scattering results (Figs. 5 ,  6, 8 )  since the inten- 

sity is so low in that wavelength region. 

Fig. 4 .  Single scattering phase functions (scattering 

diagrams) normalized to unity, at representative wave- 

lengths in the near-infrared for two of the particle size 

distributions shown in Fig. 1. The vertical scale for 

each successive wavelength is displaced by an order of 

magnitr?de; t he  wavelengths t z l  which the numbers on the 

The single and multiple 

Single scattering albedo ( w ~ )  for the three 

- - 
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v e r t i c a l  scale apply are  i n d i c a t e d  i n  p a r e n t h e s i s .  

F ig .  5 .  Near - inf ra red  r e f l e c t i v i t y  of an  ice cloud.  The 

s o l i d  curve  was observed i n  t h e  l a b o r a t o r y  wi th  a r e so lu -  

t i o n  % . 0 4 ~  by Zander. The t h e o r e t i c a l  cu rves  are f o r  t h e  

p a r t i c l e  s i z e  spectrum wi thout  aggrega te s  ( d i s t r i b u t i o n  1, 

mean e x t i n c t i o n  d iameter  n, 2.1611). The o p t i c a l  t h i c k n e s s  

annlies -rr tc! x = - 9 5 s .  The r e f l e c t i v i t y  i s  d e f i n e d  as t h e  

r a t i o  of t h e  observed o r  theoret ical  i n t e n s i t y  a t  t h e  

ang le s  i n  Zander ' s  experiment t o  t h e  i n t e n s i t y  from a 

p e r f e c t  L a m b e r t  s u r f a c e  a t  t h e  same a n g l e s .  

F i g .  6. The same as F ig .  5 w i t h  t h e  t h e o r e t i c a l  curves  

f o r  t h e  p a r t i c l e  s i z e  spectrum i n c l u d i n g  aggrega te s  

( d i s t r i b u t i o n  2, mean e x t i n c t i o n  diameter n, 10.4~). 

F i g .  7. Same as F ig .  4 for s i z e  d i s t r i b u t i o n  3 .  

F i g .  8 .  The same as F i g .  5 w i t h  t h e  t h e o r e t i c a l  curves  

f o r  t h e  p a r t i c l e  s i z e  spectrum of v e r y  l a r g e  p a r t i c l e s  

( d i s t r i b u t i o n  3 ,  mean e x t i n c t i o n  diameter % 20.81.1). For 

h > 2.8~ t h e  three t h e o r e t i c a l  cu rves  are i n d i s t i n g u i s h a b l e .  - 
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