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Computa t ions  of  the  equivalent  wid ths  of absorptiort  lines ~Ls a t imer |on  of 
p l ane ta ry  ph~me angle are made  for a ho,nogeneous cloud with part icles  having  
the  proper t ies  (shape, refract ive index, and  size dis t r ibut ion)  deduced  fi'om 
po la r imet ry  of  Venus. The compu ted  equiw~lent wid ths  show an ' reverse  phase  
cffcct '  comparable  to t h a t  which is observed for CO2 lines on Venus.  This result  
verifies a recent  suggestion of  Regals et al. t h a t  the  exis tence of  an inverse phase 
effect does not  by i tself  imply the presence  of  mult iple  layers of  sca t te r ing  part icles  
in the  a tmosphe re  of  Venus.  

INTRO D UCTION 

Observations of thc equivalent widths 
of CO 2 lines on Venus suggest a decrease in 
the equivalent width toward small phase 
angles (superior conjunction). The most 
complete published observations are those 
of Young et al. (1971 ; cf'. their Fig. 12) and 
Young (1972, their Figs. 4-9). The equiva- 
lent widths of the 7820A CO/ bands 
appear to be 10-30% lcss ibr phasc angles 
in the range 0-30 ° than for phase anglcs of 
50-80 °. Although the phase variation is 
uncertain, due to comparable day-to-day 
fluctuations in the measured equivalent 
widths, it has nevertheless I)ecn used as the 
basis for definitive claims about the struc- 
ture of the clouds of Venus. 

Venus is observe(} to be veiled t)y clouds 
or haze, so the absorption lines in reflected 
solar light n mst be formed in or above a 
scattering atmosphere. I t  has been shown 
that,  for a homogeneous atmosphere with 
isotropic scattering, the equivalcnt widths 
of absorption lines will decrease mono- 
tonically with increasing phase angle 
(Chamberlain and Kuiper, 1956; Chamber- 
lain and Smith, 1970). Thus the inverse 
phase cffbct, if it is real, implies either that  
the scattering is anisotropic or that  the 
atmospherc is inhomogeneous (or both). 

Of course, in rcality, both complications 
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exist on Venus: The scattering is an|so- 
tropic and the atmosphcre is inhomogene- 
ous. But i f  it could bc shown that  an|so- 
tropic scattering does not cause an inverse 
phase effect, then the observed phase effect 
could more easily be uscd to investigate the 
vertical structurc of the atmosphere. This 
supposcdly has been done. Hunt (1972a, b) 
has made extensive computations ibr 
spherical cloud and haze particles. For the 
casc of a homogeneous atmosphere, he 
finds that  " . . .  the phase curves computed 
with this model are ahvays smooth, mono- 
tone decreasing functions of the phase 
ang le . . . "  (Hunt, 1972a). 

Regas et el. (1973) have called this 
result to question. Hunt's conclusion is 
not consistent with the computations of 
Hansen (196!)) which showed a decreased 
line depth at small phase angles for a 
scattcring diagram f with a backward lohe. 
Regas et el. intcgratc(t line profiles com- 
puted by Hanscn to obtain the equiw~lcnt 
widths at several phase angles ; they showed 
that  an inverse phase effect exists for the 
particular scattering diagram emph)ye(l, 
which was appropriate for terrestrial water 

t In this  paper  we use the  terminoh)gv ' scat ter -  
ing d iagram'  ins tead of the  more c()mmon 
'phase  funct ion '  itt order  to avoid confitsion with 
'phase  effect ' .  
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clouds. Unpublished computa t ions  of  
Regas, made with an approx imate  com- 
puta t ional  method  including the effects 
of inhomogenci ty ,  show a similar effect. 

C A L C U L A T I O N S  

I t  is possible to make computa t ions  with 
scat ter ing diagrams which are much more 
re levant  to the a tmosphere  of  Venus. I t  
has been shown from the linear polariza- 
tion of  sunlight reflected from Venus tha t  
the "c loud"  particles are spherical with a 
refract ive index ~1.43 (fbr wavelengths 
0 .8 -16m ) and a mean particle radius 
~l /~m (Hansen and Arking, 1971 ; Hansen 
and Hovenier ,  1973). 

The scat ter ing diagram we employ here 
was computed  for A = 7820A, n r = 1.43, 
n i - -0 ,  and the particle size distr ibution 
(Hanscn, 1971b). 

n (r) = constant  r (l-3b)/b e -r/ab. ( 1 ) 

a, the mean effective radius, was 1.05/~m, 
and b, the effective variance,  was 0.07. The 
integrat ion over  particle size was for the 
range (0-4/~m), which, for the distr ibution 
employed,  is practically equivalent  to the 
range (0-~).  The integrat ion was made 
with a sufficient number  of  points (~103) to 
assure convergence. The resulting scatter- 
ing diagram is shown by the solid curve in 
Fig. i. Results  are also shown for n, = 1.41 
and 1.45 in order  to il lustrate the magni- 
tude  of  the uncer ta in ty  in the scat ter ing 
diagram of  the Venus cloud particles; the 
value 0.02 is the maximum uncer ta in ty  in 
n,, not  a probable error. Variations in the 
scat ter ing diagram due to uncertaint ies  in 
thc size distr ibution arc comparable  to 
thosc i l lustrated in Fig. 1. 

Thus it is clear t ha t  the scat ter ing dia- 
gram for the Venus clouds has backwar(t 
lobes for scat ter ing angles 150-180 °, at  
least ibr tim region of the a tmosphere  
responsible tbr the polarization and absorp- 
tion lines of reflected sunlight. The peak at  
scat ter ing angles ~160 ° is the ' rainbow' 
which is due to light intcrnal ly rcflccted 
once inside the cloud particles, while the 
peak at  180 ° is the "g lo ry"  which arises 
from the edge rays striking the cloud 
particles (cf. van  de Hulst ,  1957; Hansen.  
197')). 
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FIG. l. Scattering diagrams used for multiple 
scattering computations. The Mie results are 
for the indicated values of refractive index, with 
all three for A = 7800.-~ and the size distribution 
(1). The Henyey-Grecnstein scattering diagram 
is for an asymmetry parameter, <cosa>, the 
same as that of the Mie scattering diagram for 
n~ = 1.43. 

Lc t  a = scat ter ing coefficient per unit  
volume, k c = a b s o r p t i o n  coefficient per 
unit  volume in the cont inuum (which m ay  
be due to absorpt ion in the scat ter ing 
particles), and k. -- addit ional absorpt ion 
coefficient per unit  volume (due to the gas 
causing the absorpt ion line). The single- 
scat ter ing albe(lo at  the f requency v is then 

~v = (,l(k, + kc + o). (2) 

The single-scattering albedo in the con- 
t inuum is 

~c = a/(k, + ~), (3) 

which is assumed to be constant  over  an 
absorpt ion line. For the Lorentz  line shape 

kv=k0[ l+(V-- ;Y°- )2]  - ' ,  (4) 

where y is the Lorentz  width of the line. 
I f  the single-scattering albedo at  the line 
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center in the absence of continuous 
absorption is represented by 5;0, 

5;0 = , , l (ko + (,), (5) 

then 5;v may be expressed as 

['  '__-5;o ]-' 
5 ; v =  ~ c  + 5 ; 0 (  l + x 2 ) j  

(6) 

where x =- (v  - % ) / 7 .  

The equivalent width of an absorption 
line is 

cO 

o 
where I~ and I~ are the intensity in the 
continuum and at the frequency v within 
the line. Thus for a Lorentz line 

~ 2y f I~(~) - Iv(5;~, ¢50, x) I | ' (5 ;~ ,  5;o) - j - " - i c ( & ¢ )  . . . . . .  dx 

0 

(s)  

We computed reflected intensities fbr a 
homogeneous atmosphere using the doubl- 
ing method, which has been described 
many times in the literature (e.g., Hansen, 
1971a; Whitehill, 1972). The results were 
integrated over the illuminated part of the 
planetary disk'- using the method of Horak 
(1950). The computations were made with 
a continuum single-scattering albedo, &¢, 
which would yield a spherical (Bond) 
albedo of" ~92% in the continuum, the 
same spherical albedo as that  assumed by 
Hunt  (1972b; cf. his '['able 2 and Fig .2); 
a series of photoelectric observations sum- 
marized by Irvine (1968) indicates that  this 
is approximately the spherical albe(to of 
Venus for A ~ 8000A. For the Mie scatter- 
ing diagram with n, = 1.43 this required 
5;c ~ 0.99956; the anisotropy parameter 3 

2 i n t e g r a t i o n s  were also m a d e  a long  a l ine  

on the  p l a n e t a r y  disk to s imula te  a g iven  spectro-  
m e t e r  sli t  o r i en ta t ion  on t he  p lane t ,  as d iscussed 
in the  las t  p a r a g r a p h  of  th i s  sect ion.  

3 <cos a )  is the  average  va lue  of  cos ct weighted 
by  the  seatts-ring d iag ram,  p(a) ,  

<cos ~> = ~ j -1 p(ct) COS a d ( c o s  a), 

where  ce is the  s ca t t e r ing  angle.  Fo r  isotropic 
s ca t t e r ing  the  single s ca t t e r ing  a lbedo  (¢5Jc s°) 
co r respond ing  to an  as sumed  spher ical  a lbedo  

for this scattering diagram is <cos a> 
0.6773. Computations were also made with 
the Heney-Greenstein scattering diagram, 

1 - <cos  ~>2 
p ( ~ )  - -  

(1 + <cos a):  -- 2(cos a) cos a) 3/2 

(9) 

using the same values of 5;v and <cosa> as 
for the Mie scattering diagram. Finally, 
computations were made for isotropic 
scattering with the &v defined above 
modified according to the similarity 
relation 

~ l s o  1 - -  1 - -  5 ; v  

o~, = l - < c o s ~  (10) 

with <cosa) = 0.6773. 
lgure 2 shows the relative equivalent 

widths computed for the three scattering 
diagrams. These are each normalized to 
unity at the phase angle where the maxi- 
mum value occurs. Figure 2 was obtained 
from computations for 5;o= 1/(1 +0.1), 
b u t  f o r  &o -- 1 / ( I  - '  1) and ~o-- 1/(1 -:-- 10) 
the results are practically the same as those 
illustrated; thus within this range the 
conclusions are ,lot sensitive to line 
strength. 

The major contribution to the equivalent 
width comes from the wings of the lines. 
However, with actual observations it. is 
usually impossible to mcasure the entire 
equivalent width because of the over- 
lapping of lines and the consequent diffi- 
culty in defining the, true continuum. Thus 
in Fig. 3 we have also illustrated the 
results of computations (ibr the Mie 
scattering diagram, % = 1.43) in which the 
integration for the equivalent width wa,,' 
from I v to 0.99I~ and from I~ to 0.751 c. 
For the latter case, the shadcd part of the 
insert in Fig. 3 indicates the area included 
in the equivalent width. The uniformly 
depressed continuum which wc have con- 
sidered in Fig. 3 does not provide an 
accurate representation of some practical 

can be found in Tab le  A I of Chamber l a in  and  
Smi th  (1970). The  va lue  of o5~ which  will yield 
a p p r o x i m a t e l y  the  same  spherical  a lbedo  for 
an iso t ropic  s ca t t e r ing  t hen  follows from ( c o s a >  
and  t he  s imi la r i ty  re la t ion  (Hansen ,  1969): 

(5 c " 1 -- (1 -- <cos a>)(l  -- wc-ts°) 
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F[o.  2. Equ iva l en t  wid ths  for a Lorentz  absorp t ion  line. The Henyey-Oreens te in  and  Mie 
(n r = 1.43) sca t te r ing  d iagram uscd in the  computa t ions  are shown in Fig. 1. The calculat ions were 
for c5 o = ]/(1 + 0.1 ), cor responding  to a line of  in te rmedia te  s t reng th .  The rcsults  for each sca t te r ing  
d iagram arc normal ized to un i ty  a t  the  phase  angle of  m a x i m u m  equiva len t  width .  
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F [ o .  3. E q u i v a l e n t  w i d t h  o f  a L o r e n t z  a b s o r p t i o n  l ine ,  as  in  F ig .  2. T h e  r e s u l t s  are  for  t h e  Mie 
s c a t t e r i n g  d i a g r a m  (n r = 1.43),  b u t  t h e  a r e a  i n c l u d e d  in t h e  e q u i v a l e n t  w i d t h  is l i m i t e d  to  t h a t  
b e l o w  0 . 9 9 I  c a n d  0 .751  c. T h e  insert, o n  t h e  u p p e r  r i g h t  is a s c h e m a t i c  i n d i e a t i o n  o f  t h e  a r e a  i n c l u d e d  
for  t h e  i n t e g r a t i o n  t o  0.751¢. 
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problems which arise in measurements of 
equivalent widths (A. Young, private 
communication), but a comparison of 
Figs. 3 and 2 is nevertheless sufficient to 
(1) illustrate that  an inverse phase effect 
can bc expected even if the continuum is 
not precisely known, and (2) illustrate that  
an accurate measuremcnt of the phase 
effect would require a very accurate 
knowledge of the true continuum. 

From Figs. 2 and 3 it is obvious that  thc 
equivalcnt width as a function of phase 
angle depends markedly on the shape of 
the scattering diagram. An "inverse phase 
effect" exists fbr the Mie scattering 
diagram, and it is clcar that  this is a direct. 
result of the shape of thc scattering dia- 
gram: indeed, if Fig. 1 is turned upside- 
down and compared to thc other figures, 
the (dose corrcspondence is even clearer 
(but note that  the; vertical scale is logarith- 
mic in Fig. 1). The inverse phase effect is 
clearly due to the backward peaks (the 
rainbow and glory) in the scattering dia- 
gram; at their scattering angle these 
features cause an increase in the pcrccntage 
of single scattered photons and a corres- 
ponding decrease in the percentage of 
photons with a long total pathlength in the 
at mosphere. 

The results which wc have illustrated 
are for the intensity integratcd over the 
visible part of the planet. We have also 
e;xamincd the distribution of intensity over 
the planetary disk, and we have made 
integrations along a line on the disk to 
represent a given spcctrometer slit orienta- 
tion. In the latter case thc inverse phase 
efl'eet mav be somewhat stronger or we;akcr 
than in the case of thc intcgratiou over the 
visible disk, with the results dcl)cnding on 
the slit location. For the most convenient 
slit location, along the intensity equator, 
the relative equivalent width is nearly the 
samc (within ~0.03) as for the disk- 
integrated rcsults in Figs. 2 and 3 (tbr thc 
same values of (~o and othcr parameters). 

1)Iscuss~oN 

The results which we have presented 
illustrate that  a signature or imprint of the 
scattering diagram is carried by the phase 

variation of the equivalent width of 
absorption lines. The correspondence is so 
straightlbrward that  it would seem natural 
to try to invcrt measured equivalent widths 
for Venus (which can be observed at all 
phase angles) to extract the scattering 
diagram. However, in practice, this will 
be difficult because of the day-to-day 
variations which exist in the equivalent 
widths and bccausc of the comparable 
magnitude of effects due to atmospheric 
inhomogeneities. These difficulties are 
illustrated by a comparison of Fig. 12 of 
Young et al. (1971), Figs. 2 and 3 of our 
paper, and Fig. 9 of Hunt  (1972b). I t  is 
very unlikely that  the scattering diagram 
can be deduced from cquivalent widths 
with an accuracy comparable to that  which 
can be obtaincd indirectly through the 
polarization. 

But since thc s(:attcring diagram is 
already accurately known from the polariz- 
ation, it would seem more promising to try 
to use the variation of equivalent width 
with phase angle as a tool for investigating 
the vertical atmospheric structure. We 
want to emphasize that  such studies must 
incorporate an accurate representation of 
the scattering diagram. Regas et al. (1973) 
have made a similar statement. However, 
even if" a reliable scattering diagram is 
employed, such studies will still be 
hampered by the difficulty in measuring 
equivalcnt widths and their day-to-day 
variations. A greater potential for investi- 
gating atmospheric structure may be 
provided by li~e profiles; because, in 
principle, the profilc of an entire band can 
be measured at one time, the results are not 
as sensitive to the shape of the scattering 
diagram as thcy arc ibr equivalent widths, 
and t he effbcts of temperature and pressure 
vary t'rom line to line within a band in a 
predictable fashion. Preliminary reports 
of studies of line profiles of" Venus (Traub, 
1971; Carleton el al., 1971) support the 
assumption that  the linc profiles can yield 
information on atmospheric structure, but 
adequate details of this work have not bcen 
published yet. 

For problems in absorption line forma- 
tion, the atmosphere of Venus is certainly 
inhomogencous in the vertical direction due 
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to  v a r i a t i o n s  o f  t e m p e r a t u r e  a n d  p re s su re .  
I t  is p r o b a b l e  t h a t  t h e r e  a r e  a lso  s ign i f i can t  
c h a n g e s  in t h e  s c a t t e r i n g  p r o p e r t i c s  w i t h  
h e i g h t :  m a p s  o f  t h e r m a l  emis s ion  d c m o n -  
s t r a t e  t h a t  t h e r e  is a c o n t i n u o u s  c loud  
c o v e r  wi th  s u b s t a n t i a l  o p t i c a l  d c n s i t y  a t  
a t e m p e r a t u r e  level  ~ 2 3 0 K  ( c o r r e s p o n d i n g  
to  a p r e s s u r e  ~ 2 0 0 m b ) ;  a n d  t r a n s i t s  o f  
Venus  ac ross  t h e  sun  a n d  t h e  e x t e n s i o n  o f  
t h e  ' h o r n s '  o f  Venus  a t  sma l l  p h a s e  ang les  
in<licate t h a t  t h e r e  a r e  m o r e  di f fuse  (i.e., 
haze)  p a r t i c l e s  h i g h e r  in t h e  a t m o s p h c r c ,  
a t  p r e s s u r e s  as  low as  ~ 5  m b  (cf. t h e  r ev i ews  
b y  H u n t e n ,  1971 a n d  Rea ,  ]972).  T h u s  in 
d e t a i l e d  t h e o r e t i c a l  s t ud i e s  t h e  effects  o f  
i n h o m o g e n e i t i e s  m u s t  be  i n v e s t i g a t e d .  O u r  
c o m p u t a t i o n s  r c p o r t c d  here  were  m a d e  
wi th  a h o m o g e n e o u s  a t m o s p h c r c  o n l y  so 
t h a t  t h e  p h a s e  cffect  d u e  to  t h e  s h a p c  o f  
t h e  s c a t t e r i n g  d i a g r a m  couhl  be  i so l a t ed .  
Even  if" t h e  " i n v e r s e  p h a s e  e f fec t "  for  
a b s o r p t i o n  l ines  on V e n u s  ( a s s u m i n g  t h a t  
t h e r e  is one)  is p r i m a r i l y  due  to  t h e  s h a p e  
o f  t h e  s c a t t e r i n g  d i a g r a m ,  wc s h o u l d  s t i l l  
n o t  e x p c c t  o u r  c o m p u t a t i o n s  to  ag ree  wi th  
o b s e r v a t i o n s  for  l a rgc  p h a s e  ang le s ;  a n y  
gas  a b o v e  t h e  c louds  w o u l d  t e n d  to  k e c p  
t h e  e q u i v a l e n t  w i d t h  f rom d e c r e a s i n g  a t  
l a rge  p h a s e  ang les  as  r a p i d l y  as  i t  does  in 
t he  c o m p u t a t i o n s  i l l u s t r a t e d  here.  
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