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CHAPITRE I I I  

€ME DE LA PHOT@ElRIE D E T A I U  SUR LE DISQUE DE WWS 

APPLICATION A LIETUDE DE 1A WüTE ATM3SPHERE 



Les paramètres d i spon ib les  pour l ' é t u d e  de l a  lumière s o l a i r e  

r e d i f f u s é e  par Vénus sont l a  longueur d'onde A du rayonnement, l ' a n g l e  de 

phase V de l a  p  l anète e t  l e  p o i n t  M du d  i sque observé. Les mesures les 

p lus  simples à ana lyser  après l ' a lbédo  sphérique sont  const i tuées par  les  

courbes de phase mA(Vl. 

1 - ANALYSE DES C û l F E S  DE WE 

L'analyse des courbes de phase a  f a l t  l ' o b j e t  de nombreux 

t ravaux (Horak, 1950 ; Sobolev, 1964 ; Ark ing  e t  Pot te r ,  1968 ; Fymat,1972). 

I I  a p p a r a i t  t o u t e f o i s  que ce type d 'analyse e s t  assez peu sens ib le  aux 

propriétés d i f f u s a n t e s  du m i l i e u .  A t i t r e  i n d i c a t i f  on a  représenté ( F l g  

111.1) l es  courbes de phase obtenues par Ark ing  e t  P o t t e r  (1968) pour quatre 

types de fonc t i ons  de phase d i f f é r e n t e s  ( f i g . l l l . 2 ) .  
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FIG. 4. The luminosity of Venus in the visual spectrum vs phase 
angle. The lurninosity is expressed in magnitudes after adjusting 
the Sun-Venus and Earth-Venus distances to the standard values, 
0.723 and 1.0 AU, respectively. Four theoretical curves are corn- 
pared wlth the observations of Knuckles el al. (1951). 
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r:- I I  t - SCATTERING ANGLE 

TCRRESTRIAL CLOUO 

r i y .  i l l .L .  
. The relative intensity of sattered soiar radiation, due to 

a single scattering, as a iunction of the scattering angle. Each 
cime is displaced along the ordinate by an arbitrary amount to 
separate them. The top curve represents the mode1 oi a terrestriai 
type cloud with pnrticle size distribution sholvn in Fig. 2. The 
second curve is the scattering diagram aerived by So1)olev (1964) 
by inversion of the obscrvational ùata of Danjon (1949). The 
third curse is the scattering diabmm used by Horak and Little 
(1965). The bottom curve is the Rayleigh scattering diagram, 
applicable to pure rnolecular scattering. 
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S i  1 'on peut exc l  ure Jne atmosphère p ~ r e m e n t  m l é c ~ l a i  re,  1 'accord déjà 

bon obtenl i  avec un modèle de nuage t e r r e s t r e  montre b i e n  que l e  mécanisme 

de d i f f u s i o n  p r é c i s  e s t  v i t e  sans grande i n f l ~ e n c e  sur  l e  r é s ~ l t a t .  L ' é c a r t  

aux p e t i t s  angles de phase e s t  cer ta inement  s i g n i f i c a t i f  mais son i n t e r -  

p r é t a t i o n  n é c e s s i t e r a i t  des mesJres t r è s  préc ises  de l a  magnitude dans des 

c o n d i t i o n s  expérimentales t r è s  d i f f i c i l e s .  Les mel l  leures  conc lus ions  

é t a i e n t  obtendes par  Fymat e t  Ka1 aha ( 1972) q l i i  par  i nve rs ion  des courbes 

de phase mettaieri+ b ien  en évidence l a  nécessité de t e n i r  compte de par- 

t l c d l e s  d i f f u s a n t e s ,  mais sans q ~ ' i 1  semble poss ib le  d'en dédd i re  p r é c l -  

sément l ' i n d i c a t r i c e  de d i f f ~ s l o n .  

A l a  s u i t e  des r é s u l t a t s  0btenJs par Hansen e t  Arking, nous 

avons r e p r i s  c e t t e  é t ~ d e  en a t t r i b ~ a n t  aJx aérosols l es  c a r a c t é r i s t i q ~ e s  

dédu i tes  des mesdres de p o l a r i s a t i o n .  Les codrbes de phase obtendes à 

d iverses  longueurs d'onde o n t  é t é  comparées aux mesJreç d l l r v i n e  (19681. 

L'albédo de d i f f u s i o n  simple a é t é  a j ~ s t é  p o ~ r  redonner l ' a l bédo  sphériqde 

A d é d u i t s  de ces mesJres. Les v a l e ~ r s  sont  repor tées dans l e  t ab leau  

1 1 1 . 1 .  

TABI EAU I I I  ,1 
Albédo sphérique monochromatique de Vénus 

d 'après l r v i n e  (1968).  

Comme on p e ~ t  l e  cons ta ter  sot- l a  f i g o r e  111.3 (a-h l ,  l ' accord  

1 

e s t  t r è s  s a t i s f a i s a n t .  La v a r i a t i o n  s p e c t r a l e  de ces courbes de magnitude I 



- Figure 111-3 - Courbes de phase monochromatiques de Vénus. 
Valeurs expérimentales (e, +) d'après h i n e  (1968) ; 
courbes théoriques (-) pour un modèle homogène. 
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- Figure 111-3 - (suite) 



é t a n t  essent ie l lement  commandée par  l ' abso rp t i on  du m i l i e u  d i f f u s a n t ,  l a  

f o n c t l o n  de phase n 'ayant  qd'dne i n f l ~ e n c e  secondaire, nous avons a l o r s  

t e s t é  s i  ce  type d 'étude pouva i t  donner des in fo rmat ions  s u r  l a  s t r u c t u r e  

nuagedse de l a  p lanète.  Compte tend de I  'absence d 'absorp t ion  propre de 

HZ S04 
en U.V e t  de l a  f a i b l e  r é f l e c t i v i t é  de Vénus en ~ l t r a  v i o l e t ,  

un problème in té ressan t  e s t  en e f f e t  de p réc i se r  à quel n iveau de l a  couche 

nuageuse se f a i t  l ' a b s o r p t i o n  de ce rayonnement de p l u s  c o d r t e  l o n g u e ~ r  

d'onde. Des modèles de nuages à d e ~ x  c o ~ c h e s  o n t  donc é t é  é tud iés  e t  on a 

r e p r i s  l ' a n a l y s e  des courbes de phase pour de t e l s  modèles en f a i s a n t  

v a r i e r  l e  niveau de l a  l o c a l i s a t i o n  de l ' abso rp t i on .  L ' e f f e t  éventdel 

devant ê t r e  p l u s  marqué s i  l ' a b s o r p t i o n  e s t  p l u s  f o r t e ,  l es  c a l c u l s  o n t  é t é  
O 

f a i t s  pour h = 3270 A qd i  correspond à m e  f a i b l e  r é f l e c t i v i t é  de l a  p lanète  

Quelques dns des cas é tud iés  sont e x p i i c i t é s  c i  dessous dans lesquels, l a  

couche d i  f fasante  s ~ p é r i e u r e  e s t  conserva t i  ve, ses aérosols a i n s i  qde cedx 

de l a  codche i n f é r i e d r e  ayant  les  c a r a c t é r i s t i q ~ e s  de l a  p o l a r i s a t i o n .  

7 ,  = 100 7 ,  = 100 
p = 0.416 

O, = 0.85726 O, = 0.966565 

P(0 ) P(O ) 
Loi de Lambert 

Les r é s u l t a t s  son? résumés sur l a  f i g u r e  1 1 1.4 (a - bleu l e s  

courbes de phase obtenues pour ces t r o i s  modèles son t  comparées à c e l l e s  

du modèle homogène à un seul nuage. Compte tenu de l a  p r é c i s i o n  des mesures 

expérimentales, i l  e s t  c l a l r  qu'une analyse p l u s  poussée des courbes de 

phase semble actuel lement  assez peu prometteuse e t  n ' a u r a i t  de r é e l l e s  

chances de succés qu'en p o r t a n t  sur des mesures absol ues t r è s  ra f f i nées ,  

peut  ê t r e  envisageables à p a r t i r  d ' o r b i t e r s  par  exemple. 

- 
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- Figure III-4.a - Courbe de phase de Venus. (A = 3200 A) 



1 
I I . a 1 a r I a 1 I I I m a 

m (origine arbitraire) 
O Modèle c 

-+-- Modèle homogène 

- Figure III-4.b - Courbe de phase de Venus. (A = 3200 A )  



Une seconde étape a é t é  d 'entreprendre 1 'étude phot-ométri que 

d é t a i l  l ée  du disque de Vénus. Les mesures résolues de luminance 1 (M, V, A )  

sont  généralement présentées sous l a  forme de courbes d'égale luminances 

ou isophotes. Ces mesures p l u s  f i n e s  dev ra len t  ê t r e  p l u s  r i c h e s  en I n f o r -  

mations, .particulièrement dans l e  proche U.V. où l e  phénomène essen t ie l  e s t  

c o n s t i t u é  par  les taches sombres que présente Vénus, phénomène que l e s  

mesures intégrées ne prennent évidemment pas en compte. La f i g u r e  111.5 

présente quelques r é s u l  t a t s  expérlmentaux e x t r a i t s  de Do1 1 f us  e t  a l  ( 1975), 

où apparaissent ces anomalies en U.V. e t  même cert*ains j o u r s  en lumière 

v i s i b l e .  

Compte tenu  de l a  lourdeur e t  de l a  complexi té des problèmes 

posés, dans un premter temps, n o t r e  analyse a p o r t é  su r  d i ve rs  c i t c h é s  

obtenus en lumière jaune, e t  pour lesquels l es  Isophotes pa6ses+a1e8$ une 

a l l u r e  t r è s  r é g u l i è r e .  Ce l l e  c i  l a i s s a i t  espérer que dans ces cond f t l ons  

les p l u s  fréquemment observées, Vénus p r é s e n t a i t  une s t r u c t u r e  nuageuse 

homogène hor izonta lement .  Le problème é t a i t  a l o r s  slmpl l f i é .  Par a i l  leurs, 

dans ce domaine de longueurs d'onde, l ' abso rp t i on  e t  l a  d i f fusTon s o n t  

presque exclusivement dues aux aérosols, l a  diffusion molécu la i re  c o n t r i b u a n t  

de façon nég l igeab le  à l a  luminance. S i  l a  na ture  des p a r t i c u l e s  ne v a r i e  

pas avec l ' a l t i t u d e ,  on peut donc également considérer  l e  nuage comme 

homogène ver t ica lement .  On supposera de p l u s  que l a  dens i té  des p a r t i c u l e s  

e s t  s u f f i s a n t e  pour que l a  géométrie plane s o l t  app l i cab le  en t o u t  po in t .  

II e s t  poss ib le  que c e t t e  hypdhèse s o l t  en défaut  au vois inage bu I imbe 

du terminateur  e t  des pôles, e t  ces zones du dlsque seront  exclues de no t re  

ana l yse . 



- Figure 111-5 - Réseaux d'isophotes de Vénus 
d'après Doiüus et al. (1975) : anomalies 
visibles et ultra - violettes. 
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- Figure 111-6 - Isophotes de Vénus 
(h = 5850 A) d'après Dollfus 
et al. (1975). 



I N F I U  

En première analyse nous devions donc t e n t e r  de comparer ces 

d i  s t r i  bu t l ons  expér i  menta l es  de Luminance (F ig .  1 1 1.6) aux r é s u l t a t s  

théor iques obtenus pour l e  m d è l e  d i f f u s a n t  de Hansen e t  Ark ing puisque 

les  p a r t i c u l e s  qu i  y correspondent e x i s t e n t  en a l t i t u d e .  Compte tenu  des 

épaisseurs opt iques dédui tes du sondage de Vénéra 8, nous avons considéré 

l a  couche nuageuse -. comme i n f i n i e .  Le d e r n i e r  paramètre à p réc i se r  e s t  a l o r s  

l 'a lbédo de d i f f u s i o n  s imple.  Ce lu i - c i  in f luence essent ie l lement  I f a l b é d o  

sphérique A de la  p lanè te  pour l e q ~ e l  on dispose des mesures d ' l r v i n e  

(1968). On peut en dédu i re  fac i lement  wo à l ' a i d e  du noyau exponent ie l .  

Sur l a  f i g u r e  1 1 1  .7 a e x t r a i t e  de l ' a r t i c l e  n02 on v o i t  que I f i n c e r t i t u d e  

Isophotes t h é o r i q ~ e s .  A = I ( - - - ) ,  A=0,8(-). - 
sur  l e s  d i s t r i  bu t ions  r e l a t i v e s .  On notera 

Mar i ner 10 é t a n t  des mesures abso 1   es, ce  

pr imord ia l  comme l e  m n t r e  l a  f i g u r e  1 1  1 .7 

résu 1 t a n t  de I ' i mpré- sur u0, 

c i s i o n  de A n ' a  qu'une in f luence 

t o u t  à f a i t  négl igeable sur l a  

r é p a r t i  t i o n  de l umi nance th&- 

r i q u e  excepté aux p e t i t s  angles 

de phase (dans ce cas l e s  

conditions d fobserva t ion  sont  

d i f f  i c i  les)  ou  au vo is inage du 

I l  rnbe ( e t  dans ce cas l a  réso- 

l u t i o n  l i m i t é e  du té lescope 

rend c e t t e  zone I n e x p l o i t a b l e )  . 
Cet te  i n c e r t i t u d e  sur  oo e s t  

donc sans i mportance majeure 

par con t re  que l e s  mesures de 

laramétre joue a l o r s  un r ô l e  

b e x t r a i t e  de l ' a r t i c l e  n03 ou 

I 'on a t r a c é  t r o i s  d i s t r i b u t i o n s  éqdator ia es de luminance pour d iverses  

va leurs  de I fa lbédo  sphérique. 



F i g .  I I 1 .  

' 1  bL-  

Le problème essent ie l  pour comparer 

ces d i s t r i b u t i o n s  théoriques aux 

observations disponibles e s t  f ina-  

lement c e l u i  de l a  superposition des 

deux réseaux. Les c l i chés  expérimen- 

taux n 'é tant  pas déconvolués des of- 

f e t s  d 'apparei l ,  on d o i t  s 'at tendre 

à une d i l a t a t i o n  apparente du d i s q ~ e  

( l e  limbe correspondant sensiblement 

à 1 ' isophote 50).  On a dans un premier 

Eqoatorial distribution for orange. Mariner 10 ~ ~ 1 t . s  (dots) temps essayé de su i vre ce c r  1 t a re  ma i s 
and theoretical results for a homogeneous model: A 50.92 (soiid), A =O.W (dot- 
dashed), A1.0.8 (dashed). 

- 
- -- - - les  désaccords obtenus nous o n t  amené 

4 

a l e  v é r i f i e r  p lus  soigneusement. 

On a pour c e l a  dégradé les réseaux de Idminance théoriques à 

l ' a i de  de fonct ions d 'appare i ls  a r b i t r a i r e s  e t  a jus tab les jusqu'à re t rouver  

au voisinage du limbe les  p r o f i l s  observés. Ces.calculs approchés ( t r a i t e -  

ment unidimensionel sur l 'équateur), on t  montré que quel-que s o i t  l a  fonct ion 

d 'apparei l  chois ie,  i l  convenait de mettre l e  limbe sur I f i sopho te  52, 44 

e t  43,5 respectivement pour les  angles de phase 101°, 67O e t  75'. (Cf annexe 

2 de l ' a r t i c l e  no 4 ) e t  c ' e s t  ce c r i t è r e  qui a f inalement é té  retenu. Sur 

les  f i gu res  111.8 (a, b, c )  les  r é s d l t a t s  expérimentaux sont comparés aux 

ca lcu ls .  II s ' a g i t  de r é s u l t a t s  r e l a t i f s ,  les maxima ayant é té  a r b i t r a i r e -  

ment ramenés à 100. S i  l a  forme générale des courbes es t  qua l i ta t ivement  

b ien res t i tuée ,  les  valeurs r e l a t i v e s  sont  par cont re  assez mauvaises en 
- 

général. A 7 5 O ,  on p o u r r a i t  améliorer l 'accord mais au p r i x  d'une légère 

incohérence avec les  données du grandissement. A 67' e t  101°, l es  d ive r -  

gentes sont beaucoup p l l i s  ne t tes .  Indépendamment des légers a r b i t r a i r e s  de 

positionnement e t  de grandissement, on p o u r r a i t  sans doute encore jouer su r  

l e  niveau zéro de l a  luminance ( l a  co r rec t ion  sur les  c l i chés  du fond con- 

t i n u  du c f e l  e s t  en e f  f e f  dé1 i ca te  e t  ent ra tne probablement une assez fwte 



- Figure III-8.a - Comparaison des réseaux d'isophotes 
- théoriques (- - -) et expérimentales (-) en lu- 

mièrejaune. V=lO1° 



- Figure III-8.b - Comme pour la figure III-8a. 
v = 75" 



- Figure III-8.c - Comme pour Ia figure III-8.a. 
V=- 67" 



imprécis ion aux f a i b l e s  n iveadx) .  Mais i l  semble b i e n  que l e  désaccord 

observé s o i t  supér ieur  aux e r reu rs  de mesures e t  que @me l e s  j ou rs  calmes 

dn modèle homogène d'Hansen ne donne pas l 'accord .  Ce r é s a l t a t  n ' e s t  d ' a i l -  

l e ~ r s  pas t r o p  si i rprenant.  I I  semble simplement m n t r e r  que les  inhomgéné- 

i t é s  observées p a r f o i s  en l umière j a ~ n e  sont  p l  u t ô t  un phénomène quasi 

permanent. Ce t te  hypothèse se t r o u v a i t  d ' a i l l e u r s  v é r i f i é e  par  l ' a p p l i c a t i o n  

des p r i n c i p e s  de r é c i p r o c i t é  aux d i s t r i b ~ t i o n s  équator ia les  de luminance 

obtenues à p a r t l r  des c l i c h é s  expérimentaux. La f i g u r e  111.9 présente les  

r é s u l t a t s  o b t e n ~ s  en app l iquant  ce p r i n c i p e  aux mesures expérimentales pour 

un angle de phase de 67O, l e  l imbe théor ique é t a n t  p lacé sur I ' i sopho te  40 

e t  50. Comme on peut l e  consta ter ,  ce p r i n c i p e  e s t  p r i s  en défaut  même 

- Figure 111-9 -  p pli cation des principes de réci- 
procité à une distribution équatoriale de 

luminance. 

Limbe sur llIsophote 40 (O), 50 (O) 

Valeurs expérimentales (A) 

Distribution théorique (-) 

l ' on  n ' u t i l i s e  pas l e s  p o i n t s  expérimentaux proches du limbe, pour lesquels 

on s a i t  que l a  mesure e s t  pertdrbée, t o ~ t  en déplaçant assez largement l a  



p o s i t i o n  présumée dd l imbre théor ique.  Le f a i t  que les photos étudiées 

n ' é t a i e n t  pas déconvoluées des e f f e t s  d 'appare i l  l a i s s a i t  t o u t e f o i s  p laner  

dn doute sé r ieux  sur  ce premier r é s u l t a t .  Nous avons a l o r s  t e n t é  d 'analyser  

quelques c l i c h é s  obtenus par  Mariner 10 en Fév r ie r  1974 grâce à un système 

de caméra-vid icon. I c i  l a  d i f f i c u l t é  provena i t  du grand nombre de p o i n t s  

réso lus  sur l e  disque ( p l u s  de 50 000) e t  dans un premier temps nous avons 

1 i m i t é  n o t r e  analyse aux coupes équatoriales e t  p o l a i r e s  d 'au tant  que les  

premières données dont nous d isposions n 'ava ien t  pas encore é t é  co r r i gées  

des e f f e t s  de d i s t o r s i o n  provenant à l a  f o i s  du système op t ique  e t  de I r é l e c  

t ron ique .  Ce t te  première analyse qu'on t rouvera  i c i  dans I 1 a r t i c l e  n03 

mon t ra i t  que, pour ces photos 02 l a  dégradation des images é t a i t  d'une t o u t  

a u t r e  o r i g i n e  e t  où, compte tenu de l a  haute r é s o l u t i o n  spa t ia le ,  I 1 a r b i -  

t r a i r e  du posit ionnement ne j o u a i t  i c i  pratiquement plus, l a  même analyse 

conf  i rmai t l e  désaccord consta té  à p a r t i  r des observat ions t e r r e s t r e s .  Des 

mesures co r r i gées  no.!c ayant  é t é  f o ~ r n i e s  par l a  s u i t e ,  une comparaison a 

pu ê t r e  e f fec tuée  e n t r e  l e s  i sophotes expéri  mentales (F ig .  l l l .10 - a  e t  b )  

e t  c e l l e s  ca lcu lées  avec ce premier modèle. L 'éca r t  consta té  sur  les  

f i g u r e s  1 1  1 . I l  (a e t  b )  pouva i t  a l o r s  ê t r e  consldéré c o r n  s i g n i f i c a t i f  . 
A ins i  donc, même en l  umi è r e  jaune, l orsque Vénus semble présenter  une t r è s  

grande homgénéité,les c l i c h é s  é tud iés  ne peuvent pas ê t r e  i n t e r p r é s  par  

un modèle a  une couche homogène c o n s i s t a n t  avec les  mesures en p o l a r i s a t i o n .  

F A DFUX C O U F S  HO- 

La lumière p o l a r i s é e  é t a n t  essen t ie l  lement formée au sommet de 

l a  couche d i  f f  usante; e l  l e  ne donne d '  l nformat ions que sur une fa1 b l e  p a r t i e  - 
de l a  couche nuageuse e t  on peut  supposer que sous c e t t e  brume i l  e x i s t e  

une seconde couche cons t i t uée  par d 'au t res  aérosols.  Une t e l  l e  s t r u c t u r e  

p o u r r a i t  exp l i que r  ce r ta ines  anomal l e s  observées e t  no t re  seconde approche 

a  p o r t é  sur  des modèles de ce type. E tan t  donné l a  multiplicité des para- 

mètres, s i  I l o n  admet en p lus  de l a  s t r u c t u r e  s t r a t i f i é e  une inhomo$nélté 

horizmliale s u r  l e  disque, i l  sera tou jou rs  poss lb le  de b â t i r  des nrodèles 

qu i  donneront un bon accord. P l u t ô t  que de rechercher une s o l u t i o n  - 
s a t i s -  

- 











fa isante ,  i l  semblai t  p ré fé rab le  d ' é t u d i e r  avant t o u t  les  p o s s i b l l l t é s  

de c e t t e  méthode d'analyse e t  d'en dégager l es  paramètres pr inc ipaux.  Nous 

avons t o u t  d ' abord cons i déré une couverture nuageuse à deux couches hor  l -  

zontalement homgènes. Les paramètres disponibles sont  a l o r s  au nombre de 

s i x  : l a  fonc t i on  de phase, l 'a lbédo de d i f f u s i o n  simple e t  l 'épa isseur  

op t ique  pour chacune des deux couches considérées. Nous devons garder pour 

l e s  aérosols supér ieurs l es  c a r a c t é r i s t l q u e s  déduites des mesures p o l a r l -  

métriques e t  une épaisseur opt ique t o t a l e  des nuages assez grande. A f i n  que 

l a  couche nuageuse i n f é r i e u r e  puisse in f l uencer  valablement l e s  réseaux 

d ' 1 sophotes, 1 l épa l  sseur o p t i  que de l a couche supér 1 eure do i  t ê t r e  assez 

f a i b l e  ( de l ' o r d r e  de quelques u n i t é s )  par  rappor t  à c e l l e  de l a  couche 

inférieure que l ' on  pourra considérer  comme i n f i n i e .  Ceci r é d u i t  à qua t re  

les  paramètres a j u s t a b l e s  d é f i n i s  c l  contre,  compte tenu de l a  r e l a t i o n  

1 1 
que TI Wo J Wo do i ven t  s a t i s f a i r e  avec P (0)  e t  P2 (8) pour r e s -  1 

pec ter  I 'a 1 bédo sphérique. 

L ' i n f l uence  de P2 (0 )  

é t a n t  d 'au tant  p l u s  

grande que rl l e s t  

p e t i t ,  on a é tud ié  son 

i n f  luence dans l e  cas ou 

rll e s t  nég l igeab le  e t  

1 
r ,  wg P,(S) 1 HA 1 

fixée 

c a l c u l é  l e  champ de rayon- 

nement pour des lois de 

diffusion t r è s  d1,f férentes dans l e  cas d'un nuage homogène i n f i n i .  Ce t r a v a i l  
4 

résumé dans l ' a r t i c l e  n 0 2  montre que l ' i n f l u e n c e  de l a  fonc t i on  de phase 

su r  l e  diagramme de luminance r e l a t i v e  e s t  en f a f t  assez f a l b l e .  A t i t r e  

dtexemple, on en a ex t ra1 t c l  dessous, t r o i s  réseaux d l  isophotes théor iques 

(Fig.1 11.12) obtenus pour t r o i s  fonc t ions  de phase t r è s  d l f f é r e n t e s  (F ig .  



I 
O 1 

C J ~ U ~  U S ( -  -1 ,{H.A). RIZ 

- 
0 

Ph hniom at 1 = ~ . ~ s i i m  for: Rayleigli wst.ta@ (---1, a amuliu typo 
(?, 4pm,m= (-.-). the {A-H) modal ("0.83 -, -1.44) (-1. 

Mals de plus pour respec-ter ias observations en po la r l sa~ ion ,  i l  fau t  au 

moins admettre une couche supérieure d'aérosols d'Hansen ayant une épaisseur 

optique minimum de I ford i re de 1. ûans ce cas, quel le que s o i t  la  fonct ion de 

d i f fus ion P2 (û) des par t i cu les  p r i o r i  inconnues du nuage in fé r ieur  , les 

r6su l ta ts  du modèle homcjne sont res t i tués  à mieux que 2% s i  les absorptions 

propres des deux nuages w n t  les mêmes. Ce r é s u l t a t  mis en évldence dans les 

a r t i c l e s  3 e t  3 simpl i f  fe donc beaucoup 1 'analyse : on pourra subst i tuer 

à ce nuage Infér ieur  un mli 1 ieu f Ic . t i f ,  ré f léchissant  suivant une l o i  de 

Lambert à condlt lon de l u l  attr lbut3r une r é f l e c t i v i t é  égale à ce1 l e  du 

nuage réel  a ins i  subst i  tudi. 

Le seul p r o b l h  à envisager es t  donc une éventuelle modif l -  

cat ion de l a  d i s t r l b u t l o n  de lumlnanc~e qui proviendrai t  de la  di f férence 1 

de ré f  l e c t l  v i  t é  des deux couches nuagauses cons l dérées. Cette étude a été 
1 

f a i t e  pour une longueur d'onde myenne de 0,46 un; s o i t  l a  longueur d'onde 

eff lcace du f i  f t r e  b leu  de Mariner 10. Cel le c i  correspond un albédo l 
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W. sphérique de 0,77 donc, a une absorption suffisamment f o r t e  pour qu'on 

pulsse observer un e f f e t  possIble mais à ce t t e  longueur d'onde, Vénus 

ne présente néanmoins pas encore les anomalies niarquées observ6es en U,V 

e t  qui i mp 11 quent à I 'évidence une i nhomgénéi t é  hor i zonta l e . 
Deux cas extrêmes sont a lo rs  à considérer 

- 8 )  un nuage supérieur conservati  f tuo' = 1 ,  dqépaIsseur 

1 
op i lque r ,  formés d'aérosols observés en po la r i sa t i on  . La r e f  l e c t i v i  t é  

du nuage i n fé r i eu r  sera ajustée pour respecter I 'albédo sphérique. 

- 2) un nuage supérieur purement absorbant d'épafsseur optique 

T au dessus d'un nuage conservat i f  épais ( p = 1 ) .  
a ' 

Ces deux modèles sont schématis6s c i  dessous 

Quoique plus importants dans l e  modèle ( 2 )  ; les écarts observés par 

# 
rappor t  au modèle de'base sont  encore essentiel lement loca l lsés près 

du limbe e t  du terrninateur e t  res ten t  f a i b l es  dans l a  p a r t i e  cen t ra l e  
, . 

dU disque pour des angles de phase moyens comme on peut l e  constater  sur 

les  f i gu res  111.14 (a e t ' b )  e x t r a i t e s  de l ' a r t i c l e  n02 qu i  préçen$ent 

les écar ts  des ' d l s t r i bu t i ons  équator la les de luminance par rappor t  au 

modèle homgène de base.' 



F i 9. 1 1 1 . 1 M.  Discrepancies A(I/I,,,) between the equatorial brightness distributions obhuied with the 
homogeneous {A-H) mode1 and a two layer one. h = 0.47pm. Two-layer model (a) Vpper cloud 
7, = 0.5, Go = 0.9967; lower cloud p = 0.77 (-). (b) Upper cloud 7, = 1,  Wo = 1; leu-er cloud 
p = 0.76 (---). L = limb, T = terminetor. Phase mgle V = 22'. 

F ig .  l 1 l.14b. 

Diserepnncies d(I/I,,,,,) between the equatorial brightness distributions obtained with the 
homogoneoiis {M) model and the two layer one: sbsorbing layer 7, above a conservative {A-H) 
cloiid. V = 2Z0, (-), Tr = 75' (-.-), V = 101° (---). 

Les résu l t a t s  de c e t t e  analyse m n t r a  i en t  donc que I 'aspect 

r é g u l i e r  des réseaux d'isophutea dbservé de façon quasi permanente en 

lumière jaune ne pouvai t  pas correspondre à une simple s t ruc tu re  s t r a t i f i é e  

l 
couvrant de façon homogène l'ensemble du disque. Ceci r e j o i n t  d la I l l eu rs  l a  

f o r t e  Inhomogénéité décelée par la  mise en défaut  des re l a t i ons  de réc ipro-  
1 

c i t é  sur les c l i chés  étudlés.  I 



En revanche l a  s i m p l i f i c a t i o n  importante apportée par  I 'ab-  

sence d ' i n f l uence  de P2 (0) sur les  réseaux dl isophotes p e r m e t t a i t  d'en- 

v isager  l ' é tude  des cont ras tes  e t  d'aborder des modèies inhomogènes ho- 

r i zon ta lement  suscept ib les de rendre compte des observat ions en U.V. 

I I I -  VARIATIONS HORIZONTALES DE LA STRUCTURE NUAGEBF DE VEfulB 

AN91 YSE DES TACHES U , V 

On pouva i l  a i o r s  se poser l a  quest ion de s a v o i r  s i  les i r -  

homogénéités ho r i zon ta les  de la  s t r u c t u r e  nuageuse, mises en évidence 

par  c e t t e  analyse de quelques c l i c h é s  en lumière jaune, e t  les  taches 

sombres fréquemment observées en lumière u l t r a  v i o l e t t e  n ' é t a i e n t  pas cor-  

re lées .  Nous avons donc cherché s i  un mécanisme d 'absorpt ion unique dont  

l ' e f f i c a c i t é  v a r i e r a i t  avec l a  longueur d'onde pouva i t  e x p l i q u e r  l'ensemble 

de ces observat ions, e t  p l u s  précisément s ' i l  é t a i t  poss ib le  d'en déduire 

une l oca l  i s a t  ion gross i  è re  du n iveau de l a  couche où 1 ' abso rp t i  on aura i t 

l  i eu. Cet te  ana lyse p o r t e  sur une sér i e de c l  i chés obtenus quasi - s i  mu l -  

tanément à d iverses longueurs d'onde. Les f i g u r e s  111.15 ( a  à f )  e x t r a i t e s  

de D o l l f u s  e t  a l  (1975) présentent  ces observat ions polychromes de Vénus 

du 31 J u i l l e t  1969 sous l a  forme de réseaux dl isophotes q u i  montrent de 

0,58pm à 0,327 um l ' a p p a r i t i o n  des c lass iques taches u l t r a  v i o l e t t e s .  

L 'analyse de i t a l b é a o  sphérique de Vénus montre que I f a b s o r p t i o n  

d o i t  se p rodu i re  en assez haute a l t i t u d e  pour l e  rayonnement U.V. ( C f  A r t .  

4 ) .  Dans l 'hypothèse d'un mécanisme d 'absorp t ion  unique, on supposera donc 

I 1 i n f l u e n c e  du sol  comme n b l i g e a b l e  à tou tes  les  longueurs d'onde. On 

considérera a l o r s  t r o i s  types extrgmes de r é p a r t i t i o n  poss ib les  de I 'ab-  

s o r p t i o n  par  rappor t  à l a  couche d i  f fusante  d'où p r o v i e n t  l a  lumière pola- 

ri sée. 

Dans 1 e  mdè l  e I on considérera une couche conserva t i  ve épaisse 

ver tic aie men^ homogène ayant les c a r a c t é r i s t i q u e s  d i f f u s a n t e s  de la  couche 

de référence sondée en p o l a r i s a t i o n  surmontée d'un absorbant pur  ayant une 



1 Aug 1969 0 3 ~ 4 8  v=-67'0 
4350 A 

-- - 

31 Jul 1969 0 4 ~ 0 8  V=-67'3 
3540 A 

31 Jul 1969 0 3 ~ 4 5  V=-67'3 
5850 A 

- Figure 111-15 - Isophotes de Vénus. Série 

polychrornatique d'après DoUfus et al. (1975). 



épaisseur opt ique T v a r i a b l e  où sera l oca l i sée  t o u t e  I1absorp t i on .  
a 

Dans l e  m d è l e  I I ,  on sdpposera au c o n t r a i r e  que tou te  

I1absorp t i on  a l i e u  sods l a  brume conservat ive de référence,  d'épaisseur 

op t ique var iable,  dans une ou p lus ieu rs  couches nuageuses p lus  basses. 

Ce l l es  c i  seront  essent ie l lement  carac tér isées par une r é f l e c t i v i t é  

g loba le  p en accord avec I  'analyse précédente. 
A 

Enf in  dans l e  m d è l e  I I 1 ,  I  'absorpt ion sera r é p a r t i e  a u  

se in  même de l a  brume, ver t i ca lement  homgène; on n'envisagera donc i c i  

que des v a r i a t i o n s  ho r i zon ta les  de l ' a lbédo  de d i f f u s i o n  simple uo(A) .  

Ces d i f f é r e n t s  modèles sont  schématisés c i  dessous 

Pour une longueur d'onde de référence X on a j u s t e  en t o u t  
O' 

p o i n t  M du disque l e  paramètre a j u s t a b l e  à savo i r  ra (Ml, r l (M) pour 

f ixé,  ou w (M, X ) de façon à re t rouve r  l a  d i s t r i b u t i o n  de luminance 
O 

O 0 ,  - 
observée à A. . On remrqu&ra que dans l e  m d è  1 e  1 1, à une l umi nance 

donnée correspond un in te rva  l l e  de v a r i a t i o n  de p A  , c e l u i  c i  é t a n t  
O 

associé à une va leur  appropr iée de I1épaisseur op t ique ? , ( M l .  Nous ne 

ma x 
re t iendrons pour l ' i n s t a n t  que les d i s t r i b u t i o n s  extrèmes 1 

( M l  e t  

m i  n  
T, 

(Ml qu i  correspondent respect ivement aux r é f  1 e c t i  v i  t é s  minimum 

min 
e t  maximm p 

max 
permettant d ' o b t e n i r  un accord en tous  p o i n t s  

O l o  



-1 19- 

du disque. Puis p a r t a n t  de ces so lu t i ons  i n i t i a l e s ,  on cherchera l es  

d i s t r i b u t i o n s  de luminance qui dev ra ien t  en r é s u l t e r  aux aut res  longueurs 

d'onde. Les paramètres l i b r e s  seront  obtenus par les  t ransformat ions 

simples suivantes : 

Modèle I 

Modèle I I  

Modèle I I I  

Ces r e l a t i o n s  supposent que l ' abso rp t i on  p r o v i e n t  d'dn 

aérosol purement absorbant (dont l ' e f f i c a c i t é  v a r i e  avec X , n ' a f f e c t a n t  

donc pas l a  p o l a r i s a t i o n ) ,  la  sec t ion  e f f i c a c e  de d l f f u s i o n  des p a r t i -  

cu les  conservat ives d 'ac ide  s u l f u r i q u e  ca lcu lée  ne v a r i a n t  prat iquement 

pas sur  I f i n t e r v a l l e  spect ra l  considéré.  Pour chacun des t r o i s  modèles, 

on c a l c u l e  a l o r s  les  luminances absolues 1 (M, A , )  en f o n c t i o n  du seul 

paramètre 1 i b r e  (A ( A ,  1, p ( A  1, B ( A 1) respectivement pour chacun 
1 1 

des modèles 1 ,  II, e t  II1 que l ' o n  f a i t  v a r i e r  jusqu'à re t rouve r  l e s  

magnitudes m ( A  V) déduites des courbes de phase d ' l r v i n e  (1968). 
1 ' 

Les d i f f i c u l t é s  rencontrées au cours de c e t t e  analyse ( loca-  

l i s a t i o n  préc ise  des p o i n t s  sur  l e  disque, c a l c u l  des magnitudes) sont  

exposées dans l ' a r t i c l e  4.  
- 

I I I  - 3 - WSLLTATS 

Les d i s t r i b u t i o n s  i n i t i a l e s  ra (M. AO); T~ ( M l  e t  O (M, Ao) 

obtenues à 0,3790 Mm o n t  é t é  reportées sur l es  f i g u r e s  111.16, 17 e t  18 

respectivement. On s ' e s t  contenté de r e p o r t e r  sur  l a  seconde l a  r é p a r t i -  



- Figure 111-1 6 - Distribution de l'épaisseur 
optique ra(M) de l'absorbant pur. 
Modèle 1 (A, = 3790 A ; V = 67") 



- Figure 111-17 - Distribution de l'épaisseur 

optique T 1 (M) de la couche supérieure 
conservative. 

Modèle II (A, = 3790 A ; V = 67") 



- Figure 111-18 - Distribution de l'albédo de 

diffusion simple w, (M, ho) du nuage. 

Modèle III (A, = 3790 A ; V = 67") 



t i o n  T (Ml correspondant à l a  s o l u t i o n  moyenne obtenue. I l  appara i t  1 

en e f f e t  que les  s o l u t i o n s  extrèmes sont  t r è s  vo is lnes .  Typiquement au 

c e n t r e  du disque, I f épa isseur  op t ique ne v a r i e  que de 2,5 à 3,S  environ; 

l es  épaisseurs p lus  f o r t e s  apparaissant  au vois inage des pô les  e t  du 

terminateur  r e s t a n t  assez s tab les .  Des épaisseurs p l  us f o r t e s  que T m x  
1 

Impl iquera ient  une r é f l e c t i v i t é  de dépar t  p 
min 

X s i  f a i b l e  q u ' i l  ne s e r a i t  
O 

p l u s  poss ib le  par  l a  s u i  t e  de re t rouve r  l a  décroissance de magnitude pour 

l es  X p lus  cour tes .  Pour des épaisseurs opt iques p l u s  f a l b l e s  que min 
1 

nécessi t a n t  une r é f  l e c t i v i  t é  p 
m x  

X p l us é l  evée, on tend vers une d i  s- 
O 

t r i b u t i o n  de luminance t r o p  homgène e t  i l  dev ient  impossible de r e s t i t u e r  

l es  d issymétr ies observées. On peut a l o r s  ex t rapo le r  des d i f f é r e n t s  

mdè Ies  vers les aut res  longueurs d'onde de l a  s é r i e .  

Le ca l cu l  des d i f f é r e n t e s  d i s t r i b u t i o n s  théor iques I(M,X 

m n t r e  t o u t  d'abord que dans l ' i n t e r v a l l e  spect ra l  exp loré  les  modèles 

I  e t  I l  I conduisent à des r é s u l t a t s  pratiquement Indiscernables dans l a  

p a r t i e  u t i l i s a b l e  du disque e t  on ne comparera aux réseaux expérimentaux 

que l e s  r é s u l t a t s  confondus des modèles I  e t  I l l  drune p a r t  e t  les 

r é s u l t a t s  moyens du modèle I I  d 'au t re  p a r t .  Les d l f f é r e n t s  réseaux cor res-  

pondant respectivement aux modèles I  e t  I I I ,  aux mesures expérimsntales 

e t  au modèle II, sont présentés sur l es  f i gu res  111.19,20 e t  21 (a - f )  

e x t r a i t e s  de l ' a r t i c l e  n04. On constate d'abord que dans te domine  u l t r a  

v i o l e t ,  les  observat ions semblent mieux r e s t i t u é e s  par les modèles où 

l 'absorp t ion  a l i e u  au dessus o u  au s e i n  rnêm de l a  brume. Dans l a  zone 

t r a n s i t o i r e  0,39 Pm - 0,43 Um O; I 'on ne dispose mal heureusement pas 

d'observation, l e s  réseaux théor iques se d i f f é r e n c i e n t  à nouveau assez 

bien, l e s  cont ras tes  d i spa ra i ssan t  p lus  rapidement dans l e  mdèle II. 

Enf in  dans l e  v i s i b l e ,  l e s  réseaux théor iques sont  presque identiques, les  



- Figure 111-19 - Isophotes thécriq-;es pour !P; r? v ?vlt?s 1 et  III. 

- Figure 111-20 - Isophotes expérimentzles d'après DoIlfus et ai. (1975). 



- Figure 111-19 - Suite 

- Figure 111-20 - Suite 

- Figure 111-21 - Suite 



dissymétr ies d ispara issent ,  e t  l es  r é s u l t a t s  théor iques se confondent 

pratiquement tous avec i a  distribution de l uminance correspondant au 

modèle homogène i n f i n i  dé jà  é tud ié  e t  i n c o n c i l i a b l e  avec l e s  observat ions 

comme on I  'a  vu précédemment e t  i I apparai t donc impossible de c o r r e l e r  

l es  observat ions v i s i b l e s  e t  u l t r a  v i o l e t t e s  dans l 'hypothèse d'un méca- 

nisme drabsorp t ion  unique. @ a n s  l e  v i s i b l e  on re lève  en e f f e t  un d é f i c i t  

de lumière dans l a  rég ion  du p o l n t  subso la l re .  On peut a l o r s  envisager 

une in f luence du s o l .  C e l l e  c i  n ' a p p a r a l t r a i t  dans l e  v i s i b l e  qu'avec 

l ' e x t i n c t i o n  de l ' abso rp t i on  propre dd m i l i e u  e t  l a  décroissance rap fde  

de l a  d i f f u s i o n  molécula i re,  l 'épa isseur  op t ique t o t a l e  des aérosols 

de I ' a tmsphère  n ' é t a n t  p l u s  assez importante pour ê t r e  considérée comme 

i n f i n i e  dans c e t t e  rég ion.  Cecl semble d ' a i l  l eu rs  conf irmé par  l es  

résu l t a t s  pré1 i m i  nai res  des sondage= p l us récents e f fec tués  par Vénéra 

9 e t  10 (MAROV,1976), l ' a n g l e  zén i tha l  dd s o l e i l  é t a n t  respect ivement 

de 33' e t  27 ' .  1 1  f a u d r a i t  admettre a l o r s  que l 'épa isseur  des nuages 

d é c r o î t  régul ièrement du terminatedr  au p o i n t  subço la i re .  Mais même en 

supposant l a  couche nuageuse conservat ive  e t  t r è s  épaisse au terminateur ,  

l e  d é f i c i t  en luminance r e l a t i v e  e s t  t e l  que l a  m g n i t u d e  correspondante 

s e r a i t  t r o p  f a i b l e .  
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Theoretical brightness distributions over the Veniis disk have been computed 
for homogeneous and multilayered cloud models. With homogeneous models, the 
relative brightness does not depend very much on the optical properties of the 
cloud, except near the limb or for small phase angles. For multilayered cloud 
structures, the relative brightness is nearly fixed by t,he structures and the relative 
brightness is nearly h e d  by the scattering function of the uppermost cloud; the 
vertïcal distribution of the absorption is unimportent if the spherical albedo of the 
planet is given. If the horizontal mhomogeneities currently seen on Venus are due 
to a layered structure, &th an optical thickness of the upper cloud varying from 
point to point, large simplifications seem possible, and measured contrasts at 
various mavelerigths shoiild pennit a test of siich a model. 

1. IXTRODECTION (Part 1) will be presented in Part III of this 

A large number of observations of the work. 

brightness distribution over the disk of 
Venus have been performed by Dolifus II. MODEL OF THE CLOUDS: 
et al. (1974) ; these experimental results me CO~UTATIONAL SCHEME 
described in Part 1 of this work on the For intensity computations and for 
photometry of Venus (Dollfus et al., 1975). visible wavelengths, the molecular scatter- 

Xost of our present knowledge con- ing of the Venus atmosphere is negligible. 
cerning the Tenus clouds has been deduced It wiU be assumed that the cbmcter of the 
from the polarization of the solar radiation scattering particles does not vary with 
reflected back to space by the clouds, altitude, so that we shall have homo- 
because polarized light is particularly geneous clouds. Later on we will consider 
sensitive to the optical parameters of the clouds made up of several homogeneous 

articles (Hansen and Arking, 1971; layers. k ansen and Hovenier, 1974). But polarized I t  will further be assumed that the 
tdght can only give us information about the number density of the scattering particles 
upper layer ofthecloud (optical depth 2 or is high enough to use plane geometry for 
a). The global scattered intensity is not so any point on the disk. This last assumption 
precise a source of information, but allows may be wrong on the limb, but in any case 
s deeper sounding of the cloud. The ph= the experimental data are dao too in- 
mrve of Venus has already been studied by accurate near the limb to dlow a significant 
many authors (Sobolev, 1964; Arking and comparison. 
Potter, 1968 ; Fymat, 1972). Here we will As a basic model of the clouds we will use 
investigate the distribution of the reflected the results deduced from the polarization 
sunlight upon the Venus disk. Such detailed measurements (Hansen and Axking, 1971 ; 
measurements may contain more infor- Hansen and Hovenier, 1974); that is, 
mation than integrated ones. Only theoreti- spherical particles, with refractive index 
cal results will be given. Comparisons with m = 1.44, effective radius re = 1.1 Fm, mean 
the measurements reported previously . radius F = 0.83 pm, and number density 
Copyright O 1975 by Academic Press Inc. 
Ali rights of reproduction in any form'rgeryod. 73 
Printed in Great Britain 
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distribution given by 

n(r)  = no rp  exp ( 9 7 )  ; 
p = 12; q = (12/0.83) ( 1 )  

This model will be called the (A-H) model. 
Other scattering particles will be con- 
sidered. They are always supposed to  be 
spherical, so that their scattering phase 
function p(u)  can be computed from Mie 
theory. The phase function will always be 
expanded in the form 

where the Pl are Legendre poljmon~ials. 
Given the law of scattering which is 

quite independent of the small absorption 
of the scattering particles at these wave- 
lengths, the single scattering albedo 61, will 
be deduced £rom the spherical (or Bond) 
albedo A  of the planet, ineasured by Irvine 
(1968).  For an infinite optical depth of the 
clouds, the exponential kernel approxi- 
mation gives (FT7ang, 1972) 

For a finite optical depth of the clouds, T , ,  

above a ground (or another cloud) of 
reflectivity p, the same approximate 
method gives (Bigourd et al., 1973) 

p, T , ,  GO, and A are wavelength- 
dependent quantities. 

Table 1 gives, at  some wavelengths for 
which A is known, the single scattering 
albedo Go of the particles, assuming an 
infinite optical thickness and the (A-H) 
model. 

Figure 1 gives the geometry of the 
problem. The center of Venus is O; S and 
E are the subsolar and the subterrestrial 
points; and JI is the point of observation. 
Let and 5 be the latitude and longitude 

l + A  
-= 

1 + S tanhYT1 
1 - A  u ( G O ' p l )  S + t a n h y ~ ,  (4) FIG.  1. Geometry of the problem. 

TABLE 1 
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of LW, and V the phase angle of Venus; 
p = cos8 and PO = cosBo, where 8, and 8 
are the angles with 0111 of the Venus-Sun 
and Venus-Earth directions. The scattered 
intensity I ( M ,  V) a t  151 is then computed 
by the spherical harmonies method 
(Guillemot, 1967; Deuzé et al., 1973), and 
obtained in the form 

where the coefficients AsL are functions of 
T,, p, w ~ ,  PO,. and pl.  Most of the computa- 
tional work involved in obtaining the As1 is 
independent of the values of T,, p, and p,. 
Computations are made for po = 0.01 ; 
0.05 (0.05) 0.7 ; 0.7 (0.25) 0.975 ; 0.975 (0.05) 
0.990 and .0.999. Even for small phase 
angles, there is a sufficient number of points 
to obtain an accurate distribution of the 
scattered light over the disk. For a, given 
ellipse pO = COS~!JCOS(~ - TT)  = constant, 

projected upon the apparent Venus disk, 
I ( H ,  V) maj7 be easily computed bÿ (5) for 
as many points as necessary with 

cos V - ppo 
cos+ =- 

[ ( l  - p2) (1 - P O ~ ) ~ ~ ' ~ '  

The final results will be given as cuves 
of equal intensity, or isophdes, on the 
apparent. disk of Venus; the maximum of 
I(M) will be arbitrarily given the value 
100. 

For some of the investigated scattering 
functions (large particles), the exact ex- 
pansion ( 2 )  was too long for computing 
purposes and we have used the truncation 
method tested by Hansen (1969) and 
Pot'ter (1970). In the transfer equation, 
Go and p(cc) are then replaced by the 
reduced ciuantities Go* and p*(a). If pl(a)  

FIG. 2. Theoretical briglitness distribution, for a hornogei~eous cloud {A-H) mode1 at wavelength 
A = 0.58pm. Spherical albedo A = 1.0 (---), A 7 0.8 (--). Phase angle V = 2 2 O .  
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is the phase function  CL) truncated frorn 
its diffraction peak, with 

=Ji." -7712 1 ~ ( 4 )  - p1(a)1 d(c0s C L ) ,  

we have 

P*(.) = 2pr(a)1(2 - A,) ;  (PO* = 1)  
wo* = wo(2 - Ao) / (2  - 6,  A, ) .  (6) 

Except near inferior conjunction ( V > 
120°), or for points near the limb, this 
approximation is very good. 

III. RESGLTS FOR THE BASIC MODEL 

UTe first consider the brightness distri- 
bution over the Venus disk which would 
be obtained if the particles observed in 
polarized light have a sufficient nptical - 

tllickness so that the major part of the 
reflected light cornes from such scatterers. 
The accuracy of the polarization measure- 
ments is verÿ good and, as d l  be shown 
later (Section IV), even large variations of 
the particles' refractive index and size 
distribution give small modifications of the 
isophote maps. Then the mode1 is defhed 
by 7, - OC) and the {A-H) phase function. 

The single scattering albedo of the 
particles is deduced from the spherical 
albedo measiirements which are rather 
inaccurate. Therefore u-e have carried out 
the numerical computations for different 
values of Go corresponding to different 
values of A. For the uravelength 0.58pm, 
&, = 0.99725, 0.99961, and 1 give, res- 
pectively, A = 0.8,  0.92, and 1 ,  so that the 
inaccuracy AA - 10% (Irvine, 1968) is 
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Frc;. 4. Sarne as Fig. 2 .  Ti = 101'. 

taken into account. The obtained isophot,e 
tnaps are given in Figs. 2, 3, and 4, corres- 
ponding to  phase angles V = 2g0, 76O, and 
101". 

The variations of these maps are 
qualitatively clear, if we consider the 
reflected light as expanded in successive 
orders of scattering. Uesugi and Irvine 
(1969) have shomn t3hat the rate of con- 
vergence of the Seuinann series 

does not depend ver' much on ,If [d ( r l l )  z 
constant], for elongated scattering funé- 

tions, escept near grazing emergence and 
incidence. So, the relative brightness is 
nearly independent of W, in the central 
part of the Yenus disk. On the other hand 
near t lie lirnb the convergence of (7)  is very 
rrij'id <liid only the feu- first orders of 
scatteriiig, rvhicli are iiot very affected by 
absorl~t iuri . coritribute to the reflected 
light : tli?ri the relative briglitness near the 
l in~b  iilcrcases with the true absorption 
(~vlieii &, tlecieases). l'lie larger the phase 
angle, t l ic .  ù~i~aller the variation: for T' > 
120'. tiic 1)richtiiesq (JI ci. tlie whole of each 
map coi i c>l,oiiclh t O a few orderh of scat- 
tering < ~ \ i ( {  b c ~ ~ i i \ e j  quite inclependent of - 

JJTitli t l lv  ; i~,uiil~il Iio~nogeneous (A-H) 
inociel. t'iic thecvreticai relative brightness 
is tlieic.f'oi c 11 (-11 t l ( . f i~ ic . t l  for not. too small 
phase ciiiglt.s aii(t cari I)e conipiired \vit11 the 
obser.1 ~ , l  i clat 11 c bi.io11t ticss. The remain- 
ing L U ~ C ~ L  t .i~i~tltb. are iiot very iniportaiit, 
sincc t lie1 ~11.c' Ioc.<itc:i iii  i,lares wliere the 
expei i i i i c ~ r i t  i l  r ~ k ~ ~ l t h  a re  pi.ol)ably riot very 
pootl. I)<~c,tii>e of the liiîiiterl resolutiori of 
the t~lt .-c~o~)c.  On tlie otlicr Iiand. n-itli the 
sarile 11) 1 )otlirsi>. ticriiï'iite espeiiniental 
isopliott. iii,i1)s c~l~t~iiiir.cl neür Veniis su- 
perior coi; jiiilctioii \\ oiilt l 1)t.i lmps inake i t  
i)os\ihl<. to fis ,i l i i i i i t  f;,r the uossible true 
iihoi l'tioii c~f tiic scnttei-il]: particle>. But 
for siic.11 1)11.1se angles grounrt-based rnea- 
siirei~iciits do iiot seein xvcll suitecl. 

Belo\\- tlie iipper cloiicl. frorn wliich the 
polarizctl light cornes, arid which corres- 
pond5 t O the [A-H) nioclel, there may be 
aiiotlier kind of aerosol. Such a layered 
cloucl structure coulcl explain the inhomo- 
geneitirs freqneritly seen as dark ~iiarkings 
on the Venus clisk. Let us sGe whether we 
can ii1fc.r sornethirig about such an inhomo- 
geileity froni photoinetric measuremerits. 

l\'ith ;i tmo-layer Iiorizontally inhomo- 
geiieous iliotlel \ve have too nianu para- 
meters, arid xve shall first analyze the 
general fentures of the problem with a 
horizoiit~illy hornogeneous cloud cover, 
that is >%ri assumed upper cloud with 
uniforni optioal thickness T,, above another 
lower Iayeï. lVe then have four uihiorms : 
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FIG. 5. Phsse functions a t  /\ = 0.58- for: Rayleigh scattering (---), a, cumulus typo cloud (F = 
4pm, m = 1.33) (-.-),the {A-H) mode1 ( e 0 . 8 3  um, m=1.44) (-). 

T ,  (WB have to keep a large optical depth 
r I 1  - CO for the lower cloud), the phase 
function p'(8) for the lower cloud (we have 
to keep the {A-H) model for the upper one), 
and the single scattering albedos 6, and 
G,' for the two layers. These unknowns, 
Go, Go', p'(8) and T , ,  have to obey the 
condition that the observed spherical 
albedo A of Venus is obtained. 

For such a model the preceding basic 
results will be modified, owing to the 
modification of the upward radiation 
received aii the bottom of the upper cloud. 
This change may qualitatively be analysed 
in two respects: (i) a modification of the 
spatial distribution of this upgoing radia- 
tion, and (ii) a modification of the upward 
flux (since the two clouds will generally 
have different absorptions and therefore 
different reflectivities) . 

To study the first effect, let us assume 
that the (A-H} layer is very t h  and 

compute isophote maps, again for homo- 
geneous models, but for other scattering 
laws than the {A-H) one. The discrepancies 
between such maps and those correspond- 
ing to the basic model will give the maxi- 
mum possible perturbation due to ~ ' ( 8 ) .  

An exhaustive investigation of the 
various kinds of particles proposed for 
Venus is however impossible (in any case 
the number distributions and the shapes 
of these particles remain unknown), and 
we have only studied two examples of very 
different scattering media : Rayleigh 
scattering, and a cumulus type cloud (F = 
4pm, m = 1.33). The corresponding phase 
functions are given in Fig. 5 for wavelength 
0.58pm. These cases do not daim physical 
plausibility ; they only correspond to large 
variations in backward and forward 
scattering. 

Some comparisons of the corresponding 
brightness distributions are given in Bigs. 
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Frc. 6. Theoretical brightric~ss diçtribiition. for a Iiomoo<.ric.otis cbloud at = O 38pm. Sphe~ical 
albedo A = 0.92. Phase function: Rayleigh ssti.tteriii; (-- ,. ciiiniilus type <sloud (-a-). I-k-H) 
niudel (---). Phibs~ angle 1- = 22". 

6,7, and 8. The single scattering albedo was 
always adjusted to  obtain the sams spheri- 
cal albedo ( A  = 0.92). Here again, except 
for points near t'he limb or for phase angles 
near superior conjunction, the obtained 
variations are very small. The larger effect 
appears with Rayleigh scattering, but such 
discrepancies will certainly disappear when 
superimposing a thin but not negligible 
layer of the {A-H) model above these test 
clouds. To clarify this point, a e  have com- 
pared the basic results with the brightness 
distributions obtained with an upper (A-H) 
cloud of uniform optical thickness T ,  , abore 
a fictitious lower cloud giving an isotropie 
i~pgoing radiation. The comparison has 
been made for h = 0.46pm, W, = 0.9967 for 
the upper layer and p = 0.77 for the re- 
flectivity of the lower one. Even for such- 
an extreme variation of the upgoing 

radiation pattern received a t  the bottoin 
of the iippei. cloud, the results of the basic 
model i1i.e practically retrieved within 2% 
for 7, = 1 .  Figures 9,  10 and 11 give these 
relative cliscrepancies along the equator 
for three phage angles. 

Actuallj- we do not know the minimum 
optical thickness the upper {A-H) cloud 
must I>e given so that it can account for the 
observcd polarized light. but T, - 1 seems 
good t o  ortler of niapitude. Moreover for 
plausible scattering laws p1(0),  an even 
smaller tliickness T ,  n-ould certainly be 
sufficieiit to remove tthe small variations 
obtained in Figs. 6, 7 ,  and S. Consequently 
\vliate\-er particles there may be under the 
upper laj-er. it seems that  their phase 
function is not a t  al1 an  important para- 
meter foi Our purpose, and so we can escape 
the difficult problem of having to  choose a 
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FIG. 7 .  Srtrne as Fi,:. (i. J: = 7 5 ' .  

scattering inodel for tlie lon-er cloud: n-e 
shall merely substitute for it a fictitious 
scattering medium giving an isotropie 
upgoing radiance, with the reflectivity p 
of the real lower cloud. For further com- 
parisons n-it'h experimental data, the 
validity of this simplification may have to 
be verified, and a more refined analysis 
undertaken only if too small values for 7, 
are obtained. 

There non- remains only to  inrestigate 
the second possible effect, that  is the 
variation of the brightness distribution 
due to  the difference in the reflectivit'ies of 
the two clouds. The larger this difference, 
the larger the effect, and for a filst analysis 
it is sufficient to  investigate the extreme 

cabes of a perfectl- conservative or purel? 
ai>,orbing upper layer. 

Let us first consider a conservative (-4-H) 
I,\yer (W, = 1, optical thickness 7 , ) ;  the 
reflectivity p of the lo~ver cloiicl \\il1 be 
clecluced h'- (4) froin the splierical albedo 

For wavelengths for whicll \-enus has a 
hich reflecti1-ity, large effects cannot be 
esl)ect~ed, because tlie lower cloiicl itself u-il1 
! ~ e  i~rarlj- conservative : so TT-e have made 
coi~iputatioils for h = 1Gpin. The spheri- 
c:il ktlbedo is then sinall (-4 = 0 . 7 7 ) .  so tha t  
t1iei.e is greit cliffere:ice between tlie 
r~flectivities of tlie t n o  layci.,. and the 
Rayleigh scattering reniniiiq ne-ligible. so 
tliat a more refiried rnodel 1% certainlj- 
urinecessary. Figures 9,  10. 11 zive, for 
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three phase angles, the merences between 
the equatorial brightness distributions 
obtained for this wavelength, with the basic 
model and with the two layer model just 
described (7, = 1, p = 0.76). The discrepan- 
cies are again very smail and principally 
located near the limb. 

The same is not true with the opposite 
hypothesis of an upper layer more absorb- 
ing than the lower cloud. With this model, 
the extreme case would correspond to  a 
purely absorbing upper layer (opticel 
thickness 7,) above a conservative scat- 
tering cloud. Let I(iM)/I,, be the relative 
brightness obtained with this lower cloud 
alone, which is assumed to have the {A-H) 

+ model characteristics in order to explain 
the polarized features. With the absorbing 
cloud above, the observed brightness I(X) 
wiil become I(Dl) expi-ra(llp + 1 /P,)]. To 
order of magnitude, (llP + lltLo) 2 4 gives 
A i exp(-4ra), which fixes the value of 7,. 
Let us put p' and for the point corres- 
ponding to I,,,. The relative brightness 
distribution I(JI)lI,,, obtained with the 
basic model will be multiplied bu 

( 1 lu1+ 1 /ho'- l / r -  1 /u0)/4. (7)  
For h = 0.46pm, Fig. 12 gives the 

differences between the equatorial bright- 
ness distributions obtained with the basic 
model and with (7). The modifications are 
here greater than those obtained in the 

FIG. 8. Same as Fig. 6. 1: = 101". previous case, and perhaps such an ex- 

FIG. 9. Discrepancies A(I/I,,,) betneen the equatorial brightness distributions obtained n-ith the 
homogeneous {A-H} model and a two lsyer one. h = 0.47pm. Tao-layer model (a) Vpper cloud 
T ,  = 0.5, W O  = 0.9967; lower cloud p = 0.77 (-). (b) Cpper cloud T ,  = 1, W o  = 1 ; lowi-r cloud 
p = 0.76 (---). L = limb, T = teminator. Phgae angle V = 22". 
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treme case could be detected from a 
detailed study of the experimental isophote 
maps. Nevertheless, for not too small phase 
angles, and for the central parts of the 
Venus disk, the mean features of the 
brightness distributions obtained with a 
two-layer horizontally homogeneous mode1 
do not depend very much either on the 
scattering function of the lower particles, 
or on the chosen values for w,, Go', and 7 ,  

which are supposed to give the observed 
spherical albedo A. 

The above analysis has shown that 
accurate theoretical isophote map- can be 

computed, from the resdts obtained in 
polarized light, for an assumed horizontal 
homogeneity of the cloud pattern upon the 
Tenus disk. Neither the inaccuracy for the 
true absorption, nor a vertical inhomo- 
geneity of the cloud layer can greatly 
change these maps in their central parts. 

Perhaps a two-layer cioud structure 
could be inferred from accurate photo- 
metric measurements, even for quiet days 
where Venus seems ver? honiogeneous in 
visible light. Such a structure would be 
detected more easily ~xyitli an upper cloud 
more absorbing than t,he lori-er cloud. But 
the characteristic features are then priaci- 
pally located near the limb, and are more 
prominent for small phase angles. High 



FIG. 12. Discrepancies d(I/I,,,) between the equatorial ùrightness distributions obtained n-ith the 
homogeneous {-4-H} mode1 and the two layer one : sbsorhing layer 7, above a consen-ative {A-H) 
cloud. V = 22O, (-1, V = 75" (-.-), V = 101' (---). 

resolution photometry wouid be necessary. 
On the other hand, horizontal inhomo- 

geneities, almost always seen on Venus in 
ultraviolet light and even sometimes 
observed at longer wavelengths (cf, Paper 
1) as dark markings, may be explained by 
a two-layer cloud structure. with the 
optical thickness of the upper layer varying 
from point to point. In such a case, the 
present study shows that large simplifi- 
cations are possible, and the contrasts 
measured for various wavelengths shouid 
allow us to infer the variations of the 
optical thickness 7, of the upper layer and 
the location of the more absorbing cloud. 
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Interpretation of the Photometric Measurements of Venus by Mariner 10' 
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Observations by the television system on Mariner 10 of solar radiation reflected by Venus are analyzed 
t ~ y  means of comparisons with theoretical computations. It i~ found that the distribution of radiance across 
ihe planetary disc in blue and orange lighi cannnt be explainecl 1>y a single hornogeneous cloud consistent 
u i th  poiarization measurements. 

Preliminary work has been done for anal~.sis of the Mariner 10 data with a two-cloud model. It is antici- 
pated that the data \vil1 allow the estraction of some knowlcd~e o f  the variations of the optical thickness of 
the upper cloud, and of the relectivities of both Iayers. 

1. Introduction radiance over the Venus disc obtained by Dollfus et al. 

The purpose of this work is to deduce information on 
the structure of the Venus clouds from the radiance of 
the solar radiation scattered backward bv the vlanet 
and observed a t  various points on the planetary disc 
by Mariner 10 (Devaux et al., 1974). 

This radiance depends on many parameters: the 
shape, size and refractive index of the particles; the 
albedo for single scattering; the optical thickness and 
vertical structure of the cloud; and possibiy the ground 
reîlection. 

Most of our present knowledge of the Venus clouds 
has been deduced £rom polarization measurements, 
which are the most sensitive to the optical parameters 
of the particles (Hansen and .4rking, 1971 ; Hansen and 
Hovenier, 1974). But the polarized light gives only in- 
formation on the very upper part of the cloud, and we - -  - 

may expect radiance measurements to allow a deeper 
sounding of the cloud. 

Assuming a fîrst reasonable (according to our present 
knowledge) model of the Venus atmosphere, we will 
compute, by numerical resolution of the equation of 
transfer, theoretical values of the radiance to be com- 
pared to the expenmental ones. Then we will modS\- 
the model until the  best agreement is obtained. Such'a 
method h a .  been appliedvsuccessfullv to the ground- 
based measurements of the relative distribution of 

Presented a t  the Conference on the Atmosphere of Venus, 
Goddard Institute for Space Studies, 15-17 October 1974. 

(in press); this work (Bigourd et al., 1973; 1975) 
has shown that the radiance is more sensitive to 
the variation of the parameters near the limb than in 
the central part of the disc, but near the limb it is 
difficult to obtain good results with the limited resolu- 
tion of the ground-based measurements. 

The good quality and high resolution of the Mariner 
10 pictures should allow a much more detailed and 
accurate interpretation, even considering the fact that 
the)- correspond to a small phase angle range and to 
only three wavelength intervals. Moreover, the radi- 
ances of Mariner 10 are given in absolute energies 
(W c n r 2  sr-') and, knowing the incident solar flux, i t  
will be possible to get comparisons on an absolute scale, 
which may constitute a useful check on the detector 
standardization. 

2. Mode1 of the Venus atmosphere 

a. Basic ?nodel 

\Ve have chosen the simplest mode1 of the Venus 
atmosphere which agrees with our present knowledge, 
that is, a hornogeneous cloud layer between 70 and 32 
km, above a pure scattering layer. This model has been 
shown to be compatible with the Venera 8 measure- 
ments oi the downward flus (Devaus and Herman, 
1975). 

The scattering particles are assumed to have the 
characteristics deduced from the polanzation measure- 
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TABLE 1. Venus cloud characteristics. given by Irvine (1968) with an imprecision of about 
10% and we may have to Vary WC, in the corresponding 

7 R  7R 
h (inside (above range to compare the theoretical results with the 

b m )  wo T I  cloud) cloud) measurements. 

metits by Hansen and Hovenier (1974) : 

refractive index ' m = 1.44 

mode radius r,=0.83 pm 

effectiveradius r e = l . l p m  

size distribution n (r) = nv" exp ( - 12r/rm). 

We will use for the optical thickness TI and the 
albedo for single scattering wo at  the wavelength X =0.7 
pm the values deduced for a homogeneous cloud from 
the Venera 8 measurements (Devaux and Herman, 
1975) : 

The albedo for single scattering which has been found 
to be nearly independent of 71, if 71 is large enough, can 
be deduced for all wavelengths from the measurements 
of the spherical albedo A of the planet performed by 
Irvine (1968). 

The scattering cross section Kx and the phase func- 
tion p ~ ( 0 )  are computed for the chosen mode1 of the 
particles and for the necessary wavelengths from Mie 
theory. The optical thickness for other wavelengths is 
deduced from rl0.' by 

which simply expresses the fact that the number of 
scattering particles is the same for al1 wavelengths. 

The values of 7-1 and wo are given in Table 1 for the 
effective wavelengths of the three filters used on 
Mariner 10; the Rayleigh optical thickness T B  above 
the cloud and inside the cloud (for the whole layer 
32-70 km) has also been given. 

I t  may be seen that the optical thickness of the cloud 
is large enough to completely neglect Rayleigh scatter- 
ing a t  least in the orange and the blue. In the ultraviolet 
i t  may appear necessary to take it into account for 
r ehed  comparisons. 

Moreover, the outgoing radiation is the same as for 
a semi-infinite layer, which solves the problerq of 
choosing a boundary condition at ground levelzmd 
reduces the computation time. 

The polarization measurements are very accurate 
and the possible smail deviations from the accepted 
values would have a negligible effect on the radiance 
computations. But the spherical albedo values are 

As mentioned above the particles deduced from the 
polarization measurements correspond to the upper 
layer of the cloud and we may assume a thin layer of 
such particles above a cloud with different particles, 
that is, with a different phase function. 

In addition, the absorption may be different in the 
two layers; in this case we have a c0nstra.int which is 
the known value of the spherical aibedo and we have to 
adjust the albedos for single scattering of both layers 
and the optical thickness of the upper layer to keep the 
exact value of the spherical albedo. 

We have tried such models with two hornogeneous 
layers; the results will be discusçed in Section 4. 

3. Method of computation 

Fig. 1 shows the geometry of the problem: O is the 
center of the planet, T the sub-spacecraft point pro- 
jected at  the center of the planetary disc, S the subsolar 
point, and V the phase angle. Let $ and 4 be the latitude 
and the longitude of the point of observation M, which 
in projection on the disc is dehed by the rectangular 
coordinates ( x , y ) .  The directions of incidence and 
reflection at  point M are respectively characterized by 
the azimuths O , + ,  and by po=cosûo and p=cos@, where 
Bo and 19 are the angles with OM of the Venus-Sun OS 
and Venus-spacecraft OT directions (Bo> 0). 

The diameter defined by ST will be called the optical 
equator [in this paper] and the perpendicular axis PP', 
the optical line of poles. They correspond to the sym- 

P' ' 
FIG. 1. Geometry of the problem. 
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FIG. 2. Isophots of Venus deduced from measurements with the 
orange 6lter (F.D.S. No. 72-2.16). 

metry of the optical problem for a homogeneous atmo- 1973) which gives the solution in the forn. 
sphere, but they may differ from the real equator and 
line of poles of the planet. L L 

The radiance I ( r  ; p,4) at an optical depth r and in r(7;  ~ ( ~ 4 )  = 6-0 C COS4 6 8  C P%)A:(r). (31 
the direction (p,4) is gven by the equation of transfer 

The computations are made for po=O.O1, 0.05 step 
1 (T ; 1~4) WO(T) 

I = 1(7; 144) --9 (T; IA,IO,O)F~~~* 
0.05 to 0.7, step 0.025 to 0.975, and step 0.005 to 0.990 

a~ 4 and 0.999. So that, even for small phase angles, there are 
sufficient points to obtain an accurate distribution of 
the scattered light over the disc. For a given ellipse 

P(T; f i74,~ ' ,4 ' )~(~;  p'A>)d~'w, (1) po=cos# cos(t- V )  =corntant, projected upon the a p  
4u 

parent Venus disc, I(O,&) may easily be computeà for 
with as many points as necessary by (3), with 

I (0 ;  P<O, +)=O, 
,u = cos* cos5 

plus boundary condition a t  ground level. (2) 
COSI#= (~I~-cosT~) jC(1 -pz) (1 -12) J f  

In the two-layer mode1 we have another conditio&- 
the continuity at  the boundary level between the layers. The computations have been made for an effective 
The incident sdar flux per unit area on a plane perpen- wavelength which has been chosen at 0.36, 0.16 and 
dicular to the sun beam direction bo,O) is TF. 0.58 pm, respectively, for the three filters. 

The equation of transfer is solved by the method of I t  may appear necessary in r ehed  studies to make 
spherical harmonies (Guillemot, 1967; Deure et d., computations for a series of wavelengths for each Pter 
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FIG. 3. Experimental equatorial radiance distributions in orange (upper curve), 
blue (middle curve) and UV (lower curve): S.S.P., subsolar point; S.S./'C.P., sub- 
spacecraft point. 
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FIG. 4. As ul Fig. 3, except for the pole-to-pole iine. 
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and then to integrate over the bandwidth of the füter; 
the corresponding correction, which is expected to be 
small, will be evaluated in a future study. 

The incident solar flux has been given its integrated 
value from 0.2 to 0.7pm, i.e., 

where Ex is the solar spectral irradiance (W cmw2 
at the mean distance Sun-Venus. This rather arbitrary 
choice has been madè in order to render Our results 
comparable to the experimental results on an absolute 
scale. 

4. Results 

The pictures of Mariner 10 we have worked on are 
as follows: 

Spacecraft 
to Venus 

Type of Time distance 
photograph* No. Filter Da- (GMT) (km) 

FDS 72 230 Blue 043 17/25/20 5011 865 1 
FDS 72 246 Orange CM3 17/36/32 5017 589 
FDS 72 266 CV 043 17/50/32 5 024 854 FIG. 5 .  Ev~erimentai radiance distributions al on^ the sub- 

-- spacecraft point to north pole line (solid) and the subv-spacecraft 
* The television system resolution iç 4.5 arcsec (=2  7 T\T lines). point to south pole line (dashed) for orange iupper cune ) ,  blue 

imiddie curve) and UV (lower curvei. 

The phase angle for these three pictures is 23.35' and 
its variation ücross the disc is negligible (<O.O.SO). 

When multiplied by a given factor the printed num- 
bers on the photographs give the radiance (il' sr-') 
normalized to the integrated solar radiance from 0.2 
to 0.7 Pm. 

The results to be presented have not been corrected 
for distortion, nor for the aspect ratio. 

The optical distortions are small in the orange picture, 
as can be seen from the regular spacing of the gnd points 
on the Venus disc shown on Fig. 2, an isophot map for 
this color. On the blue and the ultraviolet pictures, 
Venus is located in the upper right corner, and there are 
big aberrations. So we have only investigated, for a 
first analpsis, the radiance distributions along the 
optical equator and the pole-to-pole line. These two 
cross sections are given in Figs. 3 and 1, respectively, 
for the three color filters. On al1 figures S.S.P. is the 
subsolar point and S.S./C.P. the sub-spacecraft point. 
A horizontally homogeneous model is certainly not 
sufKcient to explain the irregularities, which appear 
even in the orange picture; in ultraviolet the dark and 
clear areas must evidently be due to horizontal in- 
homogeneities. This is more obvious in Fig. 5, where the 
radiance distributions for the three colors have been 
drawn along the line going from the sub-spacecraft 
point to the two optical poles of Venus. Asyrnmetries 

between the two hemispheres appear clearly, and a 
correlation between the three colors seems to exist, 
although correcting for the optical distortion may 
change quantitatively the results for blue and ultra- 
violet light. Severtheless, escept for such small local 
anomalies, the global radiance pattern is regular for 
orange and blue light (see Figs. 2, 3 and A), and we can 
hope that a homogeneous model 4 1  fit these results, 
to a first approximation. 

b. Basic mode1 

The theoretical radiance distributions have been 
computed for the basic model given in Section 2a, with 
a single scattering albedo oo deduced from the spherical 
albedo of \Teniis, as given in Table 1. Since the Mariner . - 
10 data are absolute radiances, the comparisons have 
been made on absolute scales. Figs. 6-11 give these 
comparisons, along the pole-to-pole line and the equator, 
for the three effective wavelengths considered. Quali- 
tatively, the results are coherent; in particular, the 
global flattening of the curves, with decreasing wave- 
length, is retrieved. But there remain large discrepancies 
between the esperimental and theoretical curves. These 
discrepancies are certainly partly due to the inaccuracies 
in the spherical albedo and in the Mariner 10 calibra- 
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FIG. 6.  Equatonal radiance distribution fo iCV:  Mariner 10 results (dots) and 
theoretical results for a homogeneous niodel (solid curve). Absolute scales. 

tion, and a more r e h e d  analysis will be made, taking range of its acceptable values : 0.92,O.g and 0.843; that 
these errors into account. Nevertheless, neither a is, wo=0.9996, 0.9972 and 0.9984, respectively. For 
different assumed wo, nor a modification of the calibra- .1=0.843, the disagreement near the limb is particu- 
tion factor could give good agreement especially near l a r l  clear. Fig. 12 gives a magnified picture of this 
the limb and the poles of the planet. As an esaniple, for zone.? The same qualitative features are obtained for 
the orange wavelength for which the homogeneity is blue and ultraviolet wavelengths. 
the best, the theoretical results have been computed for 2 Data whicii are corrected from aberrations are available to us 
three assumed values of the spherical aibedo A in the since this Grst study and the sarne features are obtained. 

FIG. 7. AS in Fig. 6 except for the pole-to-pole line. 
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FrG. 8. As in Fig. 6 excri;,; l < , r  lilue. 

FIG. 9. As in Fig. 7 except for blue. 
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Frc. 10. Eqilatorial radiance distribution for orange. Mariner 10 results (dots) 
and theoretid results for a homogeneous model : -4 = 0.92 (solid), A = 0.843 (dot- 
das bed), A = 01.8 (dashed). 

I t  may be thought that this feati~re is meaningless, 
and is only due to the necessity of using spherical 
geometry for the points near the lim b. However we see 
(Fig. 12), that the disagreement bl~btween the experi- 
mental and the theoretical results iippears for points 
where incidence and emergence are far from grazing 
( B o  37 ; Bo= 13O), and i t  seems doub1;ful that sphericity 
effects could appear for such conditio ns. More precisely, 
for the assumed model and for noimal incidence and 
emergence, the mean optical path of an emerging 
photon is of the order of 1Oû (FOI iquart, 1973); with 
oblique emergence and incidence such a value is cer- 
tainly an upper limit. For the Venius cbuds, the cur- 
rently assumed photon mean free $)ath is of the order 
of 1 km so that we cannot obtain at  a point M light 
corresponding to point of incidence f arther than 100 km 
from M, and the corresponding variations of p and po 
when taking into account the sphen city are absolutely 
negligible. - 

In conclusion, although the n eed for spherical 
geometry may deserve a special stiidy, it seems ver\- 
unlikely that even the gross feature~; observed in orange 
and blue light can be explaineci \)y a homogeneous 
model consistent with the polariza.tion measurements. 

The preceding results lead us to investigate two-cloud 
models, even for visible light. With the multiplicity of 
the parameters, we shall probably be able to work out 
a model to fit any results we want, and here the first 
problem is rather to put forward the possibilities of the 
analysis, rather than to try to obtain a definitive solu- 
tion. i v e  have to keep, for the upper cloud, the basic 
model (Section 2a) deduced from the polarization 
measurements, and to keep for the lower cloud a large 
optical thickness (TI --+cc). We then have, at each 
point, four unknowns: the optical depth T I  of the upper 
cloud, the single scattering albedos wo and wo' for the 
two clouds, and the phase function pl(û)  for the lower 
cloud. 

This 1 s t  parameter is the worst. Various kinds of 
particles have been proposed for Venus, but we have no 
idea of the size distributions nor of the shape of these 
particles. Fortunately, it seems possible to evade this 
question for Our purpose. Let us assume that the two 
cIouds have nearly equal reflectivities. Then, with a 
two-layer model, the upper cloud will receive at its 
lower boundary the same flux as in the homogeneous 
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FIG. 11. As in Fig. 10 except for the pole-to-pole line. 

case; onlo the spatial distribution of this upgoing I h i t  of the possible modification in the observed 
radiation will be modified, due to substituting pt(B) radiance distribution, due to p'(B), by computing these 
for p(0)  in the lower layer. Then we shall get the upper distributions, again for homogeneous models, but for 

2.5. 
4 Log 1 

FIG. 12. Magnifieci view of the discrepancies near the iimb, for 
orange. Same notation as in Fig. 10. 
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FIG. 13. Theoretical equatorial radiance distributions, for orange, with homoge- 
neous models (arbitrary units). 

Curve (1) : basic model (i = 0.85 p m  ; nt = 1.44) 
Curve (2) : Rayleigh scattering 
Curve (3) : terrestnal cloud (7= 4 pm ; nt = 1.33). 

scattering laws other than the one given in Section 2a; Rayleigh scattering (cuwe 2) and scattering by a 
this means that we assume the upper layer to be terrestrial cumulus cloud (7 = 4 /.un ; m= 1.33) (curve 3). 
negligibly thin. Fig. 13 shows such results, along the These results could a priori suggest an explanation for 
optical equator, for X =0.58 Pm. Two extreme cases are the observed discrepancies near the limb; we could 
compared with the preceding basic model (curve 1) : assume that in this part of the Venus disc the mean 

TERMINATOR 5.S.P LIMB 

FIG. 14. Equatonal radiance distributions for blue showing the relative discrep- 
ancies between the basic mode1 and a two-layer one. Upper layer: u0=0.9967, 
TI =0.5 (solid), TI = 1 (dashed) ; lower layer : içotropic upward radiance, p =0.77. 
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FIG. 15. Eqliatorial radiance distributions for blue. 'Theoretical resul~s for a 
homogeneous model (solid), for an upper conservative layer ( T I =  1. w ~ =  1) above 
an absorbing lou~er layer ( p  =0.76) (dot-dashed i, and for an upper absorbing layer 
(ri = 1, ~p=0.9322) above a perfectly reflectinj loyer layer i p  = 1) (dashed). 

optical depth of the upper cloud becomes smaller and 
smaller above a lower cloud with bigger scattering 
particles, but with a nearly equal reîlectivity. Keverthe- 
less, this explanation seems doubtful, because the small 
discrepancies which are observed (Fig. 13) will probably 
be eliminated when we superpose above the lower cloud, 
the thin but not negligible layer of the basic model, 
which is necessary to explain the obserred poiarized 
light. Actually we do not know the minimum optical 
thickness this upper cloud must have, but 71- 1 seems 
a plausible order of magnitude. tVe have compared 
(Fig. 14) the radiance distributions alon; the equator, 
obtained with an upper cloud of uniform optical thick- 
ness ~ = 0 . 5  and 1, above a lower cloud of the same 
reflectivity integrated on a hemisphere, but giving an 
isotropic upgoing radiance according to a Lambert law. 
Even for such an extreme modification of the upward 
radiation received a t  the bottom of the upper cloud, 
for TI = 1 the results of the basic model are practically 
retrieved within 1%. 

Therefore, the scattering function p1(8) of the lowet 
layer is not a t  al1 important for a ftrst analysis, for Our 
purpose and we m a i  merely substitute for this lower 
cloud a- fictitious medium which gives an isotropic 
upward radiance, and which has the reflectivity p(X) of 

the real lower cloud. The validit?; of such a simplifica- 
tion \vil1 have to be verified a posteriori, and a more 
refined study will be necessary if the obtained values 
for r i  are too small in some parts of the Venus disc. 

LYe have seen that the radiance distribution corre- 
sponding to a homogeneous model will, in the case of a 
two-layer model, be modified chieîly because of the 
difference in the reflectivities of the two clouds. The 
very accurate measurements made by Xariner 10 have 
shown that the blue and orange wavelengths are 
already sensitive to these differences. In principle, it 
then seerns possible to estract, from these absoluté data, 
an approsimate value for the optical thickness ~l(nif), 
the single scattering albedo wo(X) of the upper cloud, 
and tht: reflectivity p(X) of the lower one, for the  three 
effective wavelengths and for different points ht on the 
Venus disc. [If a scattering model is assuined for the 
10%-er cloud, its single scattenng albedo wof (X)  will be 
deduced from p(X). Indeed, if we can get n observed 
points 11 with different values for TI(JI), we shall get 
3n eqiiations with n+6 unknowns since rl(hf) is nearly 
independent of the wavelength]. \Vhether such a system 
will Drove to be well conditioned and to have a solution 
is quite another matter, for until now we have only 
investigated the general features of the problem. For 
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the blue light (X=0.46~m),  we have computed the 
theoretical radiance distributions, assurning a iiniiorm 
optical thickness T I =  1 for the iippcr cloud. Two 
extreme cases have been considered: (i) wo= 1, p=0.76 
and (ii) w0=0.9322, p =  1; that is, respecti\.el), a per- 
fectly conservative upper layer or a ioner one, the 
reflectivity or the single scattering albedo of the other 
layer being adjusted to restore the mensured spherical 
albedo 21 . The results are compared in Figs. 15 and 16 
to those obtained with the homogeneous niodel. For the 
case of an upper conservative cloud [a plausible 
hypothesis, if it is assumed that HzSOI is its mean con- 
stituent (Hansen and Hovenier, 1974; Young, 1973)], 
the relative radiance is nearly the same as for the basic 
model. For this small phase angle the outgoing light 
conies mostly from the lower cloud, the refiectivity of 
which is not greatly modified by the presence of an 
upper cloud, because of the constraint of A. IYith the 
contrary hypothesis [case ($1, the modifications are 
important. The global mapification of the reflected 
flux comes from the large increase of the niean cloud 
reflectivity ( p =  1). JVe may notice that such an effect 
could correspond to the feature of thc \'enus phase 
curie, as measured by Knuckles ef al., which seems 
dificult to fit with a homogeneous mode1 (Arking and 
Potter, 1968). In  addition, for case (ii), the vgiations 
of the radiance distribution could evplain quantitatively 
the observed experimental disagreement. Nevertheless, 
the high values obtained for the radiance could be 
incon~patible with the tolerable inaccuracy in the 
Mariner 10 calibration factors and in A.  

5. Conclusion 

'The mean feütures observed in blue and orange light 
cannot bc esplained bp a single homogeneous cloud, 
consistent with the polarization measurements. 

For a first anal) sis of the Mariner 10 data  with a two- 
cioud model, it seems possible to escape the difficult 
pr(~hie1n of chosing a scattering model for the lower 
cloud. Then we can hope to extract from these data 
sonle knowledge of the variations oi the optical thick- 
ness of the upper cloud, and of the respective reflectivi- 
ties of the twro layers. Such an analpsis will be under- 
t,ikpn. -4 previous knowledge of the aberration defects 
and of the tolerable errors in the calibration factors uyill 
bc. nccessary if we are to make such a study. 
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ABSTRACT 

A s e r i e s  of s o l a r  b r i g h t n e s s  d i s t r i b u t i o n s  ôbserved 

over  the  Venus d i s k  a t  s eve ra l  wavelengths i s  ana lysed .  A s i n g l e  

a b s o r p t i o n  mechanism is assumed, the  main l o c a l i z a t i o n  of  which 

i s  va r i ed  w i t h i n  t h e  c louds ,  i n  d i f f e r e n t  models. An a t t e m p t  i s  

made t o  r e t r i e v e  t h e  whole of t he  obse rva t ions  from one o r  more 

of  the  models. Models i n  which t h e  abso rp t ion  i s  h igh ly  l o c a l i z e d  

g ive  a b e t t e r  f i t  w i t h  the u l t r a - v i o l e t  obse rva t ions ,  a l  though 

b e t t e r  measurements a r e  awai ted f o r ,  b e f o r e  a def  i n i  t e  conc lus ion  

may be drawn. I sopho te  maps i n  v i s i b l e  l i g h t  d i s a g r e e  w i t h  the  

t h e o r e t i c a l  p r e d i c t i o n s  of a l 1  t h e  models, sugges t ing  t h a t  a  se- 

cond a b s o r p t i o n  mechanism (perhaps the  ground) ought t o  b e  c a l l e d  

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



The c h a r a c t e r i s t i c s  of t he  upper atmospheric  a e r o s o l s  

of Venus a r e  now p r e c i s e l y  known (Hansen and Arking, 1971; Hansen 

and Rovenier ,  1974). These a e r o s o l s  a r e  probably c o n s t i t u t e d  of 

hydra ted  s u l f u r i c  a c i d  ( S i l l ,  1972; Young, 1973). However the 

way i n  which s o l a r  r a d i a t i o n  is absorbed on Venus, and the  pre- 

cise atmospheric  l e v e l s  i n  which the  s o l a r  energy i s  depo- 

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

t o  t h e  s u l f u r i c  a c i d  hypo thes i s ,  a s  t h i s  c o n s t i t u e n t  is t r a n s p a r e n t  

i n  the s p e c t r a l  i n t e r v a l  which cor responds  t o  t h e  weakest  Venusian 

r e f l e c t i v i t y  (0.3 - 0.5 Pm.). 

A d e t a i l e d  a n a l y s i s  of the  l i g h t  r e d i f f u s e d  a t  d i f f e r e n t  

uave leng ths  M g h t  b e  in fo rma t ive  w i t h  r e s p e c t  t o  t h i s  problem. Let 

us c o n s i d e r  an a b s o r p t i o n  mechanism more o r  l e s s  l o c a l i z e d  i n  t h e  

cloudy layer and for which the  ef f i c i e n c y  v a r i e s  w i  t h  wavelength. 

1ts r e l a t i v e  i n f l u e n c e  upon t h e  i n t e n s i  t y  r e d i f  f  used by d i £  f e r e n t  

p o i n t s  cm t h e  d i s k  should  Vary acco rd ing  t o  the  l e v e l  of t he  l a y e r  

i n  which  the  mechanism i s  l o c a l i z e d .  

Iz is f o r  t h i s  purpose t h a t  t he  r ad i ance  r e p a r t i t i o n s  
d 

observed un Venus, as p rc sen tcd  by D o l l f u s  e t  a l . ,  1975 (Papcr I ) ,  

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

rent models,  a c c o r d i n g  t o  t he  procedure d e s c r i b e d  by Brogniez e t  

al., 1975 (Papcr 11). 
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The work e s s e n t i a l l y  d e a l s  w i t h  a  s e r i e s  of photographs 

t aken  n e a r l y  s imul taneous ly  a t  s e v e r a l  wavelengths  £rom 0.585 um. 

t o  0.327 Pm. ,  and showing the  a p p a r i t i o n  of t he  c l a s s i c a l  u l t r a -  

v i o l e t  da rk  markings . Thi s  a n a l y s i s  a t temps t o  de termine we t h e r  

a s i n g l e  a b s o r p t i o n  mechanism can e x p l a i n  t he  whole of t h e s e  

o b s e r v a t i o n s ,  and wether  i t  i s  p o s s i b l e  t o  deduce a  g e n e r a l  loca-  

l i z a t i o n  of t he  l e v e l  of t h e  l a y e r  where the  a b s o r p t i o n  t a k e s  p l a c e .  

EXPERIMENTAL DATA 

F i g u r e s  7a t o  7 f  reproduce the  i s o p h o t e  maps of Venus, 

f rom Paper 1, which were observed 31 J u l y  1969. Table  1 sums up 

t h e  cor responding  d a t a ;  t h e  photometr ic  technique  u t i l i s e d  was 

d e s c r i b e d  i n  Paper 1; 

In f i g u r e  1 ,  t he  most r e c e n t  e s t i m a t i o n  of  t he  s p h e r i c a l  

a lbedo  o f  Venus ( T r a v i s ,  1974) i s  compared t o  t h a t  which would be  

due  only t o  molecular  s c a t t e r i n g ,  i f  t he  p l a n e t  were t o t a l l y  devoid 

o f  a e r o s o l s  and p re sen t ed  no ground r e f l e c t i v i t y .  Shortwards of 

abou t  0.45 Pm., i t  i s  c l e a r  t h a t  n e a r l y  a l 1  a b s o r p t i o n  t akes  p l a c e  

i n  an abso rban t  l o c a t e d  a t  qÛi te  high  a l t i t u d e s .  A t  0.52 v m . ,  i t  

is  no longer  c e r t a i n  t h a t  t he  ground p l a y s  no r o l e ,  and 

i t  cou ld  c o n s t i t u t e  a  second a b s o r p t i o n  mechanism. A t  0,585 Pm., 

a l 1  a b s o r p t i o n  could be a t t r i b u t e d  t o  t he  ground i f  t he  c loud  

c o v e r  were c o n s e r v a t i v e ;  i ts average o p t i c a l  t h i c k n e s s  would then 

be  about  50. 



I n  t h i s  f i r s t  a n a l y s i s  however, i n  o r d e r  to  l i m i t  the 

f r e e  parameters  a s  much a s  p o s s i b l e ,  and t o  conserve t h e  s i g n i f  i c a n t  

c h a r a c t e r  of the r e s u l t s ,  we w i l l  suppose t h a t  the  i n f l u e n c e  of 

t h e  gtound i s  n e g l i g i b l e  a t  a l 1  wavelengths,  and t h a t  a l 1  of the  

a b s o r p t i o n  i s  due t o  a  s i n g l e  type of abso rban t .  ûnly t h e  a l t i t u d e  

of t h i s  absorbant  w i l l  be a d j u s t a b l e .  I t  i s  on ly  i f  t h e s e  hypo thes i s  

a r e  unable t o  e x p l a i n  the obse rva t ions  t h a t  t h e  v a r i a b l e  i n f l u e n c e  

of the ground o r  t h e  coex i s t ence  of d i f f e r e n t  abso rban t s  w i l l  b e  

c a l l e d  i n t o  c o n s i d e r a t i o n  i n  more complicated models. 

CLOUD MODELS 

I n  order  t o  l o c a l i z e  the  abso rban t ,  Our r e f e r e n c e  l e v e l  

w i l l  be t h e  a e r o s o l  l a y e r  which the p o l a r i z e d  l i g h t  cornes £rom. 

I t s  component p a r t i c l e s  a r e  w e l l  known, and i t s  average a l t i t u d e  

is known t o  be  about  70 km., a t  T= 1 ;  t hus  the r o l e  of molecular  

s c a t t e r i n g  w i l l  b e  no g r e a t e r  than a  few pe rcen t  i n  the s p e c t r a l  

i n t e r v a l  i n v e s t i g a t e d  (Hansen and Hovenier , 1974) . 

We w i l l  c o n s i d e r  t h r e e  p o s s i b l e  extreme a b s o r p t i o n  

d i s t r i b u t i o n s  r e l a t i v e  t o  t h i s  s c a t t e r i n g  l a y e r .  Figure 2 

s chemat i ca l  l y  depic  ts  these  models , 

I n  mode1 1, we w i l l  suppose t h a t  a l 1  of the a b s o r p t i o n  

is l o c a l i z e d  above t h e  c louds ;  t h i s  means t h a t  a  pure ly  abso rban t  

a e r o s o l ,  f o r  exemple, i s  s i t u a t e d  a t  a  minimum a l t i  tude of about  

70 k i l o m e t e r s .  It  w i l l  be assumed t h a t  t he  o p t i c a l  t h i ckness  of 



t h e  conse rva t ivc  medium found under t h i s  absorber  i s  g r e a t  a t  a l 1  

wavelengths . 
The n a t u r e  of the a e r o s o l s  below 70 km. i s  c n t i r e l y  

u n c e r t a i n .  But i t  has been shown ( c f .  PaperII) t h a t  l i t h t  s c a t t e r e d  

by a s r r a t i f i e d  medium depends upon the phase f u n c t i o n  of the f i r s t  

s c a t t e r i n g  l a y e r  encountered ( t h u s  t h e  one where the po la r i zed  
4 

l i g h t '  is formed) , and ha rd ly  a t  a l1  upon those of the  lower cloud 

l a y e r s ,  which i n t e r v e n e  only  by t h e i r  r e f  l e c t i v i  t y  p ( t h u s  p = 1 ,  

i n  the  hypo thes i s  of t h i s  model) 

Thus, we he re  w i l l  have a  p u r e l y  absorbant  l a y e r  w i  th  

an o p t i c a l  t h i ckness  T which i s  a r b i t r a r i l y  v a r i a b l e  on the d i s k ,  
a  

and which o v e r l i e s  a  t h i c k ,  c o n s e r v a t i v e  ,homogeneous c loud ,  hav ing  

t h e  c h a r a c t e r i s t i c s  of  the  r e f e r e n c e  l ayer  probed by p o l a r i z a t i o n .  

The r a d i a n c e  d i s t r i b u t i o n  depends only weakly upon the phase func- 

t i o n ,  and the  s m l l  Rayleigh component of t h i s  l a y e r ,  and i ts 

phase f u n c t i o n  v a r i a t i o n s  w i t h  wavelength w i l l  b e  d i s r ega rded ;  

t h e  i n v a r i a n t  phase f u n c t i o n  of  t he  s c a t t e r i n g  cloud w i l l  be c h a t  

of s p h e r i c a l  p a r t i c  l e s  w i  t h  r e f  r a c  t  i ve  index  and granulome t ry :  

(Hansen and l!ovcnier,  1974) , - c a l c u l s t c d  f o r  tlic ~ c i v c l c n g t h  

X 9 0.585 urne 



I n  model II, i t  w i l l  be assumed t h a t  a l 1  the  a b s o r p t i o n  

t a k e s  p l ace  i n  one o r  s e v e r a l  lower cloud l a y e r s  found under t he  

c o n s e r v a t i v e  r e f e r e n c e  haze .  The p r o p e r t i e s  o f  t hese  lower l a y e r s  

w i l l  be assumed t o  b e  c o n s t a n t  over t h e  whole p l a n e t ,  and they  

w i l l  be  c h a r a c t e r i s e d  by t h e i r  r e f l e c t i v i t y  p a t  a  given wave- 
X 

l e n g t h .  ~ h e  on ly  h o r i z o n t a l  v a r i a n t  w i l l  b e  t h e  o p t i c a l  t h i ck -  

n e s s  of  t h e  o v e r l y i n g  haze .  The phase func t ion  de f ined  i n  ( 1 )  

w i l l  be  conserved f o r  t h i ç  haze .  I t  he reaga in  seems j u s t i f i a b l e  

t o  neglec  t molecular  s c a t  t e r i n g .  The conserva t i v e  haze ,  i n  t h i s  

model, can o n l y  have a  f a i r l y  small average  o p t i c a l  t h i ckness  

(T >; I n  o r d e r  t h a t  t h e  s p h e r i c a l  a lbedo  dec reases  t o  0.5 a t  
1 

abou t  0.3 um.,  <r  > should  be  no g r e a t e r  than a  maximum of 4.  
1 

I t  t h e r e f o r e  c a n  be hoped t h a t  the  charac  t e r i s  t i c s  of t he  top  

o f  t h e  haze remain v a l i d  f o r  such a  small t h i c k n e s s ,  and t h a t  

t h e  molecular  s c a t t e r i n g  f o r  the  whole l a y e r  n o t  exceed a  few per -  

c e n t .  The o p t i c a l  t h i c k n e s s  a t  a  p o i n t  w i l l  t h u s  correspond 

o n l y  t o  a e r o s o l s  and w i l l  h a r d l y  Vary a t  a l 1  w i t h  wavelength.  

I n  model III , t h e  abso rp t ion  w i l l  b e  d i s t r i b u t e d  

w i t h i n  the  haze i t s e l f .  The a lbedo f o r  s i n g l e  s c a t t e r i n g  w 
O 

w i l l  thus  be supposed independent  of o p t i c a l  dep th  f o r  a g iven  

p o i n t  on t h e  d i s k ,  and o n l y  b r i z o n t a l  v a r i a t i o n s  o f  t h i s  para-  

meter  w i l l  be f o r e s e e n .  For the  same reasons  g iven  above, 

t h e  s c a t t e r i n g  law ( 1 )  w i l l  b e  r e t a i n e d ,  and i t  w i l l  simply be 

supposed t h a t  t h e  o p t i c a l  t h i ckness  of  t h i s  cloud i s  i n f i n i t e .  



Plane  geometry w i l l  be used: i t  w i l l  be admitted t h a t  

the  medium is s t r a t i f i e d  a t v a l l  po in t s ,  and t h a t  the  h o r i z o n t a l  

v a r i a t i o n s  of i t s  parameters remain n e g l i g i b l e  f o r  a  photon mean 

f r e e  pa th .  The c a l c u l a t i o n s  w i l l  be made with the s p h e r i c a l  har- 

monics method . 

ANALYTIC METHOD 

One of the photographs £rom the  observed s e r i e s  ( f i g u r e s  

7a t o  7 f )  w i l l  be chosen, which corresponds t o  wavelength A . 
O 

For any p o i n t  M of t h e  d i s k  (M,Ao), o r  r , (M) f o r  a def ined p , ' *a 

or w (M,X ) w i l l  be ad jus ted  i n  c a l c u l a t i o n s ,  t o  r econs t ruc t  
O O 

the  radiance  d i s t r i b u t i o n  observed a t  A . S t a r t i n g  £rom these  
O 

i n i t i a l  s o l u t i o n s ,  the  radiance  d i s  t r i b u t i o n s  which should be 

observed f o r  o the r  wavelengths of the s e r i e s  w i l l  then be computed 

f o r  each of t h e  th ree  models. 

The r e l a t i v e  measurements of f i g u r e s  7a t o  7 f  a r e  

normalised t o  100 f o r  the  maximum, As the  radiance  v a r i a t i o n s  

in func t ion  of  a d j u s t a b l e  parameters a r e  n o t  

l i n e a r  i n  any of the  models, w e  must employ absolute  radiances ;  
- 

This  w i l l  be done through the use of the magnitude m ( a )  of 
X 

t h e  p lane t .  

in t a b l e  II, column 2,  a r e  found the  mean m (a) a 
values  i n t e r p o l a t e d  from the  phase curves of I r v i n e  (1968), f o r  



the  r e l evan t  wavelengths and phase angle .  The reduced magnitudes 

given by I r v i n e  can be w r i t t e n  

n R 2 
(2) mA(a) = mg- 2.5 log[ 7- (l+cosa)]- 2.5 log  

where mp i s  the  reduced v i s u a l  s o l a r  magnitude, R the r a d i u s  of 

Venus, S the  apparent f r a c t i o n  of the  d i s k ,  and I(M,X) t h e  

a b s o l u t e  radiance  for  a p o i n t  M on the d i s k ,  normalised t o  a s o l a r  

f l u x  of  un i ty .  The values  of the  i n t e g r a l  1 , A)  c i ,  ded uced 
S S 

f rom (2 ) ,  a r e  found i n  t a b l e  II, column 3. The es t ima t ion  used 

h e r e  f o r  mg is t h a t  of Johnson ( 1  965) : mg = -26.75. 

It thus  is t h e  abso lu te  radiance  r e p a r t i t i o n  I(M,A ) 
O 

which w i l l  be r e s to red  by the  c a l c u l a t i o n ,  by a d j u s t i n g  the  

v a r i a b l e  parameter of the  model. I n  model II a g iven radiance 

can correspond t o  a whole i n t e r v a l  of va lues  of p , which a r e  
O 

a s soc ia ted  w i t h  appropr ia t e  th icknesses  r (M). A family of sobu- 1 

t i o n s  i s  obta ined.  For t h e  moment, we w i l l  keep on ly  the extreme 

min 
d i s t r i b u t i o n s  r m a X ( ~ )  and r (M) , which correspond reapec t ive ly  1 1 

min max 
t o  t h e  minimum p and maximum p ref  l e c t i v i t y  values X 

O 
X 

O 

which can simultaneously be s u i t a b l e  f o r  a l 1  p o i n t s  on the d i s k .  

I f  another  wavelength i s  now considered ,  the  absorpt ion  

of the  medium w i l l  Vary, and f o r  the  v a r i u s  models, the  fo l lowing 

simple t ransformat ions  w i l l  occur:  



+ T ( M J ~ )  where 'ca(M,Al) = A ( A , )  *'ca(M,A0) 
a  (3) I : T  ( M s A ~ )  a 

w (M,A,) oo(M.A 
O O ( 5 )  111 : u (M, ho) + u (%Al) where - B ( A ~ )  

O O 1- uo(M,X1) i -uo(M.Ao) 

The cons tan t s  A(A1), p and B(A ) a r e  independent of the  point  
1 1 1 

considered.  E q .  (3) simply conveys the f a c t  t h a t  T (M,X) i s  i n  the  
a  

form £(A) .g(M), where g(M) i s  p ropor t iona l  t o  the q u a n t i t y  of 

absorber i n  M,  and where f  (1) r e p r e s e n t s  the  s p e c t r a l  v a r i a t i o n  

of the  absorp t ion  c o e f f i c i e n t  . The transformation law ( 5 )  i s  

more reç t r i c t i v e .  It impl ies  that, the  absorpt ion  

i n  mode1 III i s  due t o  a purefy  absorbant  c o n s t i t u a n t  mixed with 
t 

conservat ive  p a r t i c l e s  of s u l f u r i c  a c i d .  For these components, 

l e t  b be the  absorpt ion  c o e f f i c i e n t  and k  the s c a t t e r i n g  coef-  

f i c i e n t  . Since t h e  v a r i a t i o n s  of k w i  t h  wavelength a r e  neglec ted,  

and as the  riixing r a t i o  i s  supposed independent of a l t i t u d e ,  we 

w i l l  have f o r  a  given p o i n t  on the  d i sk  

1-wo(M,A) b  
= - = f(A) .g(M), 

uo(M,V 
k 

where f(X) w i l l  here  a l s o  r e p r e s e n t  the s p e c t r a l  v a r i a t i o n  of 

t h e  absorpt ion  c o e f f i c i e n t ,  and g(M) w i l l  be propor t ional  t o  the 

mixing r a t i o  of the  two components. 



Rela t ions  ( 3 ) ,  (4) and ( 5 )  thus permit  c a l c u l a t i o n s  

s t a r t i n g  £rom the i n i t i a l  so lu t ions  T M o  : , ( 1  o r  uo(M. AO) 9 

a 

which give the  abso lu te  radiance I(M,A ) i n  f u n c t i o n  of a s i n g l e  
1 

ad jus tab le  parameter.  A(AI) ,p o r  B ( A  ) i s  then  va r i ed ,  s o  t h a t  
A 1 1 

when c a r r i e d  over t o  e q .  ( 2 ) ,  the resuTt ing radiances  I(M,A,) 

g ive  the 'observed magnitude mA (a). The isophote maps c o r r e s -  
1 

poading t o  t h i s  concurrence w i l l  be compared t o  the observat ions .  

Before applying t h i s  method t o  the measurements , the 

fo l lowing p o i n t s  should be noted: 

a)Measurements of f i g u r e s  7a t o  7f a r e  no t  deeonvoluted 

from the e f f e c t s  due t o  the  atmospheric turbulence and the  appara- 

tus. The b l u r r i n g  of t h e  images l i m i t s  the  choice of the  r e fe rence  

wavelength. The i d e a l  would be t o  s t a r t  from one extremi t y  of  

t h e  s p e c t r a l  i n t e r v a l  explored ,  i n  order  t h a t  the  domain o f  

v a r i a t i o n  i n  which the  d i f f e r e n t  models can b e  d i f f e r e n t i a t e d  

might be as l a r g e  as p o s s i b l e ,  But i n  the  p resen t  case,  we take 

as X the  average wave l eng th  0.379 Pm., i n  prder  t o  minimize the 
O b' 

propagation of i n i t i a l  e r r o r s  upon I(M,X ) .  
O 

b) In order t o  determine T ~ ( M .  Ao), T ,  (M) o r  o ~ ( M . ~ ~ )  

from I(M,X ) , the  l o c a l i z a t i o n  o f  a  given point  M ( long i tude  and 
O 

l a t i t u d e )  should be known with good p rec i s ion .  To guperimpose 

t h e  t h e o r e t i c a l  contour of the. apparent  d i sk  of Venus upon the - 
experimental  maps, the two fol lowing c r i t e r i a  were s e l e c t e d .  

( i )  the  t h e o r e t i c a l  te rminator  i s  placed a s  p a r a l l e l  a s  p o s s i b l e  

t o  t h e  experimental  i sopho te  20; the  lowest radiance  l e v e l s  a r e  



e f f e c t i v e l y  those which a r e  the  l e a s t  d i s t o r t e d  by dissymmetries. 

( i i )  the  t h e o r e t i c a l  limb i s  placed on the  experimental i sophote  

45 near  the  radiance maximum (or maximums); t h i s  choice  r e s u l t s  

from a summary a n a l y s i s  of photographs d e t e r i o r a t i o n  ( c f .  Annex). 

These two c r i t e r i a  f i n a l l y  lead t o  a f a i r l y  p r e c i s e  pos i t ion ing .  

c)Radiances near  the  l i m b  not being usab le ,  c a l c u l a t i o n s  

a r e  l i m i t e d  t o  the c e n t r a l  p a r t  of  the  disk, the use fu l  r a d i u s  

be ing about 4 /5  of the  p l a n e t  r a d i u s .  A t  a given wavelength X 
1 ' 

the  t h e o r e t i c a l  radiances  I(M, X ) mus t be  adjus  ted i n  order  t o  
1 

r e s t o r e  the  p l a n e t  magnitude, The i n t e g r a l  which appears i n  eq. 

(2)  can be evaluated only f o r  the usable su r face  S' i n s t ead  the  

e n t i r e  s u r f a c e  S of the  apparent  d i s k .  We w i l l  assume t h a t  the 

f l u x  backscar tered  by S and S' evolve i n  approximately the  same 

way w i  t h  wavelength f o r  a l 1  models, s o  t h a t  

A l m o s t  a l 1  e r r o r  w i l l  thus be found t o  be concentrated i n  the  

eva lua t ion  of t h i s  term £rom the reference  photograph, I t  i s  

evaluated  a s  be ing of about 5 percent .  The l i m i t a t i o n  of the  

da ta  t o  the usable su r face  S '  should lead t o  only a sys temat ic  
d 

overest iniat ion o r  underest iamtlon of the  magnitudes, the s p e c t r a l  

v a r i a t i o n s  of which should however be w e l l  respected .  



The i n i t i a l  d i s t r ibu t ions  T,(M.>~~), T ~ ( M )  and wo(X,Ao) 

obtained a t  0.379 vm., a r e  found i n  f igures  3, 4 and 5 respect i -  

vely.  Figure 4 presents the T (M) d i s t r i bu t ion  corresponding t o  
1 

the average solut ion obtained; i t  appears tha t  the extreme solu- 

'max min t ions  T and r l  a r e v e r y c l o s e ,  the o p t i c a l t h i c k n e s s  a t  the 
1 

center  of the disk varying only f rom about 2.5 t o  3.5 . The 
tpax min 

thicknesses greater than r l  imply an i n i t i a l  r e f l e c t i v i t y  p 
A 0  

so  weak t h a t  i t  would no longer be possible t o  f i n d  the decrease 

i n  magnitude when approching 0.3 Pm. . Optical thicknesses of 

max 
less than rmin, en ta i l i ng  r r e f l e c t i v i t y  higher than pl , tend 

1 
O 

t o  give a radiance d i s t r i bu t ion  which i s  too homogeneous, and 

i t  becolnes impossible t o  res tore  the observed dissynunetries. 

The great  f r a g i l i t y  of t h i s  mdel thus appears, It can 

be wonderd whe ther , w i  t h  deconvoluted pho tographs where radiance 

d i s s p e t r i e s  would be more pronounced, or  with observations corres- 

ponding t o  exceptionally inhoaiogeneous conditions ( c f .  Paper 1). 
4 

t h i s  model might be inval idated a t  t h i s  stage.  

The obtention of high op t i ca l  thicknesses a t  the te r -  

Mnator  and poles seems t o  re t roac t ive ly  contradict  c e r t a i n  
d 

hypothesis of thin model; a i  it seems hasardous t o  extrapolate  

the cha rac t e r i s t i c s  of the top of the haze for  such great  op t i ca l  

Lhicknesse~,  a s izeable  p a r t  of them could correspond t o  molecu- 

lar sca t t e r ing  and depend upou wavelength . This  point  is of no 

importance; f o r  such la rge  values of T M  backscaetered radiance 



becornes f a i r l y  i n s m s i t i n  to v a r i a t i o n s  o i t  and p l .  Resu l t s  
1 

ob tained simply i n d i c a t e  t h a t  the  termina t o r  and poles regions ,  

in model II, should be covered by a th ick  conservative l a y e r ,  

f o r  which the  p r e c i s e  T values obtained a r e  only i n d i c a t i v e .  
l 

The d i f f e r e n t  aiodels then can be extrapolated t o  the 

other wavelengths of t h e  series. Table LI gives . the  values  of 

constants A(X) , p A  and B(X) needed fo r  these  ex t rapo la t ions .  

32re c a l e d a t i o n  of d i f f e r e n t  t h e o r e t i c a l  d i s t r i b u t i o n s  

I ( L I , X )  shows first that d e l s  1 and 111 lead t o  p r a c t i c a l l y  

indistinguishable r e s u l t s  i n  t h e  useful  p a r t  of the  d i s k ,  i n  

the vhole spectral interval explored.  For model II appreciable  

dif ferences  do no t  appear between the p rev i s ions  deduced f rom 

max min mïn w x  
thc initial extreme s o l u t i o n s  (il , ) and ( 7  ,pA ) .It 

O O 

hete shal l  be necessary to  be content  with the  comparison of  

experimental  maps with the merged r e s u l t s  of m d e l s  1 and III 

oa one hand, and wi th  t h e  results of the average model II on 

the other .  

- 
These d i f f e r e n t  r e s u l t s  are repor ted  i n  f i g u r e s  

> 
.i 

:- 
3 ~ , ? "  

6a t o  6'. and 8a t o  8f. i n  the ~ r d e r  of incrcaming values  of , . S m  - 
F - 8  - 

magnitude, f r o n  l e f t  ro right. ï h e  uppcr s c r i e s  corresponds 

t o  wdels I and 111, the lover one CO d e i  I I .  The e x p ~ r i ~ n t a l  

aaps, figmes t a  ta 7f, are piaced betueen them, fac ing theore t i -  

cal maps correspogding t o  t h e  sama m ~ n i t o d e .  One t h e o r e t i c ~ l  



map was drawn, which corresponds to the wavelength in t e rva l  0.39- 

0 . 4 3  Pm., f o r  which masures  a re  not avai lable ,  but where the 

r e l a t i v e  evolutions of the d i f f e r en t  moéels a r e  in te res t ing .  

Mode1 11 implies an increase of the dissymetries i n  

the  ul t ra-violet  region which i s  c l ea r ly  grea te r  than tha t  

observed. The observations thus seem much be t t e r  r e s  ti tuted by 

mde l s '  1 and III i n  which there i s  a high loca l i za t ion  of the 

absorption.  

I n  the t rans i to ry  region 0.39-0.43 un., a differencia-  

t ion of models again seems possible,  the contras ts disappearing 

more rapidly i n  mode1 II than i n  models 1 and III. Observations 

i n  t h i s  region unfortunately a r e  not ava i lab le  ; the photograph 

a t  0.430 pm. i n  Paper 1 was taken 24 hours af t e r  the r e s t  of the  

s e r i e s ,  and could not be used quant i ta t ive ly .  

Last ly  i n  the v i s i b l e ,  the previsions of the three 

models become near ly  i den t i ca l .  Whatever the l oca l i za t ion  of the 

absorbant may be, the m d e l s  predict  an almost t o t a l  d i spa r i t i on  

of i t s  influence. Al1 &se r e s u l t s ,  however, seem unreconcilable 

with observations. Fur thermore exceptional conditions occur 

(Paper 1 gives exemples of such observations) f o r  which large 

inhomogeneities i n  the isophores are recorded a t  0 .585  Dm.. 
- 



DISCUSST ON 

T h e  f i t s t  r e s u l t  of our comparison, v h i c h  l e a d s  t o  

t he  l o c a l i z a t i o n  of  the u l t r a - v i o l e t  abso rp t ion  over or  w i t h i n  

t h e  upper haze l a y e r ,  must be cons idered  wi th  p recau t ion .  Th i s  

conclus ion  i s  founded e s s e n t i a l l y  upon the  hypothes is  t h a t  

image d e t e r i o r a t i o n  be uniform w i t h i n  the  s e r i 6 s  of  d i s s y m e t r i e s  

cons ide red  . The r igo rous  t ak ing  i n t o  account  of appara t u s  and 

a tmospher ic  e f f e c t s  would be i n d i s p e n s a b l e  be fo re  a d e f i n i t i v e  

conc lus ion  cou ld  be reached. 

The second result shows t h a t  i t  i s  no t  poss i l i l e  t o  

c o r r e l a t e  the  visible and u l t r a - v i o l e t  obse rva t ions  i n  the 

hypo thes i s  of a s i n g l e  abso rp t ion  mechanism. This  r e s u l t  seems 

more c e r t a i n .  From the  te rmina tor  t o  the  subso la r  p o i n t ,  t he re  

i s  a r e g u l a r  dec rease  i n  observed r a d i a n c e ,  i f  compared t o  

c a l c u l a t e d  p r e v i s i o n s .  The same phenornena i s  a l s o  found i n  two 

o t h e r s  obse rva t ions  presented  i n  Paper  1 (Photographs from 

22/11/1945, a= 101°,9; and from 23/111/1948, am 75 ' ,5 ) .  The 

r ad iance  d i s t r i b u t i o n s ,  p resented  he re  aga in  i n  f i g u r e s  9 

and 10, s e e z  very  uni iorm; n c v e r t h e l e s s ,  they c l e a r l y  d e v i a t e  

f r o n  the r h e o r e t i c a l  r e p a r t i t i o n s  c a l c u l a t c d  f o r  an  uniform 

and c o n s e r v a t i v e  l a y e r  of mdel  ( 1 ) .  vhich  a r c  réproduced on 
- 

t h e  sa= figures; such r e p a r t i t i o n s  n e a r l y  c o i n c i d r  v i t h  ehe 

preceeding  r e s u l t s  deduccd f r o n  ttlc u l t r a - v i o l e t  c o n t r a s  t s .  

A d e f i c i t  of l i g h t  is once more noted tova rds  the s u b s o l a r  

p o i n t .  The sa= conc lus ions  ï c r c  a r r i v c d  a t  i n  the  a n a l y s i s  of 



r e s u l t s  £rom Mariner IO (Devaux e t  a l . ,  1974) . 

I n  h i s  analysis o f  the u l t r a - v i o l e t  c o n t r a s t s  on 

Venus, T r a v i s  (1976) a r r i v e d  a t  the  same genera i  conclusion 

a s  t o  the need t o  invoke a t  l e a s t  two d i s t i n c t  major sources  of 

absorp t ion  t o  explain tbe  whole of the  observed f e a t u r e s .  

Hovever the need f o r  a second absorpt ion  mechanism here d e r i v e s  

on ly  from the  d e t a i l e d  a n a l y s i s  of the  isophote maps i n  yellow 

l i g h t ,  n o t  from the  c o n t r a s t  curves which wash ou t  such d e t a i l e d  

information.  As an exemple, c o n t r a s t  curves have been p l o t t e d  i n  

f i g u r e  I I ,  f o r  a mid-lat i tude po in t ,  from the  t h e o r e t i c a l  r e s u l t s  

corrssponding t o  our models. It seems t h a t  the t y p i c a l  f e a t u r e s  

o f  the c o n t r a s t  curves  observed may be r e s t i t u t e d  with models 

w i t h  a single absorpt ion  mechanism. 

If mode1 XII v e r e  v a l i d  the  s imples t  i n t e r p r e t a t i o n  

o f  t h i s  yellow discrepancy would be t o  suppose t h a t  the clouà 

l a y e r  th ickness  decreases  r egu la r ly  £rom t h e  terminacor to  the  
- 

subso la r  point. This l i g h t  dc f ' i c i t  i n  the v i c i n i t y  of thc  subso la r  

p o i n t  would thcn be a t t r i b u t c d  t o  the  inf luence  o f  the dark  ground 

which could appear a s  a r e s u l t  of the  dccrens ing absorp t ion  

and w l c c u l a r  s c a t t e r i n g ,  i n  v i s i b l e  l ig l i t  . Such tvo parameters 

w d c l s  have not bccn i n v c s t i s a t c d  h c r è ;  t y p i c a l l y ,  o p t i c a l  dcpths 



o f  abou t  15 a t  the  s u b s o l a r  p o i n t  c o u l d  e x p l a i n  t h e  observed  

r a d i a n c e  d e c r e a s i n g .  

Aside f r o m  irnage d e t e r i o r a t i o n ,  o u r  r e s u l t s  a r e  s t i l l  

b lemished  by the i n i t i a l  i n c e r t i t u d e  of m ( a ) .  The a n a l y s i s  was 
O 

resumed f o r  twn s e r i e s  o f  v a l u e s  of t h e  i n t e g r a l  !\, I ( M ,  A)dS/S 

which r e s p e c t i v e l y  were  8 p e r c e n t  g r e a t e r  t h a n ,  and 8 p e r c e n t  

l e s s  t h a n  those  of t h e  d a t a  i n  t a b l e  I I .  For rhe  l e s s e r  s e r i e s  

t h e  v a l u e s  of r (M,A ) ,  r (3) and  w (M, Ao) o b v i o u s l y  a r e  s l i g h t l y  
a  O O 

m o d i f i e d ,  b u t  the  main r e s u l t s  rerrain q u a l i t a t i v e l y  unchanged. 

E o r  t h e  s e r i e s  of g r e a t e r  v a l u e s  on t h e  c o n t r a r y ,  i t  becomes 

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

any  of t h e  models.  The a b s o l u t e  r a d i a n c e s  o b t a i n e d ,  a l r e a d y  

towards t h e  c e n t e r  o f  the d i s k ,  c o r r e ~ p o r ~ d  t o  a n  a l m o s t  n o n - e x i s t a n t  

a b s o r p t i o n ,  and the  r e l a t i v e  i n c r e a s e  o f  t h e  r a d i a n c e  towards t h e  

t e r m i n a t o r  and t h e  p o l e s  can no l o n g e r  be a s s e s s e d .  P r o b a b l y ,  such  

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

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

announced by I r v i n e  ( 1968) , and  t o  t h e  lowes t e v a l u a t i o n  of t h e  

v i s u a l  s o l a r  magni tude.  

COSCLUS 1OS 

The type o f  a n a l y s i s  p r e s e n t e d  h e r e  seems c a p a b l e  o f  

c o n t r i b u t i n s  p o s i t i v e  i n f o r m t i o n  a b a u t  t h e  cloiid s t r u c t u r e  o f  

Venus, b u t  i n  o r d e r  t o  d i s t i n g u i s h  m d s l s  1 and 111 from mode1 11, 



photometry wi t h  about  a 5 percent  r e l a t i v e  p r e c i s i o n  i s  neces- 

sary . 

Although these  i n i t i a l  s e s u l  t s  a r e  i n  favor  o f  a  

l o c a l i z a t i o n  of  t h e  abso rp t ion  h i & \ %  ir .  t h e  atrnûsphere, a  d e f i n i t e  

conclus ion  mus t awai t  t h e  r e s u l t ç  o f  !-ore acrur , l  t e  obse rva t ions ,  

completed by t h e  r e c o r d i n g  o f  t he  np:  qrat i is  f i inc t ion .  Such 

observa t ions  a r e  p laned .  The s p e c t r a l  r e g i  cjn 0 . 3 9  - 0.43 Pm. 

seems r a t h e r  f avo rab le  f o r  t h i s  type of a n a l y s i s ,  because of 

i ts g r e a t e r  experirnen t a 1  convenience than the u l t r a - v i o l e t  

r eg ion .  

I f  models 1 and III stiou1.d p r e v a i l ,  che i r  d i f f e r e n -  

c i a t i o n  seems t o  b e  a t  t h e  l i m i t  o f  the  p o s s i b i l i t i e s  of the  

method, a s  would be a very p r e c i s e  d e t ~ r m i n a t i o n  of  the 

conse rva t ive  o p t i c a l  t h i c k n e s s ,  i f  mode1 II shnuld p r e v a i l .  

Perhaps the mos t s i g n i f i c a n t  r e s u l  t s  temrning from 

t h i s  work i s  t h a t  a  hypothes is  assu!iling a s i n g l e  abso rp t ion  

mechanism f o r  the e n t i r e  s p e c t r a l  i n  t e r v a l  explored  i s  incapa- 

ble of r e c o n s t i t u t i n g  obse rva t ions  a s  a  whole. I t  thus seems 

t h a t  the anomalies observed i n  yel low l i g h t  (and sometimes 

very c o n t r a s t e d ;  s e e  Paper f )  correspond t o  an abso rp t ion  source  

which i s  d i f f e r e n t  £rom t h a t  which appea ï s  i n  u l t r a - v i o l e t .  

Although the ground my appear t o  be a l i k e l y  second source  

of a b s o r p t i o n ,  the ques t ion  n e c e s s i  t a t e  more c a r e f u l  c o n s i d e r a t i o n .  



The exact  pos i  t ionning of the  theore  t i c a l  isophote 

maps upon the  expenimental ones is c r u c i a l .  Par  t i c u l a r l y  

important i s  the p r e c i s e  l o c a l i z a t i o n  of the t h e o r e t i c a l  limb. 

Taking i n t o  account the  n e a r l y  t r a n s l a t i o n n a l  cha- 

r a c t e r  of the  symetry of the  radiance  d i s t r i b u t i o n s  observed 

i n  the  v i c i n i t y  of t h e  equator  f o r  v i s i b l e  l i g h t ,  i t  w i l l  be 

assumed i n  a  crude approximation t h a t  the  problem here i s  

unidimensional .  

I f  the r e a l  e q u a t o r i a l  radiance  d i s t r i b u t i o n  

I(x) was a  s t e p  funct ion ,  i t  i s  c l e a r  t h a t  the  limb ought to 

be placed upon the i sophote  50. The d i f f i c u l t y  l i e s  i n  the  

de terminat ion  of the experimental va lues  I'(x ) and T(x ) which 
1 2 

a r e  measured wi th  the  r e a l  radiance d i s t r i b u t i o n ,  r e s p e c t i v e l y  

a t  the  po in t  where t h e  radiance i s  maximum and a t  the limb . 
Theore t i ca l  e q u a t o r i a l  radiance  d i s t r i b u t i o n s  I ( x )  

have been computed f o r  a  cloud cover assumed t o  be th ick ,  

h o r i z o n t a l l y  homogeneous, wi th  the  s c a t  t e r i n g  law ( 1  ) . The s i n g l e  

s c a t t e r i n g  albedo was ad jus ted  s o  t h a t  the s p h e r i c a l  albedo 

i n  v i s i b l e  l i g h t  was obta ined.  The phase ang les  67',3 75*,5 

and 10 1 " ,9 where choosen, fof  days where homogeneous condi t ions  

seemed t o  p r e v a i l  on Venus. 

The exact appara tus  func t ion  g(x) be ing unknown, 

th ree  a r b i  t r a r y  funct ions  have been t r i e d .  The r e s u l t s  a r e  

independant of  the assumed appara tus  f unc t i o n ,  and w i l l  be 

given f o r  one of  them: 



The t h e o r e t i c a l  d i s t r i b u t i o n s  I ( x )  have been convo- 

l u t e d  w i t h  t h i s  func t i o n ,  t h e  parameter  xo b e i n g  a d j u s  t ed ,  

i n  each  case.; u n t i l  t he  ob ta ined  d i s t r i b u t i o n  

f i t  t h e  observed e q u a t o r i a l  r a d i a n c e  d i s t r i b u t i o n  i n  the  v i c i -  

n i t y  of the limb. 

F igu re  12 shows t h e  normal i sed  e q u a t o r i a l  d i s t r i b u -  

t i o n  1' (x) /11 (x ) ob ta ined  f o r  t he  phase  ang le  101°,9. For 
1 

15.5 g x < 18.5, t h e r e  is a good r e s t i t u t i o n  of t h e  observed 
O 

r a d i a n c e  p r o f i l e  nea r  t he  l imb,  and t h e  cor responding  va lues  

I t ( x  ) and I1(x )/I'(x,) a r e  n e a r l y  c o n s t a n t  (0.95 and 0.54 
4- 2 

r e s p e c t i v e l y )  . But i t mus t be noted t h a t  t he  e q u a t o r i a l  d i s t r i -  

but ionswhich can f i t  the  observed onesnear  t h e  l imb d i s a g r e e  

w i t h  them i n  t h e  c e n t r a l  p a r t  o f  t he  d i s k .  

The same conclus ions  appear  f o r  the two o t h e r  phase 

a n g l e s ,  w i t h  d i f f e r e n t  v a l u e s  f o r  I IGx ) and I 1 ( x  ) / I ' ( x  ). 1 2 1 

The v a l u e s  I1(x ) has been taken i n t o  account  f o r  t h e  va r ious  1 

maps drawn i n  t h i s  paper: The r e s u l t s  ob ta ined  from t h i s  
d 

c rude  a n a l y s i s  i n  y e l l w  l i g h t  have been  used f o r  t he  o t h e r  

wavelengths of the s e r i e s ,  f o r  which the  same s t u d y  was n o t  

resumed. 
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P l a t e s  of  Venus f o r  which i sophotes  

are de r ived .  

r 

Da t e  

31 J u l .  69 

31 J u l .  69 

31 J u l .  69 

31 J u l .  69 

31 J u l .  

Time 
(UT) 

04h18 

04h08 

04h03 

03h52 

6 9 0 3 h 4 5  

a 
(deg) 

-67O.3 

-67O.3 

-67O.3 

-67' .3 

-67O.3 

X 
t r im.)  

0.327 

0.354 

0.379 

0.520 

0.585 

Observatory 

P i c  du Midi 

P i c  du  Midi 

P i c  du Midi 

P i c  du Midi 

P i c d u M i d i  

Observer 

Fryer  

Fryer  

f q e r  

Fryer  

F rye r  

Fig. no 

7a 

7b 

7c 

7e 

7f 



TABLE II 

Data used for models. 



FIGURE CAPTIONS 

Figure  1 : S p h e r i c a l  a lbedo  f o r  Venus. F u l l  l i n e :  £rom Trav i s ,  1875. 

Dashed l i n e :  w i t h  pure Rayle igh  s c a t  t e r i n g .  

Fcgure 2 : T h e o r e t i c a l  models . 
Figu re  3 :  O p t i c a l  dep th  .r (M) of t he  upper abso rb ing  l a y e r .  Model 1, 

a  

X = 0.379 P m , .  
O 

F igu re  4: Op t i ca l  dep th  T (M) of the  upper c o n s e r v a t i v e  l aye r  . 
1 

Model II, 
Q) 

Figu re  5: Sing le  s c a t t e r i n g  a lbedo  w (M) of t h e  c loud .  Model III, 
O 

F igu re s  6a to  8 f :  

6a t o  6 f :  t h e o r e t i c a l  r e s u l t s  w i t h  models 1 and III. 

7a t o  7 f :  expe r imen ta l  r e s u l t s ,  £rom D o l l f u s  and a l .  1975. 

8a t o  8 f :  t h e o r e t i c a l  r e s u l t s  w i t h  model II. 

a t o  f: wavelengths  0.327, 0 .354,  0.379, 0.412, 0.520, 0.585 um. 

Figure  9: I sopho te  maps .a = 101° . 9 .  F u l l  l i n e s :  exper imenta l  r e s u l t s  

(22 Feb . 45, 18h47, X=0.585 Pm. ,  Camichel H . ,  P i c  du Midi) . 
Dashed l i n e s :  t h e o r e t i c a l  r e s u l t s  w i t h  a homogeneous 

and t h i c k  c loud ;  s c a t t e r i n g  law: eq .  ( 1 ) .  

F i g u r e  10: Same a s  F i g u r e  9 ,  a t  a= 75' .5 (23 Mar. 48, 18h27, A= 0.585 Pm., 

Camichel H . ,  P i c  du Mid i ) .  

F igu re  1 1 : C o n t r a s t  cu rves  (1 -'O .585)'10 .585 
, deduced £rom t h e  

c a l c u l a t i o n s ,  w i  t h  models 1 and III and w i  t h  model II. 

Figure  12: Normalized e q u a t o r i a l  r ad i ance  d i s t r i b u t i o n s  nea r  t h e  

limb limb. a = 161° .9. Dots: exper imenta l  r e s u l t s  . T h e o r e t i c a l  

p r o f i l e s  w i t h  x =12.5 (dashed l i n e ,  x =23.5 (dot-dashed 
O O 

l i n e )  and w i t h  15.5 xo 18 -5 (shaded a r e a )  . 
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F i g u r e  8b  F i g u r e  8c l 
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Les d iverses  amé l io ra t i ons  apportées à l 'ana lyse  e t  à l a  

programmation de l a  méthode des Harmoniques Sphériques nods o n t  f ina lement  

procuré un o u t i l  t r è s  performant.  

Ayant permis de t e s t e r  t r è s  largement une méthode a n a l y t i q u e  

approchée de c a l c u l  de f l u x  e t  d 'a lbédo sphériques, l a  méthode des 

Harmoniques Sphériques, de par  sa r a p i d i t é  e t  sa s t r u c t ~ r e  en b l o c s  t r è s  

poussée, s ' e s t  avérée p a r t i c u l i è r e m e n t  b ien  adaptée à l ' é tude  du rayon- 

nement r é t r o d i f f u s é  par l es  atmosphères p lanéta i res ,  étdde qu i  nécess i te  

l a  détermi naf i o n  complète du champ de rayonnement podr de nombreux cas 

de modè l  es d  i f  f üsants. 

C e t t e  première analyse d é t a i l l é e  du rayonnement s o l a i r e  r e -  

d i f f u s é  par Vénus, a  permis de dégager des s i m p l i f i c a t i o n s  in té ressantes  

e t  s ' e s t  révé lée  capable d 'appor te r  des in fo rmat ions  p o s i t i v e s  su r  l a  

s t r u c t u r e  nuageuse de c e t t e  p lanète.  L ' i m p o s s i b i l i t é  de c o n c i l i e r  les 

observa t ions  v i s i b l e s  e t  u l t r a - v i o l e t t e s ,  dans l 'hypothèse d'un méca- 

nisme d 'abso rp t i on   nique, suggère ad tour  de 0,6 Pm une i n f l u e n c e  poss ib le  

d~ so l  l o c a l i s é e  au vo is inage du p o i n t  sdbso la i re .  Une t e l l e  é v e n t d a l i t é  

que l e s  sondages de Vénéra 9 e t  10 semblent conf i rmer,  r e v a l o r i s e r a i t  

considérablement l e s  études photométr iques dans l e  cas de l a  p l a n è t e  de 

Vénus. 

En c e  qu i  concerne une l o c a l i s a t i o n  haute podr l ' a b s o r p t i o n  

responsable de l a  f a i b l e  r é f l e c t i v i t é  de V é n ~ s  en u l t r a - v i o l e t ,  c e  r é s ~ l -  

t a t  moins c e r t a i n  nécess i te  des observa t ions  s i m i l a i r e s  mais, p l u s  var iées  

e t  p l u s  préc ises.  Vénus devant se présenter  dans de bonnes cond i t i ons  

d 'observa t ion  au cours  de I  ' é t é  1977, dne campagne d 'observa t ion  a é té  

p ro je tée .  Les o b j e c t i f s  de c e t t e  campagne o n t  pd ê t r e  préc isées à p a r t i r  

de c e t t e  première étude e t  on peut  espérer en c o l l a b o r a t i o n  avec l e s  

expérimentateurs de Meudon e t  du P ic  d~ M i d i  que l a  p r é c i s i o n  nécessa i r e  

(de l ' o r d r e  de 5%) su r  l a  photométr ie  sera a t t e i n t e  e t  permet t ra dne 

conc lus ion  d e f i n i t i v e .  



L ' é v e n t ~ a l i t é  de I ' i n f l d e n c e  d~ so l  sur  l e s  anomal i e s  ob- 

servées en Idmière jadne e s t  un problème qdi semble également à l a  po r tée  

des observa t ions  t e r r e s t r e s .  L ' é v o l ~ t i o n  des réseaux d l isophotes dans 

c e t t e  gamme Spec t ra le  d e v r a i t  en e f f e t  permet t re de conf i rmer  ou d 1 i n -  

f i r m e r  son r ô l e  en jouant  su r  l ' e f f e t  de masque v a r i a b l e  de l a  d i f f ü s i o n  

Rayle igh.  Les con t ras tes  observés en Idmière jaune é t a n t  généralement 

beaucaup p l d s  f a i b l e s  qd'en U.V, à moins de rencont rer  des c o n d i t i o n s  

d 'excep t i onne l l e  inhomogénéité, l e ~ r  analyse devra néanmoins a t t e n d r e  

qu'dne photométr ie  t r è s  p r é c i s e  s o i t  accessib le.  

Dans l ' immédiat,  l ' expé r ience  acquise ad codrs de c e t t e  é t ~ d e  

des c l i c h é s  té lescopiques a  rendd envisageable dne analyse s i m i l a i r e  5 ~ r  

l e s  c l i c h é s  à t r è s  haute r é s o l u t i o n  t ransmis par Mar iner  19 e t  ce  t r a v a i l  

e s t  actuel lement  en cours. 

Para l lè lement  à l 'ana lyse  p h o t o m é t r i q ~ e  I ' é t ~ d e  de l a  pola- 

r i s a t i o n  d é t a i l l é e  s u r  l e  d i s q ~ e  a  été d6veloppée aJ Labora to i re  

(DEUZE, 1974) e t  f a i t  actuel lement  l ' o b j e t  d~  t r a v a i l  de recherche de 

R.SANTER ( 1977) . La campagne d 'observa t i  on p r é v ~ e  c e t  é t é  devra i t per- 

me t t re  d ' o b t e n i r  des mesJres simultanées ( photométr ie  aJ P i c  d~ Mid i  

e t  p o l a r i s a t i o n  à Meudon). 1 I  sera a l o r s  i n té ressan t  de con f ron te r  les 

c o n c l ~ s i o n s  o b t e n ~ e s  pa r  ces d e ~ x  méthodes d'analyse. 
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