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MODEL ATMOSPHERE OF PLANET VENUS 

ACCORDING _TO-_THE RESULTS OF MEASUREMENTS 

QN- TEE SOVIET &JTOMATIC INTERPLANETARY -STATION 

"V E N _E R._A - 4" 

From P r e p r i n t  p resented  a t  
t h e  2nd Arizona Conference on 
P lane ta ry  Atmospheres. 
TUCSON, ARIZONA, 11 - 13 March 1968 

by V.  S .  Avduyevskiy 
M .  Ya. Marov & 
M. K.  Rozhdestvenskiy 

SUMMARY 

This  paper  p r e s e n t s  t h e  d e t a i l s  of t h e  experiment conducted on VENERA-4 
as it descended on its su r face  by parachute  from t h e  a l t i t u d e  of  about 28 km. 
These resul ts  were made ava i l ab le  be fo re  a pre l iminary  communication [3],was 
publ i shed .  Based most ly  on ex t r apo la t ion ,  t h i s  paper  i s  accompanied by 1 2  
o r i g i n a l  diagrams. It i s  probable t h a t  some of t h e  conclusions r e l a t i v e  t o  
p r e s s u r e ,  temperature  and dens i ty  w i l l  be  f u r t h e r  ad jus t ed  f o r  t h e  f i n a l  
p u b l i c a t i o n .  

* 
* *  

The purpose of t h e  p re sen t  paper i s  t o  analyze t h e  r e s u l t s  of measure- 
ments made by t h e  automatic  i h t e r p l a n e t a r y  s t a t i o n  "Venera-4", and t o  esta- 
b l i s h  t h e  most probable  model of t h e  lower atmosphere of  Venus. 

This  r e p o r t  i s  based upon the pre l iminary  r e s u l t s  of temperature ,  p res -  
s u r e  and dens i ty  measurements, on chemical a n a l y s i s  and on t h e  i n i t i a l  a l t i -  
t u d e  d a t a  summarized i n  t h e  press  [l, 21. The pre l iminary  r e s u l t s  of analy-  
sis are presented  i n  t h e  paper [31. 

The main o b j e c t i v e  o f  t h e  sof t - landing probe w a s  t o  measure t h e  p r e s s u r e ,  
t empera ture ,  d e n s i t y  and composition of t h e  lower atmosphere of Venus. Measu- 
rements cont inued f o r  94 minutes as t h e  probe w a s  making a smooth parachute  
descen t .  

The a l t i t u d e  above t h e  p l a n e t ' s  s u r f a c e  a t  t i m e  of parachure deployment 
w a s  26 f 1 . 3  km, as w a s  shown by t h e  r a d i o a l t i m e t e r .  
o f  t h e  atmosphere w a s  determined immediately a f t e r  parachute  deployment and 
347 seconds la ter .  The atmosphere w a s  found t o  c o n s i s t  mainly of Con w i th  
s m a l l  amounts of water, oxygen and p o s s i b l y  a l s o  of n i t rogen  and i n e r t  gases .  

The chemical composition 
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An average assumed model atmosphere, obtained from as t ronomica l  obser- 
v a t i o n s ,  w a s  used t o  s e l e c t  t h e  device ' s  measurement ranges.  
t u r e  w a s  measured by two hermetic  r e s i s t a n c e  thermometers capable  t o  ope ra t e  
i n  gaseous and l i q u i d  media i n  the  presence of chemical ly  aggress ive  substan-  
ces .  The s e n s i t i v e  elements of t ransducers  ( s e n s o r s )  w e r e  made of  platinum 
w i r e .  They w e r e  mounted i n  balanced br idge  c i r c u i t s .  The measurementcrange 
of  t h e  f i r s t  t r ansduce r  w a s  270 t o  6 0 0 ~ ~  and t h a t  of t h e  second 210 t o  730OK. 
The root-mean-square e r r o r  of temperature measurement, a t ,  of t h e s e  t ransdu-  
c e r s  a i d  not  exceed r e s p e c t i v e l y  2 4' and ? 7'. The i r  i n s t a l l a t i o n  ru l ed  ou t  
any e f f e c t  by theboundary  l a y e r  formed on t h e  probe on t h e  readings .  

The tempera- 

The p res su re  w a s  measured by means of an aneroid- type manometer. The 
measurement range of t h e  device  was 0.13 t o  7 .3  kg/cm2. 
ments w a s  t 0.2 kg/cm2. 

The e r r o r  of measure- 

A s p e c i a l  densimeter wi th  a n  i o n i z a t i o n  chamber i n  t h e  form of a c y l i n d e r  
wi th  a f i l amen t  w a s  used t o  measure t h e  dens i ty .  The i n t e r n a l  s u r f a c e  of t h e  
c y l i n d e r  w a s  covered wi th  a t h i n  l a y e r  of f3-ective s t ron t ium 90 ,  inducing gas  
i o n i z a t i o n  i n  t h e  cy l inde r .  The densimeter ope ra t ion  w a s  based upon measure- 
ment of cu r ren t  generated betweep t h e  f i lament  and t h e  c y l i n d e r  a t  a s p e c i f i e d  
vo l t age .  The dens imeter ' s  measurement range w a s  0.5 - 1 5  - g/cm3 f o r  
C O S ,  N2, 02 and mixtures  of  those  gases .  * 0 . 1  l0-jg/crn3 a t  t h e  beginning and * 2 .  

p o s s i b l e  e f f e c t s  of  overloads and environment. 

The root-mean square e r r o r  ap w a s  

The devices  were checked i n  t h e  e n t i r e  measurement range and under a l l  
g/cme3 a t  t h e  end of  measurements. 

The descent  v e l o c i t y  w a s  l e s s  than  10 m/sec and, t h e r e f o r e  could not  
a f f e c t  t h e  devices '  read ings .  The root-mean-square errors are given f o r  t h e  
va lues  recorded by t h e  r ece iv ing  s t a t i o n s .  

MEASUREMENTS 

The i n t e r r o g a t i o n  of t ransducers  with a t e l e l n t r i c  commutator began a t  
07 h.  40 min. 52 sec .  Moscowtime. Temperature w a s  measured during t h e  whole 
experiment and ceased only  when the communication wi th  t h e  probe w a s  i n t e r r u p t -  
ed a t  09h. l 3 m .  57 sec .  The pressure  and dens i ty  were measured u n t i l  t h e  
readings  went o f f  s c a l e ,  r e spec t ive ly  a t  08h.30m.31 s. and a t  0850 hours .  

The curves of tempera ture ,  p ressure  and dens i ty  v a r i a t i o n  wi th  t i m e  are 
p l o t t e d  i n  F ig .1 .  Here t h a  arrow shows t h e  moments of  t ime when measurements 
o f  p re s su re  and d e n s i t y  had ceased. 

The "hump" on t h e  d e n s i t y  curve i n  F i g . 1  a t t r a c t s  our  a t t e n t i o n .  

Basing ourse lves  on t h e  values  of t h e  t h r e e  parameters  measured up t o  
0830 hours and on t h e  equat ion  of s t a t e ,  t h e  va lues  of  t h e  molecular weight 
were c a l c u l a t e d  ( F i q . 2 ) .  A s  may be seen from it , t h e s e  vary  from 41r.8 t o  57. 
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It i s  u n l i k e l y  t h a t  t h e  a l t i t u d e  g r e a t l y  a f f e c t s  t h e  atmosphere composition. 
It  w a s  assumed t h a t  t h e  densimeter readings  were inaccura t e  on account of  
s m a l l  admixtures.  
and thus  d i d  not  i n f luence  t h e  thermometer and manometer readings .  

These admixtures were neglec ted  i n  t h e  chemical a n a l y s i s  

EXTRAPOLATION 

The va lues  of p re s su re  and dens i ty  were ex t r apo la t ed  on t h e  b a s i s  of t h e  
a n a l y s i s  of phys i ca l  p rocesses  i n  t h e  atmosphere f o r  a known t i m e  dependence 
of temperature .  The f a c t  t h a t  the probe descended wi th  a parachute  w a s  taken 
i n t o  account .  

The change of  s t a t e  of  t h e  gas i s  p l o t t e d  i n  Figures  3 and 4 i n  logari thm- 
i c  coord ina tes .  The i p c l i n a t i o n s  of t h e  curves a r e  assumed t o  be po ly t rop ic .  
The s imples t  e x t r a p o l a t i o n  of these  curves by t h e  cond i t iona l  po ly t rop  i n c l i -  
t i o n  g ives  t h e  f i n a l  ( t e r m i n a l )  values of p re s su re  and d e n s i t y ,  r e s p e c t i v e l y  
equa l  t o  19 kg/cm2 and 19.9 * g/cm3. 

The computed exponents n l  and n2 of t h i s  cond i t iona l  po ly t rop  are p l o t t e d  
i n  F ig .5 .  A s  may be seen ,  t h e  polytrop exponent nl i s  computed by t h e  measured 
va lues  of  p re s su re  and temperature;  it inc reases  monotonical ly ,  approaching 
a t  t h e  end of measurements t h e  ad iaba t i c  exponent y = cp/cv f o r  Con a t  cor res -  
ponding t e rmina l  va lues  o f  pressure and temperature .  

The v a r i a t i o n  of exponent nl i s  not  monotonic. The maximum value  of n2 
This  i s  why a n a l y s i s  of  d a t a  i s  equal  t o  1.65 i s  d i f f i c u l t  t o  subs t an t i a t e .  

based upon manometer and thermometer readings .  

The i n v e s t i g a t i o n s  of  thermodynamic s t a t e  were c a r r i e d  out  i n  t h e  assump- 
t i o n  t h a t  t h e  atmosphere cons is ted  of  C 0 2  , t a k i n g  i n t o  account t h e  d a t a  of  che- 
mica l  a n a l y s i s  and t h e  ca l cu la t ed  va lues  of t h e  molecular weight,  which were 
close t o  44 toward f i n a l  measurements. 

The "entropy-presqure" diagram of [ 4 1  i n  Figure 6 shows t h e  curves of  t h e  
s ta te  of CO, v a r i a t i o n s  over  t h e  measurement s e c t o r s ;  t hey  are based on t h e  
measured va lues  of p re s su re  Pmeas, and temperature ,  Tmeas, (curve  11, and on 
Pmeas and 'meas (curve  2 ) .  The t h i n  i n c l i n e d  l i n e s  are isotherms.  

The v a r i a t i o n  of gas  s t a t e  parameters i n  t h e  atmosphere gene ra l ly  satis-  
f ies  t h e  s t a b i l i t y  cond i t ion  

- d S = d s . d T > / O  
dh dT dh 

where S i s  t h e  gas en t ropy .  
t i o n  has  t h e  form ds/dT < 0. The cond i t ion  ds/dT < 0 i s  s a t i s f i e d  when t h e  
i n c l i n a t i o n  angle  of t h e  change of s t a t e  curves i s  negat ive .  

Since i n  our  case dT/dh .< 0 ,  t h e  s t a b i l i t y  condi- 

Dotted l i n e s  correspond t o  ex t r apo la t ion  f o r  t h e  f i n a l  measurement pe r iods .  
The values of  p re s su re  obta ined  a t  t h e  p o i n t  of i n t e r s e c t i o n  of t h e  d o t t e d  
curve 1 wi th  t h e  544' i sotherm i s  19.2 kg/cm2. 
t h e  upper estimate of probable  pressure  on t h e  s u r f a c e .  

It apparen,t ly provides  us  wi th  
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Fig. 4. Extrapolation curve of experimental values of  density 
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F i g .  6. The chnnge of gas s ta te  i n  the  pressure - entropy diagram f o r  C02.  
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dr  the steady state atmosphere witnout natural convection 

_.- calculat ion on the baee o f  hydrostat ics  equation f o r  uniform 
desceut ve loc i ty .  

Fig. 7. Jhperimental Values oompared with values calculated both from the 
hydrostatios equation and from the quast-uniform desoent ve loo i ty  

equation - -- l inear extrapolation. 
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The h o r i z o n t a l  s o l i d  l i n e s  correspond t o  t h e  case  of  ex t r apo la t ed  adia-  
According t o  curve 1, t h e  corresponding va lue  i s  18.5 kg/cm2 b a t  ds/dT = 0 .  

and t h e  mean po ly t rop  exponent i s  1 . 2 4 ,  

Curve 2 i s  based on d e n s i t y  and temperature  measurementsafor IJ = 44. 
Ext rapo la t ing  it, w e  have t h e  higher t e rmina l  p re s su re  v a l u e s ,  20.8 kg/cm2 
and 19.8 kg/cm2. These estimates are less  probable .  

The water-vapor phase t r a n s i t i o n  curves are a l s o  given i n  F ig .6 ,  It i r .  
o f  i n t e r e s t  t o  note  t h a t  t h e  densimeter readings  show b e t t e r  agreement wi th  
manometer measurements immediately beyond t h i s  curve.  

Ex t r apo la t ion  of i n i t i a l  experimental  d a t a  can be performed independent 
l y  by u t i l i z i n g  two equat ions  (hydros ta t ics  equat ion  and t h e  equat ion  of qua- 
s i  uniform motion f o r  t h e  parachute  descent  of t h e  probe. These equat ions  
may be w r i t t e n  i n  t h e  form 

M g = c F  x 2  

where g i s  t h e  g r a v i t a t i o n a l  acce le ra t ion  on Venus, equal  t o  860 t o  800 cm/s2; 

mic drag c o e f f i c i e n t ;  
t y  re la t ive t o  t h e  gas; 1 i s  t h e  descent  v e l o c i t y  re la t ive t o  t h e  su r face .  

i s  txe a l t i t u d e ;  M i s  t h e  mass of t h e  descending probe;  cx i s  t h e  aerodyna- 
F i s  t h e  c ross  s e c t i o n  area; Vn i s  t h e  descent  ve loc i -  

If w e  assume t h e  absence of v e r t i c a l  flows i n  t h e  atmosphere,  Vn= v. 
L e t  u s  u se  t h e  equat ion  of state f o r  a p e r f e c t  gas  

where R i s  t h e  u n i v e r s a l  gas  cons tan t .  It i s  v a l i d  f o r  CO, wi th  a p rec i s ion  
t o  2-3 percent  i n  t h e  measured temperature and p res su re  ranges ,  Then 

I 

Fac to r  A can be c a l c u l a t e d  on t h e  b a s i s  of t h e  known probe and parachute  
c h a r a c t e r i s t i c s  and of t h e  assumed va lue  of weight.  Attempts may be made t o  
determine i t s  va lue  according t o  t h e  r e s u l t s  of measurements of P and T .  

F igure  7 g ives  t h e  experimental  values  of p1'2 as a func t ion  of i n t e g r a l  

, 

dT 
T "2 

A s t r a i g h t  l i n e  can be d r a m  w i t h  h igh  accuracy through t h e  l a r g e  group of 
p o i n t s  i n  t h e  reg ion  of m Q s t  r e l iab le  manometer i n d i c a t i o n s ,  P = (2-7 kg/cm2. 

Hence it fol lows t h a t  t h e  condi t ions of quasi-uniform descent  are satis- 
f i e d  and t h a t  v e r t i c a l  flows a r e  p r a c t i c a l l y  absent .  
c l i n a t i o n  angle  of t h e  s t r a i g h t  l i n e  (equal  t o  f a c t o r  A I  agrees  w e l l  wi th  
t h e  c a l c u l a t e d  va lue  of A f o r  cx/M = 0.00225 kg-' and 1.1 - 44. 

The tangent  of t h e  in- 
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When P < 2 kg/cm2, t h e  experimental  p o i n t s  l i e  above t h e  l i n e  drawn, 
which i s  e i t h e r  evidence of ex is tence  of updra f t s  v 9  0.2 - 0 .3  m/sec, o r  
of manometer inaccurac ies  a+, time of i n i t i a l  measurements. I n  t h e  l as t  case  
t h e  mean va lue  of i n i t i a l  pressure decreases  from 0.76 t o  approximately 0.62 
kg/cm2 , which is wi th in  manometer range. 

Ex t r apo la t ing  t h e  s t r a i g h t  l i n e  i n  t h e  d i r e c t i o n  of higher  va lues  of T 
a t  t e rmina l  temperature ,  w e  ob ta in  P = 17.2 kg/cm2 . 

The corresponding segment of t h e  curve i s  p l o t t e d  on t h e  entropy d ia -  
It i s  evident  t h a t  at such an ex t r a -  gram of F i g . 6 . b ~  a dash-dotted l i n e .  

p o l a t i o n  t h e  atmosphere's  s t eady- s t a t e  condi t ion  ds/dT < 0 i s  d i s rup ted .  

The ex t r apo la t ed  curve,  computed according t o  Eqs (1) and ( 2 1 ,  can be 
made t o  agree  with t h e  ad iaba t  ds/dT = 0 (Fig.G),  provided we assume t h a t  
t h e  downward flow v e l o c i t y  near t h e  su r face  i s  v - Vn = 0.5  m/sec. 

F i n a l l y ,  if w e  assume an argon content  of % lo%, t h e  curve of t h e  change 
of s t a t e  ob ta ined  from Eq.(3)  approaches very c lose ly  t h e  ad iaba t  f o r  a mole- 
c u l a r  gas  weight of 43.5. 

Thus, t h e v a l u e P  = 17.2 kg/cm2 may  be considered as t h e  lower e s t ima te  
of t h e  probable  va lue  a t  t h e  surface.  

TIME DEPENDENCE OF THE PATH COVERED 

The t ime dependences of P ,  P and T being known, it i s  poss ib l e  t o  de t e r -  
mine t h e  covered pa th  by us ing  the  h y d r o s t a t i c  equi l ibr ium equat ion (1) by 
formula ( * ) ,  or expression (2)  if v e r t i c a l  flows a r e  neglec ted  

The curves f o r  t h e  covered path Z a r e  p l o t t e d  i n  Figure 8 as a fui-ictim 
Curve 1 i s  obtained from Eq.(5)  by us ing  t h e  va lues  of P and T and of  t ime.  

t h e  molecular gas weight equal  t o  44. 

The s o l i d  l i n e  i n  t h e  ex t rapola ted  s e c t i o n  corresponds t o  an a d i a b a t ,  
t h e  d o t t e d  l i n e  - t o  a polytop and t h e  dash-dotted l i n e  t o  ex t r apo la t ion  by 
formula ( 4 )  ( F i g . 9 ) .  

When us ing  t h e  va lue  cx/M = 0.00225 kg-' , t h e  c a l u c l a t i o n  based on Eq. 
( 6 )  co inc ides  with t h a t  made by E q . ( 5 ) ,  whereupon t h e  c a l c u l a t e d  values  of 
descent  v e l o c i t y  v a r i e d  from ( 1 0  - 11) m/sec at t h e  a l t i t u d e  of 28 km t o  
about 2.5 - 3 m/sec near  t h e  sur face .  

The region of a l l  p o s s i b l e  va lues  of gene ra l  a l t i t u d e  def ined by t h e  
The range of t h i s  gauge's measurement r a d i o a l t i m e t e r  i s  shaded i n  Fig.8.  

be ing  taken i n t o  account.  A s  may be seen ,  t h e  va lue  of genera l  a l t i t u d e  co- 
i n c i d e s  i n  a l l  cases  with a p rec i s ion  t o  5% with t h e  r a d i o a l t i m e t e r  record- 
i n g s .  This  agrees  we l l  wi th  the  a s s e r t i o n  t h a t  t h e  t ime of communication 
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i n t e r r u p t i o n  wi th  t h e  probe coincides  wi th  t h e  t i m e  of s o f t  l anding  or 
descent  t e rmina t ion .  

The m a x i m u m  discrepancy i n  the  i n i t i a l  a l t i t u d e ,  determined by d i f f e r e n t  
methods, depends on t h e  e r r o r s  of all gauges,  t h e  presence of v e r t i c a l  f lows 
and t h e  l o c a l  re l ie f  a t  t ime of poss ib l e  probe d r i f t i n g  on account of wind. 

THE MODEL ATMOSPHERE 

I n  o rde r  t o  e s t a b l i s h  a model of t h e  atmosphere of Venus, t h e  values  of 
temperature  T and p res su re  P were taken  as b a s i c  parameters ,  u s ing  t h e  ex t r a -  
po la t ed  ad iaba t .  
carbon d ioxide .  Thus, i n  order  t o  ob ta in  t h e  d i s t r i b u t i o n  of  parameters i n  
he igh t  w e  u t i l i z e d  curve 1 of Fig.8 wi th  t h e  nominal a l t i t u d e  of 28 km ( s o l i d  
l i n e ) .  

It i s  pos tu l a t ed  t h a t  t h e  atmosphere c o n s i s t s  mainly of 

The atmosphere p r o f i l e  i n  height  ( h  = (28  - Z) km f o r  t h e  n igh t  s i d e  of 
Venus near  t h e  morning terminator  i s  shown i n  F igures  9 t o  11. I n  a l l  t h e  
cases  t h e  s o l i d  l i n e  corresponds t o  t h e  nominal va lue  and t h e  dash-dotted 
l i n e s  d e l i m i t  t h e  reg ion  of t h e  most probable va lues .  The d o t t e d  l i n e s  cor- 
respond t o  t h e  va lues  t h a t  a r e  poss ib l e ,  b u t  less probable  t o  f i t  t h e  above 
cons ide ra t ions .  

The p res su re  on t h e  su r face  l i e s  between 17  and 21  kg/cm2. ( s e e  F i g . 9 ) .  
The most probable  value i s  18.5 kg/cm2. 
s u r e  is 0.76 2 0 .2  kg/cm2 ( a  negat ive  allowance having a h ighe r  p r o b a b i l t t y )  . 

A t  t h e  a l t i t u d e  of 28 km t h e  pres -  

On t h e  s u r f a c e  t h e  temperature i s  544'K ? 10' ( s e e  Fig.101,  and a t  t h e  
a l t i t u d e  of 28 km it i s  304OK f loo. 
from 11.7 km t o  6.55 km r e spec t ive ly .  

The " s c a l e  he ight"  H = RT/ug v a r i e d  

The v a r i a t i o n  of t h e  state of gas i s  c l o s e  t o  a d i a b a t i c  ( p o s s i b l y  even 
s u p e r a d i a b a t i c )  up t o  10 - 15 km; it i s  sub-adiabat ic  a t  h ighe r  a l t i t u d e s .  

It may be assumed t h a t  gas  mixing i s  p resen t  at  t h e  s u r f a c e  because of 
n a t u r a l  convect ion,  eventua l ly  caused by upward energy t r a n s f e r  as a r e s u l t  
of  r a d i a t i o n  o r  t u r b u l e n t  hea t  conduction. 

I n  t h e  upper l a y e r s  t h e  heat ba lance  i s  s e t t l e d ,  which does not  cause 
n a t u r a l  convect ion.  
n o t  h ighe r  t han  0.5 t o  0.6 m / s e c .  

A s  an average, t h e  updraf t  v e l o c i t y  (whenever p r e s e n t )  i s  

The temperature  g rad ien t  near t h e  su r face  os 8.8 t o  8.9' pe r  km; it de- 
c r e a s e s  slowly with a l t i t u d e  (F ig .  10). The a d i a b a t i c  temperature  g rad ien t  
of  a real  gas  i n  he igh t  i s  

dT 

It i s  determined from t h e  expression d i /dh  = -g, where i i s  t h e  gas 'en tha lpy .  
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Fig. 11. Density and density gredient 4~ versus altitude. 
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A s  may be seen from Fig.11,  t h e  va lue  (dT/dh)ad inc reases  with a l t i t u d e .  

The v a r i a t i o n  of dens i ty  with a l t i t u d e  as a func t ion  of P and T i s  p l o t -  
t e d  i n  F ig .11  i n  t h e  assumption t h a t  t h e  atmosphere c o n s i s t s  of  carbon d ioxide .  

The c a l c u l a t e d  d e n s i t y  va r i ed  from (16.5 - 18.3) * g/cm3 on t h e  sur -  
f a c e  t o  about 1 .2  * g/cm3 a t  t h e  a l t i t u d e  of 28 km. The measured va lues  
of  p are shown i n  F ig .11  alongside wi th  t h e  e x t r a p o l a t e d  ones by means of a 
po ly t rop  (F ig .  4 ) .  

The va lues  of t h e  a l t i t u d e  g rad ien t  of d e n s i t y  @/dh,  l i n k e d  wi th  t h e  
g r a d i e n t  of  t h e  index of r e f r a c t i o n  II, are i l l u s t r a t e d  i n  Fig.11.  

dP 
c -,  -- dh T - R  1 d h ] '  dh- dh 

where c = 0.23 cm3/g. dP - P gP dT dn - _---- 

Calcu la t ions  show t h a t  f o r  t he  obta ined  va lues  of dens i ty  g r a d i e n t s  i n  
t h e  atmosphere of Venus s t r o n g  d i s t o r t i o n  of l i g h t  r ays  t a k e s  p l ace .  A t  t h e  
a l t i t u d e  of  8.5 km t h e  curva ture  r a d i u s  of t h e  l i g h t  r ay  i s  equa l  t o  t h e  
r a d i u s  of t h e  p l a n e t  
degrees  ( 'L3') .  
ween t h e  horizon and t h e  l i g h t  ray d i r e c t e d  from t h e  s u r f a c e ,  which, because 
of r e f r a c t i o n  h i t s  again t h e  planet ' s  s u r f a c e ,  i s  c l o s e  t o  t h r e e  degrees .  

% 6100 km. The angle  of t o t a l  r e f l e c t i o n  i s  of a f e w  
The angle  of t o t a l  i nne r  r e f l e c t i o n ,  t h a t  i s ,  t h e  angle  be t -  

Ex t r apo la t ing  upward t h e  r e s u i t s  of measurements, one may estimate t h e  
lower he igh t  of t h e  base of t h e  cloud l a y e r .  It i s  assumed t h a t  t h e  atmo- 
sphere  conta ins  0.5 t o  1 percent  of water  vapor .  

The curve of t h e  s ta te  of  gas and t h e  curves of p a r t i a l  water vapor pres -  
s u r e  as a func t ion  of temperature are shown i n  Fig.12 i n  logar i thmic  coordi-  
n a t e s .  A s  may be  seen ,  a t  ex t r apo la t ion  t h e s e  curves i n t e r s e c t  t h e  curve of  
water s a t u r a t i o n  below t h e  t r i p l e  p o i n t  a t  T = 257OK, P = 0.15 kg/cm2 and 
T = 264OK and P = 0.3  kg/cm2 f o r  0.5 t o  1 percent  H20 content .  Thus, i f  t h e  
clouds are formed on account of  H 2 0  condensat ion,  t hey  c o n s i s t  of small i c e  
c r y s t a l s  o r  of very supercooled water.  Under t h e  circumstances,  t h e  lower 
boundary l i e s  at t h e  a l t i t u d e  of 34 - 35 km. 
when it i s  r a i n i n g  i n  t h e  atmosphere, t h e  ra indrops  must completely evapora te  
a t  t h e  a l t i t u d e  h ~ 1 3  km, where water  vapor p re s su re  exceeds t h e  atmospheric 
p r e s s u r e .  

It i s  i n t e r e s t i n g  t o  note  t h a t  

I+* T H E 
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