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ABSTRACT

The physica l p roperties  of Venus a re  reviewed and upon these d a ta , 

two models o f the  Basic s ta te  v e r t ic a l  s tru c tu re  of the  atmosphere are  

developed. One of these models assumes non-condensing "dust" clouds and 

th e  o th er assumes ice  (R^O) clouds. The purpose of these choices i s  to  

in v e s tig a te  th e  impact of these  two cloud types on th e  derived c irc u la tio n  

of th e  atmosphere.

A steady s ta te  two-dimensional com pressible c irc u la tio n  model i s  

developed which describes the  response o f a  b asic  s ta te  atmosphere which 

is  a t  r e s t ,  to  sun ligh t f a l lin g  on an opaque cloud lay er. By v irtu e  o f 

th is  model, th e  phase e ffe c t of tem perature in  the  lower atmosphere i s  

determined to  be non-ex isten t.

The r e s u l ts  o f th is  model in d ic a te  th a t  a shallow c ircu la tio n  c e l l  

develops near the  cloud tops extending from th e  sub so lar to  the a n tiso la r  

p o in t. Making the Boussinesq approximation does not change th is  e s se n tia l 

fe a tu re , but only decreases the  wind speed to  h a lf  the  value of the com

p re ss ib le  model. The choice of cloud type is  determined to  be important 

to  th e  speed o f the c irc u la tio n  due to  th e  d if fe re n t temperature s tru c tu re s  

in  th e  two cloud types studied.

IV
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THE STEQCTURE AND CIRCULATION OF THE 

ATMOSPHERE OF VENUS

CHAPTER I  

INTRODUCTION

The p lane t Venus, twin s is te r  to  E arth , has in trig u ed  the  im agination 

o f  man fo r  many c en tu rie s . Much of th e  importance given to  Venus in  human 

h is to ry  and mythology i s  no doubt due to  the  p la n e t 's  extreme b rig h tn ess , 

exceeded only by th e  Moon and Sun, and to  i t s  long endurance in  the sky fo r  

several months a t  a tim e. Venus is  o ften  re fe rre d  to  as E a rth 's  twin be

cause of th e i r  s im ila r  mass, s ize , and close proxim ity in  the  so la r system. 

However, th is  is  where the s im ila r ity  ends, as the  atmospheric s tru c tu re , 

composition and c irc u la tio n  are qu ite  d if fe re n t from Earth.

Venus i s  a member of th e  t e r r e s t r i a l  p lan e ts : Mercury, Venus, E arth ,

and Mars. These p lan e ts  d i f f e r  from th e  ou ter or Jovian p lan e ts  in  th a t 

th e  density  o f a t e r r e s t r i a l  p lanet i s  h igh , in d ica tin g  th a t  thermal escape 

has driven o ff  th e  l ig h te r  elements o f the prim ordial atmosphere. This i s  

due to  th e  close proxim ity of the Sun, d isso c ia tin g  many m olecules, and 

im parting higher therm al v e lo c itie s  to  the  upper atmosphere; and to  the 

lower mass o f the  p lan e t causing i t  to  have a lower escape v e lo c ity . Thus, 

th e  atmosphere remaining on a t e r r e s t r i a l  p lan e t i s  gen era lly : heavy

( e .g . .  Carbon Dioxide and N itrogen), in e r t  ( e .g . .  Argon, Neon, Krypton), 

o r is  a secondary atmosphere of recen t chemical, b io lo g ic a l and/or volcanic

1
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o rig in  ( e .g . ,  th e  atmosphere o f E arth ). In  c o n tra s t, the  Jovian p lanets  are 

cool enough and massive enough to  have re ta in ed  an almost Sun-like composi

tio n  (<y60% Hydrogen, Helium), according to  Spinrad and Trafton

(1963). Venus has long been thought to  have an atmosphere, since the 

p lan e t ex h ib its  a halo of sca tte red  l ig h t  during in fe r io r  conjunction, 

most probably as a r e s u l t  o f sca tte rin g  by "cloud p a r tic le s "  in  th a t 

atmosphere.

U n til re c e n tly , le s s  was known of th e  atmosphere o f Venus than of 

almost any p lan e t in  the  so la r system. The p la n e t 's  ubiquitous cloud 

cover has caused much of th e  controversy which has ex is ted , since i t  p re 

vents implementation o f most experiments which would determine the s tru c tu re  

and composition. When experiments are  performed, the cloud cover usually  

makes th e  in te rp re ta t io n  of these data d i f f i c u l t ,  since the  o rig in  of th e  

detected  s ig n a l i s  d i f f i c u l t  to  p inpo in t. This lack  of d a ta , dealing w ith 

surface conditions and atmospheric s tru c tu re  below the  clouds has lead  to  

a wide v a r ie ty  o f equally  p lau sib le  model atmospheres being proposed.

Because Venus has the approximate rad ius and mass o f E arth , i t  has 

h is to r ic a l ly  been assumed th a t  the atmospheres o f the two p lan e ts  were 

a l ik e , except where evidence ind icated  d if fe re n t .  Most ea rly  models, 

th e re fo re , assumed surface pressures of a few atm (atmospheres p re ssu re ) , 

an atmosphere w ith m ostly Nitrogen and some Oxygen, and a negative tem

p era tu re  g rad ien t in  th e  troposphere. Sadly, only the l a t t e r  o f these 

has proven to  be t ru e .

According to  Keldysh (I967) and Deirmendjian (I968), estim ates of 

surface p ressu re  o f  th e  atmosphere o f Venus have ranged from 1 to  1000 

atm or g re a te r ,  w ith b es t estim ates by Evans e t a l  (I967) ly ing  in  the
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range o f 5 to  4o atm, Spinrad (1962) deriv ing  a lower and upper l im it  of 

surface p ressu re  o f 10 and 30 atm, re sp ec tiv e ly , Cameron (1965) giving 

100 atm, and w ith  Kaplan (I962) p red ic tin g  a nominal surface pressure of 

10 atm. The knowledge of composition has also  been very uncertain . I t  

was genera lly  assumed th a t  only a small p a r t  of th e  atmosphere was carbon 

d ioxide, and th a t  th e  remainder was p r in c ip a lly  n itrogen  (e .g .,  Spinrad 

(1962)). Opik (1961), however, d id  consider models in  which 20, 4o, and 

80% by mass o f  the  atmosphere was carbon dioxide.

Much controversy has ex isted  about th e  tem perature a t  the  surface of 

the  p la n e t. Two fa c to rs  contributed to  th i s  problem: the  atmospheric

models w ith r e la t iv e ly  low surface p re ssu re s , reg ard less  of the percentage 

o f CO2, were no t ab le to  reproduce th e  ho t tem peratures detected by th e  

passive microwave instrum ents and th e  surface tem perature measured w ith 

microwave radiom eters from Earth depends upon th e  wavelength used. Accord

ing to  Koenig (I967), a t  m illim eter wavelengths th e  measured temperature is  

about 38o°K, a t  centim eter wavelengths - 550°K, and a t  about ten  centim eter 

wavelengths - 68o°K. There was some question  as to  whether these emissions 

were a l l  o f  therm al o r ig in , or i f  a hot dense ionosphere (Walker and Sagan, 

1966), lig h tn in g  emissions or chemical reac tio n s  could produce a non-thermal 

component, and i t  has been argued th a t  th e  ra d ia tiv e  equilibrium  tem perature 

o f Venus should be 250 to  350°K depending upon i t s  ro ta tio n a l speed. A 

strong greenhouse e f fe c t  o r dust cloud would tend to  ra ise  the tem peratures, 

but w ith low p ressu res  and low wind speeds being considered, tem peratures 

of 700°K were not thought to  be p o ssib le . S im ila rly , very l i t t l e  was known 

about the su rface  c h a ra c te r is t ic s ,  th e  ro ta tio n a l  speed, the magnetic f ie ld  

and the  atmospheric c irc u la tio n  of the  p la n e t Venus.
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The Mariner I I ,  Venera 4 , Mariner V, Venera 5» and Venera 6 have 

increased our knowledge of Venus many orders o f magnitude over stud ies  

conducted from Earth. By v ir tu e  of th ese  new d a ta , i t  has become pos

s ib le  to  re je c t  many o f  the  ea rly  proposed atmospheric models. Each 

probe accomplished much in  unravelling the m ysteries of Venus; however, 

each has made a p a r t ic u la r ly  important con tribu tion :

Mariner I I  -  disproved the hot ionosphere theory  and favored ho t- 

surface models (Pollack and Sagan (I967)), Venera 4 -  showed th e  surface 

p ressu re  to  he a t  l e a s t  20 atmospheres and the atmosphere to  be composed 

o f predominantly carbon dioxide. Mariner V showed most of atmosphere was 

COg, sounded the s tru c tu re  in  and above th e  clouds, and in d ica ted  th a t 

Venera 4 stopped tra n sm ittin g  about 26 km above th e  su rface . Venera 5 

and 6 - reconfirmed th a t  extremely high pressures near 100 atm e x is t  near 

th e  surface and improved our knowledge of the atmospheric composition to  

th e  extent th a t  u n c e r ta in tie s  were reduced by 50^ . By v ir tu e  o f these  new 

d a ta , man's knowledge o f  th e  v e r tic a l  s tru c tu re  o f the  Venus atmosphere is  

probably g rea te r than fo r  any planet except Earth. C ircu la tion  models of 

th e  atmosphere have been developed by Mints (I961), Ohring e t a l  (I965), 

Goody and Robinson (I966), Hess (1968), Stone (I968), and Bohachevsky and 

Yeh (1969), most o f  which were p rio r to  the  time th a t  reasonably d e fin itiv e  

d a ta  were av a ilab le . Thus, s ig n if ic a n t improvements should be p o ssib le  on 

th ese  models. Furtherm ore, a new c ircu la tio n  model would extend our knowl

edge of the s tru c tu re  ( e .g . ,  v e r t ic a l  tem perature, p ressu re , d en s ity , e tc .)  

to  o ther loca les  on Venus.

Since th e  surface i s  obscured from view by th e  clouds, th e  c irc u la tio n  

of th e  lower regions o f the  atmosphere must be stud ied  th e o re t ic a l ly ,  or
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measured in  s i t u ,  while the c irc u la tio n  a t  cloud top  le v e ls  can be studied 

in  d e ta i l  by v isu a l observations and astronom ical photography.

In  the follow ing chap ters, the physical p ro p e rtie s  of Venus are re 

viewed and upon th ese  data two models of th e  b asic  s ta te  v e r t ic a l  s truc tu re  

are developed. One of th ese  models assumes non-condensing "dust" clouds 

and th e  other assumes ic e  (HgO) clouds. The purpose o f these choices is 

to  in v es tig a te  the  impact of the present s c ie n t i f ic  un certa in ty  of the 

nature of the clouds on the derived c irc u la tio n  of th e  atmosphere.

A steady s ta te  two-dimensional c irc u la tio n  model i s  developed which 

describes the  response, of a basic  s ta te  atmosphere which i s  a t  r e s t ,  to 

sun ligh t f a l l in g  on an opaque cloud lay er (with a dense, 100% COg atmos

phere below), causing a c ircu la tio n  th a t re d is tr ib u te s  the energy over the 

p lan e t. This A nelastic  (sound excluded), com pressible c irc u la tio n  model 

is  implemented in  f in i t e  d ifference form fo r  num erical re lax a tio n  on 

d ig i ta l  computers. Results are  obtained fo r  various b asic  s ta te  model 

atmospheres, various eddy v isco s ity  values, various P randtl numbers, etc. 

fo r: comparison to  known experimental d a ta , evaluation  of o ther c ircu la

tio n  models, and hopefully  impacting the d ire c tio n  o f new experimental 

measurements.



CHAPTER I I

PHYSICAL PROPERTIES OF THE PLANET VENUS

Atmospheric models of the lower Venus Atmosphere are u sua lly  hased 

on th e  assumption o f hy d ro sta tic  eguilibrinm  and the equation o f s ta te , 

and evidence describ ing :

1) the gaseous components of th e  atmosphere

2) the su rface  pressu re

3) the su rface  tem perature

4 ) the  tem perature p ro f i le  as a function  of a lti tu d e

5) the g ra v ita tio n a l f ie ld  o f the p lan e t

In  o rder to  make a  dynamic model o f the c irc u la tio n  o f the  atmosphere,

one must have inform ation including the  follow ing :

6 ) observational or photographic evidence of cloud morphology, d is 

tr ib u t io n ,  and t  emporali mature

7) the n a tu re  of suspended p a r t ic le s  o r clouds and changes of phase 

th a t  occur on th e  surface o r in  the atmosphere

8) the n a tu re  of tu rb u len t tra n s fe r  o f heat and momentum

9 ) the speed of ro ta tio n  and revo lu tion  of the p lan e t and the d irec 

t io n  of po in ting  o f  the p o la r axis

10) some estim ate  o r measurement of h o rizo n ta l wind speeds

11 ) d iu rn a l and la t i tu d in a l  v a ria tio n s  in  surface tem perature, cloud 

top te n ç e ra tu re .

6
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In  order to  give perspective  to  current c irc u la tio n  models and to  th e  

models developed herew ith , a b r ie f  review of th e  physica l p ro p erties  of 

Venus and the  evo lu tion  of current th eo rie s  i s  appropriate . Data re la t in g  

to  th e  eleven d a ta  requirements ju s t  mentioned w ill  be emphasized. Koenig 

e t  a l  (1967) has summarized the  data, th eo rie s  and s c ie n tif ic  thought 

about Venus, cu rren t through December I965. These d a ta , together with 

more recen t d a ta  p e rta in in g  to  Venera 4 , Mariner V, Venera 5j and Venera 

6 , and r e s u l ts  th e re o f , are discussed as fo llow s.

Mariner I I

Mariner 11 was launched on August 27, I962 and encounter began on 

December l 4 , I962 as th e  460 lb  probe passed w ith in  21,598 m iles of the 

cen te r of Venus as described by Koenig (I967). The spacecraft had an 

in fra re d  radiom eter on board w ith two band passes centered a t 8.4  and 

10 .4)1, a beamwidth o f O.9 X 0 .9 ° , and equivalent blackbody temperature 

l im its  o f 200°K to  600°K (Chase e t a l  (I963)). According to  Barath et 

a l  (1963), M ariner I I  ca rried  a 22 pound microwave radiom eter operating 

a t  wavelengths o f 13.5  mm (H2O band) and I9 .0  mm (a window). Other 

instrum ents on board are  not discussed here because of th e i r  r e la t iv e ly  

small importance to  th e  s tru c tu re  and c irc u la tio n  o f th e  lower atmosphere.

Venera 4

The Venera-4  probe entered the atmosphere o f Venus on October 18, 

1967, near th e  equator in  the  dark hemisphere about 1500 + 500 km from 

th e  dawn term inato r (see Figure l ) .  The en try  probe has a mass o f 383 

kg and a diam eter o f ^ Im  and entered th e  atmosphere a t  the  speed of
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10,700 m/sec (Tass (1967)). A fter aerodynamic d ece le ra tio n  down to  the  

speed of 300 m /sec, a drogue chute was deployed; subsequently, the main 

chute was deployed (a t 26 km above the "su rface") and s c ie n tif ic  measure

ments were in i t i a te d .  The mechanical r ig id i ty ,  thermal c h a ra c te r is tic s , 

and th e  power supply (design life tim e  of 100 m inutes) were designed fo r  

operation to  a le v e l  o f  about 25 atm p re ssu re . The v e lo c ity  o f  descent 

a f te r  deployment of th e  main chute varied  from 10 m/sec a t  26 + 1.3  km 

to 3 m/sec when i t  reached the "surface", a f t e r  tran sm ittin g  fo r 93 

minutes (Avduevsky e t a l  (I968)). At the tim e o f  "landing" the tra n s 

m ission was in te rru p te d  suddenly without p re lim inary  a tten u a tio n .

According to  Avduevsky e t a l  (1968), th e  s c ie n tif ic  instrum ents 

aboard the en try  package included; two re s is ta n c e  thermometers (270-600°K' 

and 210- 730°K c a p a b il i ty ) ,  rms e rro r  + 4 and + 7° ,  re sp ec tiv e ly , a baro

m etric transducer (aneroid  barometer w ith range 0.13 to  7.3  kilograms force 

(kg^) cm"^, 100 to  5200 T orr), rms erro r + 0 .2  kg^ cm"^, a densitom eter 

(5 X 10”^ to  1 .5  X 10"^ gm/cc c a p a b ility ) , and Vinogradov e t a l  (I968) 

reported th a t  eleven chemical gas analyzers fo r  carbon dioxide, n itrogen , 

oxygen, and w ater vapor were also aboard. D irec tly  a f te r  the  parachute 

opened a t 26 km (550 mm Hg p ressu re), samples were taken in  f iv e  o f the 

analyzers, w ith  the remaining 6 analyzing c e l l s  receiv ing  samples 3^7 

seconds l a t e r  which corresponds to  a p ressu re  o f I500 mm Hg and an a l t i 

tude o f  19 km (Vinogradov e t a l  (1968)). Temperature was measured during 

the e n tire  operating  p e rio d  of the  entry probe, and the density  measure

ments were s ta r te d  sim ultaneously with the  tem perature and were conducted 

u n t i l  device overshooting (Mikhnevitch e t a l  (I968)). The d istance above 

the p lan e ta ry  surface was determined w ith a ra d a r.
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Mariner V

On October I9 ,  I967 th e  Mariner V spacecra ft passed Venus a t a d istance 

of 10,151 kilom eters from the center o f th e  p la n e t, as reported by Snyder 

(1967). Seven s c ie n t i f ic  experiments were planned and a l l  were conducted 

successfu lly . Three of th ese  experiments d e a lt  w ith th e  plasma environment 

of the p lan e t, and th e re fo re  w il l  not be d iscussed  h ere . The o ther four 

d ea lt more d ire c t ly  w ith the  atmosphere of th e  p la n e t. The u l tra v io le t  

photometer was designed to  d e tec t atomic hydrogen and oxygen in  the upper 

atmosphere of Venus (Barth e t a l  (I967)). The o ccu lta tio n  experiments were 

designed to  d e te c t any ionosphere which was p resen t by using signals a t 

49.8 to  423.3 MHz (Mariner Stanford Group (I9 6 7 )), and to  determine tem

p e ra tu re , den sity  and p ressure in  the n e u tra l atmosphere by measuring the  

frequency, phase and amplitude o f the S-band rad io  s ig n a l of Mariner V 

(Kliore e t  a l (1967)). The range and doppler rad io  track ing  data from 

Mariner V have a lso  y ie lded  a very p recise  measurement o f th e  mass of 

Venus (Anderson e t  a l  (I967)).

Venera 5 and 6

Venera 5 and 6 were launched toward Venus on January 5 and 10, I969, 

resp ec tiv e ly  (Pravda (1969)). The entry  capsules weighed 405 kg^, and 

were s im ila r to  th a t  of Venera 4 , except th a t  improvements in  construction  

were hoped to produce an operating range o f 0 .5  to  25-27 atm pressu re .

Venera 5 and 6 en tered  th e  atmosphere o f Venus a t  11.8  km/sec a t 62-65° 

in c lin a tio n  on May 16 a t  O9OI h and May 17 a t  0905 h lo c a l Moscow tim e, 

resp ec tiv e ly  (B richant (I969)). A fter dece lera ting  to  210 m/sec, the 

parachute systems and the  rad io  tran sm itte rs  were ac tiv a ted . Chemical
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gas analyzers, aneroid barometers, decimeter wavelength a ltim e te rs  and 

re s is ta n ce  thermometers were employed which were s im ila r to  those on 

Venera 4 . In  ad d itio n  a pho toelectric  sensor was in s ta l le d  to  determine 

lig h tin g  conditions below the Venus clouds in  th e  v is ib le  and near in fra re d .

Orbit

Venus i s  c lo se r to  the Sun than th e  Earth and thereby has a sho rter 

period of revo lu tion ; 225 days (Koenig (I967)). The revo lu tion  of the 

Earth about the  Sun gives Venus an apparent revo lu tion  period ( i e . ,  synodic 

period) o f $84 days, which accounts fo r  Venus serving as evening s ta r  fo r  

nearly  10 months, then passing through in fe r io r  conjunction to  become the 

morning s ta r  fo r about the same length  of time (Wyatt (1964) ) .  Since 

Venus is  an in fe r io r  p lanet ( i . e . ,  i t  l i e s  in s id e  th e  o rb it  of E arth ), 

i t  goes through phases s im ilar to  the Moon and Mercury. The o rb it  o f 

Venus i s  nearly  c i r c u la r ,  having an e c c e n tr ic ity  close to  zero: .OO68206938, 

and i t s  r e la t iv e ly  high in c lin a tio n  to  the e c l ip t ic :  3 *39363° , according to  

Koenig (I967), causes t r a n s i ts  over the disk o f the Sun to  occur very 

in freq u en tly , th e  most recent having occurred in  I882, and next to  occur 

in  2004, as reported  by Wyatt (1964) .

Mass

The mass has been determined from the pertu rb a tio n s th a t  Venus causes 

in  th e  so la r  o rb its  o f o ther bodies, p r in c ip a lly  the  E arth , Mercury, Eros, 

and in te rp lan e ta ry  probes from Earth. Thus determined, Venus has a mass 

only s l ig h t ly  le s s  than th a t of Earth. Koenig (1967) ca lcu la tes  a b es t 

value of the  absolu te mass o f Venus on the  b as is  of several data to  be 

4.868 (+ 0 .012) X 10^7 grams.
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D ensity

Based on h is  value fo r  the mass and a rad ius o f 6085 + 10 km fo r  the 

so lid  surface o f th e  p lan e t, Koenig (I967) ca lcu la ted  a mean density of 

5.158 + 0.010 gm cm“3 which makes Venus th e  second most dense p lanet in  

the s o la r  system, th e  Earth being most dense, a t  5.52 gm cm"8 (Jones (I96U)).

Rotation

The v e i l  o f  clouds th a t  e te rn a lly  cover th e  surface of Venus (as seen

from th e  Earth) has f ru s tra te d  attem pts to  measure the  ro ta tio n a l speed of

the p la n e t. Both a lack  of detected  doppler s h if t  in  the v is ib le  spectrum

from one term inato r to  the  o th er, and a lack  o f oblateness of the imaged

disk in d ic a te s  a very slow ro ta tio n a l speed (Wyatt (I96I+)). Radar re s u l ts  

since I961 have shown th a t  the  ro ta tio n  ra te  i s  re tro g rad e . The re s u l ts  

of G oldstein (1^64) in d ica te  a ro ta tio n  period of 248 days retrograde 

with a  ro ta tio n  ax is nearly  perpendicular to  th e  o rb it  of Venus. Gold

s te in  (1966) l a t e r  rev ised  th is  to  242,6 + .6 . Shapiro (1964) used th e  

1000 fo o t rad io  telescope a t  Arecibo, Puerto Rico to  ca lcu la te  a period  

of ro ta tio n  o f 24? + 5 days, and a p o la r  axis t i l t e d  a t  84° from the 

plane of the  o rb i t  o f  Venus. The revo lu tion  period  to g eth er with the 

ro ta tio n  period  in d ica te  the  length  of th e  day on Venus is  about 117 

Earth days. Goldreich and Peale (1966) have suggested th a t  the ro ta tio n  

period  could be 243.16 days, thereby making Venus in  a resonant condition , 

poin ting  th e  same p o in t toward Earth each in fe r io r  conjunction.

Atmospheric C irc u la tio n

Wright (1927) and Ross (I928) in  independent d isco v eries , found cloud 

p a tte rn s  were v is ib le  in  th e  Venus atmosphere when viewed in  u ltra v io le t
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l ig h t  (3500-3700 % i s  b es t (Hartman (1969)). These photos o ften  show a 

banded s tru c tu re  o r a  c e l lu la r  s tru c tu re , and are  usually  a ttr ib u te d  to  

high clouds analogous to  the t e r r e s t r i a l  n o c tilu c en t clouds, since they 

are  tra n sp a ren t to  v is ib le  l ig h t .

Figure 2 shows 25 such u l tra v io le t  images taken by S lipher (196U) 

during the period  I928 to  1948, rep rin ted  here  w ith permission o f Lowell 

Observatory. At tim es p a ir s  of clouds are v is ib le  with symmetry along 

th e  equator. Banded s tru c tu re s  a re  also seen which are rem iniscent o f ,  

bu t le s s  d is t in c t  than, those on J u p ite r .  These same bands a lso  remind 

one o f j e t  stream  c irru s  seen in  Gemini photographs over the  Sahara. 

Recently, Boyer and Carmichel (1961, I965), Boyer (I965), Boyer and Guèrin 

(1966), Smith (1967)# Anon (1968), Kuiper e t  a l  (I969), Hartman (I969), 

and Fountain and Larson (I969) have rep o rted  a retrograde motion o f 4-5 

day period in  th e  u l t ra v io le t  clouds. The lower permanent clouds occasion

a l ly  show f a in t  s tru c tu re  according to  Kuiper e t  a l  (1969).

As Shapiro (I968) po in ts  out: to  some, th e  widely d if fe re n t ro ta tio n

periods of Smith (1967): 5 days, and the rad a r ro ta tio n  period  of 2^7 days,

Shapiro (1964), may seem in c o n f lic t ,  whereas th e  f i r s t  o f  these p e rta in s  

to  a "cloud fea tu re"  v is ib le  in  u l t r a v io le t  l ig h t  and the l a t t e r  to  th e  

so lid  surface o f  Venus. Mintz (I961) tre a te d  sev era l cases p r io r  to  th e  

time when reasonably accu ra te  inform ation about the  ro ta tio n  ra te  and 

depth of th e  atmosphere was a v a ilab le . One of th ese  cases t r e a ts  a  very 

slow ro ta tin g  p lan e t w ith  a deep atmosphere in  a  2- layer Boussinesq model. 

His ca lcu la tio n s  show th a t  the  main c irc u la tio n  i s  from sub-so lar to  

a n ti-s o la r  p o in ts  a t th e  lower le v e ls  changing in to  a symmetric zonal 

flow about th e  poles a t  h igher le v e ls ,  thus reproducing some fea tu res  

observed in  th e  u l t ra v io le t  clouds. In th e  v is ib le  region of the spectrum.
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D ollfus (1955) has compiled observations which show quasi-permanent 

markings suggesting a c e l lu la r  p a tte rn  centered on the  su b -so la r point 

which are s im ila r  to  th e  u ltra v io le t  cloud d a ta . In  Goody and Robinson's 

(1966) non -linear Boussinesq model of the c irc u la tio n , th e  equations were 

scaled  using values th a t  produced order o f  magnitude fo r  th e  wind speeds 

o f 18-34 m /sec. They found th a t C oriolis force is  strong enough to  exert 

a secondary in fluence on the flow desp ite  the slow ro ta tio n  ra te  and also  

a zonal thermal s tru c tu re  o f the  observed magnitude i s  expected from th e i r  

o ther r e s u l ts .  Ohring e t  a l  (1965) ca lcu la ted  wind speeds o f  2-30 m/sec 

using a l in e a r  Boussinesq model. Bohachevsky and Yeh (1969) derived a 

l in e a r  Boussinesq model which is  equivalent to  the c la s s ic a l  Eayleigh 

convection problem. They concluded th a t  th e  c irc u la tio n  was mainly 

m eridional w ith u = 4 m /sec, v = 10 m /sec, and w = 4 cm/sec.

Stone (1968) derived  a non-linear ro ta tin g  Boussinesq model which 

produced v e lo c it ie s  o f I .5  m/sec h o rizo n ta l v e lo c ity  magnitude and I .5  

cm/sec v e r t ic a l  v e lo c ity . These models have many weaknesses, most assume 

th e  Boussinesq approximation which is  a poor assumption in  a deep atmos

phere, many are  l in e a r  and th ere fo re  f a i l  to  account fo r  momentum advection, 

sev era l are based on th e  (surface) microwave phase e f fe c t as a driving force 

fo r  a c la s s ic a l  Rayleigh convection, and none of the models reproduce the 

motions of 100 m/sec in  the high u l t ra v io le t  clouds. Smith, Pope, Murrel 

and Reese were quoted in  Sky and Telescope, Anon (1968) as having in te r 

p re ted  th e i r  u l t r a v io le t  photographs of high clouds as showing th a t  i t  is  

p o ssib le  to  recognize s im ila r cloud p a tte rn s  in  3 to  5 days (giving wind 

speeds of about 100 m /sec). Guinot was quoted in  the same a r t i c le  as 

having used a Fabry-Perot in terferom eter to  detect an atmospheric equato ria l
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v e lo c ity ,o f  100 + 8 m /sec, which corresponds to 4.1 days + 0 .7  days.

Smith (1967) rep o rts  observing the west term inator of Venus and 

seeing the clouds move toward the subsolar p o in t .  On the east term ina

to r ,  th e  wind appeared to  move the  clouds away from th e  subsolar p o in t. 

This type o f motion was observed in  several in s tan ce s , giving a re tro 

grade period  of somewhat less than 5 days.

Eeproducing these  cloud motions i s  a most c r i t i c a l  t e s t  o f  any 

c irc u la tio n  model.

Surface

Evans e t  a l  (19^ 5) have concluded th a t the surface of Venus is  

considerably  smoother than the Moon, with slopes of about 8° over a 

h o rizon ta l d istance  o f 5 to  50 cm based on rad a r observations made a t 

68 cm with th e  M illstone H ill Radar Observatory. Ash e t a l  (I968) 

conclude th a t  the  equato ria l region of Venus is  remarkably free  from 

larg e  topographical varia tio n s  on a  h o rizo n ta l sca le  o f 100 km.

Photographs of Venus and Earth have been compared a t  60O km reso

lu tio n  by Keene (I968) who concluded th a t few d e ta ils  on Earth are 

v is ib le  under viewing conditions s im ila r  to  those  under which we view 

Venus. Thus an o rb itin g  s a te l l i t e  or fly -b y  of Venus could reveal 

openings in  the clouds through which the surface can be seen. Imagery 

with 1 km re so lu tio n  appears fe a s ib le  fo r  th e  Mariner Venus/Mercury 1973 

fly -b y  (Eckman and Cole (I969)), which w ill  in v e s tig a te  th is  p o s s ib i l i ty .

According to  Sagan and Pollack (1965) fused q uartz , powered oxides, 

carbonates and s i l ic a te s  may be p o ssib le  surface m ateria ls  on Venus, 

whereas magnetic m a te r ia ls , g ran ite  and hydrocarbons a re  excluded. On a



15

bulk b a s is  the e le c t r ic a l  p ro p ertie s  appear sim ilar to  those o f th e  Moon.

Light Levels Below the  Clouds 

The sensors on board Venera 5 and 6 fa i le d  to  record l ig h t  lev e ls  

above th e  th resh o ld  of 0.5  watts m“^, except one reading of 25 w atts 

recorded 4 minutes p r io r  to  Venera 6 probe fa ilu re  (Brichant (1969)). I t  

is  th ere fo re  h ighly  l ik e ly  th a t the surface of Venus has l ig h t  le v e ls  

le s s  than Earth tw il ig h t .

Atmospheric Composition 

The re s u l ts  o f  Venera 4 as reported  by Vinogradov (196?) are  given 

in  Table 1 and show th a t  90 + 10% of the atmosphere of Venus i s  carbon 

dioxide, th a t  the  n itro g en  abundance is  le ss  than 7%, th a t w ater vapor 

occurs in  q u a n titie s  g re a te r  than 0 . 1% and le ss  than 0 . 7% ( i . e . ,  1-8 

m g /l i te r ) ,  and th a t  oxygen is  p resent in  q u an titie s  g rea te r than 0 .4% 

and le ss  than 1 . 6%.

The Mariner V data ind ica tes  a scale height of 5*4 + .2  km a t  6150 

+ 7 km from the  cen ter o f  Venus. I f  these data are  in te rp re ted  as ly ing  

above th e  cloud tops and th ere fo re  a t  a temperature near 230°K, then the  

mean molecular weight i s  between 39 42, or about 75% and 90% carbon

dioxide, re sp ec tiv e ly  (K liore e t a l  (I967)). Barth e t a l  (1967) analysis  

of the M ariner V u l t r a v io le t  photometer data in d ica tes  re la t iv e ly  la rg e  

atomic hydrogen d e n s itie s  and a lack  of atomic oxygen in  the  Venus 

exosphere.

Carbon dioxide is  the  only major component gas p o s itiv e ly  id e n tif ie d  

by spectroscopic study o f  th e  Venus atmosphere using t e r r e s t r i a l  based 

te lescopes (Spinrad. (1962, I966)). Many tra ce  co n s titu en ts , however, have
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been detected  by such means. Connes e t  aJ. (I967) have detected hydrogen 

f lu o rid e  and hydrogen ch lo ride  using high reso lu tio n  in te rfero m etric  

techniques. Earth based spectroscopic measurements by Bottema e t  a l  

(1961); Spinrad and Shawl (I966); Belton and Hunten (1966); and Kuiper 

(1969) have detec ted  w ater vapor and an upper l im it on oxygen has been 

determined by Belton (I968). Table 2 summarizes th e  estim ated mole 

fra c tio n s  o f th e  minor constituen t gases o f th e  Venus atmosphere. The 

oxygen upper l im its  reported  by Belton e t a l  (I968) and the  UV data of 

Barth e t  a l  (1967) and th e  water vapor amounts detected  from Earth are 

a l l  in  c o n f l ic t  w ith th e  data  from the  Venera 4 probe.

Brichant (1969) rep o rts  of the successfu l composition measurements 

conducted by Venera 5 and 6. These data were obtained over a range of 

0.6  atm to  10 atm. Table 3 presents th e  d e ta ile d  re s u l ts  showing an 

improvement in  th e  Venera 4 un certa in ty  by 50%. Based on these data , 

the atmosphere i s  almost completely composed of carbon dioxide, molecular 

n itrogen , and in e r t  gases (x) a t about 95%, 5%-x, x , resp ec tiv e ly . There

fo re , fo r  th e  purpose o f  ca lcu la ting  th e  s tru c tu re  and c irc u la tio n  of the 

atmosphere a 100% carbon dioxide model w ill  not cause g rea t e rro r in  analy

s is  and w il l  sim plify  considerably the ca lcu la tio n  of gas p ro p e rtie s .

Earth based microwave measurements near 1.35 cm were made by Pollack 

e t a l  (1968), who re p o rt an upper lim it o f 0.8% fo r th e  water vapor amount 

in  the Venus atmosphere. This upper l im it  was ca lcu la ted  using a model 

o f 91*2 atm surface p ressu re , 747°K surface tem perature, and 85% carbon 

dioxide atmosphere. This conclusion on th e  upper l im it  fo r water vapor 

is  co n s is ten t w ith th a t  detected by Venera 4 , 5 , and 6, and more impor

ta n t ly ,  w ith the  ex istence o f w ater-ice clouds. Moreover, Pollack and
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Wood (1968) fin d  a b e s t f i t  to  th e  microwave da ta  using .5^ water vapor 

and S trelkov (1968) confirms th a t  measurements a t  1.75 cm can be reproduced 

by a model atmosphere based on Venera 4 measurements. The p o la r iz a tio n  of 

s c ie n t i f ic  opinion on the amount of w ater vapor in  the atmosphere of Venus 

i s  one o f th e  most serious disagreem ents dealing  with the p ro p erties  of 

Venus. Furthermore, i t  i s  a  problem th a t  is  no t lik e ly  to  be solved in  

th e  near fu tu re .

Libby (I968) rep o rts  th a t  i f  Venus possessed an amount of water 

equal to  th a t  on Earth and i f  i t  were in  vapor stage , the  surface p ressu re  

on Venus would be 500 atm p ressu re . His so lu tio n  to  th is  apparent absence 

o f  la rg e  amounts of w ater vapor is  th e  form ation o f polar ic e  caps. This

th eo ry , however, is  based on early  r e s u l t s  o f Venera 4 and i s ,  I  b e liev e ,

no longer v iab le  in  l ig h t  o f the  Venera 5 and 6 d a ta , since the surface 

tem perature now expected is  above th e  c r i t i c a l  temperature fo r  steam:

374°C (Libby (1968)). Dayhoff e t  a l (I967) and Palm (1969) th eo rize  th a t  

mechanisms o ther than the  form ation o f a p o la r  cap could account fo r the 

la c k  of vast amounts of w ater on Venus. Their theories a re  very s im ila r 

and suggest th a t  the t e r r e s t r i a l  p lan e ts  may have formed a t the same time 

and by the  same mechanism, bu t have evolved d iffe re n tly  due to  d iffe re n t 

Svui-planet d is tan ce s . Thus, th e i r  th e o r ie s  explain  the p resen t s ta te  of 

th e  atmosphere o f  Venus as a  r e s u l t  o f:

1) degassing o f  the p la n e t 's  in t e r io r  (mostly COp and HgO)

2) chemical reac tio n  o f  th is  atmosphere w ith the surface

3) most water remains in  th e  atmosphere and becomes unshielded
from the  so la r  u l t r a v io le t  when the  carbon dioxide reac ts  w ith 
the c ru s t, thus d isso c ia tin g  th e  w ater and allowing hydrogen to  
escape, while the oxygen r e a c ts  w ith the crust
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4 ) a f te r  most o f the  water has escaped th e  p lanet in  th is  fash ion , 
the  c ru s t outgasses to  produce a dense carhon dioxide atmosphere.

Cameron (I963) re p o rts  th a t  the p rim itiv e  so la r  nebula should have r e la 

t iv e  abundances o f carbon, n itrogen , and oxygen of 16.6, 3 .0 , 29 respec

t iv e ly  and the  c o n s titu e n ts  of th is  proto atmosphere would form CH ,̂ NH ,̂ 

H2O in  the ea rly  phases which would eventually  form COg* and N2 atmosphere 

with abundance of 5:1 . Thus, th e  th eo rie s  only d if f e r  in  emphases of the  

o rig in  o f the  gases.

Clouds

The lack  of v is ib le  surface d e ta ils  has long been a t tr ib u te d  to  a 

peimanent v e i l  o f clouds. These clouds observed in  the v is ib le  or in  

the  near in fra red  sometimes, show some f a in t  s tru c tu re  occasionally  

(Kuiper e t a l  (1969a)). According to  Kuiper (1969) th is  cloud lay er i s  a 

yellow o p tic a lly  deep lay er probably rep resen ting  the  upper le v e ls  of the 

troposphere. Pollack  and Sagan (1967) have te s te d  several atmosphere 

models using the 19mm Mariner I I  data , and fin d  an absorbing cloud lay er 

of w ater could e x is t  o r a sca tte rin g  lay er o f p a r t ic le s  0.5nim in  s ize , 

which to g e th er w ith th e  CO2, N2,and H2O would produce co rrec t microwave 

o p a c it ie s .

There is  cu rre n tly  much controversy over th e  nature o f th e  cloud 

composition. Hunten (1968) reports  th a t  th e  clouds have extremely long 

sc a tte rin g  mean f re e  path  (> 1 km) and th a t  they  may be very small par

t i c l e s  of NaCl or NaCOg since Earth based spectroscopy d o esn 't de tec t 

su ff ic ie n t  H2O fo r  ic e  clouds. Kuiper e t a l  (1969b) report a mixing 

r a t io  o f 10"^ fo r w ater vapor. I f  th is  corresponds to  the  in te r io r  of
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the lower clouds, then n e ith e r  lay e r of clouds can be due to  water ice  

(Kuiper (1969), Chamberlain (1965)). Kuiper (1969) goes fu rth e r  to  iden

t i f y  th e  meteorology of Venus as one involving Halide chem istry w ith th e  

lower clouds being composed of FeCl2- • 2HgO and th e  upper clouds, NHj^Cl. 

Luming (I968) in te rp re ts  th e  Venera 4 density  anomaly a t  4l  km (T = 4oo°K) 

as a po ssib le  chemical reac tio n , perhaps the reac tio n  th a t  Kuiper proposed

2FeClg + CO + HgO = EFeClg + 2 HCl + OOg 

Pollack and Sagan (I968), Sagan and Pollack (1967), Strong (I965), 

Anderson and Evans (I962), Zander (I965), and Bottema e t a l  (1964) id e n tify  

the clouds as due to ice  c ry s ta ls ,  a few microns in  diameter on the b as is  

of th e  re fle c tan c e  1-4 microns. Pollack (1968) rep o rts  microwave measure

ments near 1.35 cm th a t  give an upper lim it of 0 .8^ fo r  w ater vapor, an 

amount in  agreement with the Venera 4, 5 and 6 data  and in  agreement w ith 

the form ation o f ice clouds fo r both upper and lower clouds (Ginzburg and 

Feigelson (I9 6 9 )). Water clouds are not consisten t w ith observed cloud top 

tem peratures and as Welch and Rea (1967) po in t ou t, th e  discovery o f HCl by 

Connes e t  a l  (I967) elim inate th e i r  existence on the  b as is  o f  the  n ecessity  

of reproducing th e  microwave spectrum. A most im portant po in t in  th is  con- 

trovery  i s  the  le v e l of p en e tra tio n  of 1 .4  and I .9  micron rad ia tio n  th a t  

Kuiper used. He m aintains th a t the  source is  deep in  the  clouds. I f  so, 

h is argument against water ice  clouds is  a good one. On th e  o ther hand, 

Owen (1969) ca lcu la tes  the  depth of penetration  of COg bands:

 ̂ ^ 2  ^rot
1 .75  |i 3.75 km atm 24o + 10°K

.87 p. 5 + 1 km atm 298%

where th e  ro ta tio n a l tem perature.
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These data in d ic a te  th a t  Kuiper *s source i s  probably not much below th e  

cloud tops. Furthermore, such measurements above t e r r e s t r i a l  cloud cover 

a t tropopause a lt i tu d e s  would d e tec t very low water vapor concentrations 

th a t  would not be in d ica tiv e  of concentrations below th e  cloud bases. Also, 

arguments ag a in st adequate water ex is tin g  fo r  ice  clouds usually  in te rp re t 

spectra  as coming from a layer o f constant mixing r a t io .  Ohring (I966) has 

pointed out th e  error of th is  approach. Upon rean aly sis  using v ariab le  

mixing r a t io s ,  Ohring (1966) found th a t  some of the observed amounts were 

compatible w ith  ice  clouds on Venus, tak ing  in to  account the uncertain ty  

in  our knowledge of the tem perature of the  cloud to p s.

The science of remote sensing (reflec tance  spectroscopy) of surfaces 

is  not as advanced as i s  gaseous spectroscopy. Matching of spectra i s  a 

necessary bu t not su ff ic ie n t condition fo r id e n tif ic a tio n ; i . e . ,  unique 

so lu tions a re  not obtained. Thus, the id e n tif ic a tio n  of cloud composition 

from a remote d istance i s  not assured and the clouds may yet be found to  

be water ( ic e ) .

On the o th e r hand, outgassing o f the  en try  probe heat sh ield  of the  

Venera 4 , 5, and 6 a t 11, 000°C would probably produce vast qu an tities  of 

w ater. Whether th is  w ater was s t i l l  p resent during sampling is  not known, 

but could conceivably account fo r  th e  high water vapor amount detected .

Atmospheric Surface Pressure and Planetary  Radius

The s iz e  o f Venus has been determined to  be s lig h tly  le ss  than th a t  

of Earth by measuring th e  o p tic a l diameter of the p la n e t’s disk as seen 

through a te le sco p e . Koenig (I967) gives a mean o p tic a l diameter of 

12,240 + 15 km, which corresponds to  the top o f the  opaque cloud la y e r .
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The atmospheric surface p ressure as determined hy a b es t f i t  to  the 

tem perature, p ressu re , and density  data obtained by Avduevsky e t a l  (I968) 

using d a ta  from Venera 4 i s  given as 17.2 to  20.8  kg^ cm"^ with th e  best 

value being I8 .5  kgf cm"^. Miknevitch and Sokolov re p o rt the re su lts  o f 

f i t t i n g  models to  these  data  to  be: surface p ressu res  o f I8 .8  kg^ cm"^

fo r the ad iab a tic  model, 17.7 kg^ cm" using smoothed density  values and 

measured tem perature values w ith an ex trap o la tio n  using a polynomial curve, 

and 17.8 kg^ cm“^ using measured tem perature values w ith  density  boundary 

conditions a t  8.47  X 10"3 gm cm-3 a t  $.0 km and 3.23 x 10"3 gm cm"3 a t 

19.5 km. The ex trapo la tions mentioned here were necessary  because the 

densitom eter became sa tu ra ted  a t d en s itie s  g re a te r  than  1 .7  X 10“2 gm cm-3 

( i . e . ,  about 30 km above th e  radar su rface ). During descent the a l t i tu d e  

was referenced a t  26 km by a marking doppler a l t im e te r .  However, the 

p lanetary  surface radius a t  the landing lo ca tio n  was n o t measured, thus 

causing some u n certa in ty  to  whether th ese  surface p ressu res  correspond to  

th a t a t  a "mean p lan e ta ry  radius" or to  some a l t i tu d e  above th a t .

The 8-band o cc u lta tio n  experiment conducted w ith Mariner V ind ica ted  

density  scale  h e igh t data s ta r tin g  from 6l 4o + 7 km (% 1 mb) down to  about 

6085 km from th e  cen ter o f Venus (about 7 atm) (K liore e t  a l  (I967 and I9 6 9 )), 

where c r i t i c a l  re fra c tio n  occurred. The experim ental technique was not ab le  

to  measure th e  re f ra c tio n  a l l  the way to  the  surface  due to  excessive bend

ing of the  rad io  waves a t  pressures g re a te r  than  5 atm, but is  important in  

verify ing  the Venera 4 r e s u l ts  and in  providing a reference  of the d istance 

to  the cen ter o f  th e  p la n e t. The only common l in k  between Mariner V and 

Venera 4 i s  atmospheric p ressu re . I f  the data  from th e  two spacecraft a re  

compared on th is  b as is  (Figure 3 ) , then the  p o in t o f  cessa tio n  of transm ission
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of Venera k i s  determined to  l i e  near 607^ km, which d if f e r s  from radar 

values o f  th e  rad iu s  of Venus of 6056 + 1.5  km reported  hy Ash e t a l  (1967) 

and 6050 + .5 km (Ash e t a l  (1968)). Data obtained by Melbourne e t  a l  (1968) 

using th e  Goldstone radar in d ica te  6053*7 + 2.2  km. Mariner V ranging data 

combined with simultaneous radar data  reported  by Anderson e t a l  (I968) 

gives a p lan e ta ry  rad ius of 6052.8 + 2 km. The value of 6053 km w i l l  be 

adopted fo r  ca lcu la tio n s  in  la te r  chap ters.

The Regulus o ccu lta tio n  re su lts  reported  by de Vaucouleurs e t a l  (1960) 

have been in te rp re te d  to  obtain  independent inform ation on the rad ius of 

Venus and on upper atmosphere s tru c tu re . During th is  experiment th e  b righ t 

s ta r  Regulus was occulted by Venus on Ju ly  9, 1959, w ith de Vaucouleurs 

and Menzel (i960) making measurements o f the decrease /increase  of th e  l ig h t 

density  from Regulus during immersion/emersion. The r e s u l ts  o f th i s  experi

ment g ive a d en s ity  scale  height of 6 .8  km and a density  sca le  heigh t

logarithm ic g rad ien t (l/H  dH/dZ) of 0.01  a t 70 + 8 km above th e  cloud

lay er using a model atmosphere consisting  of 90% carbon d iox ide. Hunten 

and McElroy (I968) have reanalyzed th ese  data and believe  the sca le  height 

is  accurate  to  somewhat b e t te r  than a fa c to r  o f 2 . Opik (1961) reca lcu la ted

the heigh t o f th e  o ccu lta tio n  lev e l to  be 86-96 km above th e  cloud by ac

counting fo r  a sc a tte rin g  atmosphere causing the  cloud tops to  appear higher. 

Using th e  Regulus o ccu lta tio n  data to g e th er w ith the  upper atmosphere tem

p era tu re  s tru c tu re  calcu la ted  th e o re tic a lly  by McElroy (I968), Hunten and 

McElroy (I968) show th a t  a downward ex trap o la tio n  of only 15 km w il l  join 

these data  to  th e  Venera 4 data. This approach gives a value o f  607^ km 

fo r  the  p o in t where Venera 4 stopped tra n sm ittin g . My value o f 6074 km 

obtained from th e  Mariner V and Venera 4 r e s u l ts  by matching p ressu re
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shows good agreement w ith th e ir  r e s u l ts .

Many in v es tig a tio n s  have been c a rr ie d  out try in g  to  resolve th is  

controversy on th e  rad iu s  of Venus and th e  associa ted  problem of d e te r

mining the  surface p ressu re , among them: Eshleman e t a l  (I968), P i t t s

(1968a), Reese and Swan (1968) and Ash e t  a l  (I968). The conclusion most 

o fte n  reached was th a t  the Venera 4 doppler rad a r was qu ite  l ik e ly  in  

e r ro r  by 21 to  26 km. Therefore, when th e  Venera 4 en try  probe s ta r te d  

tra n sm ittin g  i t  was a t  52 km, not 26 km as was rep o rted  by the Russians. 

Thus, the  20 atm p ressu re  reported  by the  Russians to  be the  surface p res

sure i s  low by a fa c to r  of 5 » An in te re s tin g  p o s s ib i l i ty  proposed by 

Luming (I968) i s  th a t  th e  radius controversy, and th e  d ifference in  

tem perature g rad ien t i s  due to  a  mean p o la r iz a b i l i ty  o f aerosols or 

c o n s titu en ts  in  the atmosphere in  ad d itio n  to  an e rro r  in  the  Venera 4 

rad a r d a ta . Since doppler radars are  prone to  e rro rs  involving m ultip les 

o f th e  d istance being measured, Luming’s theory  could perhaps explain why 

th e  e rro r was not an exact m ultip le  o f 26 km.

As was mentioned e a r l ie r ,  th e  design c r i t e r i a  o f Venera 5 and 6 were 

focused on deeper p en e tra tio n  c a p a b il i t ie s  and improved doppler radar so 

as to  decide th e  controversy between Venera 4 and radar deteim inations 

o f th e  Venus rad iu s . Brichant (1969) rep o rts  th a t  Venera 5 and 6 con

ducted measurements from 0.6 to 27 atm p ressu re , where the temperature 

v aried  from 25°C to  325°C. On Venera 5, 27 atm corresponded to  24-26 km 

a l t i tu d e  whereas on Venera 6 , i t  corresponded to  10-12 km.. Thus, i t  i s  

p o ssib le  th a t  s u b s ta n tia l r e l i e f  may e x is t  on the  su rface , but in  any 

event surface p ressures higher than 20 atm do d e f in ite ly  e x is t .  Brichant 

(1969) rep o rts  th a t  70 measurements o f  p ressu re  and 50 measurements of
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tem perature were made on the  two sp acec ra ft.

Eshleman e t  a l  (I968) analysis o f  th e  rad a r, Venera 4 , and Mariner

V d a ta  p red ic ted  (through downward ex trap o la tio n ), a surface pressure  o f

about 100 atm and 700 + 100°K. Wood e t  a l  (1968) p red ic ted  750 + 50°K 
-33

and 90 atm based on th e  same data  to g e th er with the  microwave and radar 
-^5

d ata . Their p red ic tio n s  seem to  have been borne out by Venera 5 and 6.

In  o rder to  p lace reasonable bounds on the  p o ssib le  surface  p ressu re , 

two choices seem reasonable: l )  I f  the  Mariner V data  a t a rad ius of

6085 tan i s  assumed co rrec t (Table l )  and th e  mean surface l i e s  a t  6053 km, 

then th e  surface pressure can be obtained by an ad iab a tic  ex trapo la tion  

downward by 32 tan, giving 87,370 mb; 2 ) Using the lowest radar value of 

the rad iu s  according to  Ash e t a l  (1968), 6o48 km, defines the upper 

l im it of su rface , as 119,300 mb.

Atmospheric Temperature 

The Venera 4 re s is ta n ce  thermometers measured tem perature con tinually  

during descent. According to  Mikhnevitch e t  a l  (I968), a tem perature of 

544°K was measured a t the  l a s t  transm ission . These data  show th a t  tem

p era tu re  is  c lose to  ad iab a tic  the  e n tire  26 km of measurement ( i t  is  

assumed by th e  author to  l i e  in  the  region 52 to  26 km). The Venera 5 

and 6 data , shown in  Table 3 , corroborate th e  existence of a near ad ia

b a tic  atmosphere in  th e  troposphere o f Venus. On th e  b asis  o f  the 

estim ates o f surface p ressu re  made in  the  p as t paragraph, estim ates may 

be made o f surface tem perature: l )  i f  th e  rad ius i s  6053 km then  a best

estim ate would be 735*19°K and 2) the lowest probable radius of 6o48 tan 

would give th e  h ighest probable tem perature o f 772.26°K.
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The Mariner V temperature p ro f ile s  shown in Figure 3 correspond to  

the  n igh t s id e , and th erefo re  warrant comparison to  th e  Venera k r e s u l ts .  

The lap se  ra te  f o r  the "Mariner model" with 75^ carbon dioxide i s  about 

5°K/km and th a t  fo r  the 0̂% carbon dioxide case i s  about 5*5°K/km, up to  

6120 km whereupon the s tru c tu re  becomes isotherm al (K liore e t a l  (1967) ) • 

5°K/km i s  about h a lf  the ad iabatic  value and i s  very close to  pseudo- 

a d ia b a tic . I  have made calcu la tions of the atmospheric s tru c tu re  assuming 

h y d ro sta tic  equilibrium  and following the  pseudo-adiabat upward from the  

condensation le v e l  up to  the le v e l where 125|J. or le ss  p re c ip ita b le  water 

l i e s  above, thus meeting the requirements of Belton and Hunten (l$66) on 

de tec tab le  water vapor. These models show th a t  an average lapse  ra te  near 

5°K/km is  not unreasonable, but th a t  the ra te  does vary g re a tly  over the 

ca lcu la ted  range o f temperatures and p ressu res . Thus, the assumption does 

appear somewhat consis ten t with the observed p ro f i le s .  Furthermore, in 

such ca lcu la tio n s  the temperature a t  the cloud tops i s  very near the 

measured tem perature fo r  the  tops o f  the clouds: 205- 2^5°K (Goody (1965),

Westphal e t a l  (I965), Murray e t  a l  (I963) and Koenig (I967)), and i s  w ith in  

the b e s t value fo r  the o p tica l diameter of Venus 122kO km.

Some geographical, d iu rn a l, and hem ispherical d ifferences have been 

detected  in  the  cloud top tem perature (presumably the tropospheric clouds

km); however, they are  small w ith the  northern hemisphere appearing 

to  have 1°K h igher equivalent blackbody tem perature (measured a t  8- l 4^) 

than the  southern hemisphere. However, the data o f Murray e t a l  (1963) 

are heav ily  weighted by the  eq u ato ria l reg ions, and Limb darkening i s  the  

p r in c ip a l fea tu re  seen in  a l l  th e  d a ta . The b i la te r a l  symmetry ind icated  

by th e  contours show the poles to  be cooler than the eq u a to ria l reg ions.
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Goody (1965) finds a small d iu rna l e f fe c t w ith th e  subsolar p o in t being 

cooler th an  the  a n tiso la r  p o in t. This enhanced emission from th e  dark 

side could be due to :  l )  the transparency increased  by evaporation of

cloud p a r t ic le s  in  subsiding a i r ,  o r 2 ) a  genuine atmospheric e f fe c t .

Typical peak b righ tness  temperatures range from 205°K-227°K according to 

Westphal e t  a l  (1965) and Murray e t  a l  (I963) up to  235°K which i s  a 

value Koenig e t  a l  (1967) summarized from severa l e a r l ie r  papers.

The amplitude o f the  surface tem perature v a ria tio n s  w ith phase is  

cu rren tly  w ithout a recognized s c ie n ti f ic  consensus. Microwave obser

vations of Venus show th a t  the surface tem perature i s  g re a te s t ju s t  a f te r  

zero phase angle (superio r conjunction). The amplitude and phase of these 

v a ria tio n s  is  dependent upon the  wavelength being used. At .8  cm, v a ria tio n s

are apparen tly  from the  atmosphere (Pollack (I965)):

Tgg = 422 + kl  Cos (a -  21° )  °K

whereas wavelength a t  3*15 cm appear to  o r ig in a te  from the surface

Tgg = 6 2 1 + 7 3  Cos (a - 11.7°) °K

while th o se  a t 10 cm a lso  o rig in a te  from th e  su rface , although somewhat 

deeper

Tgg = 622 + 4l  Cos (a - 21°) °K

where a  i s  the phase angle (zero a t  subsolar po in t and 100° a t  th e  

a n tis o la r  p o in t.

D ifferences of 78 to  l 46, or 150 to  200°K between the  b rig h t and dark 

side a re  suggested from such data (Koenig (I967 )). Shapiro (1968) con

cludes th a t  a slow ro ta tio n  ra te  o f 24-3 days would lead  to  la rg e r  tem

p era tu re  d iffe ren ces , day to  n ight than e x is t  on Earth. Sagan and 

Pollack*s (1965) model fo r  the  microwave phase e f fe c t gives: mean disk
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tem perature - 700°K; mean darkside - 600°K; mean b rig h ts id e  -  SOO'̂ K; 

subsolar -  1000°K; a n tiso la r  - 6lO°K; pole -  k70°K. Their model in co r

porates a convective atmosphere topped w ith clouds th a t  a tten u a te  thermal 

emission sh o rt of 3 cm. According to  Sagan and P o llack , th i s  model suc

c e ss fu lly  accounts fo r  a l l  phase e f fe c ts ,  l ik e  those ju s t  described here . 

Seriously  a t  odds w ith these th e o r ie s , are  more recen t measurements a t  

4.52 cm by Dickel e t a l  (I968) which show n eg lig ib le  phase e f fe c t a t  a 

blackbody tem perature o f 654 + 35°K. Using a surface em issiv ity  of .9 , 

a mean surface tem perature of 780°K can be derived from th is  d a ta . Their 

data  a lso  in d ica tes  th a t  the  surface i s  reached a t  6 cm wavelength, ra th e r  

than  a t 3 cm as was thought e a r l ie r .  Supporting th ese  measurements are  

arguments by Thaddeus (I968) th a t  th e  high therm al in e r t i a  o f a deep 

atmosphere would not allow  s ig n if ic a n t h o rizo n ta l g rad ien ts  in  tem perature 

(< 3°K) except perhaps in  the boundary la y e r  near th e  surface and near the 

upper regions o f  the atmosphere. Indeed, Mariner V fa i le d  to  in d ic a te  s ig 

n if ic a n t d iffe rences in  tem perature s tru c tu re  from immersion to  emersion 

which were n ig h t and day, re sp ec tiv e ly . U nfortunately , s im ila r measurements 

have not been made in  th e  lower atmosphere, so th e  question  of phase e f fe c t 

and equatorrpole tem perature g rad ien ts  remains open. Therefore, i t  now 

appears probable th a t  th e  phase e f fe c ts  were a product o f  experim ental 

e r ro r .  I f  n o t, very unusual p ro p e rtie s  are  requ ired  of th e  atmosphere. 

U nfortunately , th is  i s  a most im portant boundary condition  fo r a c ircu 

la t io n  model, and the  lack  of a reasonably c e r ta in  c o n s tra in t w il l  a f fe c t 

the c e r ta in ty  o f  the  r e s u l ts  o f th e  c irc u la tio n  model.
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G rav ita tio n a l F ie ld

Mariner V range and doppler rad io  track ing  data  has y ie lded  a new 

value fo r  the  mass o f Venus. I t  i s  expressed in  tezms of -che u n iv ersa l 

g ra v ita tio n a l  constant G tim es th e  Mass o f Venus Mg (Anderson e t a l  (1967)).

G Mg = 324,859.61 + 0.49 km^/sec^

Assuming a sp h e ric a lly  symmetric p lan e t, th i s  value may be used to  ca lcu la te  

su rface  values fo r  g ra v ity  a t  any of the  r a d i i  p reviously  d iscussed . The 

value fo r a  rad ius o f  6053 km is  887 cm sec”^.

Magnetic F ie ld

Based on measurements o f magnetic f ie ld  strength  and plasma p ro p ertie s  

made by Mariner V, Bridge e t a l  (I967) estim ate the  magnetic d ipo le  moment 

of Venus to  be w ith in  2 x 10“^ tim es th a t  o f Earth, Based on the  absence 

of en erg etic  e lec tro n s w ith in  10,150 km from the cen ter of the  p lanet 

( i . e . ,  no Van Allen Radiation B e lts ) , Van Allen e t a l  (1967) estim ate th e  

magnetic f i e ld  a t  the  eq u a to ria l surface to  be almost c e r ta in ly  le s s  than  

350 gamma and probably below 35 gamma (1 gamma equals 10“^ Gauss). These 

values correspond to  d ipole moments of 0.01 and 0.001 times th e  d ipole 

moment of the  Earth.

Ionosphere

K liore e t  a l  (1967) rep o rt peak e lec tro n  d en sities  a t  6185 km from 

th e  cen te r o f Venus were measured a t  5*5 x 10"^ cm -3  and the  Mariner 

S tanford  Group (1967) rep o rt nighttim e peak concentration about two 

orders of magnitude below th a t  o f the  daytime peak, w ith both layers 

being th in  by t e r r e s t r i a l  s tandards.



CHAPTER I I I

ATMOSPHERIC MODELS FOR VENUS 

In order to  make reasonable ca lcu la tions dealing with th e  c irc u la tio n  

of th e  atmosphere o f Venus in  l a t e r  chapters, i t  i s  im portant to  f i r s t  

make s e lf  co n s is ten t basic s ta te  models of th e  atmosphere.

Early model atmospheres were varied due to  the extreme u n ce rta in tie s  

and g rea t controversy concerning the probable cause o f  the high carbon 

dioxide amounts, th e  ubiquitous clouds, the  small q u a n titie s  o f water in  

the atmosphere, and the  high surface tem peratures detected  by microwave 

techniques. The discovery of the impenetrable cloud cover (using v is ib le  

wavelengths) prompted th e  proposal of a swamp model. In order to  v e r ify  

such a model, a d e ta ile d  search fo r  water re su lte d  which caused the a cc i

den ta l discovery of la rg e  q u a n titie s  of carbon dioxide in  the atmosphere. 

According to  Sagan ( l$ 6 l)  th i s  discovery caused th e  overthrow of the 

swamp model, s ince th e  carbon dioxide would re a c t w ith  the exposed surface 

m ateria ls  in  th e  presence o f w ater. Menzel and Whipple (1955) proposed 

an ocean model in  an attem pt to  account fo r  a lack  of th is  reaction  and 

Sagan (I961) re p o rts  th a t  Hoyle and Mintz suggested clouds composed of 

smog and oceans o f o i l  to  prevent such a re a c tio n . However, th e  high 

surface tem peratures now believed to  ex is t a t  the surface make these 

models untenable.

Opik (1961) proposed a model atmosphere (aeolosphere) w ith a th ick  

cloud of dust (aeolosphere) with surface wind f r ic t io n  as the best heat

29
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source, when early  th eo rie s  made i t  appear th a t  the  greenhouse model could 

no t have s u ff ic ie n t in fra re d  o p ac ities  to  produce th e  observed microwave 

tem peratures. The key to  th is  model is  a near ad iab a tic  temperature pro

f i l e  l ik e  th a t  which has recen tly  been confirmed by Venera 4, 5> and 6 .

In  O pik'8 model, the  low le v e l clouds a t .6 atm pressure and 3^0°K with 

upper clouds a t  .08 atm p ressu re , and 23^°K. The atmosphere was assumed 

to  be 20, 40, o r 80% carbon dioxide with surface conditions of 4 .3  to  7 

atm and 570°K. In  support o f the  aeolosphere model, Anderson (I969) 

rep o rts  th a t  v e r t ic a l  wind v e lo c itie s  necessary to  support dust in  the 

Venus atmosphere are  le s s  than one h a lf  th a t  necessary in  the t e r r e s t r i a l  

atmosphere (because of th e  much higher Venus p re ssu re s ). The main draw

backs of th e  concepts o f th is  model are th e  d if f ic u l ty  in  keeping the 

dust in  th e  atmosphere and a lack of explaining the observed microwave 

phase e f fe c t .  The aeolosphere model is  almost c e r ta in ly  ruled out by 

th e  expected slow wind speeds a t  the  surface where a high density  pro

duces an extremely high thermal heat capacity . However, a "dusty cloud" 

greenhouse model i s  not ru led  ou t.

In  th e  c la s s ic a l  greenhouse model so la r  ra d ia tio n , minus some re f le c 

t io n ,  p en e tra tes  to  th e  su rface , heating th e  su rface . The atmosphere then 

tra p s  the reem itted  in fra re d  energy by the  high in fra red  opacity due to  the 

p ressure broadened lin e s  of carbon dioxide and water vapor. The main 

ob jection  to  the model was th a t  th e o re tic a l ca lcu la tio n s  could no t repro

duce high tem peratures due to  in su ff ic ie n t in fra red  opacity  ( i t  must be 

b e t te r  than  99% opaque). Surface pressures fo r  greenhouse models were 

much lower then ; e .g . ,  4 atm (Owen (1965)), w ith cu rren t estim ates near 

100 atm. Furthermore, l i t t l e  i f  any data e x is ts  on the wings of water
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vapor and carton dioxide a t high pressures and high tem peratures so th is  

e f fe c t and the e ffe c t of cloud cover were not taken in to  account in  the 

e a r ly  models. Ohring and Mariano (1963) calcu la ted  th i s  cloud cover con

tr ib u tio n  and find  i t  is  s ig n if ic a n t. Applying recen t re su lts  to  th e i r  

ta b le  fo r  99^ cloudiness, I  have calcu la ted  a requ ired  opacity of < 1 fo r  

a grey atmosphere. This i s  decreased by a fa c to r  of 6 over th e ir  o r ig in a l 

ca lcu la tio n s  due to  data in d ica tin g  increased depth o f the  atmosphere, since 

they  made the o r ig in a l use o f th e i r  nomograms. Water concentrations of .9^ 

are  required  fo r an HgO and CO2 greenhouse e f fe c t ,  according to  Pollack and 

Wood (1968), well w ith in  th e  Venera amounts. O verall, th is  model i s  prob

ably  th e  most widely accepted by the  s c ie n ti f ic  community a t the p re sen t.

I t  i s  im portant to  note dust clouds in  the  atmosphere alone do not make a 

model an aeolosphere model. A surface heating by wind f r ic t io n  is  required  

fo r  t h i s .  Therefore, dust clouds loca lized  in  a p a r t ic u la r  a l t i tu d e  regime, 

may comprise p art o f  a  greenhouse model. U nfortunately, " c la s s ic a l  green

house" models have some serious drawbacks, given by Hunten and Goody (1969):

1) The atmosphere must be extremely opaque tliroughout the  in fra re d ; 

p a r t ,  or even most, o f the  opacity is  probably contributed  by 

the  clouds. Yet v is ib le  rad ia tio n  must p en e tra te  to  g rea t 

depths.

2) Heat tra n s fe r  by convection, both fre e  and fo rced , must be 

included in  the model.

3) The clouds, i f  o f dust must be supported by tu rb u len t motions.

I f  the m ateria l i s  condensable, the problem i s  le ss  se rio u s , but 

th ere  are strong objections to  the obvious p o s s ib i l i ty ,  water 

vapor.
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1+) Advection of h ea t by c irc u la tio n s  o f p lan e ta ry  sca le  must be 

considered.

In an a l te rn a t iv e  approach Hansen and Matsushima (1967) considered 

a dust in so la tio n  model w ith  in te rn a l h ea t from the  p la n e t being the 

major beat source.

S trelkov e t a l  (1969) ca lcu la ted  th e  greenhouse e f fe c t  based on 

th e  Venera 4 p ressu re  d a ta  and found tem peratures equal to  o r g rea te r  

than detected by Venera 4 .

Kaplan (I962) proposed a greenhouse model of 10 + 2 .5  atm surface 

pressure and 700 + l4o°K surface tem perature, using a composition of 

10^ carbon dioxide and 90% n itro g en . His models were keyed to  s a tis fy  

conditions a t  th re e  le v e ls :  th e  surface, the cloud to p s , and th e  le v e l

o f the Regulus o ccu lta tio n  (discussed in  Chapter I I ) .  While h is  boundary 

condition fo r  th e  f i r s t  o f th ese  i s  no longer thought to  be c o rre c t, the  

l a t t e r  two appear co rre c t and a re  conditions th a t  should be met by any 

s e l f  consisten t model and w ill be met by the models to  be developed la te r  

in  th is  chap ter. S inton and Strong (1960) using the 8-12 micron band, 

have determined tem peratures o f the cloud top to  be 225 -  235°K. Sagan 

and Pollack (I965) have developed a 50 atm greenhouse model w ith  a mean 

d isk  temperature o f 700°K and a  convective atmosphere topped w ith clouds.

Thus, c la s s ic a l  greenhouse models requ ired  v is ib le  p en e tra tio n  of 

so la r  energy to  th e  su rface , th e  aeolosphere model req u ired  surface h ea t

ing by the wind, and both  ignored dynamic e ffec ts  (ad iab a tic  warming/ 

cooling of su b s id in g /ris in g  a i r ) .  Goody and Robinson’ s (I966) model 

induces p lan e ta ry  sca le  motion a t  the cloud tops by d iffe ren ces  in  

in so la tio n  tra n sp o rtin g  energy downward from the  cloud tops in  the
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process o f d is tr ib u tin g  the energy g lo b a lly , thus producing high surface 

tem perature a t  g rea t depth with no v is ib le  so la r energy penetra ting  the  

clouds. This revo lu tionary  model a l l  but elim inates the need of surface 

heating by f r i c t io n  o r from conduction from the in te r io r .

Two recen t engineering Venus model atmospheres: S ch iffe r (1968) and 

M artin (I969) and one s c ie n tif ic  model: Hunten and Goody (1969) con tain  

many of th e  e s s e n tia l  boundary conditions fo r  the models which w ill  be 

developed h e re . However, since th e  intended use o f these models i s  to  

construct c irc u la tio n  models, more a tte n tio n  must be given to  the natu re  

of the  clouds, a  parameter th a t does not a f fe c t  the  ca lcu la tio n  of atmos

pheric s tru c tu re  enough to impact s ig n if ic a n tly  the  engineering design of 

an en try  v e h ic le . In  fac t i t  w i l l  be shown th a t  two models w ith s im ila r  

tem perature s tru c tu re s , one w ith ic e  clouds and th e  other w ith dust (or 

something e ls e ) ,  appear consis ten t w ith th e  ra th e r  discordant dichotomy 

of observational d a ta .

A computer program developed by P i t t s  (1968b) was used fo r  ca lcu la tin g  

the  model atmosphere using the  tem perature vs. a lt i tu d e  data o f Avduevsky 

e t a l  (1968) w ith an atmospheric composition of 100% carbon dioxide, which 

is  very c lose  to  th e  composition given by Vinogradov e t a l  (I968), Table 

1 , and Brichant (1968), Table 3 . In  ad d itio n , the  envelope o f tem perature 

from Mariner V: 6120 + 7 km, 215 -  245°K; 6095 + 7 > 400 - 450°K, reported  

by K liore e t  a l  (I967) was used as a c o n s tra in t. Spinrad’s (I962) measure

ment of 9̂ 44o°K a t  10 atm using a  wavelength of 7820 A, B elton’s (1969) 

measurement of 24o - 270°K a t .6 atm, and Gray’s (I969) measurement of 

2hh + 10°K fo r  an average tem perature above th e  cloud tops are  assumed 

to  hold . McElroy’s (1968) upper atmosphere s tru c tu re  i s  adopted, th e
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s tm c tu re  i s  req u ired  to  s a tis fy  the  Regulus occu lta tion  data , and cloud 

top tem peratures a re  adopted as 205 - 245°K, Goody (I965), Westphal e t  a l  

(1965), Murray e t a l  (1963) and Koenig e t a l  (I967). These data are shown 

with th e  tem perature s tru c tu re  in  Figure 3 . From the  best values of th e  

rad ius o f Venus as given in  Chapter I I ,  the  rad ius fo r  use in  the model 

atmosphere i s  chosen as 6053 km. Using th is  value with the value of G Mg 

determined from Mariner V and Newton’s law o f g rav ita tio n  gives a surface 

acce le ra tio n  of g ra v ity  of 887 cm sec"^, Vinogradov e t a l  (I968) and 

Brichant (1969) describe the lower atmosphere o f Venus as having an ad ia 

b a tic  s tru c tu re  down to  27 atm p ressu re . In  order to  ca lcu la te  the p ressu re  

and tem perature a t th e  surface, i t  i s  assumed th a t th e  atmosphere continues 

as ad iab a tic  (d T/ô Z = -g/cp) w ith Cp being a function of p ressure and 

tem perature as given by H ilsenrath  e t a l  (1955) . I t  is  fu rth e r  assumed 

th a t th e  atmosphere obeys the hy d ro sta tic  law and the  gas is  id e a l. Using 

com pressib ility  data  from H ilsenrath  e t a l  (1955) i t  was determined th a t  

the p e rfe c t gas law i s  obeyed w ithin  1^ a t  tem peratures and pressures th a t  

occur in  th e  Venus atmosphere. S ig n ifican t deviations from id e a l i ty  only 

occur a t  high tem peratures and low pressures which are extremely u n lik e ly  

in  th e  troposphere and s tra tosphere  of Venus. By matching the Mariner V 

and Venera h data w ith  a 6053 km rad iu s, i t  i s  shown by these ca lcu la tio n s  

in  Table 4 th a t  a downward ad iabatic  ex trap o la tio n  (sim ilar to  Hunten

(1968)) i s  necessary to  find  th e  surface conditions. In Table 4 the  

a lt i tu d e  (z) is  given in  km re la t iv e  to  the 6085 km le v e l fo r which 

Mariner V gave 7170 mb pressure and 477°K (see Table l ) ,  DTDZ is  tem

p era tu re  lapse  r a te ,  HEHO is  d ensity  scale h e ig h t, ES is  the sa tu ra tio n  

vapor pressure o f ic e ,  and E is  th e  vapor p ressu re  fo r  ice  fo r 2.4 °/oo*



35

This c a lc u la tio n  re s u l ts  in  a surface p ressu re  o f 8.737 X 10^ mh and a 

tem perature o f 735«19°K, as shown in  Table 4 . A fter taking the curvature 

o f th e  tem perature s tru c tu re  in  th is  ex trap o la tio n , a lin e a r  tem perature 

g rad ien t of - 8 . 64°K/km was chosen to  approximate c lo se ly  th e  re a l s i tu a tio n , 

while a t  th e  same time perm itting a necessary le v e l of sim plicity  fo r  the 

ap p lica tio n  to  the c irc u la tio n  model. This s im p lifica tion  gives an average 

Cp o f 1.03 X lo 7 ergs/(gm °K). I t  must be pointed ou t, however, th a t  not 

a l l  in v e s tig a to rs  agree th a t ad iab a tic  ex trapo lations to  the surface are  

reasonable. Liwshitz and S in c la ir  (I969) f in d  a b e tte r  f i t  to  microwave 

da ta  a t  wavelengths g rea te r  than 8 cm i f  the  atmospheric models have an 

iso therm al la y e r  a t  670 + 20°K th a t  extends from the surface to  7 + 2 km. 

However, no physica l reason fo r th e  ex istence of such a lay er has been 

given as y e t .

At high a l t i tu d e s  the  ad iabatic  lapse r a te  gives way to  pseudo- 

ad iab a tic  when sa tu ra tio n  is  reached. In order to  ca lcu la te  the le v e l  

of th e  cloud base fo r the "ice cloud" model the  Venera 4 , $, and 6 data  

were converted from w ater vapor d ensity  to  mixing r a t io .

______________________ Venera 4_______________________ Venera 5,_6________

1-8  m g /lite r 4-11 m g /lite r

.35 -  2.7 0/00 1.4  - 3.8  0 /00

Comparison o f these mixing ra tio s  to  the ad iab a tic  p ro file  from the  

surface upward gives cloud bases o f 55 -  60 km. Assuming the  best 

o p tic a l rad iu s (cloud tops) is  6l20 km th is  gives cloud thicknesses 

o f 7 - 12 km which i s  of su ff ic ie n t th ickness fo r  the  greenhouse model. 

In  th e  clouds th e  lapse  ra te  i s  ca lcu la ted  by
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1 +  L
3T ^ g _____________ PET__________  (1)
ÔZ 2

Cp + % %
2

PRT

At higher a l t i tu d e s  ra d ia tiv e  equilibrium  very l ik e ly  p rev a ils  w ith the 

tem perature g radually  fa l lin g  u n t i l  th e  th in  u l t r a v io le t  clouds are  formed 

a t the  mesopause, and a t  higher a l t i tu d e s  d is so c ia tio n , recombination, and 

u l t ra v io le t  absorption occur. At these le v e ls  th e  models of McElroy (I968) 

and W hitten (I969) are  used.

For th e  dust model the temperature i s  requ ired  to  f a l l  o ff  le s s  rap id ly  

such th a t  s a tu ra tio n  mixing ra tio s  do not drop below 3 gm/kg u n t i l  th e  meso

pause where u l t r a v io le t  clouds are  again formed.

The model atmosphere fo r the ice  cloud meets a l l  these requirements 

and in  a d d itio n  has 97n p rec ip ita b le  w ater vapor above the clouds, thus 

meeting B elton  and Hunten’s c r i te r ia  as given in  Table 2 . The data  fo r 

th is  model a re  tab u la ted  in  Table 5> giving fo u rteen  v ariab les  up to  400 

km a l t i tu d e .

The dust cloud model i s  also  co n sis ten t w ith described fa c ts  and w il l  

accept up to  2 .7  °/qo o f water vapor w ith no condensation of ice  u n t i l  th e  

mesopause i s  reached. These data are given in  Table 6 up to  4lO km.



CHAPTER IV

STEADY STATE TWO DIMENSIONAL CIRCULATION MODEL 

In  order to  model th e  c irc u la tio n  o f  Venus, so lu tions w ill  be sought 

fo r the f u l ly  coupled equations of motion, co n tin u ity , s ta te ,  and thermo

dynamics. This se t as given by H altiner and M artin (1957) , Hess (I959), 

Bird e t a l  (I960), and Love (I968) are as fo llow s.

(2 )

(^)

4- ( 4r . 9 ) 1 )  =  ^ V - ( X +XU, $  -  V . G (5)

In  these equations v is  v ecto r v e lo c ity , t  i s  tim e, p is  d ensity , p i s  

p ressu re , g i s  acce le ra tio n  due to  g ra v ity , K is  eddy conductiv ity , Q is  

the ro ta tio n  vector of Venus, R is  the  u n iv e rsa l gas constan t, m i s  molec

u la r  w eight, Cp i s  sp ec ific  h e a t, P i s  th e  c o e ff ic ie n t o f thermal expansion, 

Q is  the net ra d ia tiv e  f lu x , and ?  i s  th e  eddy s tre s s  ten so r.

I t  i s  th e  purpose here to  model the steady s ta te  c irc u la tio n  in  two 

dimensions, x and z (x being horizon ta l d is tan ce , and z being v e r t ic a l)

37
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around h a l f  th e  p la n e t from the subsolar p o in t to  th e  a n tiso la r  point along 

a g rea t c i r c le .

Since Venus has a very  slow s id e re a l ro ta tio n  r a te  o f about 2k3 days 

re trograde the Q i s  about 3 X 10"? ra d /se c , so i t  w il l  be assumed th a t 

acce le ra tio n s  due to  th is  ro ta tio n  a re  n e g lig ib le . I t  i s  also  assumed th a t  

these  equations w ritte n  in  coordinate form have so lu tions such th a t they 

can be described in  terms of a b asic  s ta te  (barred term s) and small per

tu rb a tio n s  (primed te rm s).

U =  U  (j&) •+ (6)

w  =  w  x) (7 )

(8)

f) = (9 )

n - =  t C^-) , (10)

The b asic  s ta te  so lu tio n  being an average o f th e  b e s t known data of Venus 

as described in  th e  previous two chapters and the p ertu rb a tio n  represents 

th e  change in  th is  b asic  s ta te  o f the  atmosphere in  response to  sunlight 

f a l l in g  on the top  o f  th e  cloud la y e r . The equations th a t  we found to  

s a tis fy  th e  b asic  s ta te ;  i . e . ,  u ' = o, w’ = o , p ' = o, p* = o, T* = o i s  

th e  h y d ro s ta tic  equation

/

th e  equation o f s ta te

(12)
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and th e  requirement th a t  tem perature be lin e a r  w ith height in  the  thermo

dynamics equation

I ?  "

Due to  high opacity  of the Venus atmosphere, ra d ia tiv e  tra n s fe r  is  very 

in e f f ic ie n t  r e la t iv e  to  molecular conductiv ity  perm itting  the rad ia tiv e  

terms to  be neglected  in  equation (13) . The complete ju s t i f ic a t io n  fo r 

ignoring ra d ia tio n  in  the  b a s ic  s ta te  thermodynamics equation i s  given in  

Appendix A.

These th ree  b asic  s ta te  conditions (equations 11 , 12, and 13) are , 

fo rtu n a te ly , those th a t  are normally used in  constructing  s ta t i c  model 

p lanetary  atmospheres and are  the assumptions used in  Chapter I I I  in  de

riv ing  th e  basic s ta te  dust model and ice  cloud model atmospheres fo r 

Venus. Thus, these  model atmospheres may now be employed toward solving 

the hydrodynamic equations describing the response o f the  atmosphere to  

sun ligh t f a l l in g  on and being absorbed in  the  clouds. By w riting  equations 

2 through 5 in  coordinate form, and making reasonable and v a lid  assumptions 

(such as  elim inating  products of primed teim s) as described in  Appendix B, 

these equations can be w ritten  in  terms of 5 equations in  5 unknowns (u*, 

v ' , p ' , p’ , T ') ,  w ith two independent variab les  x and z . The barred  terms 

( e .g . ,  "p) a re  those which s a t is fy  the  b asic  s ta te .

(15)

- f - i t  +  =  °  (1^ )
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(17)

In equation (l? )»  p ’ must be required to  be zero in  order to  prevent the 

so lu tions from including compressional waves ( i . e . ,  th is  is  the  A nelastic  

assumption).

Eknploying th e  l in e a r  function u(Z) is  a method by which a lin ea riz ed  se t 

of d i f f e r e n t ia l  equations can be made to  a c t l ik e  a  non-linear s e t. Thus, 

th is  se t o f  equations accounts fo r  both h o rizo n ta l momentum advection and 

co m p ressib ility  in  th e  con tinu ity  equation due to  th e  extremely deep (60 km) 

troposphere o f Venus. No other c irc u la tio n  models to  date are th is  general. 

Equations ( l4 ) through (l8 ) and a  poin t i te r a t iv e  re lax a tio n  scheme (Appen

dix B) were programmed in  f in i te  d ifference form in  fo rtran  V using th e  

Uni vac 1108 computers a t  the Manned Spacecraft Center, Houston, Texas. The 

computer program using th is  scheme is  presented  in  Table 7. The model 

atmosphere subroutine and other needed subroutines are described by P i t t s

(1969).

C irculation Models 

The c irc u la tio n  models to  be discussed here a re  based on the  basic  

s ta te  model atmospheres developed in  Chapter I I I .  Also, each model atmos

phere i s  based on assumptions of: the depth of th e  model, eddy v isc o s ity

in  v e r t ic a l  and h o rizo n ta l, P randtl number, basic  s ta te  horizon ta l wind,

and whether th e  Boussinesq approximation _à£_ = 0  is  to  be used or the
Bz

f u l l  A nelastic  so lu tio n  i s  sought.
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The f i r s t  model to  he described i s  52 km deep, i t  is  assumed th a t 

the clouds are  composed of dust, th a t  = 10^ cm^/sec, th a t = 10^

cm^/sec, th a t  no ho rizon ta l advection occurs ( i . e . ,  l in e a r  ïï(Z) = o ) , th a t  

the P rand tl number is  u n ity , and th a t  the atmosphere i s  A nelastic . This 

model assumes th a t  Goody and Robinson's (I966) method i s  v a lid , in  which 

the clouds are  impenetrable by v is ib le  l ig h t  with so la r  heating taking 

place in  the top  o f th e  clouds on th e  day s id e  of the p lanet w ith  cooling 

occurring in  th is  same layer on the night s id e  (described in  Appendix B). 

The la rg e  scale  temperature g rad ien t in  the cloud tops causes motion which 

creates a la rg e  scale c irc u la tio n , tra n s fe rr in g  energy to  the dark s ide . 

Goody and Robinson required th a t th e  top le v e l  of these clouds be constant 

in  tem perature a t  230°K, vdiereas tem perature i s  allowed to  vaiy on the  top  

of th is  model. Furthermore, Goody and Robinson's model incorporated the 

Boussinesq assumption, whereas th is  model allows fo r th e  v a r ia tio n  in  "P 

with a l t i tu d e .  The lower boundary condition o f th is  model is  s im ila r  to  

Goody and Robinson's and requ ires th e  atmosphere to  receive  zero heat f lu x  

from p lanetary  su rface , thus requ iring  an ad iab a tic  tem perature g rad ien t

+ g/cp = o
âz

This model took I8  ite ra tio n s  to  converge, and since each term  of each 

equation ( l4 ) through (18) is  p r in te d  out upon convergence, the predominant 

terms are  e a s ily  determined to  be

(19)

■ ' i f '  -  ?  *'*‘5 ?  “  °  (20)
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èu , W *
ax H, =  0 (21)

(22 )

j S * T ' + T / » ' » 0  (23)

ô^T’
In  the top of th e  atmosphere where sun ligh t warms the cloud top ~

hz
i s  p o s itiv e , thus req u irin g  upward tra n s fe r  of p o te n tia lly  warm a i r

w' _ÈÊ_ , and since _ à§— i s  p o s itiv e , the  w' is  p o s itiv e . The opposite 
Bz Bz 2

e ffe c t occurs on the  n igh t side w ith ^ ^ ’/Bz^ being negative. Due to com

p r e s s ib i l i ty  w' w ill  increase/decrease  as th e  p a rc e l ascends/descends,

u n t i l  i t  gets near th e  top where th i s  motion is  tra n s la te d  in to  a h o ri-
2

zon ta l v e lo c ity . The wind (u‘) increases w ith heigh t such th a t  Ê_ül is

8t)p o s itiv e , requiring a balance by f  being p o s itiv e .
Bx

The so lu tion  as given in  Figure k ind ica tes  a c irc u la tio n  extending 

downward from the cloud tops about 20 km with th e  maximum speed a t  the 

top  being about 28 m /sec, and v e r t ic a l  speeds in  th is  c e l l  being of the 

order o f one cm/sec. H orizontal speeds below th is  c e l l  f a l l  o f f  by 2 

orders of magnitude in  the  next 5 km and by 2 more the  5 km below th a t .  

Thus, the  lower atmosphere i s  almost completely a t  r e s t .  Cloud top tem

pera tu res  a t the sub so la r  po in t are  calcu la ted  to  be 329°K a t subsolar 

po in t and are 213°K a t  the a n tis o la r  point and are  approximately constant 

a t  th is  l a t t e r  value over th e  n igh t portion  o f the  p la n e t. The region of 

th e  h ighest tem perature g rad ien t occurs on th e  sunny side near the  term i

n a to r. No percep tib le  h o rizo n ta l tem perature g rad ien ts  occur below th is  

c e l l  (no phase e f f e c t ) ,  thus confirming the measurements o f D ickel (1968)



43

and supporting th e  th e s is  of high therm al heat capacity  of Thaddeus (I968). 

Moreover, t h i s  model p red ic ts  a therm al phase e f fe c t  in the clouds th a t  may 

have gone undetected to  date because o f th e  d i f f ic u l ty  o f observing Venus 

a t  superio r and in fe r io r  conjunctions due to  the  proxim ity o f the so la r 

image and th e  high atmospheric no ise  th a t  i s  p resen t a t 8- l 4(j,. The shallow 

c irc u la tio n  doesn 't agree with any of th e  models th a t  assume th a t  a v a ria 

t io n  of surface heating  is  the d riv ing  fo rce ; Ohring (I965), Bohachevsky 

and Yeh (I968), and a lso  doesn 't agree w ith Goody ciixd Robinson's (1966) or 

S tone 's  (1968) top heated Boussinesq model in  terms of the depth of the 

c irc u la t io n . Moreover, the region of ascen t is  narrow in  th i s  model, 

whereas Goody and Robinson's (I966) and S tone 's (1968) models have narrow 

regions of subsidence. This d iffe ren ce  may be due to  the f a c t  th a t th is  

model accounts fo r  com pressib ility  and Goody and Robinson (I966) and Stone 

(1968) assumed th e  Boussinesq approximation to  ho ld . The v e lo c itie s  in  th e  

upper boundary lay e r p red icted  by th is  model compare favorably to  Goody and 

Robinson's 34 m/sec. Making the Boussinesq assumption halves the cloud top 

h o riz o n ta l v e lo c ity  and the v e r t ic a l  v e lo c i t ie s ,  w ith the lower atmosphere 

remaining almost a t  r e s t .  This model i s  in  good agreement w ith  the  recent 

model by Hess (I968), the  d e ta ils  of which are not ava ilab le  in  the l i t e r a 

tu r e .  The p r in c ip a l features o f h is  model are a 52 km deep atmosphere, 

w ith a c irc u la tio n  about I5 km deep from th e  cloud tops.

Kerzhanovich e t a l  (I969) have made ca lcu la tio n s  of th e  v e r t ic a l  and 

h o riz o n ta l v e lo c it ie s  in  the Venus atmosphere based upon doppler measure

ments from Venera 4 . These r e s u l ts  were taken from about 52 km down to  

26 km and th e  approximate t ra je c to ry  i s  superimposed on F igure 4 . Upward 

v e lo c it ie s  % 3m/sec were deduced u n t i l  7:53 a.m. Moscow time which is
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approximately 4-7 km on model in  Figure 4 and from th a t  po in t down, downward 

v e lo c itie s  almost constant a t «S3 m/sec were recorded. These measurements 

are  claimed to  have an accuracy of + 0.6  m/sec w ith  an uncertain ty  in  the 

zero po in t o f  + 6 m /sec. Due to  unfavorable conditions of measurements, 

Kerzhanovich e t a l  (1969) could make no h o rizo n ta l v e lo c ity  calculations 

but could s e t  an upper lim it o f  32 m/sec. These Venera 4 data agree f a i r ly  

w ell w ith th e  model in  Figure 4 , which p red ic ts  23 m/sec a t  the  Venera 

en try  c o rrid o r . The Venera 4 v e r t ic a l  v e lo c it ie s  a re  the  same order of 

magnitude, b u t are  a l i t t l e  too  large to  agree w ell w ith the  c ircu la tio n  

model.

The second model (see Figure 5) to  be d iscussed i s  id e n tic a l to  the  

f i r s t  (the same equations predominate) except v̂ . = 10^ cm^/sec, thus caus

ing an increase  in  viscous mixing which req u ires  an increase  in  horizonta l 

pressure g rad ien t to  balance i t .  Since th e  P ran d tl number i s  s t i l l  u n ity , 

the eddy d if fu s iv l ty  term also  increased, since th e  heat in  and out o f the 

top lay er sp e c if ie s  a Neumann (slope) condition on tem perature, th is  to  a

g rea t ex ten t determines so th a t an increase  in  k causes a propor-
dz^

tio n a l increase  in  v e r t ic a l  v e lo c ity . Through th e  co n tin u ity  equation 

th is  causes an increase  in  horizon ta l v e lo c ity  in  th e  top lay e r, up to  

288 m/sec, thus exceeding the speed o f sound and making th is  model untenable. 

In th is  model, tem perature a t th e  sub so la r  po in t i s  328°K and the tempera

tu re  of the n igh t side cloud tops is  2l 6°K.

The th i r d  model to  be discussed i s  th e  same as the  second, except the 

P randtl number is  10. 0 , making eddy viscous process predominant over eddy 

d iffu sio n . Thus, a t the cloud top a th in  therm al mixing region develops, 

and a th ic k  tu rb u len t lay e r develops. This model produces a c ircu la tio n
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almost id e n tic a l  to  th a t  o f model one, thus ind ica tin g  th a t  the value of 

eddy v isc o s ity  i s  not as c r i t i c a l  in  determining the c irc u la tio n  as i s  

the  value of eddy d i f fu s iv l ty .  Wo figure is  given fo r  th is  model.

The fo u rth  model (Figure 6) to  be discussed has the  same basic s ta te  

s tru c tu re  as the  previous th re e  models, and is  s im ilar to  model 2 except 

the  Prandtl number i s  .1 , making the cloud top have a th ic k  thermal mixing 

region and a th in  tu rb u len t la y e r . The higher eddy d if fu s iv l ty  causes an 

increase by 2 orders o f magnitude in  the v e r t ic a l  v e lo c ity  re su ltin g  in  

ho rizo n ta l speeds (l64o m /sec) much in  excess of th e  speed o f sound, thus 

making th is  model un tenab le. Temperature e ffec ts  o f 1°K or more propagate 

downward to  j»25 km, in  response to  the higher d if fu s iv l ty .

Another model was run which was id en tic a l to  the f i r s t  except th a t 

Pr = .1 , thus causing k^ = 10^^ cm^/sec. Since the  d if fu s iv l ty  term is  

o f g rea te r importance than th e  viscous term, the  re su ltin g  model i s  almost 

id e n tic a l to  model 2 and F igure 5 may be re fe rred  to  fo r  th e  derived c i r 

cu la tio n .

Model 5 (Figure 7 ) i s  a 6o km deep dust model w ith = 10*3 cm^/sec, 

and a P randtl number o f u n ity . This model is  ty p ica l o f th e  other dust 

models discussed p rev io u sly , showing one c e l l  w ith v e r t ic a l  v e lo c itie s  of 

10~3 cm/sec and h o riz o n ta l v e lo c itie s  on the  order of .1 m /sec. The basic 

s ta te  model i s  so s ta b le  in  th e  upper atmosphere th a t  l i t t l e  v e r tic a l 

v e lo c ity  is  requ ired  to  rep lace  th e  heat d iffused  downward. The small 

v e r t ic a l  v e lo c ity  produces a small horizonta l v e lo c ity  (a t  th e  top bound

ary  through the  equation o f co n tin u ity ), whose mixing balances the pressure 

g rad ien t. The cloud top  tem perature ranges from 340°K a t  th e  so lar point
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to  203°K on th e  n igh t s id e . Increasing v̂ , in  another model to  10^ increased 

th e  v e lo c itie s  hy a fac to r of 10, bu t d id n 't  a f fe c t  the cloud top tempera

tu re s  s ig n if ic a n tly .

Model 6 (Figure 6) is  a 60 km deep ic e  cloud model; otherw ise, i t  i s  

s im ila r in  a l l  c h a ra c te r is tic s  to  model 5 * The basic  s ta te  model i s  very 

c lose  to  a d ia b a tic , thereby req u irin g  a higher v e r t ic a l  v e lo c ity  to  ver

t i c a l l y  advect h ea t. At the  same tim e, th e  v e r t ic a l  d iffu sion  must slow 

down to  balance th e  s itu a tio n . Therefore, the cloud top tem peratures a t  

the  subsolar p o in t r is e  to  436°K and the temperature a t  n ight drops to  

161°K. C learly  horizon ta l advection of heat must be very important in  

th is  lay e r.

A 52 km deep dust model was run to  determine the  importance of the 

n on -linear advection terms to the h ea t tra n s fe r  process. This model has 

Vz = 1q3 cm^/sec and P randtl number equal to  1 .0 , thus making i t  s im ilar 

to  model 1, which was a l in e a r  model.

The u(Z) was chosen so as to  sim ulate the  shallow c ircu la tio n  seen

in  model 1 . The choice of the constants c and b was made so th a t  ü  = - l8

m/sec a t  4l .6 km and +l8 m/sec a t  46.8  km. At a l l  other lev e ls  ü  i s  zero.

This model took 38 i te ra tio n s  to  converge, and since each term of the  

equations i s  p r in te d  out upon convergence, the  predominant terms are e a s ily  

determined to  be

- ^ ' + ^ 3 = 0  (24)

=  0  (25)
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( 2 7 )

^ t ‘ h- T ^ ‘ ^ 0  (28)

Again th e  atmosphere continues to  remain h y d ro sta tic  as seen in  equation 

(24) . Equation (25) shows th a t both upward and h o rizo n ta l momentum are  

balancing the h o rizo n ta l pressure g rad ien t. The h o rizo n ta l perturbed 

v e lo c itie s  a re  much low er, reducing the  magnitude of the eddy viscous 

mixing terms in  th is  equation. The equation of co n tin u ity  is  not a ffec ted . 

In  equation (27) the h o rizon ta l advection and the v e r t ic a l  d iffu s io n  tend 

to  balance w ith the h o rizo n ta l p ressu re  advection and the v e r t ic a l  advection 

being resp ec tiv e ly  1 and 2 orders o f magnitude sm aller. The re su ltin g  c i r 

cu la tio n  is  s im ila r  to  th a t  of model 1 except th a t the  v e r t ic a l  and h o ri

zon tal pertu rb a tio n  v e lo c itie s  are  decreased by a  fa c to r  of 100, and the 

c irc u la tio n  i s  deepened by about 5 km. The c irc u la tio n  speed i s  decreased 

because the h o riz o n ta l tra n s fe r  of heat tends to balance the  downward d if 

fusion , requ iring  le s s  v e r t ic a l  advection, and a slower v e r t ic a l  v e lo c ity  

c rea tes  (by co n tin u ity ) a slower h o rizon ta l a t  the  top  boundary. Because 

of the a rb i tra ry  n a tu re  o f the u(Z) c irc u la tio n , i t  would be advantageous 

to  construct a  f u l l  no n -lin ea r model. The cloud top temperatures are 

w ithin  one degree of model one, and no tem perature phase e ffec t i s  evident 

below th e  cloud top .



CHAPTER V 

CONCLUSIONS

The current data  on th e  s ta t i c  s tru c tu re  o f the  atmosphere o f Venus 

can be adequately explained by hydrosta tic  models th a t  assume e ith e r  non

condensing "dust" clouds o r ice  (H2O) clouds. What sm all d iffe ren ce  ex ists  

between the  two models occurs near the  tropopause (52-62 km). The dust 

model avoids tem perature^cold enough to  condense 2 ,k ° /oo  w ater vapor u n ti l  

th e  mesopause (%̂ 120 km) is  reached. The ic e  cloud model produces water 

clouds a t  both th e  tropopause and th e  mesopause. Both models w il l  remain 

as candidates u n t i l  more convincing data on th e  nature o f the clouds is  

obtained. A consensus on th e  surface pressure and tem perature i s  s ta r tin g  

to  emerge in  the l i t e r a tu r e  and th e  values derived in  Chapter I I I ,  87.^ atm 

and 735.2°K, re sp e c tiv e ly , are  in  good agreement w ith th e  l i t e r a tu r e .  How

ever, enough r e l i e f  may e x is t  on the  surface of Venus so as to  prevent 

refinem ents beyond a c e r ta in  p o in t, u n t i l  an a rb itra ry  datum i s  defined.

The cloud models derived  in  Chapter IV show th a t  a shallow c irc u la tio n  

c e l l  develops near th e  cloud tops, and th a t th e  h o rizo n ta l v e lo c i t ie s ,  ver

t i c a l  v e lo c it ie s ,  h o riz o n ta l pressure g rad ien ts and h o riz o n ta l tem perature 

g rad ien ts decrease ra p id ly  as the in te r io r  o f  th e  atmosphere i s  reached. 

Thus, by these models th e  phase e ffe c t of tem perature in  the  lower atmos

phere i s  determined to  be non-ex isten t and a l l  c irc u la tio n  models based 

upon th is  as a d riv ing  mechanism are  re je c te d . Moreover, the  model 

developed by Hess (I968) i s  the  only top heated model w ith  which these

4 8
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re s u l ts  agree. Boussinesq models were found to  be s im ila r  in  s tructu re  to  

compressible models bu t s ig n if ic a n tly  lower in  th e  v e lo c ity  of the cloud 

to p s . The ic e  cloud and dust cloud models were found to  produce s ig n if ic a n tly  

d if fe re n t c irc u la tio n  speeds, with the former being f a s te s t .  Non-linear 

models were found to  produce s ig n if ic a n tly  slow er c irc u la tio n  speeds, be

cause of th e  tra n sp o rt of heat from the day to  th e  night side , whereas 

th e  l in e a r  models tra n sp o rt downward.

The tem peratures o f the cloud tops in  th ese  models show a large phase 

e f fe c t .  These tem peratures would cause s ig n if ic a n t evaporation of the ic e  

cloud tops down to  tem peratures where equ ilib rium  p rev a ils . Thus, i f  meas

urements o f the  cloud top temperatures by radiom etry or spectrometry 

continue to  show constant values and the day values are a t  higher pressures 

than a t  n ig h t, then th e  case fo r ice  clouds w i l l  be strengthened. In th is  

case, la te n t  heat must be added to  the  c irc u la tio n  model. I f  a phase e f fe c t 

in  cloud top tem perature has been overlooked, th e  dust cloud is  more probable .

The models have been run with eddy v is c o s i t ie s  and d if fu s iv it ie s  of 

10^ to  10^ cm2/s e c  in  the  v e r t ic a l .  Values h ig h er than these  were found 

to  cause divergence o f the  i te ra t iv e  scheme. These values were chosen 

because th ey  are  used to  describe some eddy processes on Earth.

Many e a r l ie r  c irc u la tio n  models have been based on a c la s s ic a l 

Rayleigh convection assumption th a t requ ires p en e tra tio n  of sunlight to  

the  su rface . The l ig h t  lev e l measurements made below the clouds by 

Venera 5 and 6 c a s t doubts on the v a l id i ty  o f t h i s  assumption. The 

v is ib le  imagery to  be made by the Venus, Mercury M ariner, 1973 fly-by 

should help decide th is  uncerta in ty . I f  accu ra te  cloud top temperatures
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are  measured by th is  sp acecra ft, then the c irc u la tio n  models fo r  the Venus 

atmosphere can be fu rth e r  re fin ed .



APPENDIX A 

RADIATION

The unreduced path  leng th  (u) in  a 100^ carbon dioxide atmosphere can 

be calcu la ted  by:

u = (Al)
gP '

where P is  the surface p ressu re , g i s  the average acce le ra tio n  o f  g rav ity  

and p i s  the d en s ity  o f COg a t  8TP ( l.g 4  X 10"3 g/can^). Using th is  defi-
1l  ̂ * 7n itio n , a surface p ressu re  o f 8.737 x 10 mb gives 5 XIO cm atm o r a 500 km 

th ick  lay er of COg a t  8TP. Data are  not av a ilab le  fo r  band models, l in e  

streng th  or widths fo r these  large amounts nor fo r  th e se  high p ressu res .

The b es t labo ra to ry  data th a t  is  av a ilab le  in  th e  cu rren t l i t e r a tu r e  is  

fo r 10^ cm-atm. However, Bartko and Hanel (1968) have used the availab le  

laboratory  data and th e o re tic a l ca lcu la tio n s  to  derive a f i t  to  a  strong 

l in e  absorption law . They used th is  model fo r  tem perature s tru c tu re  ca l

cu lations above th e  Venus cloud tops and Ohring (I969) used i t  to  in v e s ti

gate th e  greenhouse e ffe c t below th e  cloud to p s . In  th i s  model th e  region 

between 0 and 80OO cm“^ i s  divided in to  seventeen regions in  which the 

transm ission ( t )  fo r  the  band (r)  i s  given as

Ty = exp (A2)
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where and are  constants and i s  the  reduced path  length as defined 

by

Uy* = 1 .66u (288. i 6/T )3/ ^  exp [y ,̂ (1/288.16 - 1/ t ] * [  (A3 )

where Y  ̂ is  a constant

Using th is  approach th e  transm ission  of a f in i t e  lay e r t can be ca lcu la ted

'8000
T(i) dw (A4 )

8000

Having T av a ilab le  enables ca lcu la tio n s  to  be made as to  th e  importance o f 

ra d ia tio n  on the Venus atmosphere dynamics. For convenience the  lowest 

43km of th e  Venus atmosphere was divided in to  10 la y e rs . The transm ission  

of these  layers  ranges from 2 .2  X 10"^ near the surface .j-. r  the  

tropopause. In  such an o p tic a lly  th ick  medium, th e  Roseland Approximation 

(Love (1968)) o ffe rs  an a t t r a c t iv e  way o f sim plifying th e  c a lcu la tio n s  of 

the basic  s ta te  n e t flux  (Q)

Q = ..-1 ^- a t 3
3 dT (A5 )

Using th is  form ulation, th e  b a s ic  s ta te  tem perature s tru c tu re  can be c a l

culated  incorporating  ra d ia tio n . The thermodynamics equation fo r th e  basic  

s ta te  reduces to :

bz

Assuming K̂, is  independent of heigh t allows r e la t iv e ly  s tra igh tfo rw ard  

ca lcu la tio n s  o f the  tem perature lapse r a te .  This was accomplished by 

programming the  Bartko and Hanel (I968) model and using th e  Roseland
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Approximation to  solve equation (a6). The minimum thermal conductiv ity  

(molecular therm al conductiv ity ) th a t  could be expected fo r  a 100% 00^ 

atmosphere a t  5Ô0°K i s  about 10^ ergs/(cm sec °K) (Brokaw (I961)). This 

w i l l  produce the maximum tem perature lapse r a te  (-ôT /ôz). However, so lv

ing equation (A6) fo r  th e  dust model case rev ea ls  th a t  no s ig n if ic a n t 

superad iabatic  tem perature g rad ien ts  are formed. I t  i s  apparent th a t  

m olecular conductiv ity  alone i s  s u ff ic ie n t to  d is s ip a te  energy in  th e  

h ig h ly  opaque atmosphere a t  a  r a te  high enough so as to  not produce 

i n s t a b i l i t i e s .  The f a c t  th a t  motions w ill  l ik e ly  produce eddy conduc

t i v i t i e s  somewhat h igher than  10^ ergs/(cm sec °K) (10"^ cm^/sec d if fu -  

s iv i ty )  in d ica tes  th a t  th e  lap se  ra te s  would be approximately zero . Since 

th is  i s  not observed, then dynamic e ffe c ts  must be predominant over ra d ia 

t io n ,  thus ju s tify in g  neg lecting  rad ia tio n  in  th e  basic  s ta te  thermodynamic 

equation . This then req u ires  th a t  the tem perature s tru c tu re  be l in e a r  (see 

equation 18) so th a t

9^  = 0 (A7 )
3z2

which can f i t  the known data  in d ica tin g  an alm ost ad iab a tic  tem perature 

s tru c tu re  in  the lower atmosphere.



APPENDIX B

GOVERNING EQUATIONS AND NUMERICAL METHOD FOR A STEADY 

STATE TWO DIMENSIONAL CIRCULATION MODEL 

The s ta te  of an atmospheric c irc u la tio n  w il l  he described in  terms 

of so lu tio n s  to  a complete se t o f  p a r t ia l  d i f f e r e n t ia l  equations (B -l) 

through (B-4 ) . This se t co n sis ts  o f the  equation of motion, co n tin u ity , 

and s ta te ,  equations (B-l) through (B-3 ) (H altiner and Martin (1957) , 

Hess (1959)j and Bird et a l  (1960)) are  as follows:

(B -l)

+  V 'jo ir  =  0  (B-2 )

T  =  (B-3 )

The equation o f thermodynamics (Love (I968)) is  as follows

p C p ( - ^  +(?^-'5) T ) = ( 3T ( - | f + (- !? -y > ^ )+ V -(K V T )+ > ^ î- -V -a  (B-l.)

In  th ese  equations, iT is  the v ec to r v e lo c ity , t  i s  tim e, p is  d en s ity , p i s  

p ressu re , g is  acce lera tio n  due to  g rav ity , fi i s  the  ro ta tio n  vecto r fo r  

Venus, T  i s  th e  s tre s s  ten so r, R i s  th e  u n iv ersa l gas constant, m i s  m olecular
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Veight, K i s  conductiv ity , p. i s  v isc o s ity , § i s  th e  viscous d iss ip a tio n  

term, Q i s  th e  n e t ra d ia tiv e  flu x  v ec to r, p is  th e  co e ffic ien t of expan

sion of the  gas and Cp is  the  sp ec ific  heat of th e  gas.

In o rder to  solve the two dimensional eq u a to ria l c irc u la tio n , these 

equations (B-l through B-4) are w ritten  as f iv e  sc a la r  equations with 

five, unknowns and are  s im plified  in  th a t  a steady s ta te  and no ro ta tio n  

(Q = o) i s  assumed.
I

4 -  =  o  (B_7)

== p-T X  ( b - 8 )

Furthermore, id e a l gases have a c o e ffic ie n t of expansion equal to  l /T  so 

assuming the Venus atmosphere i s  id e a l reduces th e  pT fa c to r  in  the thermo

dynamics equation (B-4 ) to  u n ity .

___ L ( B - 9 )

In th ese  equations, u i s  the  v e lo c ity  in  the  x d ire c tio n , x i s  the distance 

around th e  p la n e t along a g rea t c i r c le ,  w i s  the v e lo c ity  in  the z d irec tio n , 

z i s  the d is tan ce  perpendicular to  the  p la n e t’s su rface , given as p o s itiv e
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away from th e  p la n e t, |i and K are  the .coeffic ien ts o f  v isc o s ity  and 

conductivity , re sp ec tiv e ly .

Assuming th a t  p, i s  constant in  x and z s im p lifies  th e  l a s t  two terms 

in  each o f equations (B-5) and (B-6) to

^ V w  +

v ’m +  C^' ^  ) j

respec tive ly

where V»?”is  often  re fe rre d  to  as the d ila ta t io n  or com pressib ility . The 

terms expressing th e  v e r t ic a l  and ho rizon ta l g rad ien ts o f  the com pressib ility  

are 3 to  4 orders o f  magnitude sm aller than the  sm allest of o ther terms, and 

therefore  are  neg lected . I t  i s  a lso  necessary to assume th a t th e  variab les 

p, p, u, and T are  composed o f two p a r ts , a slowly varying basic  s ta te  

which is  a  function  of z only , and a small p e rtu rba tion  th a t i s  superim

posed on th e  basic  f ie ld ,  which i s  a function of both  x and z . The former 

qu an tities  are denoted by bars over the variab le , and the  l a t t e r  by primes.

I t  i s  assumed th a t w co n sis ts  only of a pertu rbation  quan tity . These 

assumptions are:

=  VJ W) (B-10)

^ = - p (B-11)

(B-12)

T  =  T C * ) (B-13)

U =  TiO>) + (B-lk)
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where U(Z) is  assumed to  be equal to  c + b z , c and b being co n sta n ts .

Since the  b as ic  s ta te  as determined by:

u ' = o, w* = o,  p ’ = o , p ' = o, T’ = o

and equations (B-IO) - (B-l4) should s a t i s fy  equations (B-5) to  (B-9 ) , and

since w’ i s  requ ired  to  be zero in  th e  b as ic  s ta te  fo r  a l l  x and z, then

and - -  are  a lso  zero. Sim ilar arguments apply to  ÈüL, È21, ÈEl, ÈEl,
ôz ôx ^ ôx ôx ôx ’ ôx
B£w  ̂ 9^w* , and The divergence o f net ra d ia tio n  f lu x  for the
ôx^ ôz^ ôz^ 3x2
b as ic  s ta te  in  the x d irec tio n  is  zero since  the  basic  s ta te  temperature 

i s  not a function  of x. The divergence of n e t rad ia tiv e  f lu x  fo r  the basic 

s ta te  in  th e  v e r t ic a l  d ire c tio n  has been ca lcu la ted  using the  Bartko and 

Hanel (1968) non-grey model and th e  Roseland Approximation. Due to  the 

high o p ac ity  o f th e  very dense atmosphere th e  ra d ia tiv e  tra n s fe r  is  extremely 

small and can be neglected . I t  i s  a lso  assumed th a t the viscous d iss ip a tio n  

i s  n e g lig ib le .

These assumptions re su lt  in  the  follow ing basic  s ta te  equations which 

must hold  a t  a l l  lo ca tio n s  throughout th e  x , z plane.

- ^  =  - 7 3

(B-16)

t 5 - = °

The l a s t  o f the  above equations (B-I7) in d ic a te s  th a t  the  basic  s ta te  tem

p era tu re  p ro f i le  must always be l in e a r  in  form, e .g .

T = a iz  +

where a^ and T^^^ a re  constants.
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Applying these  requirem ents, together w ith (B-IO) to  (B-1À) on equations 

(B-5 ) to  (B-9), and neglecting products of primed terms gives the  follow 

ing s im p lified  se t o f equations fo r  pertu rb a tio n s superimposed on th e  

p re sp ec ified  basic  s ta te ,

(B -x „

X  a t ' +  =I» ' ~  f  = 0  (B-21 )

In  equation (B-21) p ' i s  ignored to  make th e  se t A n e las tic .

0  (B-22)

Vjj., Ug, kjj, kg are  th e  eddy kinematic v isc o s ity  and d iffu s iv i ty ,  re sp ec tiv e ly .

Since ra d ia tio n  divergence was found to  be sm all fo r  th e  b asic  s ta te ,  

i t  i s  assumed to  be even smaller fo r  the  p e rtu rb a tio n s .

The r a t io  of h o rizo n ta l to  v e r t ic a l  scale  on Venus is  about 9OO, whose 

square i s  8.1  X 10^. Thus, i f  values o f eddy v is c o s ity  in the Venus atmos

phere a re  rep resen ta tiv e  of E a rth 's  lower atmosphere (Vg = 10^ cm^/sec and 

Vx = 10^0 cm^/sec) then the h o rizo n ta l eddy terms may be of the same order 

of magnitude as th e  v e r t ic a l  terms.

In  order to  solve the above equations sim ultaneously, they were s e t
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up in  a f i n i t e  d ifference form using centered d ifferences fo r second 

d e riv a tiv e s  and forward d ifferences fo r  g ra d ien ts . From the a u th o r 's  

experience, b e t te r  convergence o f th e  numerical so lu tion  i s  achieved by 

th is  choice o f  f in i t e  d ifference form, s in ce  th e  equations are  more 

h ighly  coupled about the  i j  term s. Furtherm ore, a centered d iffe ren ce  

scheme would not allow a comparison o f th e  A nelastic  and Boussinesq Cases.
s n W i . l . v - c i K ^ U  •

/

c-i
i-t

j=i j - i

The schane uses i  fo r  le v e ls  in  z and j fo r  x.

Each d i f f e r e n t ia l  equation has a re s id u a l R which i s  required  to  be zero or 

sm aller than  an allowable p re sp ec ified  l im it  fo r  a l l  i  and j  when so lu tions 

fo r P i j ,  P i j ,  UjLj, Wj ĵ, and Tĵ j a re  found. The res id u a l equations are

t l l j  (B-23)

r
+  (B-2%)

i± id A B - j  =  R 'WjJ+i —3.U
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^c iVi -U i; -  Wcj —  Vfi
H.

=  R . (B-25)

Uc‘jJI.J-̂ 1 ~T~0' U Pc'ivi -PcV
A X  p :  C p  A X

-j- W (B-26)

H *, ■• - 2 T 7 i -h-TluV
A S '

(B-27)

These f iv e  equations were programmed on th e  Uni vac U 08 a t  the  NASA, Manned

Spacecraft Center a t  Houston, Texas. The res id u a ls  a re  denoted as in

th e  equations where th e  su p e rsc rip t v in d ica tes  the  number of th e  i te ra tio n ;

i . e . ,  i s  th e  residue a t  th e  end of the  v th i te ra t io n ,  and k  denotes the

equation as- seen fïom (B-23) to  (B-27) . Each res id u a l i s  expanded to  f i r s t

order in  a Taylor s e rie s  about th e  vth guess fo r the dependent v ariab les

(p • J, p• ^, T j u . i ,  W. .) in  o rder to  apply a point i te r a t iv e  method such •̂ d *̂d ^d J-d Id
as the Gauss-Seidel scheme (Todd, I962).

AA'j +  ^  /S^ + 0 4 - ■¥ 0 (B-28)
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R .= U A w. j 4-
)w.-

f ( / =  . ) j b _  o

4- 4 ^ ^ f o ' +

4-  0

2 & — A w,,' -f- D

(B-20)

(B-30)

R j=

i^5 =  ^^ Ô*:

+ _ ^ 5 ^L-Aw;y 4 - - § | t .A r v j  (B-31)
> Ky ^  ' ‘J

4 - 4 -  4 ^  AT,J (B-32) 
^  I t j

'^fcj

By w riting  these  equations in  m atrix  foim they may he solved by finding the 

inverse to  a  m atrix .

-
Af.-j
A-^c;

Au^j —

AWy

ATcj

2 & _
à̂ CJ
o

o
V

2 â L

M L
à lK» 
0

1 & :

j b L

à R /

O

O

i V
3  wtj

•>wo'
3 R»*
'Swo'

-1

O R,

o R r

o

àRf '̂
'^TOJ

^T o '_

Rm.

(B-33)

The (v+ l)th  guesses are  obtained using the  Gauss-Seidel method

y+i V
f-i = ^

— •f'i'i -
~  ^  Ucj^-c,

w lT =  -A v/cV *c.

ATv;
- n r = "T'"V

(B-34)
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where c i s  a  convergence c o n s ta n t. The desired  so lu tio n  w il l  be 

obtained a t  the  l im it

limi m ( R ^ ) —?»0 o r j l l ^ < e  (maximum allow able erro r)

The d ériv â tes  given in  (B-26) are  as follows

PR, _ (B-35)

PR,
a t (b-36)

PR
/a t*  '

—  A-I y\ (B-37)

P Ri _  — I 
6% (B-38)

(B-39)

PR-3 _  jzL
>(Xt AX (B-4o)

PRj _  %J— _  -1
•^Wti A t  H,f

(B-4l )

4-  _a_
Wij ^  ^

(B-42)

'^T rj
9- k t _i_ «L kx._ ^  6

AX
(B-43)

  i^L
CpAX

(B-44)
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t j

=  0

-2 T ;j

3 R,

3 %IV,

(B-45)

(B-46)

(B-47)

(B-48)

(B-49)

Due to  th e  highly coupled n atu re  o f the  d if f e re n tia l  equations, a  very 

complex m atrix  equation (B-33) , r e s u l ts  fo r  the new guess algorithm  which 

makes an an a ly tic  so lu tio n  fo r  the convergence c r i te r i a  extremely d i f f i c u l t .  

Because o f th is ,  a g rap h ica l i l lu s t r a t io n  verify ing  convergence i s  given 

as fo llow s, which i s  based on t r i a l  and e rro r  success a t  ob ta in ing  a work

able convergence c r i t e r i a .

The c irc u la tio n  i s  assumed to  be between j = 2 and j = EJ (p lease r e fe r  

to  page 59) rep resen t one h a lf  th e  circumference of th e  p la n e t; i . e . ,  

from sub-so lar po in t to  th e  a n t i- s o la r  p o in t, re sp e c tiv e ly . The boundaries 

on each end are  made one f i n i t e  step  away and are used so as to  promote
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numerical s ta b i l i ty  fo r th e  re lax a tio n  method. Thus, fo r  a l l  i

w 'C s  ='
(B-50)

t ‘ ^̂ 30= «

Using th ese  r e s t r ic t io n s ,  the  values a t  th e  boundaries j = 2 and j = EJ can 

be ca lcu la ted  using the  same technique as fo r  th e  r e s t  of the  in te r io r .

The boundary conditions a t the  top and bottom depend on the  case being 

s tud ied ; however, an example (the one used fo r convergence c r i te r ia  d e te r

m ination) is  included fo r  completeness.

Surface Boundary Condition 

I t  i s  assumed th a t  no heat f lu x  i s  l o s t  o r gained from the  surface of 

th e  p lan e t so th a t

g /cp + _ | î _ + _ | î l  = o (B-51)
 ̂ oz oz

th a t  a non s l ip  condition ex is ts

u ' = o (B-52)

and no v e r t ic a l  wind can penetra te  the so lid  surface

w' = o (B-53)
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Top Boundary Condition 

Likewise, the top boundary has th e  same assumptions except th a t a 

rad iative-"conductive" boundary (Love (1968)) i s  assumed a t  the  cloud top

r-
^  4. j ~  (B-54)
Cp 2 3b J

where k i s  th e  eddy d if fu s iv i ty ,  e i s  the  em issiv ity  o f the  cloud top, 

assumed u n ity  fo r  the therm al in fra re d , and is  the  so la r  incident 

f lu x  a t  the  o rb it  of Venus, 2.667 X 10^ ergs/(cm^ sec ), A i s  the geometric 

albedo .77 (Irv ine  (1968)) fo r  Venus, and y is  th e  phase angle from the  

sub-so lar p o in t. By approximating th e  d iffu se  emission from the cloud top 

by the  f i r s t  two terms o f  a binom ial s e rie s

■T(=f

and neg lecting  higher order terms since T »  T* 

then the T' a t  the upper boundary can be ca lcu la ted .

■«'=

and oT= Ü f  coj' ^  ^  0 ,

=■ 1' C '"'T ^ — C J

The pressure a t  the top boundary i s  ca lcu la ted  by equation B-23 and the

density  i s  ca lcu la ted  employing equation B-27. A s l ip  condition i s  allowed

fo r  U and i t  i s  assumed th a t  no v e r t ic a l  v e lo c ity  e x is ts  a t  the top boundary.
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TABLE 1

Venus Atmosphere Composition and S tructu re  from Venera 4 , 
a f te r  Vinogradov e t a l  (1968) and from Mariner V, a f te r  

K liore e t  a l  (I969) using a 90^ COg atmosphere

Venera 4

A ltitude (km) Temperature (°C) Pressure (mm Hg) Component Results (volume jo]

2 6 + 1  2 5 + 1 0  550

19 + 1 km 9 0 + 1 0  1550

Mariner V 

Radius from Center (km)

6l 4o

6123

6101

6088.5

6085

COg > 1

COg 90 + 10

^2 < 7

°2 > 0.4

HoO > 0.12

CO2 > 30

COg > 1

N2 < 2.5

+ (HgO) < 1.6

HgO > 0.05

HgO < 0.7

P (mb) T (°K)

1 .0 241

28.4 241

1239 334

5146 445

7170 477
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TABLE 2

Minor Constituents o f th e  Venus Atmosphere 
as Determined from Earth

Component Mole F raction Source

KH3 . < 3 X 10"? Kuiper (I969)

HgO < 125h p re c ip ita b le Belton and Hunt en
(1966)

HgO 10-G Kuiper (I969)

HgO 2.5 X 10"^ (222|j, p rec ip ita b le ) Bottema e t a l  (1965)

HgO 60|jl p re c ip ita b le Spinrad and Shawl
(1966)

°2 < 4 X 10"5 Belton (1968)

HCl 10-6 Connes e t a l  (I967)

HF I q- 8 tt

I q-6 tl

COS 10"6 tr

SOg < 2.5 X 10-8 Cruikshank (1967)

HgS < 2 X 10“^ tf
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TABLE 3

Venus Atmosphere Composition and Structure 
from Venera 5 & 6 , a fter  Bri chant (I969)

Venera 5 Composition Measurements Occurred at: 

Temperature Pressure
i

25°C 0 .6  atm

1500c 5 atm

Venera 6 Composition Measurements Occurred a t; 

60°C 1 atm

225°C 10 atm

Component Volume Percent

“ 2 93 - 97

Ng + in er t 2 - 5

< 0 .4

HgO 4-11 m g /lite r
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TABLE 4

A Downward A d iab a tic  E x tra p o la tio n  to  F ind  th e  S u rfa c e  P ressu re  and T em perature

RADIUS
km

6048

6053

6056

z p r e s s u r e TEMP OTPZ hrh

km Uib K" K*/km km
- 4 9 . 2 . 4 4 5 + 0 5 8 6 1 . 9 1 6 . 9 9 21 . 6 0
- 4 9 . 2 . 3 7 9 + 0 5 8 5 8 . 4 0 7 .  0 1 2 1 , 5 2
• 4 é ï 2 i 3 7 5 + 0 5 8 5 4 . 8 9 7 , 0 2 2 1 , 4 4
- 4 8 . 2 . 2 5 2 + 0 5 8 5 1 . 3 8 7 . 0 3 21 . 3 6
- 4 f . 2 .  1 9 1 + 0 5 8 4 7 . 8 5 7 . 0 5 21 . 2 7
- 4 7 . 2 . 1 3 1 + 0 5 8 4_4. 32 7 , 0 6 21 * 1 9
^ 4 6 . 2 . 0 7 2 * 0 5 8 4 0 * 7 3 7 . 0 8 21*11
- 4 6  « 2._a.il.*a5 .3 3 .7 j.2 il 7 , 0 ? 21 ., 03
- 4 5 . 1 . 9 6 0 * 0 5 8 3 3 * 6 9 7 . 1 0 2 0 * 9 5
- 4 5 . 1 « 9 0 5 * 0 5 8 3 0 * 1 3 2 0 . 8 7
- 4 4 . 1 . 8 5 2 * 0 5 8 2 6 . 5 6 7 . 1 3 2 0 . 7 8
- 4 4 . 1 . 8 0 0 * 0 5 8 2 2 . 9 9 7 . 1 4 2 0 . 7 0
- 4  3 . 1 . 7 4 9 + 0 5 8 1 9 . 4  1 7 . 1 6 2 0 . 6 7
- 4 3 . 1 . 7 0 0 + 0 5 8 1 5 . 8 3 7 , 1 7 2 0 . 5 4
- 4  2 . 1 . 6 5 2 + 0 5 8 1 2 . 2 3 7 . 1 9 2 0 . 4 5
- 4 2 . 1 . 6 0 4 + 0 5 8 0 8 . 6 3 7 . 2 0 2 0 . 3 7
- 4 1  . I . 5 5 9 + 0 5 8 0 5 . 0 3 7 . 2 1 2 0 . 2 9
- 4 1  . 1 . 5 1 4 * 0 5 8 0 1 . 4 1 7 * 2 3 2 0 . 2 0
- 4 0 . 1 . 4 7 0 * 0 5 7 9 7 . 7 9 7 . 2 4 2 0 . 1 7
- 4 0 * 1 .4 2 7 J '^ 5 7 9 4 . 1 6 7 . 2 5 2 0 * 0 3
- 3 9 ; 1 . 3 8 6  + 05 7 9 0 * 5 3 7 . 2 7 1 9 . 9 5
- 3 9 . 1 . 3 4 5  + 05 7 8 6 . 8 9 7 *28 1 9 . 8 6
- 3 8  . 1 . 3 0 5 * 0 5 7 8 3 * 2 4 7 . 2 9 1 9 . 7 8
- 3 8 . ).2A7_*.S15 7 7 9 . 5? 7 , 3 1 1 9 . 6 9
- 3 8 . 1 . 2 2 9  + 05 7 7 5 . 9 3 7 . 3 2 1 9 . 6 0
- 3 7 . L .J93+JQ 5 7 7 2 . 2 6 7 , 3 4 1 ? . 5 2
- 3 6  . 1 . 1 5 7 + 0 5 7 6 8 . 5 9 7 . 3 5 1 9 . 4 3
- 3 6  . 1 . 1 2 2 + 0 5 7 6 4 . 9 0 7 . 3 6 1 9 . 3 5
- 3 5 . 1 . 0 8 8 * 0 5 7 6  1 . 2 2 7 . 3 8 1 9 . 2 6
- 3 5 . 1 .  0 5 5 ^ 0 5 7 5 7 . 5 2 7 , 3 9 1 9 , 1 7
- 3 4 . 1 . 0 2 3 * 0 5 7 5 3 * 8 2 7 . 4 1 1 9 . 0 9
- 3 4 . 9 . 9 1 3 + 0 4 7 .50*11 7 , 4 2 1 9 , 0 0
- 3 3 . 9 . 6 0 7 * 0 4 7 4 6 . 3 9 7 . 4 3 1 8 . 9 ,
- 3 3 . 9 . 3 0 9 + 0 4 7 4 2 . 6 6 1 8 . 8 3
- 3 2 . 9 . 0 1 9 * 0 4 7 3 8 . 9 3 7 . 4 6 1 8 . 7 4
- 3 2 . 7 3 7 * 0 4 7 3 5 , 1 9 7 . 4 8 1 8 . 6 5
- 3 1  . 8 . 4 6 2 * 0 4 731 . 4 5 7 . 4 9 1 8 . 5 6
- 3 1  . Ë Î-1-9410.4 7 2 -7 .6 ? 7 . 5 1 1 8 . 4 7
- 3 0 . 7 . 9 3 4 + 0 4 7 2 3 . 9 3 7 . 5 2 1 8 . 3 9
- 3 0 * 7 , 6 8 0 * 0 4 7 2 0 * 1 6 7 . 5 4 1 8 . 3 0
- 2 9 . 7 . 4 3 3 * 0 4 7 1 6 . 3 8 7 . 5 5 1 8 . 2 1
- 2 9 . 7 . 1 9 3 * 0 4 7 1 2 . 6 0 7 . 5 7 1 8 . 1 2
- 2 8  . 6 . 9 6 0 * 0 4 7 0 8 . 8 0 7 . 5 9 1 8 . 0 3
- 2 8  . 6 . 7  3 3 * 0 4 7 0 5 . 0 0 7 . 6 0 1 7 . 9 4
- 2 7 . 6 . 5 1 2 + 0 4 7 0 1 * 1 9 7 . 6 2 1 7 . 8 5
- 2 7 . 6 . 2 9 7 + 0 4 6 9 7 . 3 8 7 . 6 3 1 7 . 7 6
- 2 6 . 6 . 0 8 8 + 0 4 6 9 3 . 5 5 7 . 6 5 1 7 . 6 7
- 2 6 . 5 . 8 8 5 * 0 4 6 8 ? , 7 2 7 , 6 7 1 7 . 5 8
- 2 5 . 5 . 6 8 8 + 0 4 6 8 5 * 8 8 7 . 6 8 1 7 . 4 9
- 2 5 . 5 . 4 9 6 + 0 4 6 8 2 * 0 3 7 . 7 0 1 7 . 4 0
- 2 4 . 5 . 3 1 0 + 0 4 6 7 8 . 1 7 7 . 7 2 1 7 . 3 ,
- 2 4 . 5 . 1 2 9 + 0 4 6 7 4 . 3 0 7_,7Ji
- 2 3 . 4 . 9 5 3 + 0 4 6 7 0 * 4 2 7 . 7 5 1 7 . 1 3
- 2 3 . 4 . 7 8 3 * 0 4 6 6 6 . 5 4 7 . 7 7 1 7 * 0 3
- 2 2 . 4 . 6 1 7 + 0 4 6 6 2 * 6 5 7 . 7 9 1 6 . 9 4

Æ5
mb

k.
mb
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t a b l e  6

Dust Cloud B a s i c  State Model of Venus  Atmosphere

CONSTRUCT fON PARAMETERS

MODEL a t m o s p h e r e  FOR VENUS

s c i e n t i f i c  u n i t s

d u s t

d a t e  3/18/70

SURFACE PRESSURE . 
BASE OF e x o s p h e r e
RADIUS OF Ve n u s 
p e r c e n t  O x y g e n 
PERCENT h y d r o g e n  
PERCENT CO

87^70,00 MB tOOO«00(KH}
60B3.00(KK) ■ .000

■ . 0 0 0. .000

SURFACE t e m p e r a t u r e  ■ 735,20 K
m o l e c u l a r  w e i g h t  ■ 44.010
Percent nitrogen ■ .ooo
p e r c e n t  ARGON ■ .000
p e r c e n t  h e l i u m  ■ ,000
PERCENT S02 » ,000

s u r f a c e  d e n s i t y  > *.2,-02 GM/CC
s u r f a c e  g r a v i t y  ■ 887,noo CM/SEC/StC

Pe r c e n t  c o 2 
Pe r c e n t  n e o n 
p e r c e n t  w a t e r

1 0 0 ,0 0 0  
• 000 
.00 0

TEMPERATURE AND MOLECULAR « E I G H T  D I S T R I B U T I O N ,

AT 52.00 GEOP KM TEMPERATURE- 286.40 K a n d  MOLECULAR WEIGHT" 44,01000
AT 115.00 GEOP km t e m p e r a t u r e - 165.00 K a n d m o l e c u l a r WEIGHT. 44,01000
AT 125.00 GEOP KM TEMPERATURE- 210.00 K a n d  m o l e c u l a r WEIGHT. 44.01000
AT 135.00 GEOP KM t e m p e r a t u r e - 210.00 K a n d m o l e c u l a r WEIGHT. 44,OlOOO
AT 145.00 GEOP KM TEMPERATURE- 400.00 K AND MOLECULAR WEIGHT. 44.01000
AT 195.00 GEOP km TEMPERATURE- 710.00 K a n d m o l e c u l a r WEIGHT. 42.00000
AT 250.00 GEOP KM t e m p e r a t u r e - 710.00 K a n d m o l e c u l a r WEIGHT. 24.00000
AT 1000.00 GEOm KM TEMPERATURE- 710.00 K AND m o l e c u l a r WEIGHT. 1.00000

CALCULATED QUANTITIES

MEAN m e a n
h e i g h t t e m p PRESSURE DENSITY SPEEp m o l e c u l a r d e n s  S.Mix FREE VIS PRES Pa r t i c l e  c Oll c o l u m n a r

OF SOUND WEIGHT S c a l e Ra t i o PATH COSITY SCALE VELOCITY FREN MASS
(KM) (K) (MB) (GM/CC* (M/SEc* (KM) (GH/KGM* (M) (E*S) (KM) CM/SEc> (P^R SECi

0 735.2 8.74*04 6.29-02 409. 44.0 |9 . 18 o*nO 1 .67-09 3.16 15.66 595. 3.55*11 Q.OOO
726.6 8. l9*09 5.97-02 406. 44.0 1 8 .9 7 0*00 1 .76-09 3.13 .5.48 591. 3 .3 5* 11 6.128*03

2 717.9 7.68*04 5.66-02 404. 44.0 1 8 .7 5 0*00 1.86-09 3.11 : 5, 30 588, 3,16*11 1.194*04
3 709.3 7.19*04 5.37-02 401 . 44.0 1 8 ,5 3 0*00 1 .96-09 3.08 15. 12 584, 2.96*11 1.745*04
4 700.7 6.73*04 5.08-02 399, 44.0 18.31 0*00 2.07-09 3.06 14.94 581. 2.80*11 2.267*04
5 692. 1 6.29*04 4.81-02 396. 44.0 18.09 0*00 2. 19-09 3.02 14,76 577. 2.64*11 2.762*04
6 683.5 5.87*04 4.55-02 394, 44.0 17,87 0*00 2.31-09 2.99 14.59 573. 2.48*11 3.230*04
7 674.9 5.48*04 4.30-02 392. 44.0 17.65 0,00 2.45-09 2.96 14.41 570. 2 .33*11 3.672*04
8 666.2 5.I 1*04 4.06-02 389. 44.0 17.43 0*00 2.59-09 2 .9 3 14.23 566. 2.18*11 4.090*04
9 657.6 4,76*04 3.83-02 387, 44.0 17.21 0*00 2.75-09 2.90 14.05 562, 2,05*11 4,485*04
10 649.0 4,43*04 3*62-02 385. 44.0 16.99 0,00 2.91-09 2.87 13.87 5 5 9 . 1.92*11 4.857*04
1 1 640.4 4.12*04 3.41-02 382, 44.0 1 6 .7 7 0.00 3.09-09 2,84 13.69 555. 1.8 0 *11 5.208*04
12 631 .8 3.83*04 3,21-02 380. 44.0 1 6 .5 5 0*00 3.28-09 2 ,8 1 13.51 551. 1.66*11 6.539*04
13 623.2 3,56*04 3.02-02 377. 44.0 16.33 0*00 3.49-09 2,78 13.33 548. 1.57*11 5.850*04
14 614.6 3.30*04 2.84-02 375. 44.0 l6.ll 0,00 3.71-09 2.75 13.15 544. 1.47*11 6.143*04
15 606. 1 3,05*04 2.67-02 373. 44.0 lS.89 0,00 3.95-09 2.72 12,97 540, 1.37*11 6,416*04
16 597.5 2.83*04 2.50-02 370. 44.0 15.67 0*00 4.21-09 2.69 12 ,7 9 536. 1.27*11 6.677*04
17 568.9 2,61*04 2.35-02 368. 44.0 *5.45 O.QO 4.48-09 2.66 12,61 532, 1.19*11 6.919*04
16 580.3 2.41*04 2.20-02 365. 44.0 15.23 0*00 4.79-09 2.64 12,43 528. 1.10*11 7. 147*04
19 571 .7 2.22*04 2.06-02 363. 44.0 15,01 0*00 5.11-09 2,61 12.25 524. 1.03*11 7.360*04
20 563.2 2.05*04 1,93-02 360. 44.0 |4,79 0,00 5.47-09 2.58 12.07 521 , 9,52*10 7.569*04
21 554.6 1 .88*04 I,8 0 -0 2 358. 44.0 14.57 0,00 5.85-09 2.55 1 1 ,89 517. 8 .82*10 7.745*04
22 546.0 1 .73*04 1.68-02 355. 44.0 1 4 . 35 0,00 6.27-09 2.52 11,71 513. 8,17*10 7.919*04
23 537.9 I .59*04 I,57-02 352, 44.0 14,13 0,00 6.73-09 2,49 11.53 5q 6. 7.56*10 8.081*04
24 528.9 I .46*04 1,46-02 350. 44.0 13,9| 0*00 7.23-09 2.46 11 ,3 5 5o4. 6.96*10 8.232*04
25 520.3 1,33*04 1.36-02 347. 44.0 13,69 0*00 7.77-09 2.43 11*17 500* 6.44*10 0.372*04

00
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TABLE 7

CIRCULATION MODEL COMPUTER PROGRAM

C i»u o1;unsional
C Rf.TUfi-H TO DAVir, f wITTS 8,06 340 ELLingTOn BOX lüb

dimension wHoHAN (30) ,TBAK(30,.HBAf<(3ü),AI(3U),G(3U)
I...X J( 10) , j j ? l  I nl » 112 ( I UliAZ I ini 101. 62( 10» 101, 62( 10,10 I 
I . UbAh1(30)
DOUBLE PRECISION A2,8?,C2,XJ_
1,KHUbAK,B,r,7.DX,DM,6,XNO,CP.AI,HAAR«XNUH,XK«XKH,N,XM,eO,KHO»P*T.%
2.U«TBAK»si,,j;j2,si3,glS,sI5,s2l»S??»S23,s2S,S2S,S3l,s32,s33,S3‘), ' 
3S4 1,542,54],5*4.S5l,Sb2,S53,rONV,uuM( , DUm2 . 0uM3 , 0Um4 , DuMb , S‘*& 
4.VBAR1
COMMON ANS(3si.P(30,3n),RHo(-»0.3oi.u(30,30l,w(30,3o).T(3o»3Q) 
pArA RO/8.1 1 4320*07/,K/8.3l4,20 + 0 7 / , X M / 4 4 ,01 1 0 + 0 0 / , Pl/3'14 159/
CTEST3=6hVaRblT 
DO 203 1=1.10 
DO 203 J = 1 , lo 
A2.(_l_»JLaIl,j3.
b2( 1 ,JI»0,c 

203 c2ll,J)=0.0 I 9 7(j ANS ( 1 ) =” 1 , n
C-A-LL- - M.aU A I m I-i . d . P P , 4 H 6 E 0 M , . 6 ,

42 READ (5,1) 2maX,XX,XN,XNU1 ,XimUh1 .PRNdTL.COnVI ,Bl ,Cl ,cTtSI 1 ,CtEsT2
Cl=Cl/100,n 
-*R-I-T-E—I A » 5r»5 )505 FORMAT (lHn,*2MAX xX Xw XnuI XivUHl pRNDTL CONV 61

I Cl CtESTI C T E S T 2  C T p S T 3 « . / / ,
, vSl  Tt ( 6 , 5 0 6 )  ZMAX , XX , X N , X N U )  , x N U h i  , P R n D T L , C 0 N h / 1 , 6 i , C 1 , C T E S T i , C T E S  

n 2 .CTtS.T3
506 FORMAT llX.P4.D,2FS.n.lP2EI2'.3,0p2F5.2.F5,|,lpel2»3,3A6,///I 

XK=XNU1/PRNDTI
XKH=XNUH1/pRnDTL
XNU*XNUl
xnuh=xnuhi
Hab )
C?C 1
CONV=CdNV1
DH=(2MAX/Xn)«1.OE+05
DX=4 Pl*6053.0*l .f)E*0&)/Xx
CPa1,ÜOE + 0 7
.f+aXlüa.
K?XN

c XN IS NUMBER OF LEVELS IN VERTICAL 
C M IS THE number OF LEVEL iNTLRFAc.ES 1 m VERTICAL 

K0=XX+1»0 
N J = X X + 2 , 0
n O .B 6E R ..Q E _xi-1 V I S I O N S  _: N HORI ZONT AL  

C N J =  n u m b e r  o f  i n t e r f a c e s  i n  H 0 k 1 , 0 N T ai .
DO 201 1 = 1 ,N 
DO 201 J=1.Nj
CALL Bound (i.j.o.o )

201 continue
rfK.I IE--L6.vS.?3 ).

5 2 3  FORMAT ( I X . / , ,  Z PRAR RHOBAR 1 BAR
1 C. DT/02 HB,R uBAr,)
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/  = - DH
uu 2 L=1|N 
i=Z+ÜH 
zx = z
CALL MÜOAIm»/x/lÜOOOntOiPP.HmGEÜm .,6)
KhObAfi ( L ) =aNs ( 3 )
TbAR { L )=AI\!<; ( 2  I 

= 5 >
A1 <L>=*HS<751/uiO.Q
| F  (C T E S T 1 . L 0 . 6 M A U 1 A H A I  A 1 ( L , = - & (  I ) / C P  
HbAK ( L ) = A N S  1 1 A I *1 .0 E . + U5
IF (CTEST2.Eo.AhBOUSS 1 ) HbAs(LI «t .Oo*1QO 
UtJAR 1 ( L l = ti + C«z
ivKLIL (6, InO-L 2 .ANSI 1 ) iKHObAs li. ) , tRAR t L) , & ( L ) , a I ( L 1 , nbAk ( L i i OB a R ) I 
ID

l EO f ÛR MAÎ  I 1 X . I P ü l 2 . 3 , 1 Pf  1 2  .  3 , 1 p 6 0  1 2 . 3 )
2 CONTINUE
DO %  LUc-l .lnO
1)0 40Ü JC2.KJ

U -COSDL̂ g-Z:)- »P; / (KU-2) ,
IF <DUMl.Lx«U.O) DUM1»0.0 04N,0l=UlK.JI
TlN,j)=;-XK*Rh0BARlN)*CP*(Al(N)+G(N)/CP-T(N-lij)/OM)-&,66V9 0-0b*r“ 

1 aK » N ) • • S
I+.23 *2.6A70+06*DUbll/IXK.RhÛB6PlN)*CP/0h+4.U#rbA*(N)**3*
TU,J)=I(2.Jt +0H* (Cl t ll/CP + Alill)
p(N,j)=P(K .JI + (-RHO(K.J)«Ci(Ki+RHoHAR(K»*XNU«(.((N.J)-2*E'*w(K»J» +

10tK-1 , J ) ) / ( Dh*»2)) *DH 
RhO(N,J|eXn/(r8AB(NI,K;.(P(N.J|-R/xM*RHOBAR(N)«T(N,J) » 
p ( l . J J = P ( 2 . J i  + l K H 0 ( 2 . j ) * G ( 2 l - R H 0 a â R ( 2 1 * X N U * ( . » ( 3 . j ) - 2 . U * f t ( 2 . J j  

1 » «ÜH
4Ü0 continue 

0Ü 4 1=2,K 
2=1 I-I)*DH 
00 4 J=2.KJ
IF II.EW,K.AND.CTEST3,EQ,6H r.OOUy) GO TO 51 1 
a0_.T-0-S-1 2- 

&H TlN,J)=U,0
OOMl=COS(( j-?).pl/(KJ-2n 
iF (DUMl.Lx ,0.0)DUH1»0«D
TlK,jl?( + | .60-05* (3. 14159* 0UMl-l.o)/(XK*RHnF>AK(lD»CPl+AUkl l*UH 

512 ÜÛ 205 KLL.l.b D0_ZD5_.LLL=1 .t,
205 A2(KLLtLLL l=Q.r,l511 «RHOBAK { I ) • I 0 + C*2 ) • ( W f I , J* 1 )- I f ,  , I , J ))/( 0x1

Sl2b IFn+ l . JI-P(I ,J|)/l DHI
S13=RH0(I.jl*G(l)
S14»-KH0ÜA,S<I)*XNU*(kv<I*1iJ1_2.0«,, (I.Jl+rt(i-l.j))/l0ri**2) 
SlSS-=JiHOBAw (t )*xNUH*tfill»J+l )-2.0*tt(l.J)+.V(l.J-l ))/(oX**2)
S21bRHOBAR( I ) ,(b + C*2l + tU( I ,J.l )-ut I ,J ll/C 0X1 
S22 = RH0BAR ( I I *if. ( I I j ) *C S23=lP<l,J+ll-plI,J 11/I Ox »
S24=-RH0BAq(ii*XNU*IUlI+l»jl-2.0*i,(I,Jl*U(l-l»j)l/(Uh**21 
b2b“-RH0BAp(I)*xNUH «(u(IiJ+l)-2«0*U(l,Jl+u(IiJ-lll/l0x**2l
ŝ Ust-lU-l.Ĵ -l )-U( I , J ))/( OX)
S32*(H( I + l I ,jl)/( OH )
*’“ ’i ^ I Ï. I» / U kt ' W f I %
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Ç, j H = ( I , J + i  ) - R H O (  t i J  » ) / (
I f  ( C T E B T B . t ü . i h  CjüUDY ) S3M = n * 0  
üSl=(b+C*Zl»IT(l,J+ll-1ll,J I)/I u x I
S4j = -XK*lTt I + l ,j)-2.D*T(I ,J)J/(DH«*2)
ii4 4»-AKH • ( T ( I , J+ I )“^*o*T ( I . ,j) + T { 1 , J-n ) / t DA**2)
S 4 b a - i P (  1 , j + |  ) - |r> ( 1 , J  ) ) * ( R + r  > /  ( RHOOAR < 1 )  * CP *  l i x )

s 5 2 a - R / % M * l R H U B k R I I ) * T ( I , J I I  
S b 3  = - h : / XM*  ( RhU ( ! • J  1 * T b A R  ( I ) )
JF ( H J f E Q . i O o i

I t o KI TE I 6 , 2 b 2 ,  S l l . S 1 2 . S 1 3  i S l u , S l & . s 2 l f S 2 2 . s 2 3 , s 2 4 i S ^ b ,
1 S 3 l « S 3 2 , 5 3 3 , 5 3 4 , 5 4 1 , 5 4 2 , $ 4 3 , < 4 4 , S w S * 5 ^ 1 ' 5 5 2 ; S 5 3  

2 ^ 2 _ i  f eKhAT ( ) H 0 , l p 5 u l 2 ' 2 , 5 X , l P 5 D , 2 , 2 . / . l p 4 D l 2 . 2 , 1 7 x . l P S ü i 2 . 2 , / ,  
U P 3 D 1 2 . 2 )

C 2 (  1 . I ) » S n  + S I  2 + 5 1  3 + 51 4 + 5 15 
C 2 t 2 , l  ) = 5 2 i + S 2 2 +  5 2 3  + 5 2 4  + 5 2 5  
C 2 ( 3 , l  ) = S 3 , + 5 3 2 + 5 3 3  + 5 3 4  
C 2 ( 4 , 1 ) = S 4 , + 542+543+ 544+545 
C 2 ( 5 , 1  J = S 5 i + S 5 2  + 5 5 3  
I F  I I « E i J ' S .  A n d .  J  + E Q . 5 )

I W M T E  ( 6 . 2 5  1)  I , J , C 2  I 1 , 1  I , C 2  ( 2 ,  1 I . C 2  I 3 . 1  1 , C2 I 4 . , ) , C 2  I 5 , I I  
2 b |  f rOKKAT 1 2 U,  , 2 l 3 , l P 5 D l 2 . 2 )

*2(1,11=61 I I 
A211,2)=-|.Ù/UH 
t 214+Hl^+a*0BAR(I 1 » < B + I/O* 
l+2.O»RH0BAw(l)*XND/(0H**2)+2.D«RHOBAR(I)»XNUrt/(DA**2)

* 2 ( 2 , 2  ) = - l  . 0 / Ü XA2(2,3 1»-RhOBAR( I 1»(B + C»Z)/D< + 2,D»RH0»AR( 1 ) • X iMU/I Uh* • 2 )
1 + 2 , O » K H 0 B A r(I 1,*NuH / ( 0 X * * 2 )

* 2 ( 2 , 4  | = R H o B a RIn  * t
* 2 1 3 1 1  1“-!(b + c * 7 ) / 1 K H 0 b A R (  I I*p, X>
If (CTEST3 .E0 .6 H 6ÛÜ0Y» A2(3'1)=o.O 
*2{3,3 1 B»l.0/ÜX 
*2(3,4 l»-l,D/DH-l.0/HbAR( II 
A2(4,2l»l.f,i/(RHDbAR(I)=CP*PX,«(B + C*21 
A2(4,4) = (A, ((1*6(1 I/CP)
*2.64,b) =-(h + C*2 I/DX + 2.0«XK/(„H**2»+2,U.XKH /,Dx**2)
*2(5,1 )“-Rn/Xh*lbAK( I I 
A2(5,bl»-Ro«RHOPAR(1l/XM
CALL MlNvDH(A2 ,b,,lD.1 0 ,S9 ,in,xJ,Jj2 .1 I2 )
CALL XMA(A?,C2,b2,&,5,l I 0LMl*b2(1,1 I 
lH>t! 2 = ‘?2 l2 , I )
Dbll3 = t>2l3 , I I 
0UM4SÜ2I 4,t )
DUM5=b2(5,(I
R h O ( l , J ) = R H O ( j , j I - C D N V * O u M)
P(1 ,J)=H( I ,JI-CüMV»DuM2 
U(I»J)=ÜII.J|-CDN\,»DUm3 
■V ( I ,  J I = A ( 1 ,  J  l-CONV »Dul‘'4
Til ,J)=Ttl,J|«CuNV*17Llrt5 

4 CONTINUE 
40 CONTINUE 

60 TO b 
9 jiK L T E  1 6 ,  1 9 6 3 1  

1963 format I IX.'MATRIX S 1N6 ULAR oR IL I LCQMOIT1QNEU•) 
b wKlTE (6,3uO)
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TABLh. 7  ( c o n t in u e d )

HUD fOKHAT ( Ull , »RhO’ ) 
wR i re )"KITE (6 ,506, ZMAX.XX.XN.XnU, ,XNuh1 iPRnDTL.CÜNVi ,bi ,Cl jCTESTl ,CTtS 
1T2 .CTtST3 
aK JTE (6,250) ( (RHO( I .J» IJ = 1 .Njl . 1 »l ,N)
rtRlTf; (6,3f|2)

3U2 format (1H1 I »u » )
'ïvR'i *T~fc'■ TX) ♦ 5fî B ).VRITE (6,5n6, ZMA.X,XX»XN,Xt>|U, ,XNUh 1 iPKNDTL.CONVi ,bi ,(.1 iCTÊSTl -CTtS 
1T2,CtEST3WRITE (6,250) It U t 1 lO ) » Jal . N J ) , I bI ,(<! )
w R I T £ ( 6 13 0 1 ).tu I FORMAT ()H|,,,,,) 
v,RI,Tt-.-(6,5nB)
v.RIT£ (6 ,5 (1 6 ) 2HAX,XX,XN,XNUi,XMUh|ipRM0TL.C0NV|,ai,cl,CTESTl,CTtS 
172.CTEST3 WRITE (6,250) I( h(I,J),J=l.Nj),l=I.N) 
ivRITE (6,5o7)

5U7 format (IHi,»uBARI+U•)
1)0-50(1 1 = 1 ,N 
t) 0 5dB 0 =1 ,Nj 

5UR uT I t  J>=U( I ,  J)+utlARl ( I (

WRITE ( 6,250) I( U( I ,J>,J = 1,MJ>.I«1.N)
WRITE (6,3n3)

3Ü3 format ( IHI,*T* ) 
wRT-'T-E • t 6 , 5 n s IWRITE (6,5n6) ZMAX,XXiXN,XnU| ,XNUH1 ,PRMDTL,CONVt,B) ,Cl,CTtSTi,CT£S 
IT2iCtEST3
«.RITE (6,250) It T( 1 ,0l , J»I .NJ> . 1*1 .N)
"RITE (6,301)

3 U4 format ( IHl,fpi )
_4vRlTE-(6,Z50) I ( p( I , J ) , J*) , NJ > . I *1 ,R )

2Ü0 FORMAT ( I H(1 » 1 P I 2 D I 0 • 2 • / »
GO TO 1970
end

F UNlvAc HUB FORTRAN V COMPILATION. n *01 Aq,NoST IL* mESS*gE(S)

SUBROUTINE OûONü (I.J.SETl 
double PRECISION P,RHO,U,«V,T
common ANS.(35) , p l 3 U i 3 0 l  »KHû(3Ü»3.U) . U 1 3d.i 30 ) » « t3r i ,  30 1 ..I.L30 .3 0  J.
p( I ,J)=SET 
RH0( I ,J)=5f T 
U(I,J)=StT 
T(I,J»=SET 
W(I,J»=SET 
jlLlli&k
end
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D U b 1 = 1 ,M 
Lit) I 13*1 ,Ll
|F(1-121 13) )1 ,h,l

1 continue.
LiO 4 J= 1 , h
DO 2 13=1 ,L1
IFIJ-J2ll3|)2.4«2

2 CONTINUE 
iFleiGA-DABSlA I1,J)113,3,4

3 blGA = uABsI A(I,J))
J 1 = J
I 1=14 continue

b CONTINUE
C* TAG THE R0« AND COLUMN FROM vHICh THE ELEMpNT is ChOSEN»

j2Il)*J1 
I2IL)=11 
DlV = A(n , j| 1 

C* test ELEMENT AGAINST 2ER0 CRiTERfONt
1F.|DAûS1D1v)-E)221 ,221 ,6 

C" PERFORM The computations
6 DO 7 J = 1 , h

AtI l , Jl»A( i l , j ) / aiV  
f CONTINUE
A I 11 ,01 1 = 1 ,000/01V 
pO 11 1=11*
I F i i I - 1 1 8 , 1 1 , 8

8 DO 1 0 J=liM 
lKJl-J19,|0,9

9 A 11 *J1*A(I %J)-A1 I 1 'Jl#A( I *J1,
In CONTINUE
U CJ1N.T.LN.UE

00 14 1=1,M
1 F ( 11 - I 1 1 3 , 1 4 , I 313 All.Jll=-A(I,JI 1*A(I 1 . Ji 1

14 CONTINUE lb continue
C» cOHPULAT-LOn- COMPLETE AT THIS POImT
c* UNSCRAMBLE The inverse

DO 18 J=1 ,M 
DO 16 1=1,M
I l̂ iZ ( I I 
jl»J2< 1 1 
X-W -El = A.Ll_i_,_U.I

16 CONTINUE
00 17 1=1,M
A 1 1 • J1=X( I I

1 7 continue
18 continue 

.pXl-i-l I = 1 , M pO 19 J=I ,M 
11=12(01 
jl=J2(Jl
X ‘ 1 n®At 1 ,.ji(

19 CONTINUE
DO 20 J=1,M 
A(I»Jl=X(J)

20 continue
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^I CONTINUE
return 

2^1 K=l
RETURN 4 
ENU

F UN|VA[ ilOa FORTRAN V COMPILATION. n *OlAgNOSTlC* mESS^GE<S)

SU&NOUTINE KM*(A,B,C,M«N,IIP,
C
L
c Thi s  IS A matrix m u l t i p l i c a t i o n  routi ne  in Whi ch  an (M»ni  i s  mUl t i p l i
C -ED BY An | N * I I p )C IT multiplies as FOLLOWS (A.B=C,
c
c

d o u b l e  p r e c i s i o n  A| B, C  
U-Ü .H. IM«I,m 
DO b IP = I , I IP 
CT-I-it.-lP)=0,0 
DO 3 U=I,N 

3u_C( I M, JPI=A( l H. Jl»BlU. jLfJ. t<:x I M+iE.)
S CONTINUE 
H CONTiNUe 

r e t u r n
E.NO

f  UN I V Ac _i_uia_£xiRXRutN-v- COMP IL a t  1 ON, n • D i a g n o s t i c *  me s s Ag e i s »
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SUBROUTINE M|NVUP( N,E,S,j8Tx,J?. I 2) 
matrix INVERSION rout INt-FOcjIlUL AteO UY E. St CL A^TÜw
 CALL!N6 SEQUENCE----
CALL MINvDP(AiNiEiK)

♦» A--S«U*RE A«ray (DOUBLE PRErlSlON» COnTAInING Or IGInAl MATRIX 
•• N--ORDER qF ORIGINAL MATRIX 
» E-?TEST CRITERION FOc, NEAR /ERÛ olV;SoR ( oOUblE PRECISION)
• K--LOCAtIoN for singularity or ILL-CONDIT IÛN INDICATOR 

K*0 =) matrix nonsingular.
K«1 ») matrix singular (Op ILl-COnDITIOnEU) 

uOUBLE precision A,X,BIGA,DIv .E 
dimension a <J8,J8> ,X(J6),J2( i6),1?(U8) 

c* initialization
m = n 
K^O
I2(I)»0 
J2(I )»0

C* begin computation OF THE iNVpRSE
00 15 L*I,M 
L 1 »L-1 
ai.G"sU.ODo

c* LOOK for The element OF greatest absolute VALUE,CHOOSING
C« ONE FROM A RO* AND COLUMN nOt PREVIOUSLY USEO.
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N

Mariner V Immersionte rm in a to r

180
SUN

Venera 4 Landing S ite  
(near sub-Earth p o in t)150

120

Mariner V Emersion

F ig u re  1 Venus Geometry a t  Mariner V- Venera 4 Encounter, 
a f t e r  Anderson, e t  a l  (1968) and Von Eshleman, e t  a l (1968). 
a ,  p, v, and 6 are s tro n g  rad ar s c a t te r s  and could po ssib ly  
be o rograph ic  h ig h s .
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F ig u re  2
IT P IC A l. U LTRA V IO LET PHO TOORAPIIS (A:ir.5n T O  -KHlOl' l AKEN PRO M  1927 TO 1948 

DISPLAYING V ARIATIONS IN  T H E  CLO U D  COVER O N  VENUS

I. Nov in . 1928 
LI.T. 0:06

2. Dec 25. 1928 
U.T. 1:45

Dit  27. 1928 5. J,io 12. 1929 
U.T. 0:42

Di e 29. 1928 
U.T. 0:00U.T. 1:48

6. Feb 17, 1929 
U .T . 1:00

7. Fell 18. 1929 
U.T. 1:31

B. Ian IS. 19.11 
U.T. 14:25

9. Jan la, 1931 
U.T. 14:28

10. Apr 2. 1932 
U.T. 3:20

11. Nov 25. 1933 
U .T . 1:08

12. Jiin 13. 1935 
U.T. 2:57

1.1. jiin 13. 1935 
U.T. 21:57

14. Jun 14, 1935 
U.T. 1:02

15. ju n  14, 1935 
U.T. 2:12

16. Jun  15, 1935 
U .T . 3:00

17. Dec 23. 1936 
U.T. 23:52

Dec 27, 1936 
U.T. 1:13

19. Jan 27, 1937 
U.T. 1:

20. Jan 28, 1937 
U.T. 0:03

21. Feb 3. 1937 
U .T . 1:44

22. Feb 18, 1937 
U.T. 1:23

2.1. May 28, 1938 
U.T. 1:45

24. Jun 4, 1938 
U.T. 1:45

25. Mar 23, 1948 
U.T. 0:38

LOWELL OBSERVATORY PHOTOGRAPHS
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6260

200

180

160 "M cE lroy (1968)

6200
140

O ccu lta tio n  o f R egulus, deV aucouleurs(1960)

120
UV Clouds

A ltitu d e
km

D istance
from
c en te r  o f  

■Venus 
km

100 A ^ D u s t cloud model

Ice cloud- 
model

80 Mariner V, K lio re  (1967)

l in e  form ation o f  Belton (1968)60 Clouds

6100
S atmospheres

40
Spinrad
(1962)

Venera 4 d a ta ,
Mikhnevitch (1968)

.— Venera 5,6 B ric h a n t (1969'(Venera 4 S urface) Try/rh c rTm
20

E x tra p o la tio n
6060

 I I , I I I_______| N  87) atfflosphetes,-
0 100 300 3 0 0 7 0 0

Temperature °K

Figure  3 . S tru c tu re  o f  TVo P o ss ib le  Models o f  the  Atmosphere o f Venus.

60530



Subiolar point
52 km

I•H4J
<

26 km V enera 4  probe

F igure  4 . Com pressible Dust M odel,11= 10 cm /s e c  , Pr 
Model 1

=  1

A n tiso la r  p o in t _ 
286 °K 
541 mb

87 atm 
735 °K

vO
- v l



Subsolar point
52 km|

0)tj
3.r44Jr-i<

26 km -

4  2F ig u r e  5 .  C o m p re ss ib le  D u st M od el, y =  10 cm / s e c ,  Pr = 1 
M odel 2

Antisolar., point

u = +  338 " x ^ ,

286 "K 
541  mb

87 atm  
735 °K

VÛ
00



Subsolar point
5 2  km l---------------------

A n tis o la r  p o in t
:--------------- 286 °K

541 mb

26 km

' 87 atm  
735 °K

F ig u r e  6 .  C o m p re ss ib le  D u st M od el, )^= 10 cm / s e c ,  Pr = 0 .1

nO
vO

M odel 4



S u b s o l a r  p o i n t Antisolar point
60  km 142 mb 

271 °K

IX = — 0 0 3

30 km "

87 atm  
735 °K

F ig u r e  7 .  C o m p re ss ib le  D u st M od el, 10 cm / s e c ,  Pr = 1 
M odel 5

o
o



S u b s o l a r  p o i n t Antisolar point
60 knf 127 mb 

214 °K

87 atm 
735 K

F ig u r e  8 W ater -  I c e  C loud M od el, 10 cm / s e c ,  Pr = I 
M odel 6


