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METEOROLOGY OF VENUS

K.Ya. Kondrat'yev

Introduction

A new chapter in the study of Venus, opened by the results /8%
of the unmanned interplanetary spacecraft Venera-U4, succeeding
launches of interplanetary spacecraft of this series, the succes-
ses achieved by the American Mariner spacecraft launched towards
Venus, and the active development of ground radicastronomical an
spectroscopic methods have all produced the presentuideas of the
properties of the atmosphere and surface of Venus, and they have
produced numerous studies, devoted to interpretation of the diverse
(sometimes contradictory) measurement data, for the purpose of
understanding the basic regularities of the processes occurring
in the atmosphere and on the surface of the planet., It would be
highly interesting and informative to folliow the evolution of our
ideas of Venus in the last decade. Since, however, the limited
size of the present survey does not permit this to be done, we
turn to discussion primarily of present ideas of the composition,
structural parameters, thermal conditions and atmospheric circu-
lation of Venus, of everything which determineg junderstanding of
the meteorology of the planet, in continuation of the examination
begun with a booklet on the meteorology of Mars [31].

1. Composition and Structural Parameters (Model of the Atmosphere)

1. Introduction

Basic information on Venus as a planet (orbital data, mass,
etc.) can be found in known monographs and surveys [7,16-18,27,28,
43,44 61,101-103,126]. We present: here only the following data, /9
taken from the work of D.M. Hunten and R.M. Goody [124]:

Length of year 224,70 earth days
Synodic year: 583.92 earth days
Sidereal day 243.09 earth days
Solar day 116.77 earth days
Radius 6053 km
Height of visible

clouds 57 km

¥Numbers in the margin indicate pagination in the foreign text.



To understand the processes which occur in the atmosphere of
Venus, first and foremost, information on the composition of the
atmosphere (including clouds), the characteristics of its Thermal
conditions and djnamics are required. Problems of the atmospheric
circulation, as well as the composition and structure of the clouds
will be discussed later (Sections 2-4). Therefore, we now turn to
discussion of the regularities of composiftion of the lower layers
of the atmosphere and the vertical profiles of the struetural para-
meters. The schematic vertical structure of the atmosphere of
Venus, constructed by analogy to the atmosphere of the earth, is
shown in Fig. 1 [157].
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Pig. 1. Vertical structure
of atmosphere of Venus.

Despite the wide publicity of the Venera-4 data, they should
be recalled here once again, in view of the pioneering nature of
the studies performed by means of this unmanned interplanetary
spacecraft [UIS] [10-13,198]. The equipment used aboard Venera-4
for direct measurements of the chemical composition (carbon di-- /10
oxide, nitrogen, oxygen and water vapor) of the atmosphere of
Venus i1ncluded 11 gas analyzers, consisting of two sets, of which
the first (5 cells) was actuated at a pressure of about 550 mm
and the second (6 ¢ells), at about 1500 mm. The ambient temperz.
ature at these levels was 25%10°C and 90%10°C, respectively. Anal--
ysis of the measurements showed for the first time that the Venusian
atmosphere consists basically of carbon dioxide (90%10%). The
oxygen content cannot exceed 1-1.5% and nitrogen, 7% (possibly
less than 2.5%). The water vapor concentration is 1-8 mg/%. The



presence of small amounts of argon and other imert gases in the
atmosphere of Venus is not excluded.

As Yu.N. Vetukhnovskiy and A.D. Kuz'min havé noted g
[9], the direct measurements of the composition and structural
parameters of the Venusian atmosphere obtained aboard Venera-4
permitted a more reliable interpretation of the previocusly ob-
talned ground radicastronomical and radar measurements and, on
the basis of combined analysis of all this information, new in-
Tormation to be ebtained on the atmosphere of Venus. In partic-
ular, measurements of the atmospheric composition made it pos-
sible to explain the wvariability of the radiobrightness temperas
ture and the effective cross section of reflection of the radar
sighal (absorption of radio emissions was due mainly to carbon
dioxide), while the radiocastronomical and radar measurements
permitted the temperature and pressure to be estamated at the
level of the mean surface of the planet.

Analysis of the radioastronomical and radar measurements
led to the conclusion [37,138] that the temperature ontthe surface
of Venus is 700%100°K, and that the atma%pherlc pressure is 65172 }éﬁf
atm, although a lower temperature (650+% 5, °K), but ‘higher /pres-
rSUre—E30- atm) are possible. Direet and radio bccultation measure-
ments—shew an lncrease of temperature and pressure in the 50 km
altitudé range (with decrease in altitude), from 240 to 600°K and
from 0.03 to 27 atm, respectively. The most likely temperatures
and pressures at the surface apparently are 7003100°K and 75_,5%%°
atm. Radioastronomical observations have shown the absence of ap-
preciable differences in the surface temperature of Venus on the
night and day sides. Study of radio wave propagation in the dense
lower layers of the atmosphere [36]1 led to the interesting conclu-
siony of the possibility of superrefraction of radio—waves. Radio
waves should bend around the surface of the planet at Zzenith angles
g>8U4°, if the surface pressure Pg¥50 atm and at 6>82°, with Pga70
atm.

In connectlon with interpretation of the radicastronomical
measurements of the parameters of the atmosphere and surface of
Venus, D.0. Muhleman:[153] carried out calculations of the thermal
radio emigsions for various models of the atmosphere (see alsoZ:Tﬂ—mﬂ
([481). A dow optical thickness in the centimeter range turned /11
out t0 be characteristic of the greater part of the models. How-
ever, radar studies indicate that, at wavelengths shorter than 4
cm, the opacity of the atmosphere of Venus is gquite substantial.
Therefore, D.0. Muhleman also examined the results of opacity de-
termination for the UHF range. Measurements of the apparent sur-
face albedo disclosed a considerable increase of it, with increase
in wavelength from 3.6 cm to 1 meter. These data are in agreement
with the results of calculations, for models which define_the




actual albedo of 15.1%10.6%. This corresponds to a dielectric
constant of 4.80%0.30 and to the inverse proportionality of the
optical thickness of the atmosphere to the square of“the wavelength.

Calculations of the microwave emlission spectrum of Venus, for
surface pressures of 60, 78.5 and 100 atm, a temperature of 725°K
and an atmosphere consisting of carbon dioxide showed that the
results of such calculations are inadequate, for determination of
the pressure from the microwave spectrum. Additional information
is required for this, on the temperature distribution and polariz-

ation over the disc of the planet, which can be obtained, based
on the use of interferometry.

A comparison of the results of microwave radiation calculations
for models of the atmosphere, consisting of carbon dioxide, nitro-
gen and water vapor, with measurements of the quantities ied to
the' conclusion that, if the Venusian atmosphere consists only of
carbon dioxide, the surface pressure on Venus is 78.5%1.6 atm, and
the temperature is 725°K. In this case, the total carbon dipxide
content of the atmosphere of Venus is 4.25+10%% g, which is in
good agreement with estimates of the amount of carbon dioxide!

which was outgassed from the interior sections of the earth, during
formation of the jerust of the earth.

The results obtained by means of Venera-I were used to con-
struct the first emp#rical model of the structure of the atmos-
phere=(vertical pressure, temperature and density profiles), as-
suming the following chemical composition of the atmosphere: 90%
carbon dioxide and 10% nitrogen (average motecular weight U42.4),
described by V.3. Avduyevskiy et al [1-4,65-67].

2. Composition

A summary of current information on the composition and
structural parameters of the atmosphere, from Venera-4,5,6 and
7 data, can be found in the surveys of M.Ya. Marov [140,41,149],
where, in particular, the basic characteristics of the eguipment
installed in the Soviet interplanetary spacecraft are presented
[63]. The Venera-7 data also are discussed separately, in the
works of M.Ya. Marov et al [40] and V.V. Kerzhanoviech et al [26].
Measurements of the atmospheric composition, from Venera-4,5 and /12

6 data, obtained by A.P. Vinogradov et al [11], are presented in
Table 1.

As is evident, these measurements were made at 8 levels, in
the pressure range from 0.6 to 10 atm. The main result of the
measurements is the establishment of the fact that the aftmosphere
of Venus consists almost entirely of carbon dioxide. The nitrogen
content (if it exists at all) can be only neglipgible, not in ex-
cess of 3-5%. Molecular oxygen 1is practically absentein the
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TABLE 1. MEASUREMENTS OF CHEMICAL
COMPOSITION OF ATMOSPHERE BY VENUS
BY MEANS OF VENERA-4,5 AND 6

L?res-?'Temp—; Mgasqggﬁ_hulk.coqcegtggpﬁﬁs- L

surey;erate ) in % or mg AT o Space-

“kgrem™?| GTE, °C| co, % | N.m | 0.s [Homgel|craft
0,6 ~25 97 4 <3.5 — ~11 &gpégaus
0,7 ~25 9010 <7 >0,4 >0,7 |Venera-4,;
2,0 85 — — <1,5 <8 IVEnera=¢_
2,0 85 =56 <9,5 <0.3 ~6  Venera—-6-
5,8 158 >60 <4 »0,1 >0,7 |Venera-5i
5, 15 — <4 «<0,1 — {Venera-5
10,0 220 >30 | <2,5 | <0,1 | >0,7 |yvanera=o6 ¢
i0,0 220 — «<2,90 <0,2 —  (¥enera=6

Venusian atmosphere, and there is very little (near the cloud

top level) water vapor, amounting to <1%. Ground spectroscopic
measurementcs gave gtill smaller possible upper limits of the rel-
ative oxygen and water vapor content. This can be seen in Table
2, compiled by M.Ya. Marov and 0.L. Ryabov [151], from all a%ail-
able measurement data. Information also is presented here, rel-
ative to many other small gaseous components of the atmosphere of
Venus. The Table 2 data were obtained on the basis of the use of
the measurement methods indicated in the third column (OAO-orbiting
astronomical observatory). These data correspond to an average
molecular weight of 43.4, at altitudes up to 120 km, where the

COo concentration is considered constant. In those cases where
different values of the relative content of the same component

in the atmosphere are indicated, it means that the data of differ-
ent measurements diverge. A comparison of direct and spectro-
scopic measurements impels the conclusion to be drawn that the
oxygen content obtained from Venera-4 data should be considered
overstated.

Concerning the disagreement of the direct and specfroscopic
measurements of water vapor content, the cause of the disagreement /14
in this case may be differences in levels with which the data
under consideration are associated (spectroscopic data character-
ize the moisture of the part of the atmosphere above the clouds).
It is significant that, according to the Venera data, the water
vapor concentration decreases considerably with inecrease in alti-
tude above the surface of the planet. Processing of the ground
measurements of R.A. Schorn et al [185], carried out in November
and December 1967, gave a water vapor content of the part of the
atmosphere above the clouds of about 30-40 uym, and it was found



that the intensity of the water vapor absorption lines in the
0.83 um band is greater above the equabtor than above the pole.

TABLE 2. CHEMICAL COMPOSITION OF ATMOSPHERE OF VENUS
FROM SPECTROSCOPIC AND DIRECT MEASUREMENT DATA
_Mixing {
Gas - ratio Method Note
CO4 0.9i8:82 Venera-4,5,6
N5 including
inert gases 2.1072 " "
Ho0 (0.6=1.1)- u " At P=2-0.6 kg*cm~>
; 10-21
EZB‘ (lil)°10‘3 Radioastron-
omy
Ho0 710~ Spectroscopy
H20 (0.6-1) + " o n
10-8
o)) <10-3 Venera-5,6
o)) <10-% Spectroscopy
co (1-3)+207°| = u .
HCY, 2.10~7 " " "
HCL <10-° 0RO At 1 atm-km CO5
HF (1-3)+10-° Spectroscopy
CHy <108 " " "
CH3C R <10-8 " " "
CH3F <10-" " u "
CoHy 10-° " " "
HCN <10-% " " "
03 <10~® " " "
03 <3+10-° 0RO At 1 atmekm COo
802 <3+10-8 Spectroscopy 3
SO <10-8 0RO 23 1 atmekm CO,
Cos <10™¢ Spectroscopy
Cos <1078 " " "
Cos <10~ 0RO At 1 atmekm CO5
C302 <5+1077 Spectroscopy
C30, <10~7 0RO At 1 atm-km CO,
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TABLE 2 (continued)

'Maxing !
Gase ] ratio Method Note

HsS <2-10~"% Spectroscopy| ¢ /
HoS <107 0RO At 1 atmekm CO,
NH3 <310~ Spectroscopy
NHg 10~%-10"3 Venera—8 At P=2-10 kg'cm'2
NH4 <10~ 0RO At 1 atmekm CO,
NH3 <10~° Radioastron) }
NO <10-8 ORO At 1 atm+km CO»
(o) <10~ 8 " " n n
N204 <4'10H8 " " n "
HCHO <10~ & " 1 " "

c i = f
CH3CHO and E g 5 . /
higher alde-—
hydes <10— 6 n n n 11}
CH3COCH3 and
higher kétones| <10~° " . " "

Direct measurements of the ammohia content were first cars
ried out aboard Venera-8 [57,59]. Measurements at altitudes of
about 46 km and 33 km showed that the relative bulk concentration
of ammonia is not over 0.1-0.1%. The detection of ammonia in
the atmosphere of Venus permitted-the propesal of an ammoniar
model of the cloud layer of Venus, according to which, the c¢louds
are in three layers, and there is a mixture of ammonium salts
with water ice in the upper part of it [57]. However, this makes
it necessary fo find out the regasons for the strong disagreement
in the maximum possible ammonia content, from direct and spectro-
scopic measurements (see Table 2), although these data are associ-
ated with different altitudes [98].

The water vapor problem has a special place in study of the
atmospheric composition of the planets. The urgency of study of
the water wvapor content in planetary atmospheres 1s determined,
inparticular, by its significant role as an indicator of the
evolution of the planetary atmospheres. In connection with this,
U. Fink et al [92] discussed the interpretations of the infrared
spectra of Venus, recorded by means of a Fourier spectrometer, -~
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installed aboard a Convair 990 flying laboratory. The data of

5 flights in January and February 1969, at an altitude of about

12.2 km (above the tropopause), were considered. In some cases,
spectra of the Moon were successfully recorded before and after
recording the Venusian spectra. This permitted the effect of water
vapor in the stratosphere of the earth to be reliably checked.

For a confident determination of the water vapor content in the
layer of the atmosphere of Venus above the clouds, the measured
spectra were compared with spectra, calculated with account.taken

of the fine structure of the absorption spectra, for various models
of the Venusian atmosphere (a special analysis showed that the

line profile can be considered Lorentzian).

According to the aircraft radiometric measurementss and lunar in-
frared spectra recording data, an estimate of the total water

vapor content of the stratosphere of the earth gave a value of

about 8.5 "um" of precipitated water. Additional absorption in

the 1.4, 1.9 and 2.7 um bands of the spectrum &f Venus can be
attributed to the effect of Venusian water vapor. Comparison with /15
calculated data for amodel of a uniform, reflecting cloud layer

gave an average (from measurement data for the 1.4, 1.9 and 2.7

um bands) content of 1.6%0.36 "um" for the double passage of rays
through the layer above the clouds. In the case of the isotropic
scattering mcdel of a semiinfinite cloud, the water vapor content
for the mean free path of scattered photons was 0,25%0.10 "um."

The corresponding values of the mixing .ratio (with allowance for
the carbon dioxide content) are 0.6:10-° and 1.0-10-%, i.e., they
agree fairly well. A comparison with previously obtained spectro- _
scopic data (see Table 2) shows that the new estimates are bne or two_
orders of magnitude lower, as a rule. This cannot be expliained by
the possible effect of time variations of the water vapor content.
U. Fink et al [92] consider that the mixing ratio values obtained,
on the order of 10-°, are characteristic of the entire Venusian
atmosphere.

.

In discussing the problem of the evolution of water vapor
in the atmosphere of Venus, L.L. Smith and S.H. Gross [190] noted
that, if Venus outgassed during its evolution, in a manner similar
to the earth, in the early stages of evolution, the Venusian atmos-
phere should have consisted mostly of water vapor. In such an
atmosphere, dissociation in the mesosphere laver (where the temper-
ature was 200-300°K) should have occured, producing atomic and
molecular hydrogen, atomic and molecular oxygen, a certain amount
of nydroxyland ozone and, also, some small components (for example,
HOp). Under these conditions, atomic and molecular hydrogen will
dominate in the thermosphere and, at higher altitudes (in the exos-
phere), atomic hydrogen. As a result of the absorption of ultra-
violet solar radiation by hydrogen, the temperature of the exosphere
can reach 100,000°K and cause considerable loss, due to the dis-
sociation of both hydrogen and oxygen. At the same time, carbon
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dioxide, Which is mainly below The mesopause, could have accumulated
to the presnet significant level (while the water vapor underwent
dissociation, and its components dissociated, due to the high tem-
perature of the atmosphere).

If it is considered that Venus was formed of the same mixture
of materials as the earth, and the existence oI intense tectonic
activity and fai®hy rapid outgassing in earily stages of its develop-
ment are taken into account, it can be concluded that Venus could
have lost up to 300 atm of water vapor and acquired a composition,
in which carbon dioxide is extremely dominant, during the first
1-2 billicon years of its evolution.

Since the suggestion has been expressédanthat the CL00 radical
is an important component of the chemical reaction sycle in the /16
atmosphere of Venus, which ensures the production of carbon dioxide,
which is converted in carbon monoxide and molecular oxXygen, due
to photodissociation in the upper layers of the atmosphere, R.G.
Prinn [165,166] discussed conditions which determine the existence
and stability of this radical. It turned out that the dissociation
of CRO0 in the upper:atmosphere is rather slow, which makes pos-
sible the reaction CR00 + CO-+>C20 + COp, producing carbon dioxide,
and it explains the low carbon monoxide and molecular oxXygen con-
centration of the atmosphere of Venus.

In concluding discussion of the problem of the composition
of:the Venusian atmosphere, it should be emphasized that the
question of the content of small, optically active components
requires further, thorough investigation, since studies of the
factors which determine the thermal conditions and atmospheric
dynamics depends, to a significant extent, on the availability of
reliable information on these components [105,185,193].

3. Structural Parameters

Direct measurements aboard fThe Venera unmanned interplanetary
spacecraft, radio refraction measurements aboard the Mariner space-
craft and indirect ground radiocastreonomical and spectroscopic
measurement data have permitted rather extensive information to
be obtained, on the vertical profiles of the structural parameters
of:the atmosphere of Venus. Certain difficulties arose in inter-
pretation of the first Venera data, in the altitude tie~in of the
data obtained. However, analysis of all a¥ailable results permitted
these difficulties to be overcome [149].

In this connection, we note that the topégraphy of the sur-
face of Venus turned out to be very much smoother than was thoughb
initially [76,135,183]. Radar measurements only detected not over
a few kilometers uneveness 1in the relief. Although the radar
map of Venus indicates the existence of a large number of craters,
the radius of which sometimes reaches 160 km, the depth of these
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craters. (even of the largest) is not over 400 m. Measurements of
the physical and chemical properties of the surface, carried out
aboard Venera-8, showed that the surface layer of the planet is
rather unconsolidated in the déscent region of the spacecraft and
that the soll density is a lifftle more than 1.5 g- cm—?3 Measure-
ments of the gamma -radiation of thé surface material enabled it
to be established that this matefial contains about 1% potass1um,
0.0002% uranium and 0.00065% thorium, which is similar in radies
active element content of terrestrial granites [58].

In The case of the radio refraction measurements a serious
problem is the extraction of information in itself, on the structural
parameters, from the data of this kind of measurement [19,20,169].
There also are serious difficulties in the interpretation of the /17
spectroscopic and radiometric data [161,46]. All this causes |
jdefinité conflicts in the available results, but it does not pre-
vent successful correlation of them, for the purpose of constructing
models of the vertical profiles of the structural parameters.

X In attempting to avoid repetition of this kind of material,
which is contained in numerous surveys [6,222,123,140,142-145,178{, )
we only examine current models. However, we once more recall some
studies deveoted to analysis of the first data of the Soviet Venera
unmanned interplanetary-spacecraft [¥i§,42,47].

A correlation of all the Venera-4-8 and Mariner-5 data is
given in works {39,93,149,151], for the purpose of constructing
a model of the vertical structure of the Venusian atmosphere.
Typical vertical temperature, pressure and density profiles are
presented in Fig. 2, and the locationndf the cloud tTops are in-
dicated. According to Venera-7 data, the surface temperature of
the planet is 747+20°K.! Here, the vertical coordinate is {both {
-the Dlanetocentrlcciﬁtéﬁﬁéir and altitude h above tThe mean surface
level of Venus. Analysis of the measurements showed that Venera-
7 landed at approximately the mean surface level, which corresponds
to a planetocentric distance of 6050-6052 km. This conclusion is
in good agreement with the results of ground radar measurements of
the radius of Venus, which gave an average value r=6050%f5 km.

A1l The temperature measurements in the free atmosphere are /1
in completely satlsfactory agreement. In the lower 60 km layer,
the vertical temperature profile corresponds to a typical temper=-u
ature distributiorny -.for an atmosphere in-convective equilibrinum.
The constant vertlcal temperature gradient in this layer is about
8.6 degree-km— However, a detalled analysis of the dafa discloses
some dev1at10ns from an adlabatlc temperature profllet in the 30-
40 km altitude range, especially at altitudes below 23 km. Inversions

1Tn a recent model [1511, Ta=757°K was adopted.

10
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7" 0" ”; 4W are observed fhear the 50 km
' g level and in the 80~90 km
T {729 Momzz 360 layer. The minimum temperature
P ! (approximately 195°K) occurs
¢ at an altitude of about 105 km.
f ;o L The temperature increase which
» \ /,,ﬁﬂRe Tus T occurs above this level is due
} 00T Y *\_fbcmﬂfa1cm-/7 (as in the case of the atmos-
-4 17 &ﬁﬁl; T ™ phere 6f the earth) to increasing
e (up to a certain altitude) ab-
igo - sorption of solar UV radiation.
7. =02,2 The vertical temperature gradient
& = " | obtained from observation data
! §§wmém P —T T f of the occultation of Regulus %s,
P Tm@mrmn&e,°K}f ) at a planetocentric distance I
v - 6169 km, about 2.2 degrees«km-
v and the absolute temperature at
Fig. 2. Characteristic this level is 220°K
vertical profiles of structural
parameters of the atmosphere of The set of measurement data
Venus , under consideration gives an

average atmospheric pressure at
the surface Pg=92.2 kgrcm~?. It should be noted that various
ground spectroscopic measurements resulted in the atmospheric pres-
sure at the cloud topulevel of 0.1-0.2 atm, which is in complete
agreement with direct measurements.

V.I. Moroz [45] reworked all the Venera-4-8 (altitudes from
0 to 55-58 km) and Mariner-5 (altitude interval 40-80 km) data,
as well as other information available up to November 1973, for
the purpose of constructing a new working model of the atmosphere
of Venus, with special attention to analysis of the data associated
with the 0.1-1 atm pressure range. This model was calculated <on
the assumption of a purely carbon dioxide atmosphere, which cor-
responds to a molecular weight of 44.0. The V.I. Moroz model
covers the 0-150 km altitudesrange. The Venera results were used
as the most reliable measurements for the 0-40 km range and, for
the 40-75 km layer, Mariner-5 data. Theoretical c3leulation
results were used above 75 km., Analysis of the P-T diagram, on
which all the data were pletted, and a comparison of it with the
adlabatic curve for 100% carbon dioxide content showed that the
direct and radio refraction measurements agree well ‘and, below the
P=2 atm, T=370°K level, the measurement data completely satisfact-
orily approximate the adiabatic curve. Altitude ftie-in of the
datsa was done, with the use of a barometric formula, in which the
level to which Tg=750°K corresponds was taken as the start. Adi-
abatic extrapolation to this level results in Pg=100%7 atm.’ The
level under consideration corresponds to a planetocentric distance
of 6051 km. All these data are in agreement with the conditions
of the Venera-T7 landing point and 1 km below the level of the
Venera-8 landing point.

~
[
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TABLE 3. WORKING MODEL OF ATMOSPHERE OF VENUS
(BASTIC VARIANT)

,r"‘g AK;EE‘ JA-_... g :' 11 . f
LA 9 - -~ ] —
g1 Al s i i [
L E=1 . retord o | .
B0 ol el L8 T g
ekt TR S A ] E———
43 % Bldlffale ] w b & o i [wf {
medoRIEl 65| |5 | |LELL L ,
AlSpaldllele o | |28l 85 Note™’
6051 | O |50 100 [9,65 500 | 7,10 10~ | SixFace level, V7
6052 | f ;741 | 98,0 [9,05.10% | 6,67 10~ |'suFracs level, v8, |
6056 | 5 [712 | 78,0 |7,43-10% | 5,46 102 i—————-——4 :
6061 | 10 {674 | 54,6 [ 5.87 16 | 4,32 10-2
6066 | 15 l635 | 38,2 4,25 100 | 31310~ |, ,
6071 | 20 | 595 26,1 3,18 10% 2,31 102 [LEnd ?f eperaticn V5,
V6 H
6076 | 25 |ss5 | 17,6 2,30 100 | 1,69 10— | o 5
60SE | 30 1514 | 11,4 1,61 10 | 1,18 10-2 E
6086 | 35 | 472 7,2 | 01 10% | 8.i6.10- |, )
6091 | 40 | 428 10 6,78 101¢ 4,98 10— }iLower boundary of |
M5 section"s 1
6095 | 45 | 384 2,2 las 10 | 3,06 10-3 |- ? i
6101 | 50 | 350 1,2 12,49 101 | 1.83 10-% |, -, i
B1C6 | 95 | 300 | 5,5 10-%} 1,33 (01 | 9,78 10~ Q%Eggg of operation |
6111 | 60 | 260 | 2,3 » 6,41 10t | 4,80 10~ | £ !
6116 | 65 240 | 1.0 » [80210% | 29010 | ﬂ
 —B121. L..70 1292 | 4.0 1021 1,31 10'¢ | 9,59 10~ [/UppeX boundary of .
) - T s i"M5 section” r:fﬂf.ri
6126 | 75 {213 | 1,41 » | 4,79.1017 | 3,52-10-5 t
6131 | 80 | 205 [4,65-10~3| 1,65 107 | 1,21 10-%
6141 ] 80 1 i87 |4,54 10—/ 1,76 10 129 10 | ,
6151 | 100 170 13,6t 10-5; 1,54 Qs 1,13-1077 {:Mesopauge [
616 | 110 | 177 [2.63 10-¢{ 1,08 10" | 7.93.107 | oot ™ ]
. 61711120 1183 12,20 10-7{ 8,70-10% | 6,39-10" |, Regqulus occultation!
i
sist | 130 | 190 [1,98 10-¢] 7,85 10n | s5.55 10-0 | Level ] :
6191 | 140 [ 255 |2,65 10-°| 7,55 10% | 5,53.10-1¢
6201 | 130 | 320 564 10-t0| 1.28 100 | 9.89-10~13

2V; Venera, M-Mariner.

The basic variant of the working model of the atmosphere of
Venus proposed by V.I. Moroz [45] is reproduced in Table 3. The
extreme (maximum and minimum) variants differenoticeably from the
bagic, only at altitudes over 70 km (see Fig. 3). The main dif-
ferences from the model of M.Ya. Marov [39] are as follows: 1.
higher temperature in 40-60 km layer (by 20-30°) and above 70 km;
2. greater deviation of extreme temperature profile amplitudes
from the mean.

A detailed development of models of the struectural parameters
and composition of the atmosphere of Venus, intended for use in
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cadlculations of the unmanned
interplanetary spacecraft para-
meters and in planning appropri-
ate missions to study the planet,
was undertaken by R.B. Noll and
M.B. McElroy [157]. Like fthose
considered above, these models
were based on the use of measure-
NN L, ment data from the Veneras and
200 4G ob)_ f0 9000 Mariner-5, ground measurements
Temperature, °K and, also, those results of
- theoretical calculations which
best agree with experiment. The
set of models includes average
and extreme cases, which cor-
respond to the limiting values
of the molecular weight and
solar activity. Since deter-
mination of the radius of
the planet is of critical im-
portance in construction of the

minimum temperature (models quels, the guthors tl5?] -
IV and V; minimum molecular discussed this problem first _,

3 = of ali, and they showed that,
welght of H1.2 and r=6054 km). according to recent datd, the

average equatorial radius is
6050X0.5 km. The highest point in the relief corresponds to a
level of 3 km.

(Tem).
3

=
;
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- T T
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Fig. 3. Optimum and extreme
vertical Temperature profiles
in lower layers of atmosphere
of Venus: 1. most probable
profile (planetocentric dis-
tance of surface p=6050 km);
2. maximum temperature (models
IT,ITTT,VI; maximum molecular
welght of 44 and p=6046); 3.

Analysis of the data which characterize the composition of
the lower layers of the atmosphere led to the conclusion that,
up to now, information on the water vapor content remains contra-
dictory. An approximately adiabatic gradient up to an altitude /21
of 50 km is characteirstic of the vertical temperature profile.
The surface temperature varies (according to different data)
from TUO0-T750°K to 7T74°K (it should be emphasized that there 1s
practically no actual variabillity of the temperature over the
surface of Venus and that only a very slight daily temperature
trend is observed).

By varying different input parameters, the authors [157}
proposed 6 variants of engineering modeld of the atmosphere of
Venus. Data are presented in Table U, which correspond to the
optimum model (the figures in the table, which are the second
"fterm," characterize the exponent to the base 10: for example,
+05 is equivalent to 10°).

According to the data of [157], above the primary cloud cover
(altitude of its top 60 kmand temperature about 240°K, which cor-
respond to the results of radiometric measurements by S.C. Chase
et al [80]), a layer of clouds (haze) is located at an agltitude of
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TABLE 4. MODEL NO. 1 OF ATMOSPHERE OF VENUS (1972)

+ o T — -
— - 20 IEEE EEE I 5 1
o ' : 9]
; ~ i w13 |88 il
-%) 45‘5 ﬂ B - 3‘%1 -LIcs ~ %m'm 0P H O - :
3 H 5 M H 3o P s N, Age~ | WA w1
e o1 o T | et B o T 3EF -
T i B~ L L I 11 L o B’ P & I By S R e s e
- i - - gl o -- AT ¢ L~ S T T G Y I Lo b
*'5:’5:3" "3‘%“'.—“3"?——7—’ «35“; R Es,r—" < B = O e I
b4 798,1 1,2043-85 7,89—02 432§ 43,531 20,52 1,094-21 1,33--09 3,33—05
o* 767.5 9,49-1-04 6,47—02 418 43,531 19,70 8,05+20 1,62—00 3,24--05
4 736,5 7,41404 5,27—02 410 43,531 19,06 7,284-20 i,99—09 3,15—05
8 705,2 5,73-4-04 4,25—02 402 43,531 18,32 5,88--20 2,46—09 3,06—05
i2 673,14 4,384-04 3,40—02 393 43,531 17,57 4, 71420 3,07—09 2 96—05
16 g41,2 3,30-+04 2,70—02 381 43,531 16,81 3,734-20 3,86—09 2,85—05
20 608,5 2,464-04 2,11—02 375 43,531 16,03 2,934-20 4,95—09 2,74—05
21 575,3 1,80+04 I,G64--02 365 43,531 15,24 2,21+20 6,39—09 2,62—05
28 541,4 1,29--04 1,25—02 355 43,531 14,43 1,78-4-20 8,36—09 2,561-—08
32 500,8 9,104-03 9, 40—03 345 45 531 13,565 1,304-20 1,11—08 2,39—05
36 471,4 6,254-03 6,91=03 33¢ 43,5381 12,71 9,61-+19 1,51—03 2,25~03
40 433,0 4,164-03 5,03—03 321 43,531 [1,82 6,974-19 2,08—08 2,09--05
| 4t 397 8 2,674+03 3,203 308 43,531 10,51 4,874-19 2,97-—-08 1,95—05
' 48 371,6 1,66-4-03 2,34—03 209 43,53t 9,19 3,23--19 4,47—08 1,82—~05
; 52 366,8 0,01402 1,503 2856 43,831 9,36 2,134+19 6,79--08 1,65—05
, 56 299,86 5,574-02 9,74—04 271 14,531 7,58 1,354+19 1,07—07 1,49—05
60 267,06 2,934-02 5,72—04 258 43,531 7,12 7,024-18 1,83—07 1,33--05
v 64 246,2 1,44402 3,06—04 249 43,531 6,13 4,24418 3,42--07 1,23—05
68 231.,9 6,714-01 1,61—04 242 13,531 5,47 2,10-+-18 6,91.—07 1, 16—08
72 217,0 2,99--04 7,22—05 235 43,531 5,30 ,994-17 I,48—06 1,10—05
7 200,4 i,254-01 3,27—05 227 43,531 4,76 4,634-17 3,20—06 1,03--05
80 187,92 4,92-400 1,37—056 211 13 531 4,46 1,90-1-17 7,63-06 0,91—05
84 180, 1 1,84--00 5,35-~-06 203 -43,531 4,16 7,404-16 1,95—05 0,89—05
88 175,2 6,60—01 1,99—-06 199 43,531 3,97 2,75+16 5,27—05 0,86—05
92 171, ¢ 2,35—01 7,16—07 195 43,531 3,88 9,91415 1,46—0C1 0,83--05
95 168,3 8,112 2,6207 193 43,531 3,77 3,49-+15 4,15—01 0,81—05
100 166,5 2,77—02 8,70—08 191 43,531 3,7t 1,204+15 1,20—03 0,80—05
110 17,0 _ | 1,86—=03_j 5,70—09 195 43,531 3,70 7,88413 18402 0, 83—05
120 203,9 [,560—64 4,10—10 299 43,531 4,09 5,67+12 2,55—01 1,01--05
130" 214 0 1,91—05 | 4,67—11 234 43,531 4,75 6,464 11 2,244-00 1,09—05
14 268,0 3,01—06 5,81—12 261 42,963 5,39 8,15--10 1,794+01 1,33—05
150 378,4 7,79—07 1,04—12 308 42,015 6,02 1,48--10 9,76--01 1,85—-05
160 502,4 2,807 2,91—13 355 40,818 9,09 4,29--09 3,39402 2,87—05
170 591,0 L4167 | 1,13—13 300 39,404 11,62 1,73-+00 8,40--02 32,6705
) 180 G41,4 7,51—08 | 5,32—14 414 37,732 13,93 8,49--08 1,714-03 2,84—05
. 199 674,9 4,98—08 | 2,73—14 435 35,781 15,66 4,604-08 3,16+403 2,96—05
200 691,5 2,58—08 | 1,50—14 455 33,576 17,31 2,704+08 5,39+03 3,01—05
210 700,8 1,62—083 8,66—15 475 31,179 16,70 1,67--08 8,70+03 3,01—03
290 705,5 1,06—08 | 5,18—15 496 28,700 20, 14 1,09-4-08 1,344-04 3,06—05
230 707,8 7,26—09 | 3,21—I15 520 26,266 21,71 7,37-+07 1,97+04 3,06—05
240 709,0 5,07—09 2,06—15 544 ¢ 23,994 23,49 5,18 |-07 2,814+0t 3,07—-05
250 709,4 3,69—09 1,31—15 569 21,963 25,54 3,76+07 3,87-+-04 3,07--05
260 709,4 2,750 9, 13—16 593 20,207 27,80 2,814-07 5, 18404 3,07—00
270 700,4 2,10—09 6,68—16 616 18,719 30,21 2,154-07 6,77-4-04 3,07--03
gm 700,4 1,64—09 4,86—16 638 17,467 32,69 1,684-07 8,681-04 3,07—05
250 709,4 1,30—09 3,62—16 658 16,409 35,18 1,334-07 1,104-05 3,07—05
300 709, 4 1,05—09 2,76—16 677 15,499 37,52 1,07+4-07 1,364-06 3,07—05
310 709,5 8,51—10 | 2,12—16 696 14,699 39,74 8,69--06 1,674-05 3,07—05
820 700,5 7,01—10 1,66—16 713 13,976 41,80 7,154-06 2,034-08 3,07—-05
330 709,5 5,82—10 1,31—16 731 13,306 43,71 5,95+06 2,454-08 3,07--05
310 709,5 4,89—10 1,05—16 749 12,672 45,51 4,994-06 2,924-05 3,07—05
380 709,5 4,14—10 8,16—17 768 12,063 47,24 4,224-08 3,444+05 3,07—05
*Correspondsto planetocentric radius 6050 km.
**Density at turbopause level 1s 1.44-10-11 g* em™3. Fig 3 characterizes wvariations of

the vertical temperature profile, with respect to the optimum model.
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about 81 km (the temperature at the level of this layer is approxi-
mately 180°K). Determination of the atmospheric pressure at the
surface resulted in values of from 90 atm (direct measurements
aboard Venera-3) to 100-102 atm (result of extrapolation). Obser-
vations of "ultravidélet" discontinuities above the cloud cover of
Venus indicate the existence of fetrogradeirotation of the atmosphere,
with a period of 4.3X0.Y4 earth days. This corresponds toca zonal
wind velocity of about 100 mesec—!. Venera data revealed vertical
velocities from 0.3-0.5 to 1-1.5 mesec—! and a horizontal wind com-
ponent from 2 mesec—! (altitude of 10 km) to 50 mesec—! (altitude
of 45 km). The question of the wind field in the atmosphere of
Venus will be considered in greater detail further on.

Models of the upper atmosphere of Venus, based mainly on
the use of theoretical calculationJdata, akso are described in
detail in work [157]. According to the Mariner-5 méasurement data,
Venus has an extended ionosphere, with a maximum electron concen-
tration on the day side of 5-10° cm~?, at a planetocentric distance
of 6190 km. The electron density remains high (>10% em~3) up to
a distance of 6500 km, after which it decreases rapidly. The maxi-
mum electron concentration on the night side is 2+10% em—*? and
the night ionosphere is still more extended. Measurements of the
ultraviolet brightness indicated the existence of an extensive
hydrogen corona. The dominant positive ion in the ionosphere is
COo*. 0% also is probably among the major components. The greatast
uncertainty as To the neutral components concerns the location of
the turbopause and the 0, N2, CO and He concentrations near the
turbopause. The model under consideration is based on the fact that
atomic oXygen is a secondary component of the upper:atmosphere (10%).
The average temperature of the daytime exosphere is approximately
700°K, and it varies, depending on solar activity, as well as de- /24
pending on the time of day. It is 250°K overall on the night side.

Of course, all the models of the atmosphere of Venus con=" -
sidered above are, in a certain sense, contradictory. Available
measurement data are inadequate for building an adeguate model
(we recall that even the standard model of the earth's atmosphere
is undergoing systematic refinement). If is clear that the main
way to improve the models is the further accumulation and use of
observation data. In this connection, there is particular inter-
est in the unique Venera~8 data, which makes it necessary to dis-
cuss them separately. We turn to a brief consideration of the
Venera-8 data, following the work of M.Ya. Marov et al [150].

The unmanned interplanetary spacecraft Venepg—B landed on
the surface of Venus on 22 July 1972, at 12 hours 32 min 16 sec
Moscow time, affer a 55 min parachute descent. Information was
received from the spacecraft in the descent stage, beginning at 11
hours 37 min 27 sec, as well as for 50 min after landing. Venera-
8 landed near the equator, on the illuminated side of the planet
(at a distance of about 600 km from the morning terminator). The
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design of the interplanetary spacecraft permitted it to function

at temperatures and pressures, which reached 770°K and 120 atm,
respectively. Four resistance thermometers were used for temper-
ature measurement, in the 320-860°K, 480-710°K and 670-810°K ranges.
The pressure was measured with 3 aner01d barometers and one capaC1t1ve
sensor, de31gned for the 0-220 kgecm—%, 0-150 kg-cm—?, 0=100 kg-om—
and 0-80 kg-cm-? ranges (average measurement error is *1.5%). The
wind speed was determined from the radial component of the space-
craft velocity (the earth-Venus direction was an angle of about 38°
to the local vertical), measured from the Doppler shift of the fre-
guency of the radio signal recorded. The error in determinatlon of
the radial velocity, which varied from’130-140 mesec—! to 6.5 me sec—!
is not over 0.2 mesec~

The availability of a radar altimeter aboard the spacecraft
permitted the altitude above the surface to be determined during
the parachute descent of the spacecraft. The altitude could also
be found independently, from the vertical pressure and temperature
profile data. A comparison-of the resiilts cobtained with the use
of these methods disclosed considerable disagreement, especlally
above 30 km. While the first altitude measurement at 11 hours 37
min 53 sec gave a value of 45.4 km, the calculation data resulted
in a value of 51.3%3 km. It is suggested that this disagreement is
actual and that it is due to the faet that the spacecraft was blown
horizontally to the side by the wind. The windspeed data indicate
a horizontal displacement of the spacecraft of approximately 45 km,
during descent from the parachute opening altifude- to the 25 km /25
level (the desecent rate decreased from 70 to 15 and 8 m- sec—! at
54 km, 25 km and at the surface, respectively). With this horizontal
movemept a 7° slope is sufficient to explain the altitude divergences
reaching 5 km. o

"The” vertical pressure and temperature profiles obtained re-
sult in values of these parameters at the surface of 93%1.5 kg-cm™2
and T41+7°K The wvertlical profiles found are in good agreement
with data for the night side of Venus, obtained by means of Venera-
4 and ~7. The only previously obtained results (Venera-7) on the
surface temperature and pressure gave 90%15 kgeem—? and 7U47X20°K.
Thus, it can be considered that there is no appreciable daily trend
of pressure or temperature near the morning terminater on Venus.
The vertical temperature profile is close to adiabatic, right down
to the surface. Determination of the horizontal component oi the
wind speed, in the direction from the subsurface point to the landing
point (thls direction is about 25° with respect to the Zonal) in-
dicates an 1ncrease in speed, down "to about a 10 km altltude,to 100"
140 m-sec—! at altitudes of over 48 km (the wind stays intthis
direction). In the 20-40 km layer, the wind speed &5 almost con-
stant, at 30~36 m-sec~!., Strong vertical wind speed graddent zones
occur in the 12-18 km layer and abbve 48 km. Venera-8 confirms
the Venera-7 data on low winds near the surface, but very much
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stronger winds fThan before were obtained for the free atmosphere,
although the Venera-4-7 data also indicated an increase in wind
speed with altitude.

In concluding the discussion of the observations of composition
and structural parameters, we note again that, although the launches
of unmanned interplanetary spacecraft not only considerably enriched
previously available information, but it broughft in many unexpected
results, Further active studies of both small, optically active
components of the atmospherezof Venus, and the space and time vari-
ability of the structural parameter fields are regquired. In con-
nection with this, the problem of the cloud cover of Venus, to
condideration of which we now turn, occupies a special place.

IT. Clouds

1. Introduction

The interest in studles of the Venusian c¢louds, which has
exXisted for a long time, has been due to various reasons, but
the main one is the effevt to establish the nature of the formation
of the global, uniform cloud cover, which, for optical methods,
remained only the possibllity of study of the layer of the atmos-— égﬁ
phere above the clouds. To uncover the regularities of formation
of the clouds of Venus requires determination of their chemical
composition, microstructure and vertical macrostructure, study of
the characteristics of atmospheric circulation and other factors.
Presently available information on the composition and structure
of the clouds has been obtained mainly from ground optical measure-
ment data (data on the spectral brightness and polarization), with
the exception of the measurements of the vertical illamination
profile by means of Venera-8. Interpretation of the measurements
of brightness and polarization of Venus in the visible and near
infrared regions of the spectrum is based on the use of the theowy
of radiation transmission in an absorbing and scattering gaseous
medium, containing suspended aerosol particles, the dimensions of
which are greater than (or comparable to) the wavelength. Extensive
literature has been devoted to discussion of the theory of radiation
transmission, and we here confine ocurselves only to references to
the monographs of R.M. Gdcdy [99], V.Ye. Zuyev [24], K.Ya. Kondrat'yev
[132,133], V.V. Sobolev [53] and Ye.M. Feygel'son [60].

Generally speaking, clouds can be either the product of con-
densation of gaseous components of the atmosphere, or the result
of the blowing away and transport of minute dust particles into
the atmosphere, If the former is true, the clouds should be local-
ized in a specific layer of the atmosphere, where there are con-
ditions faveorable for condensation [100,491. In the second case,
a dust cloud can Fill the entive atmosphere, right up toethe level
of its upper boundary. In view of the high temperatures and pressures
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near the surface of Venus, the presence of diverse gaseous componsn
ents, which can form a condensate layer in the free atmosphere, can
be suggested. Therefore, precisely for this reason, there is such
a large number of hypothesés, which propose various alternate versions
sfons of cloud composition. Since scarcely any directl:measurements
of cloud composition have yet been made (excepting the measurements
of water vapor and ammonia concentrations aboard the Venera space-
craft), the main arguments in Ffavor of a given hypothesis still are
the data of ground spectroscopic measurements and theoretical con-
siderations, based on radiation transmission theory. Among the
important problems connected with this question is the problem of
_formation of the spectral lines and interpretation of the brightness
_ phase curve measurement data, which make possible study of the v

vertical sfructure of the cloud cover.

2. Vertical Structure of Cloud Cover

Without dwelling on the history of theoretical research on
the formation of spectral lines, as well as the dependence of the
equivalent line width on phase angle, which were of very great im- /27
portance in the interpretation of spectroscopic observations (an
exhaustive report on these problems can be found in the works of
V.V. Sobolev [50-52]), we direct attention only to a brief character-
ization of the results of recent work on these questions. A recent
series of the most detailed studies is that of ¢.E. Hunt [115-118],
who demonstrated, first and foremost, the unsatisfactory nature of
models of a uniform and isotropically scattering atmosphere. The
use of such a model does not permit either the observedephase re-
lationship or the spectral line profiles to be correctly described.
The development of an adequate theory is possible, only on the
basis of taking account ofiethe vertical (gravitational) heterogen-
eity of the atmosphere and a correct theory of transmission, in
which the actual (elongated) scattering indicatrix and the multi-
plicity of scattering are taken into account.

An interesting result of the first of the£§§§§1§£:§f G.E.
Hunt [115] was the discovery of the fact that, in the case of a
COp line of average intensity (typical of the »1048.8 nmiband)
and clouds with strongly anisotropic scattering, the eguivalent
line width decreases monotonically with increase in phase angle,
only in the event the phase effect is determined by the clouds.
If the gas component is predominant, with phase angles of over 120°,
an increase in the equivalent width occurs with increase in phase
angle , i.e., the "reflecting layer" effect is observed. Such a
phenomenon is characteristic of weak absorptiénnbands (for example,
782.0, 788.3 mm), but it is of a different nature.

G.E. Hunt [116] constructed a model of spectral line formation
in the atmosphere of Venus (see also Y. Fouquart![94]), based on
the assumption that the pressure at the level of the primary cloud
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layer tops is 0.2 atm and temperature 240°K and, at the cloud base
level, 8 atm and 450°K. Calculations by this model were carried
out for a monodisperse cloud, with various particle<sizes and in-
dexes of refraction. The calculation results show that the growth
curves for reflecting and scattering atmosphere models are parallel
(with the exception of the case, when the square root principle is
valid for weak lines). This means that a simple model of a re="-".
flecting layer, in which scattering and abscorption by the ecloud
particles are not taken into account, can be quite suitable for the
interpretation of spectroscopic measurements (determination of the
effective pressure, etc.), if the sections of the growth curves
under consideration for both models coincide.

Analysis of the calculation results has shown that the clouds
of Venus cannot be a single layer, since, in such a case, a mono-
tonic increase In the equivalent width should be observed for the
lines of the weak carbon dioxide bands with phase angle, which
actually does not occur. If it is assumed that a stratospheric hazeh/28
layer (50-6 mb 1eve1), with 1 pm radius particles at a concentra=
tion of 10 cm—® , 1s located above the basic cloud layer, The
equivalent width initially increases in the 0-90° phase angle in-
terval, and it then sharply decreases (the results under consider-
ation are a88001ated with the 782.0 nm line, which has an intensity .
of 7-10-%cm='(cm—atm)—'., AL a 20 em—° partlcle _concentration, the
normally observed decrease in equivalent width with increase in
phase angle occurs. Thus, it can be concluded that a - haze layer
of 1low optical thickness is located above the basic cloud layer
of Venus (Fig. 4). .

Qo I The-results obtained by G.E.
Hunt [115-117] showed that only study
M L == s of the eguivalent width phase curves
L;, aerosol .. of the weak spectral lines permits the
178t & vertical structure of the cloud layer
of Venus to be found (neither contour
lines nor spherical albedo are suffi-
ciently informative, 1m this sense).
The effect of tHe optically thin aero-
sol layer on the level of formation of
4 13 lines is detected most distinctly, at
I R v R m sl phase angles of over 110°. In this
Temperature, °K case, the absorption lines form at
) higher levels than with a single layer
Fig. 4. Schematic vertical cloud. The most decisive indicator
structure of cloud cover of of the ‘existence] of the stratospheric
Venus (1. vertical temper-  aerosol layer is the presence of a
ature profile). section of increase in equivalent width
with increase in phase angle. If this
section is absent, an isolated aerosol layer evidently does not
exist in such a case (the aerosol extends right up to the upper

=
T

<loud i

S
t

-l
=
=

Presasure, atm
Altitude, km

108,

19



boundary of the basic cloud layer). In the light of the results
obtained, it would be extremely important to carry out measurements
of the phase dependence of the equivalent width, from an artificéial
satellite of Venus or in the flyby mode of an unmanned interplanet-
ary spacecraft.

Having noted that the data on the phase variations of bright-
ness of Venus in the 782.0 and 788.3 nm carbon dioxide bands were
interpreted by G.E. Hunt as indicating a two layer cloud cover, D.L.
Regas et al [173,174] noticed that such a conclusion was made, by
means of comparison with the results of calculations of the phase
brightness curves for a heterogeneous atmosphere model, with or
without an aerosol layer above the dense cloud cover of Venus. In
this case, the increase in equivalent width with increase in phase
angle from 0 to 90° was interpreted as the uneguivocal result of
the existence of a two layer cloud structure. In ¢connection with
this concliusion, the possibility.df interpretation of the decrease
in equivalent width at small phase angles, as the result of the
effect of a "rear™ lobe of the scattering indicatrix, which appears
at small phase angles and can be considered as an analog of the
scattering indicatrixes of terrestrial water clouds [109], was
discussed in work [{173]. Since there is such an effect, D.L. Regas
et al [173] think that the conclusion that there®is a two layer
cloud structure of Venus, based on 'analysis of the phase brightness
curves, cannot be considered conclusive. For a more nearly cor-
rect solution of the problem, cidliculation of the phase curves 1is
required, with account taken of the detailed structure of the scat-
tering indicatrix.

In disagreeing with these objections, G.E. Hunt [118] empha-
sized that calculations of back scattered radiation, with allowance
for the vertical heterogeneity of the atmosphere and scattering in-
dicatrixes for Mie particles, showed that: 1. the characteristic
spectrographic features of scattered ratiation do=not depend on
such details of the scattering indicatrix as the glory, rainbow,
etcy 2. the shape of the phase curves for a carbon dioxide atmos-
phere depends on the vertical structure of the Venusian clouds.
This disputes the objections against the conclusions that there is
a two layer cloud structure, based on the assumption of the effect
of the "rear" lobe of the scattering indicatrix. The coneclusion
that there 1s at least a two layer structure of the cloud cowver 1is
in agreement with both calculation results and brightness and polar-
ization measurement data.

L.P. Whitehill and D.E. Hansen [200] continued the discussion
of factors which determine the "inverse phase effect," having re-
called that observation of the eguivalent carbon dioxide absorption
line widths in the atmosphere of Venus disclosed a decrease 1in
equivalent width with decrease in phase angle, at small phase angles
[204,205]. Thus, for example, the equivalent width near 782.0 nm
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decreases by 10-30%, at phase angles of 0-30°. Although.these

data are not completely reliable, because of variations in the
equivalent width from day to day which are comparable in magnltude,
they were used, nevertheless, for wholly definite conclusions 'as /30
o the vertical c¢loud structure of Venus. )

As was noted earlier, the calculations showed that, if the
layer of the Venusian atmosphere above the c¢louds is considered
uniformeand isotropically scattering, there should be a monotonicn
increase in the absorption line equivalent width with decrease in
phase angle. Therefore, it should.be considered that the "inverse
phase effect" in the region of small phase angles is due to aniso-
tropic scattering or vertical heterogeneity: of the atmosphere (to
the presence of "secondary" cloud layers), or to both of these
factors. If, however, anisotropic scattering does not cause the
inverse phase effect, 1t can be considered that it is due to
vertical heterogenéity of the atmosphere.

In connection with the conflicts noted, L.B. Whitéehill and
D.E. Hansen [200] undertook calculations of the dependence of the
equivalent absorption line width on phase angle for a uniform cloud
model, with particles, the characteristics of which (shape, index
of refraction and size distribution) were taken from polarimetric
measurement data. The scattering indicatrix on which the calculasl-~
tions were based was calculated for wavelength 782.0 nm, on the
assumption that the index of refraction is real and equals 1.43
and that the particle size concentration distribution function n(r)
corresponds to the formula .

=6 _ 1

n{ry=constr ® o @ ! (1)

E]
o o e

— L
where a=4.05 ym, the mean qffectf%e radius; b=0.07.

The existence of two secondary ! backscattering maxzima in
the 150-180° scattering angle range is characteristic of the
scattering indicatrix under consideration (the peak at 160° cor-
responds to the "rainbow" and, at 180°, the "glory").

The results of calculations made by the doubling method
were averaged over the illuminated part of the planet, and they
primarily indicate the presence of the inverse phase effect, due
to the specific nature of the Mie scattering indicatrix, expressed
by the §E§§£§£§§ of the backscattéring maxima (Fig. 5). The phase
curves go distinetly reproduce the characterigtics of the indicatrix,
that this permits formulation of the inverse problem of determinsz.n
ation of the scattering indicatrix from measurement data of the
equivalent line width phase curves. The day-to-day variability of
the equivalent width and the effect of heterogeneity of the atmos-
phere of comparable magnitude, however, seriously complicate the
solution of this problem. Therefore, the statement of this reverse
problem is hardly of practical promise. Sincetthe scattering in
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indicatrix is fairly well known, it is more advisable to study
the vertical structure of the atmosphere, from the data on the
equivalent line widthphase curves, although, in this case, the
problem of taking account of the day-to=day variability remains.
Evidently, from this point of view, the use of contour line data =~

is the most promising.
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| 180 wicatte?ng angle T N. Fukuta [95] noted that infrared
! AT I W 6 W 2 G absorption spectroscopy, based on anal-

ysis of the rotational and vibrational-
rotational bands, 1s an especially ef-
fective method of study of the compos
sition of planetary atmospherés, in the
transparency windows of the terrestrial
atmosphere. For interpretation of the

1 resulting data, there is great importances
in the selection of an adequate model of

1 the atmosphere, which describes the char-
1 acteristics of formation of the absorp-
tion lines. As has been noted, two models
are presently used, based on the assump-
tion that there is either a scattering
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— cloud layer (in this case, the lines
Fig. 5. Relative equiv- are formed in the layer above the clouds),
alent width of spectral or the passage of radiation into the
lines (Lorentz profile) ¢loud layer and formation of lines, due
vs. phase angle; albedo to scatteringlin the clouds.
for single scattering .
in center of line wg= In analyzing the conditions of the
A Venusian atmosphere, N. Fukuta showed
1+0.1 corresponds to a that, in the presence of clouds in the
Iine of moderate inten- form of condensate, it is important to
sity; 1. Mie indicatrix consider the three following factors:
for index of refraction l. exchange of cloud components with the
n=1.43; 2. averaged layer above the clouds, due to convection
Hansen-Greenstéidn in- (this results in the chemical composition
dicatrix, without of the clouds and the layer above the
secondary "back" scat- clouds belng the same); 2. the distribux
tering maximum; 3. iso- tion of the gaseous components between
tropiec scattering. the gas phase and the condensate, de-

pending on the solubility of the gases;
3. loss of "characteristic" molecules:in the condensed phase, due
to dissociation. Consideration of available data jéads to the con- /32
clusion that the formation of HCYZ and HF lines under the atmospheric
conditions of Venus takes place, éither in the layer above the clouds,
if it is considered that the cloud particles are in the liquid phase,
or in the scattering layer of eclouds, if it is dice (in this case,
all the HCZ in the cloud can only be in the gas phase).

In summarizing the results of theoretical studies devoted to
the problem of spectral line formation and interpretation of the
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equivalent line width phase curves, it should be stated that the
occurrence of an equivalent width minimum at small phase angles

may be due ©o both the effect of the multilayer nature of the cloud
cover of Venus, and to the indicatrix effect. However, there is

no doubt that the conclusion of the two layer nature of the clouds
drawn by G.E. Hunt [116] should be considered authentic, since the
data of other observations, which will be discussed later, give
evidence in favor of this conclusion. The authors of [179] expres-
sed the hypothesis that the existence of a dust layer at high al-
titudes in the atmosphere of Venus was possible.

The studies of spectral line formatlon permit the effective
pressure in the line formation layer to be determined. It is
natural to assume that, in a strongly scattering atmosphere, the
formation of weak spectral lines coccurs at greater depths than
strong lines. L.D. Young [208] studied the conditions of line
formation at various phase angles, from the equivalent width
measurements of the rotational lines of the carbon dioxide band in
_the atmosphere of Venus, in the 782.0-1217.7 nm wavelengbth range
(the band intensity varies from 0.16 to 170 em—!/km-atm), on the
assumptlion that the mean rotational temperature is 240°K.

The measurement data were interpreted in work [204], based ..
on the use of two methods: 1. a reflecting layer model with a
Voigt line profile; 2. a scattering layer model with a Lorentsz
profile. The reflecting layer calculations showed that the effec—-
tiwe pressure, which determines the line formation level, decreases
with increase in line intensity (the 1.05 um band forms at a level,
where the pressure is approximately three times higher than in the
case of the 1.2 um band). The scattering layer model gives initial
results, but less difference in pressure (approximately half) at
the levels of formation of the 1.05 and 1.2 um bands. The effec-

tive pressure decreases with increase in phase angle from 26° to
1640,

The guestion of the effective pressure in the 1ine formation
layer has caused discussion, in connection with the use of measure-
ments of wradiation of the equatorial and polar regions of Venus, in

the carbon dicXide bands in the near infrared region of the spectrum,

to justify the conclusion that there are variations of the cloud
top altitude. G.E. Hunt and R.A. Schorn [121] showed that such a
coniclusion actually has no basis.

3. Chemical Composition, Microstructure and Optical Properties

One of the most characteristic features of the cloud cover
of Venus (and, therefore, of the entire planet) is its high albedo
in- the visible region of the spectrum of 78% [120], which is cem-
parable with the albedo of thick cumulus clouds onthe earth or the

snow cover of the polar caps. Of course, the high albedo of the
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clouds of Venus indicates their great optical thickness and con-
siderable vertical extent. Measurements of the rotational temper-
ature of the carbon dioxide band, in the 700-2000 nm wavelength
interval, result in a stable value of about 240°K, which corresponds
closely to the effective temperature found from the outgoing thehmal
radiation, and it indicates uniformity of the ¢loud cover. The
radio refractlon data of Mariner-5 [93], as well as interpretation
of the phase curves by G.E. Hunt (See Section 2)) Ted to the con-
clusion that, above the primary cloud cover, the t0ps DS of which are
located at about the 240 mb level, there is a semiopaqgue haze layer,
which reaches the »5 mb level. It is possible that the cloud Cover
of Venus has a multilayer structure [142-1447.

The albedo of Venus changes as a function of wavelength, 4
decrease is observed towards the ultraviolet (wavelengths less than
350 nm) and infrared (Av3000 nm) regions of tThe spectrum. There-
fore, one way of determination of the composition of the Venusian
clouds was to compare their albedos with the anadogous properties
of terrestrial clouds and artificial media {(under laboratory con-
ditions). In this connection, data on the optical constants of
water and ice [24,184], as well as calculations of c¢loud albedos
£15,35,111], are of great importance.

3.1 Cloud Albedo

Upon analyzing available data on the spectral brightness of
terrestrial water and ice clouds and comparing them with The re-
flection spectrum of Venus, K.Ya. XKondrat'yev and 0.1I. Smoktiy
[34] noted a general similarity of the spectral albedo curves,
which makes the water nature of the clouds of Venus probable. Broad
adsorption bands near 1500 and 2000 nm and a very weak reflection
at wavelengths over 2700 nm are characteristic of the reflection
spectrum of ice clouds on the earth. These features are slightly
different in the spectrum of Venus, obtained by M. Bottema et al
[71,72] from a balloon, because of the effect of strong absorption
by carbon dioxide in the Venusian atmosphere. This does not permit
a definite conclusion toube drawn that the clouds are ice.

One possibilitycdf obtaining an idea ofithe nature of the /34
clouds of Venus is to compare the measured and calculated reflec-
tion spectra. As the authors of [34] noted, a similar method can
be used to estimate particle dimensions (generally speaking, the
microstructure).

D.L. Regas et al [174] interpreted the spectra of Venus in
the 1050 nm region of the carbon dioxide band and the 818.9 nm
water vapor line, by comparing the measured and cadlculated spectra,
based on the use of a heterogeneous, lsotroplcally scattering model
of the atmosphere, with structural parameters taken from prelimin-
ary Mariner-5 and Venera-4,5 and 6 data. It was found that, if
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the Venusian clouds are a great thickness of absorbing dust, their
tops should be located above the 0.09 atm level. If, however, they
are a layer of absorbing condensate, their tops are above 0.065 atm.
By their scattering properties, the upper part of the clouds of
Venus are similar to cirrus or strabtuscclouds. Calculation of the
absorption in the 2818.9 nm water vapor line, assuming an isothermal
temperature of 240°K above the 0.25 atm level and the clouds to

be of an icy nature, gave values considerably in excess of those

observed. It can be concluded from this that the clouds of Venus
are not purely ice.

Since review of the Mariner-5 data [93] resulted in & gignif-
icant change in the structural parameters of the atmosphere (the
new data indicate, in particular, the possibility of formation of
a water cloud at the 58 km level with a mixing ratio for water
vapor of 10-2, measured by the Venera spacecraft), the authors of
[174] undertook a revision of the interpretation of the ground
measurements of the atmospheric spectrum in the 1050 nm band and
in the 822.6.nm water vapor line (the observations were made 20-2Y4
October 1967, at a phase angle of 102°). The data which character-
ize the dust cloud model, in the cases of minimum and maximum cioud
top altitudes, are presented in Table 5.

TABLE 5. DUST CLOUD PARAMETERS
L
Minimum cZX¢uMaximum
cloud top cloud top
Paramefer altitude altitude
Pressure at cloud top
level (atm) 0.10 10-°
Optical thickness with
isotropic scattering W00 1290
Photon path length at% o R
0.2 atm level (km) 0.65 1 1.5

As 1ls evident, similar clouds should have a large optical
thickness. The single scattering albedo is 0.9966 in the case
under consideration, and it completely excludes the possibility
of the passage of solar radiation through the clouds {(the illumin-
ation measurements aboard Venera-8, which will be discussed later,
undoubtedly contradict this). If the effect of anisotropic scat-
tering is taken into account, the photon path lengths proves to
vary within 0.11-0.25 km. This corresponds rather closely to ter-
restrial cirrus and stratus clouds.

~
[}
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The results of calculatiens for purely scattering condensate
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clouds, with optical thickness 9.9, are presented in Table 6. This
table indicates the possible range of altitudes™ within which con-
densate clouds can exist. ]

TABLE 6. PARAMETERS OF CONDENSATE CLOUD LAYER

Minium Maximum
cloud top clioud top
Parameter altitude altitude
Pressure at cloud top
level (atm) 0.034 10-3
Pressure at cloud
bottom level (atm) 0.47 0.91
Temperature at cloud
bottom level (°K) 282 330
Photon path length at
0.2 mb level (km) 0.8 1.6

T A comparison of Tables'™ and 6 leds to the conclusion that
—tThe photon path length is approximately the same in both cases.

Data of observations=in the 822.6 nm line are in agreement
with calculations, if variability of the bulk mixing ratioc of
water vapor within 1.5-4.8 10~° is assumed and the possibility of
the zexistence of an upper cloud layer of a water solution of
hydrochloric acid in the 10-16 mb layer is assumed (optical thickness
of cloud is 0.5), i.e., in the cohd "trap" zone at an altitude
of 80 ¥Km, found upon review of the Mariner-5 data. A thicker—
lower cloud layer of unknown composition is under the upper layer.

D.L. Regas et al [17%] criticize the two layer cloud model
like that proposed by G.E. Hunt, since it imposes too strong limit-
ations, either on the nature of the condensate in the lower cloud,
or oncthe nature of transmission of radiation in the upper tropos-
phere of Venus. The latter 1s determined by the fact that such a
two layer model assumes too short a photon path length with aniso-
tropic scattering, of 0.01 km at the 0.2 atm level. This corre=z
sponds to the case of fterrestrial cumulus clouds, and it is of
little likelihood. Thus, according to [174], the hypothesis of
the presence of clouds made of hydrochloric acid solution, located
either above the aggregate of condensation clouds, or above the
extended dust cloud, leads to the best agreement with the spectro-
scopic data. A combination of condensation and dust cloud layers
also is possible. However, the possibility of the presence of =
clodds " consisting of a sulfuric acid solution "must be analyzed.
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to an altitude of 65 km. Since an appreciable temperature di?—
ference is observed at the 61 km level (the temperature here is
about 260°K, and the pressure is 240 mb), it can be suggested that
the upper boundary of the lower cloud layer is located at this
level.

In the opinion of D.G. Rea [171], spectroscopic data on the
composition of the Venusian atmosphere enables it to be considered
that the most 1likely components of the upper cloud layer can be
Ho0, HCYL and HF. The aggregate of polarization and reflection and
emission spectra measurements leadsto the conclusion that the upper
cloud layer apparently consists of liquid drops o? HC&-Ho0 solut}on
(the polarization measurements are in agreement with the a§sumpt19n
of .the presence of spherical droplets of about 1000 nm radius, which

have an index of refraction 1.45+0.02 iat a wavelength of 550 nm).

It 18 difficult to express definite judgements on the compo-
sitlon of the lower cloud layer, but it is clear that none of the
cloud layers can consist of ice crystals since, in this‘cgse, the
water vapor content above the eclouds would have to signlflcantly
exceed that observed (however, it is not excluded that crystalline
water can be a secondary component of the upper cloud layer).

Despite the successful direct measurements, by means of the
Venera seriles unmanned interplanetary spacecraft and 1nd1rect‘
Mariner spacecraft data, as well as numerous theoretical studies,
the problem of the chemical composition of the clouds of Venus
remains unsolved. Many substances have been proposed as probable
components of the Venusian clouds, but the concept that the clguds
consist of water (in the liguid or solid phase), iron or ammonium
chlorides, dust or mercury compounds has dominated in recent years.

. As B.[Hapke [113] noted, analysis of the polarization measurements.

has convincely shown that the cloud parbicles ave spherical (thus? T
in all likelihood, liquid), have a comparatively monodispersed 'tﬂ
microstructure’ (radius about 1000 nm) and have an idex of refraction

of 1.45%0.02. Tn this connection, an emission spectrum:of Venus in /38
the 200-1600 nm range, which illustrates the following features of ,
the generation of emissions, is presented in work [113]: absorption
by c¢louds in the UV and visible regions of the spectrum, as well as
strong absorption by the cloud particles in the 300-500 nm interval.

In the opinion of B. Hapke [113], available observation data
exclude a large part of the possible components of the Venusian
¢louds listed above. If the Venera spacecraft data on the compara-
tively high water vapor concentration are confirmed, it is com-
pletely likely that the clouds are water. The low albedo of the
300-500 nm interval can occur, with a considerable concentration of!
OH3* ions, which is possible in the presence of hydrochloric acid:
at a concentration of about 25% (as is known, spectroscopic data \‘
indicate the existence of HCL in the atmosphere of Venus). ‘

.
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The guestion of the eXxistence of ice in the clouds of Venus
has been very widely discussed in numerous studies, but the con-
clusions have always been contradictory. The contradictory nature
of the conclusions as to cloud composition even appears in works of
the same authors. Thus, for example, D. Rea and B. O'Leary [172]
rejected the hypothesis of water clouds, having explained the char-
acteristics of the spectral path of the brightness of Venus in the
near IR region of the spectrum by the effect of carbon dioxide.
However, two years after this, B. O'Leary [160] came to a completely
different conclusion. D. Rea [171] presents-other concepts. B.
O'Leary examined photometric observation data at the Kitt Peak
observatary, in the period around inferior conjuction in 1969,
which indicate the existence of an anomalous lncrease in brightness
(by approximately 0.07 star magnitude), at a phase angle of 158°.
This corresponds to the direction, in which the hald- should occur
(the halo usually is observed as a ring under earth conditions,
located at an angular distance of 22° from the sun or moon). The
angular width of the brightness maximum is approximately 3° (the
width of the halo band is 2-3° under earth conditions). This
kind of result was obtained at all 5 wavelengths (450, 550, 700,
850 and 1050 nm) at which observations were carried out.

B. O'Leary "interpretfs the results obtained as the halo
phenomenon, indicating the existence of hexagonal ice crystals in
the upper portion of the Venusian clouds. The possibility of such
an interpretation is determined by the similarity of the observed
phenomenon and the terrestrial halo. In particular, ihcaccordance
with the dependence of the index of refraction of ice on wavelength,
there is a location dependence {(angular radius) of the hald.on:i..
wavelength.

D.G. Rea [171] considered that a review of the radio transil-
lumination data on the atmosphere of Venus from Mariner-5 led to
the conclusion that the vertical temperature profiles on the night
and day sides are identical and that there is a fine vertical pro-
file structure in the 60-30 km altitude range, with a characteristic
minimum at the 81-82 km level. The latter circumstance, together
with observation data on the transit of Venus over the solar disc,
Permitd the hypothesis to be expressed that there 1s an upper cloud
layer at an altitude of 81 km (pressure 3 mb), which is at a temper-
ature of 175°K. As has been noted, the presence of such a layer
also was found, based on analysis of the phase variations of the
band intensity in the carbon dioxide spectrum and the carbon dioxide
line profiles.

Meanwhile, the thickness of the layer has not been successfully
determined, but it is clear that its optical thickness cannot be
great, since radiation in the near IR region is capable of pene-
trating it to deeper layers: of the atmosphere. Interpretation oif
the observation data on the fine structure of the carbon dioxide
spectrum in the near IR region indicates that the temperature at
the band formation level is about 250°K (#5-10°K). This corresponds
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If the cloud particles are drops of hydrochloric acid solution
about 1000 nm in size, there should be very slightly expressed 1500
and 1900 nm water bands (the lack of these bands in the spectrum of
Venus is the main argument against the hypothesis that the clouds
are water)., The addition of hydrochloric acid decreases the freezing
point of the drops te 200°K. This makes the existence of crystalline
clouds on Venus very much less likely than on the earth.

None of the observed components of the atmosphere of Venus has
noticeable absorption in the 300-600 nm interval, which causes the
yvellow color of the clouds. This absorption pessibly’is caused by
condensation nuclel, which are the products of volcanic eruptions
or soil.. erosion and are particles of iron compounds (the Fe3t ion
has strong absorption bands in the 200-%00 nm wavelength region).

A 6 M HC2 solution containing 1.7 moles of dissolved FeC23 per

liter of solution hasan index of refraction of 1.45, i.e., it can

be suggested that the clouds conslst of drops of "dirty" hydrochioric

acid. Highly accurate measurements of the spectrum of Venus in The
UV wavelength region are necessary for a more reliable substangiation
of this suggestion.

R.A. Hanel et al [107] recorded the emission spectra of Venus
in the 700-2500 nm range at McDonald observatory. After eliminating
the effect of the atmosphere of the earth (by means of determination
of the intensity ratio in the spectra of Venus and the moon), tThey
found an abundant fine structure. This structure permits identifi-
catlion of a whole series of carbon dioxide lines, as well as a de-
pression around 900 cm~', which was ascribed to the effect of the
cloud layer particles.

As has been noted, one important component of the Venusian
clouds may be mercury compounds. J.F. Potter [164] analyzed the
correctness of this hypothesis, from the point of view of its cor-
respondence to the high albedo of the planet. Different models of
this kind of cloud cover ledd to the conclusion that it should de-
velop in The upper layers of the atmosphere and consist of mercury
drops. However, such clouds should strongly absorb and, consequently,
have a low albedo. Therefore, it should be suggested that the al-
bedo of the planet is due to a higher layer of clouds, which con-
sists of HgpClp. It is possible that there is a still higher layer
above this layer, whichiconsistﬁof hydrochloric acid HCL-H20

4

J.F. Potter [164] calculated the albedo of this kind of cloud
system, for the purpose of estimating the correspondence of the
results obtained and observatlon data. These calculations were
made, on the assumption of the absence of a reflecting layer above
the primary layer of mercury clouds, for wavelength 626.4 nm (Venus
is the brightest at this wavelength, with an albedo of 0.94) but,
with allowance for a reflecting layer located below, with cloud
drop radil of 10, 100 and 1000 nm (the complex index of refraction
is 2.21-5.60). The addition of strongly reflecting upper story
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cloud layers led to the conclusion that, i1f the drop radius of the
mercury cloud is not over 2500 nm, the mercury content in the pri-
mary c¢loud should not exceed 10-3 gecm—-2.

Upon turning again to discussion of the problem of the compo-
sition of the clouds of Venus, R.G. Prinn [165] proceeded from the
fact that, according to available data, the upper part of the vis-
ible elouds of Venus is at a temperature of about 250°K and that
their tops are’located near the 200 mb (63 km) level, but it is
difficult to fix its location distinctly. Polarization measurements
of the sunlight reflected by the clouds resulted in an estimate of
particle wradius on the orderof 1100 nm and an index of refraction
of 1.44 8% the 50 mb level. Evidently, intermittent, weak haze
layers, noted on photographs in UV light, are atcabout the 10 mb
level.

In connection with the detection of water vapor and hydrochloric
acid in the atmosphere of Venus, the hypothesls was expressed that
the upper haze layer consgists of drops of toncentratéd hydrochloric
acid, which can form at a temperature of about 198°K, corresponding
to a pressure of 20 mb. In this case, it was assumed that the
mixing ratio for water vapor is 10-* at the cloud top level. How-
ever, recent_cbservations have shown that, even ingide the primary
mass of clouds, the mixing ratio apparently is a total of 10-%. 1In
such a case, hydrochloric acid and water vapor can condense only
above 88 km (pressure 1 mb, temperature 160°K), in the form of
ice crystals and solid hydrogen chloride HCg-3H2O0.

The very small water vapor mixing ratio means either predom-
inance of similar conditions in the entire atmosphere of the planet, /40
or the existence of highly hygroscopic c¢loud materials, which cause
a low water vapor content in the visible part - of the atmosphere of
Venus. It was noted earlier that hydrochloric acid drops have an
index of refraction of 1.44, and the hypothesis of clouds consisting
of such drops is in agreement with measurement data of the IR spec-
trum of Venus. The water vapor tension above such drops is so small,
that it permits a mixing ratio on the order of 10-° to be explained.

Spectrogcopic observations led to the conclusion that there is
a very low concentration of sulfur contalining gases in the Venusian
atmosphere. However, it was shown that this was due to rapid photo-
chemi¢al dissociation of such gases (primarily carbonyl sulfide COS)
in the upper atmosphere (the dissociation time is on the order of
10%-10° sec). This leads to the formation of a sulfuric acid drop
aerosol, by means of photooxidation of S0s, in the presence of 02
and small amounts of H»O.

Thus, it can be proposed that the visible clouds of Venus are
an extended. haze of sulfuric acid drops, the scale helght of which
exceeds the scale héipht of the gaseous atmosphere [189,202,207].
Itwas shown in a recent work of A.T. Young [203] that the best
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agreement with the measured IR emission spectrum of Venus is ob-
tained, if it is assumed that the cloud particles consist of a

water solution of sulfuric acid, the concentration of which slightly
exceeds 75%. In such a case, the water vapor mixing ratio should

be 10-°5 (lower 1limit) and 10-7 for carbonyl sulfide and sulfur
dioxide (upper limit). This agrees well with observation data.
There should be no discontinuities in the cloud layer, only!if the
dynamics of the atmosphere do not cause mixing of the entire cloud
layer 1in a time less than a few days. In such circumstances, the
water vapor mixing ratio can increase to 10—%, and a thin haze layer
of hydrochloric acid drops can form above the primary mass of clouds.
The presence of sulfur in the cloud particles may subsequently be
detected by X-ray fluorescence measurements from unmanned inter-
planetary spacecraft.

In summarizing studies of the chemical composition of the
c¢louds of Venus, the spottiness and disagreements of present con-
cepts (more accurately hypotheses) on this guestion should again
be emphasized. Besides water, ice, dry ice, water solutlions of
hydrochloric and sulfuric acids and mercury compounds, The following
have been proposed as components of the Venusian clouds: carbon
suboxide C30p [136], ferrous chloride hydrate FECL2:2H20 [1371,
sodium chloride [122], formaldehyde [201], hydrocarbons [128],
hydrocarbon amides [176], water polymers [87], ammonium nitrite
NH4NO2, calcium and magnesium carbonates and NHyCf [142]. The
interpretation of the Venus polarization measurements made a defin%haéﬂ;
contribution to ordering the results obtained. T

- — - -

3.2 Polarization of Sunlight Reflected by Clouds

One of the most effective methods of study of cloud particle
sizes, determination of their optical properties (complex index
of refraction) and composition is interpretation of polarization
measurements of the light of Venus [50-53,82,130]. Some estimates
of particle radius and index of refraction, obtained from polar-
lization observations, were mentioned above. They all lead to
approximately the same result. The average particle: radius is
about 1000 nm, and the index of refraction 1s significantly greater
than that of water (1.4-1.7). Thus, for example, J.E. Hansen and
A. Arking [110], having calculated polarization at wavelengths:-of
365, 550 and 990 nm, with allowance for multiple scattering and
nonmonodispersed particles (with an average radius of 1100 nm),
found the best agreement with the measured values at indexes of
refraction of 1.46, 1.45 and 1.44, respectively. Very precise
calculations of the dependence of polarization on phase angle (the
case of a spherical atmosphere, models of single layer and multi-
layer cloud cover), made by G.W. Kattawar et al [130], with the
use of the Monte Carlo method, reached tThe conclusion that the
average particle size is about 1000 nm and the index of refraction
varies from 1.45 to 1.6. Absorption is appreciably displayed, only
at a wavelength of 340 nm, for which the particle albedo is 0.977.
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In a recent work, J.E. Hansen and J.W. Hovenier [112] sum—
marized the polarization studies of Venus and undertook new com-—
parisons of the results of theoretical calculations of the -degree
of polarization with observation data, with the 1ntenﬁ“_n§of de-
termining cloud particle sizes and thelr index of refraction. The
calculations were done for clouds, the microstructure (particle
size distribution) of which is given by formula (1). Since para-
meters a and b of this formula can be considered as effective
values of the particle radius and variability of radius, respect-=
ively, both of these gquantities are basic parameters, which de-
termine the degree of polarization. Two other parameters are fthe
index of refraction n and coefficient fr, the contribution of
Rayleigh scattering (the ratio of the coefficients of Rayleigh and
aerosol scattering). The polarization phase curves were calculated
for wavelengths 365, 550 and 990 nm, to which particle albedos -of
0.98427, 0.99897 and 0. 99941, respectlvely, correspond. With such ¢
single scattering albedos, the spherical albedos of the planet are /42
0.55, 0.87 and 0.90. Cosc {(a, scattering angle), which character-
izes the scattering indicatrix, is 0.761, 0.713 and 0,715, respect-
ively. T

The calculations of J.E. Hansen and J.W. Hovenier showed that
polarization at 550 nm is most sensitive to particle size and changes
rather strongly, as a function of the index of refraction. The cal-
culation results, compared with all available polarization observa-=
tion data, illustrating the variability of the polarization phase
curves vs. particle size, are presented in Fig. 6. The polarization
maximum at phase angles around 20° reflect the position of the pri-
mary rainbow, and the maximum at ~155° corresponds to anomalous dif-
fraction. It follows from the Fig. & data that, if the index of
refraction is 1.44%0.015, the best agreement with observation results
occurs with an effective radius (parameter a)v1050X100 nm and radiuvs /43
variability (parameter b) 0.07%¥0.02. Data of a similar comparison
for other wavelengths conflrm this conclusion, relative to the cloud
microstructure.

Since the index of refraction can change ags a function of wave-
length, calculations were carried ouft, in order to analyze the sen-
sitivity of the phase curves to the index of refraction at all 3
wavelengths under consideration.

At wavelengths on the order of 1000 nm, the observed polariz-
ation of Venus is negative at all phase angles. This is caused
by the comparability of particle sizes and wavelengths.in this wave-
length range. At A=990 nm, the polarization phase curves are very
sensitive to both particle sige and index of refraction (Fig. 7).
Therefore, measurements at this wavelength are very informative, from
the point of view of determination of the corresponding parameters.
In particular, they result in n=1.43%0.015.
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(A=365 nm), polarization is less sen-
gitive to the cloud microstructure
‘than in the visible and near IR ranges,
4 but it permits a highly precise deter-
mination of the index of refraction,
due to the presence of a strong polar-
11 ization maximum in the zone of the

J | primary rainbow. The best correspcnd-

\.| | ence with observations results in
Yl | n=1.46%0.015.
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Observations of polarization in

the UV region of the spectrum also
are informative, from the point of
.4 view of estimation of the contribution
. 0of Rayleigh scattering in the clouds

t . 3 and above the clouds. Here, the de-
¢ 4k 8 8 a0 W 480 0 MWD opee of polarization depends essen-
‘tially on the value of fr, and com-
parison of calculations with obser-
vations results in the best agree-
ment with fr=0.045., The authors of
[112] showed that, in the case of the
uniform atmosphere model, the pressure
inside the clouds p;, at a depth cor-
responding to unit optical thickness,
pi%l.16 fr, i.e., it is about 50 mb.

4
ha

-4

__. _.Phase angle degreés _. .-

Fig. 6. Degree of polariz-
ation of solar radiation re-
flected by Venus at 550 nm
vs. phase angle from measure-
measurement (ecircules, c¢ros-—
ses, triangles) and calcu-
lation data (and these and
other data are associlated
with the entire illuminated
portion of the disc of the
planet); calculations were

Analysis of the observation re-
sults at other wavelengths than the
3 considered above, in the same 340-

: X 1000 nm range, by J.E. Hansen and J.

done for index of refraftlon W. Hovenier [112], confirmed the con-
n=1.44 and parameters b=0.07 : 5
‘ = i . —— .. ¢clusions obtained. There also are
and £r=0.045: 1. a=1500 nm; .
5. a=1200 nm: 3. a=1050 nm.— Some observation data for the 1250-

g 360 nm interval, but they are scanty
and insufficiently reliable. However, it is significant that nega-
tive polarization was invariably observed at all phase angles, for
wavelengths of 1250, 1650 and 2000 nm, primarily positive polariz-
ation at 2200 nm and only positive polarization for A=3600 nm. Just
such a course should be expected of the spectral relationship of
polarization, in the case of particles with an effective radius of
about 1000 nm. Consequently, these data are in agreement with the
conclusions indicated above.

Since interpretation of the polarization observations definitely
indicate that the index of refraction of the Venusian cloud particles
is 1.4410.015 at A=550 nm, and vary from ~1.46 at A=365 nm to ~1.U43
at A=990 nm, there is a basis for an opinion on the possible cloud
composition. By attempting to use the spectral relation of the index
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Fig. 7. Degree of polarization of
solar radiation reflected by Venus
at 990 nm vs. phase angle, from
measurement data (circles, crosses)
and calculations; calculations were
done for parameter b=0.7: 1. n=1.33
(a=800 nm); 2. n=1.40 (2=1000 nm);
3. n=1.43 (a=1050 nm); 4. n=1.45 (a=
1100 nm); 5. n=1.50 (&=1200 nm).

of refraction, obtained from
observations, for this pur-
pose, J.E, Hansen and J.W.
Hovenier showed that, in the
visible region of the spec-
nZ+2 5 .
turm o1 ~vA—<,  Since J.E.
Hansen and A. Arking [110]
showed that noneof the c¢loud
composition hypotheses pro-
posed before 1970 satisfy the
polarization measurement data,
the most probable current hy-
potheses were chosen. As is
evident from Fig. 8, neither
the carbon suboxide C302 hy-
pothesis, nor the hydrochloric
aclid solution hypothesis [143-
1457 agree with observations.
It should be considered most
probable that the clouds of
Venus consist of drops of
concentrated (v75%) sulfuric
acid solution. Obviously, /45
these drops should have a
spherical shape.

The surprising uniform-
ity of the microstructure and
optical properties (index of
refraction) of the Venusian
clouds, as well as the small
variability in particle sizes,
which is completely opposite

to what is observed in the case of the cloud cover of the earth, at-

tracts attention.
varies from “0.05 to ~0.30.

Thus, for example, parameter b for earth clouds
However, if we turn to the data for the

stratospheric aerosol layer (Yunge layer), located at the ~50 mb

level, bn0.06-0.08.

This permits a definite analogy to bhe seen

between the upper part of the c¢loud cover of Venus, which is respon-
sible for the polarization of light (polarization is determined mainly
by the effect of multiple scattering in a layer of optical thickness
v1), and the stratospheric aerosol layer of the earth [123], of which
a high sulfuric acid content also is characteristic [197].

Since the polarization measurements permit a decision only on
the composition of the upper cloud layer, the existence of cloud
layers of a different composition than that substantiated in work

[112] is completely probable.
of J.E. Hansen and J.W. Hoveniler

Even the highly convincing arguments
as To the composition of the upper

part of the visible cloud cover of Venus cannot be considered as
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completely unequivocal. Although
these authors reject the "dirty hy-

drochloric acid" model of B. Hapke
a0l ; [113], mentioned above, it should be
considered that other combinations of /46
ah i cloud composition are possible, which
' I satisfy the available, comparatively
gl i Al limited volume of observation data.
= 'HE . Of course, data of direct measure-
gl éi' I ments of microstructure and chemical
ot o . composition of the clouds of Venus
ol , , , _at different levels will be decisive.
3 i .8 . 2 65 There is no doubt that measurements
. .. Irradiance, Wem-2 __ _ " of the angular brightness distribu-
T tions and polarization for various
Fig. 8. Vertical pro- narrow spectral intervals in the
file of illumination from range from the UV to IR regions of
upper hemisphere: 1. Venera- the spectrum could be of great im-
8 measurement data; 2,3. - portance. Thus, the main question
calculation results for.. as to the microstructure, compo-
models 1,2, respectively sition and vertical and horizontal
(see Table 13); Wo. extra- heterogeneities of the c¢louds of
atmespheric light flux. Venus remains largely open. In par-

ticular, it formerly was unclear
why there is a persistent, continuous global cloud cover on Venus,
while instability and horizontal heterogeneity are characteristic
features of the cloud cover on the earth (some considerations on
this question were expressed in the work of J.T. Bartlett and G.E.
Hunt [69]).

3.3 Cloud Formation Conditions

-

Recent studies of the formation of clouds of wvarious planets
have concentrated on the guestion as to whether or not they con-
sist of binary mixtures of drops, for example, drops of NH3-HpO
solution on Jupiter, HCR=Hp0 or Hp304-Hp0 solutions on Venus.

According to previously proposed theories, liquid solutions
in drop form, in the cases undexr consideration, are formed as soon
as the partial pressure of each component reaches the saturated
vagpor pressure above the liquid. However, such a situation can oniy
occur in the presence of condensation nuclei, as is well known
from study of the formation of terrestrial water clouds. If "uni-
form, heteromolecular nucleation" occurs (when there are no con-
densation nuclei), the appearance of drops of condensate is pos-
sible, only in the event the partial pressure of each component
significantly exceeds saturation.

D. Stauffer and C.S. Kiang [193] proposed a theory and per-
formed calculations of uniform, heteromolecular nucleation, which
characterize the threshold wvalues of the partial pressures of
NH3, HC%, H2S503 and CoH50H vs. relative humidity, at which the
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formation of drops of the corresponding solution occurs, in case
condensation nuclel are lacking. The calculation results showed
that, under the atmospheric conditions of Jupiter, the lower
boundary of NH3-HpO solution c¢louds should be at an altitude of
about. 40 km (where the temperature exceeds 400°K) and not at 10-
25 km, as follows from calculations which assume the presence of
condensation nuceli. A similar ~20 km upward shift of the cloud
bottoms occurs on the outer giant planets, Uranus and Neptune.
Calculations for a new model of the atmosphere of Jupiter, proposed
by S.J. Weidenschilling and J.S. Lewis [199]1, resulted in the con-
clusion that, in this case, the cloud bottoms should be shifted
still higher, to the region of below 0°C temperatures, for which
the theory under consideration cannot be considered sufficiently
reliable.

If it is assumed that the clouds. of Venus consist of drops
of hydrochloric acid solution, the calculations of D. Stauffer and
C.5. Kiang 1eaato the conclusion that it is impossible for clouds
to -Torm at the 60 km level, with a temperature around O°C,,even
with sthe high water vapor content Wthh oorresponds to the Venera
spacecraft data. With a mixing ratio of 0.01l% (spectroscopic data),
the formation of HCL-H20 clouds at this level is impossible, even
in the presence of dust (condensation nuclei). These conclusions
make the hypothesis that the clouds of Venus consist of drops of
sulfuric acid solution more likely.

If the Venusian clouds are made up of sulfuric acid solution
in a layer where HpSOl§ production is at a maximum, calculations
by the theory of uniform, heteromolecular nucleation do not find
changes in the cloud bottom altitude from the case when the pres-.
ence of condendation nuclei is assumed, but they indicate a greater
duration of the cloud, formation process.

The wvertical structure of the cloud cover is of great importance.
If, for example, the clouds of Venus encompass the entire mass of
the atmosphere, beginning at the surface of the planet, the drops
of the cloud layer located below can serve as condensatlon nuclei
for the layers of the atmosphere located above it. This means that
condensation can occur at practically zero supersaturation, as
oceurs with a dusty atmosphere. At both Jupiter and Venus (with
a high water vapor content), NH3-H20 and HC2-Hp0 solution clouds
form at a relative humidity “close to that which corresponds to
the nucleation of pure water. Therefore, precise measurements of
the water vapor content, and not that of NH3 or HC&, are very much
more important to solution of the eloud compolition problem. The
results of calculation for a C2H50H-H20 mixture and laboratory )
measurement data have turned out to be in good agreement. This
indicates the reliablility of the calculation methcd mentioned. For
a more confident prediction of the cloud formation conditions in
the atmospheres of various planets, more reliable data are required
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on the water vapor content, as well as further laboratory eXxperi-

ments, for the purpose of testing the accuracy of the calculation
methods.

ITT. Greenhouse Effect

Naturally, the discovery of the high surface temperature of
Venus and the presence of a cloud cover over the entire planet
caused great interest in discussion of the greenhouse effect of
the cloud cover, as the main factor responsible for the high sur-
face temperature.

- o~ PR

1. Theoretical Calculations

If the 'Milne-Eddingbon approximation foX the conditions of
a_  "gray" atmosphere which is in Padiant equilibrium is used,
it is easy to estimate the optical thickness of the atmosphere To,
in which the greenhouse effect of the atmosphere ensures the ob-

?erzﬁd surface temperature Tg, based on the following relation
124 1:

/T Falot 2o | (2)

S= 20‘ r F

where Fe 18 the outgoing thermal radiation; o is the Stefan-
Boltzmann constant. On the assumption of a 77% albedo for Venus,
we obtaincF,=1.6 erg-cm—2°sec-1. This results in 1%=60 for Tg=
600°K, and Tew=113 for Tg=700°K. Such optical thicknesses of the
atmosphere are completely likely, and this makes the greenhouse
effect hypothesis guite plausible. A similar conclusgion 1s con-
firmed by the results of more precise calculations, which take
into account the selectivity of radiation transmission in the
atmosphere of Venus. In connection with this, we note that, as
follows from available observation data of the spectral distribus’
tion of the outgoing thermal radiation of Venus [107] and theoret-
ical calculations [29-33], the outgoing radiation spectrum has a
complex fine structure. Therefore, the "gray" atmosphere approxi-
mation can be acceptable, only for the roughest errors. Another
important clrcumstance, which sometimes is not Taken into account
[45], is that the layer of the Venusian atmosphere above the clouds
has a slgnificant effect on the production of the outgolng radissi
ation [8].

The effective temperature, determined from the average amount
of solar radiation absorbed by Venus, is 237°K. In the absence of

an atmosphere, the surface tTemperature of tThe planet should be iden-

tically this wvalue. Since the actual surface temperature is about
700°K, the atmosphere of Venus should cause an unusually large
greenhouse effect, reaching 450-500°K (in the case of the earth,
this effect is about 35° and, of Mars, about 7°). G. Ohring [158,
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159] analyzed the possibility of the existence of such a green-

house effect, by using the condition of equality of the solar radi- 1&2
ation absorbed by the planet (a fixed value) and the outgding ther-

mal radiation, caleculated with the known stratification of the
atmosphere, but a variable surface temperature (to achieve equality
with the absorbed radiation). With consideration of the composition

of the Venusian atmosphere, according to Venera-4 and Mariner-5

data, calculations were carried out Ffor the following models of

the atmosphere (without accounting for cloud cover):

Composition of atmosphere 100% carbon dioxide
Vertical temperature gradient

in troposphere 9 degree5°km-1
Pressure at tropopause level 0.4, 0.2, 0.0 atm
Vertical temperature gradient

in stratosphere isothermal
Water vapor mixing ratio 10~%, 10-%, 10-°
Pressure at surface of Venus 20, 65 atm
Albedo of planet 0.73

The transmission functions on which the calculations were
based were obtained, by means of extrapolation (with the use of
the "strong line" approximation) of laboratory measurement data,
associated with pressures not exceeding several atmosphere. The
calculations showed that, with a surface pressure of 65 atm and
a mixing ratio of 10—3%, the surface temperature reaches 600-650°K,
which is in accordance with observation data. This wvalue of tThe
mixing ratio is considerably higher than that which spectroscopic
measurements give. However, 1t can be considered that these resn
sults concern the upper layers of the atmesphere of ¥Vénus.

Thus, on the basis of only taking account of the carbon di-
oxide and water vapor emissions (at high surface pressure), the
observed surface temperature of Venus can be explained by the
greenhouse effect. The effect of such factors as cloud cover,
the aerosol component of the atmosphere and induced pressure tran-
sitions can only increase the greenhouse effect.

G.M. Strelkov [54,55] reached similar conclusionsi as to the
validity of the greenhouse effect hypothesis. In order to test
the hypothesis that the high surface temperature of Venus is due
to the greenhouse effect, G.M. Strelkov [54,44] calculated the
radiant energy transport to the lower (below the clouds) part of
the atmosphere of the planet, with the parameters of the Venusian
atmosphere from Venera-5 and Venera-6 data (surface pressure and
temperature were assumed to be 90 atm and 750°K) taken into ac-
count. The integral thermal radiation fluxes were obtained, on
the basis of calculation of the fluxes for five transparency win- /50
dows of the atmosphere: 825-1325, 2025-2175, 2526-3425, 3975-5125
and 5525-7025 em~!, The calculations showed that the primary
portion oi the radiation fransport is in the 1700 and 2200 nm
transparency windows.
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The magnitude of the radiation flux changes little with alti-
tude, and it is not over 0.3 of the outgolng radiation. This is
evidence of transformation of the convective energy transport in
the part of the atmosphere of Venus beneath the clouds. 1In the
layer of the atmOSphere directly adjoining the surface, convective
heat transfer is hampered, and heat transport is due to turbulent
and radiant heat exchange. Analysis of the heat balance equation
of the surface shows that the greenhouse effect provides surface
heating to the observed values of about 700-7T50°K The average '
dally heat loss of the surface due to turbulent heat exchange * !
should be 50-90% of the incoming solar radiation.

A correct analysis of the greenhouse effect requires careful
accounting for the effect of all optically active components of the
atmosphere on radiation transport. In this connection, I.J. —:.7o
Eberstein et al [91] made laboratory measurements of the transmis-
sion functions of CO, HCL and 302, in order to study the possible
contributions of these ‘gases to the greenhouse effect observed
in the atmosphere of Venus.

The main difficulty in using laboratory measurements is the
necessity to change over to transmission values 1in the case of
a heterogeneous medium. This can be done, if the laboratory
measurements are represented in the form of a power function of
the logarithm of the transmission vs. content of the radiatien ad-
sorbing substance and total pressure (the latter is determined in
the sense of the effective pressure, calculated with allowance for
the efficiency of collisions~of molecules of different . gases).

A Perkin-Elmer 621 spectrometer with a diffraction grating,
which permits coverage of the 200-4000 cm—* wave number region
(2500-50000 nm). The Spectral width of the slit is 20 em—!. The
gas cuvette, with cesium’'iodide windows, is 10 cm long (part of
the measurements were made with a 400 em long cuvette). Studies
of the spectra of the gases mentioned above was carried out in
a mixture with pure nitrogen or dry carbon dioxide. Measurements
were made, both with constant pressure of the absorbing gas (with
change in total pressure), and with constant total (but not effec:
tive) pressure, but with variation of the pressure of the absorbent.
All measurements were made at foom temperature and a pressure range
from 0.79:10-% to 0.79 atm.

At the pressures and absorbing gas content used, appreciable
absorption was observed only in the region of the basic vibrational
bands (with the exception of one case), where a very small popula~ /51
tion of the upper vibrational levels was detected.'at room tempera-
ture. Therefore the measurements were confined to the basic bands:
2143 em-! CO; 2886 cm-! HCR; 1361, 1151, 519 cm—! SO> and 2499 em—!

S09 comblnatlon band. The experimental data (in the transmission
region from 5 to 95%) are well described by the exponential rela-
tion of the logarithm of the transmission function mentioned above.
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A comparison of the results of specially performed direct calculas
tions of transmission for the 2143 cm—! carbon monoxide band with
the experimental data revealed good agreement. This comparison
again confirmed the validity of the exponential relation, but it
pointed out the danger of extrapolation of this relation, both %o
very small and tTo large transmission values.

With the use of the results obtained for estimates ‘of the
contribution to the greenhouse effect under the conditions of
Venus, it can be considered that the effect of absorption by the
component under consideration 1s significant, if the averaged
optical thickness exceeds 1. above the 1 atm pressure level. In
accordance with this criterion, I.J. Eberstein et al [91] calcu-
lated the required content of the gases under consideration,
with the use of laboratory data on their quantitative absorption

charactefistics for the maximum absorption sections. TIn all cases,

with the exception of the 2143 em—! carbon monoxide band, the
required gas content considerably exceeds that obserwed. However,
even the effect of carbon monoxide on the greenhouse effect can-
not be significant, since carbon dioxide, which is dominant in
the atmosphere of Venus, absorbs strongly in the region of the
basic band of this gas. Concerning sulfur dioxide, which has
strong absorption around 1361 and 1151 cm~?!, its effect does not
appear, due to the low concentration. Since the spectroscopic
data on composition concern the upper layersof the atmosphere of
Venus, it is possible that future direct measurements will intro-
duce corrections into the results which concern estimates of the
factors causing the greenhouse effect.

The phenomenon of the greenhouse effect can be of great im-

portance, from the point of wview of the evolution of the atmosphere

of Venus [163,170]. Thus, for example, owing to the greenhouse

effect, disappearance offté water shell which initially surrounded
the planet could occur. If the planet is sufficiently close to the

sun, much water should evaporate from the hypothetical ocean into
the atmosphere. This results in the greenhouse effect condition,
an increase in surface temperature and complete evaporation of the
water. Such an "expélling" greenhouse effect can explain why the
conditions on the surface and in the atmosphere of Venus are so
different from those on the earth (as to the low water vapor con-
tent of the atmosphere of Venus, this can be explained by its
destruction, as a result of photodissociation during the billions
of years of evolution of the atmosphere).

In order to analyze the conditions of evolution of the green-
house effect on Venus, J.B. Pollack [163] calculated the outgoing
thermal radiation and albedo, with the selectivity of radiation
transmission Ttaken into account, and on the assumptions that the
planet is covered with an ocean and that the greenhouse effect is
due only to the water vapor content of the atmosphere. Calcula-_
tions of the surface temperature under various cloud conditions
(degrees of cloud cover of 50 and 100%), as a function of the
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incoming solar radiation flux, were carried out for a structure
and composition of the atmosphere, selected by analogy with the
conditions of the terrestrial atmosphere. However, the pressure
at the surface varies from 0.1 to 10 atm, and the acceleration
of gravity was assumed to be that of Venus (888 cm-sec—?).

Values of 0.39 and 0.33 calecm—?+min—' were obtained for
the albedo and outgoing radiation, respectively, caleculated for
earth conditions. This sufficiently satisfactorily agrees with
known values and, consequently, it confirms the correctness of
the calculation method. The calculation results, which character-
1ze the dependence of the outgoing radiation and fraction of
solar radiation absorbed by the planet on surface temperature (the
calculations are for zero 50% cloud cover), were used to determine
the equilibrium surface temperature, from the condition of equality
of the absorbed radiation and outgoing radiation and subsequent
plotting of surface temperature vs. ins@&ation beyond the atmos-
phere. It turned out that, with 50% cloud cover, the insg@lation
on Venus is now so high, that is should ensure complete evapora-=
tion of the hypothetical ocean (with a surface temperature of
approximately 500°K. In turn, that means that, as a result of
desorption of carbon dioxide, it will accumulate in the atmosphere.
With half the _extraatmospheric insolation, which coreesponds to
conditions on earth, the surface temperature turns out to be very
much less, which produces conditions for the exlistence of 1ligquid
water.

Based on 100% cloud cover on Venus and the assumption ‘of :
the 1ns'lat10n which occurred 4.5 billion years ago (30% less than
now), the surface temperature turns out to be rather moderate
(permlttlng the presence of water), in conhection with the fact
that, with 100% cloud cover, a strong increase in the albedo of

the planet occurs with increase in surface temperature. These con-
ditions are preserved, even with an increase of inscolation to the
modern level. Therefore, it can be suggested that there was par-

. _tial cloud cover on Venus in the past.

It is possible that, during the evolution of Venus, accompanied
by the loss of water, life could have adapted to existence in the
upper, more moderate part of the atmosphere, when the loss of water 753

oceurred, Therefore, J.B. Pollack considers it premature to write
Venus off, as a planet which is not of biological interest.

2. Direct Measurements Aboard Venera-8 Spacecraft

Measurements of the illumination, by means of the photometer
(cadmium sulfide photoresistor) installed aboard Venera-8, which
could function at ambient temperature and pressure of up to 500°C
and 100 atm, respectively, are of exceptionally great importance,
for analysis eof the cenditiens of development of the greenhouse
effect. The photometer permitted, for the first time, measurement
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of the illumination from the upper hemisphere in the 500-800 nm
interval, at various altitudes in the atmosphere of Venus during
the parachute descent of the spacecraft (the parachute occupied
about 1% of the field of view of the photometer), on 22 July 1972,
The measurement data were processed by V.5. Avduyevskiy et al
[68], with account taken of the temperature dependence of the
photometer sensitivity (according to preflight ~caidibration data).
The use of the onboard calibration results of the photometer in-
dicated an increase in its sensitivity in flight. This required
the introduction of a correctidn of 12%. The error of measure-
ment of the light flux was approximately +30%.

The vertical illumination profile in the 0-50 km altitude
range (Fig. 8) indicates a sharp change in illumination at an
altitude of about 32 km. Above this level, a very much stronger
increase in illumination is observed with altitude. This permits
it to be considered that the lower boundary of the cloud layer
is located near an altitude of 32 kxm. The héight of the sun above
the horizon at the time of measurement was 5.5%f2.5°, which cor-
responds to extraatmospherié illumination (with allowance for
the spectral sensitivity of the photometer) of 65%35 Wem™? (by
using recent data on the extraatmospheric spectral distribution
of solar radiation, A.A. Lacis and J.E. Hansen [139] obtained
55325 W-m-2). Since the illlumination measured at an altitude of
about 48.5 km was approximately 10 Wem~?, this means that approx-
imately a sevenfold attenuation of the light by the overlying
atmosphere occurred.(according to the data of [139], fivefold).
The illumination decreased another three times in the 50-32 km
layer and three times again, in the layer between the 32 km level
and the surface.

Thus, the illumination measurement data indicated a vertical
heterogeneity of the atmosphere. The upper measurement point
48.5 km) corresponds to a temperature of 329°K and a pressure of
1.09 atm. If the cloud top altitude is determined from the level
to which an optical thickness of 1 corresponds, this corresponds
to the 50125 mb level [112]. In the case under consideration,
the 50 mb level corresponds to an altitude of about 68 km [139].
The attenuation of solar radiation is at a maximum in the layer
between the. cloud tops (65-70 km) and an altitude of about 43
km, and it is at a minimum in the atmosphere located below 32 km.

According to the data of V.S. Avduyevskiy et al [68], which
are in agreement with measurement data, calculations of the ver-=i-
tical illumination profile in the 0-32 km layer showed that the
attenuation of light in this layer is due mainly to molecular
scattering (the scattering coefficient exceeds the Rayléight scat-
tering coefficient by not over 30%, the single scatbering albedo
is greater than 0.99, and the surface albedo is in the 0-0.6
range). Attenuation  above 32 km may be caused by aerosol scat-
tering and absorption. Although a comparatively small part of
fhe extraatmospheric solar radiation flux reaches the surface of
§ >
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Venus (about 1.8%), even this is enough to ensure considerable il-
lumination at the surface level (compared with earth conditions)
and maintenance of a high temperature in the lower part of the
atmosphere. The resulting illumination data, thus, do not contra-
dict the hypothesis of the "greenhouse" mechanism of heating of
the atmosphere of Venus.

A.A. Lacis and J.E. Hansen [139] carried out a detailed com-
parison of the 1llumination data under consideration with theoret-
ical calculation results, for two three layer models of the atmos-
phere. In this case, they took quite accurate-account of the multi-
plicity of scattering (see also optical characteristics data in
work [5]). A comparison with calculation data for a uniform atmos-
phere model indicated complete nonconformity of this model with
observation data, but it resulted in satisfactory agreement with
observations and the use of a two layer model, with the boundary
of the layers at the 35 km level. This determined the selection
of the three layer models, the parameters of which are indicated
in Table 7. The layer boundaries were fixed at altitudes of 35
km and 48.5 km. Of course, the lack of measurement data above
48.5 km introduces uncertainty into selection of the parameters
for the calculations. However, it was found that the lack of in- /55
formation on the characteristics of the clouds in the lower layers
of the atmosphere are of still greater importance.

TABLE 7. OPTICAL PARAMETERS OF VENUS ATMOSPHERE MODELS
(%C —— CLOUD PARTICLE ALBEDO, T, -- OPTICAL AEROSOL
THICKNESS OF LAYERS, Ag ——- ALBEDO OF UNDERLYING SURFACE)

Model 1 ' Modal 2
b . o

::"'_} a:f.' Yo Ab..s?{P__.,! ‘____-"I ";c T fAbSOl‘P—

Tayex Tidh Layer tion

-1 0,997565 | 18,9 9,98 1 1,0 8.4 0,0
, - 2 0,959099 561 ~0 2 }0,97328 | 4,4 8 62%
Pored 0,899999 517 ~0 3l - 0,0
LI N

cegur e As=0,985 .. 1 0,02% O As=0,6 " . 1,38%

Test calculations and thelr comparison with illumination
measurement data led to the conclusion that the following are the
mos&t llkely ranges of optical parameters of the upper layer: 8%t
£19 and 13$en0.9976. The lack of information on the optical para-
meters of the'lower layer complicates the unambiguity of selection
of these parameters to the strongest degree. Calculation results
for two extreme models (see Table 7) are reproduced in Fig. 8.

In both cases, the disagreement with measurement data does not go
beyond the measurement error.
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In the case of model 1, practically all the solar radiation
is absorbed by the upper layer (i.e., above 48.5 km)., The vertical
illumination profile in the two lower layers is well described, by
assuming almost conservative scattering (H%i=0.999999) and a very
large aerosol optical thickness (131=1078). Thus, in this case,
such a solution is completely satisfactory, when gi+1 and T4-.

The complete lack of absorption by the upper layer is charac-
teristic of model 2. The absorption is concentrated in the middle
layer. Absorption of sclar radiation by the underlying surface is
about 1.4%.

An attempt To use a ten layer model showed that still better
agreement with observations can be achieved, but the possible vari-
ations of the optical parameters of the clouds remain approximately
the same as for the three layer model. Thus, for example, the
optical thickness of the entire atmosphere can vary within 35tc%

o, It should be noted here that all the estimates of optical thick-
ness presented above are associated with the case of isotropic scat-
tering. To take anisotropy into account, a correction factor of

3.3 should be introduced. Consequently, the optical thickness of
the entire atmosphere 1i810. The albedo of the underlying surface
at the landing point AgR0.6. This is unexpected, since a lower
albedo should be expected for granite type materials. Besides, it
should be emphasized that estimates of the albedo depend critically
on the accuracy of measurements at the very lowest polint.

Thus, a detailed comparison of illumination measurements with
calculation results, for various optical models of the atmosphere,
~ lead to fhe conclusion that the aerosol structure of the atmosphere
of Venus should be at least three layered. The measurement data of
illumination from only the upper hemisphere permits the establish-
ment of only the extremely broad limits of possible variability of
optical thickness, and they do not make it possible to unambiguously
decide on the vertical distribution of the abserption of solar radi-
ation by layers.

The Venera-8 data are very valuable for estimating the pene- /56
tration of solar radiation into the atmosphere, but a whole series
of important questions remain unanswered. In particular, they do
not contradict the greenhouse effect hypothesls, but they cannot be
used to confirm it. It will be “important subsequently to under-
take measurements of the vertical profiles of the ingoing and out-
going radiation fluxes, in both broad and narrow wavelength inter-
vals, through the entire atmosphere, including the cloud and haze
1ayers§jlocated above the primary cloud cover. A necessary supple-
ment to this kind of measurement has to be measurements of the
angular and spectral distribution of brightness and polarirzation,
from unmanned interplanetary spacecraft operating as artifieiil
Venus satellites.

ORIGINAL PAGE IS
By OF POOR-QUALITY

¥



Although the results reported above are basically evidence
in favor of the greenhouse effect hypothesis, the wvalldity of tThis
hypothesis cannot yet be considered completely proven. As D.M.
Hunten and R.M. Goody noted [124], three factors which complicate
consideration require further discussion: 1. matching of the excep-=
tionally great optical thickness of the atmosphere to infrared radi-
ation with the necessity of fairly-high transmission of solar radil-
ation; 2. accounting for the effect of heat transport by -free and
forced convection; 3. accounting for turbulence and large scale
atmospheric circulation. We now turn to consideration of these
factors.

IV. Aftmospheric Circulation

The data on the structural parameters of the Venusian atmos-
phere considered above indicate that tThe lower part of it is in a
state of convective equilibrium. Precisely this circumstance is
the most important, in constructing current theoretical models of
the thermal conditions and general circulation of the atmosphere.
However, before consideration of these models, we turn to discussion
of the existing collection of observation data on the winds on Venus.
This kind of data was primarily obtained, on the basis of many years
of ground based observations of the patterns of nonuniformity of the
cltoud cover in the UV region of the spectrum. Such observations
were recently continued, by obtaining UV images of Venus from Mar-..
iner-10. Finally, observations of the descent and drift of the
Venera spacecraft brought in important inrormation on the winds
at various altitudes.

1. Four Day Circulation

. 1.1. Observation Data

The cloud cover of Venus prevents determination of the angular
velocity of rotation of the surface of the planet from telescope ob- /57
servation data. Observations of indistinect, grayish heterogeneittes,
concerning which it was proposed that they are visible through
random clearings of the atmosphere from sectiong of the solid
surface, have led in the past +to many erronecous determinations
of the period of rotation, from 1 to 225 days. As was noted ear-:
lier., only the radio astronomy measurements of recent years have
reliably established the retrograde rotation of Venus, with a
sidereal period of 243 days (the synodic period is 117 days).

However, the heterogeneities of the cloud cover, observed
in photographs obtained in the UV region of the spectrum and having,
as a rule, a Y or Y shape, permit the nature of the atmospheric
motion to be traced Ifrom the displacement of these heterogeneities.

C. Boyer [73,74] examined systematic UV photographs of Venus,

45



made with the aid of the 260 mm refractor in Brazzaville (4° 3.
Lat.), which found a four day rotation of the heterogeneities near
the equator, at the very start of these observations. The proposal
was then expressed that rotation of the atmosphere was observed in
this case. FHFurther observations confirmed this conclusion and dis-
closed that the rotation is retrograde. Analysis of photographs,
obtained by means of the 600 mm and 1 m telescopes in the Pic-du-
Midi observatory resulted in the same conelusion. The synodic
period of rotation was 3.995 days (this corresponds to a velocity
of 112 mesec~!). This concerns the rotation of the upper layers of
the atmosphere, at an altitude of about 80 km. A detalled analysis
of the rotation rates of different heterogeneities, during a time
on the order of several days, brought out the specific characteristics
of rofation of the Y and ¥ shaped heterogeneities. In particular,
the rotation rate depends on the location of the heterogeneities,
and it changes from -50 to =140 cmesec—!

An analysis of the 300 best UV photographs of Venus, obtained
at the Meudon observatory in 1966-1969, carried out by J. Nikander
and C. Boyer [156], found a retrograde rotation of these hetero-
geneities, with a perlod of 4.0%X0.5 days. This leads to an estlmate
of the upper limit of the w1ndhgx£d<n1theorder of 74O km-hourt!?
if it is assumed that the clouds are at an altitude of 95 km, Wlth
respect to the "radar!" surface (planetocentrlc radivns is 6052 km) .
The corresponding minimum speed is 320 kmehour—'. The reality of
this rotation of the upper atmospheric mass was demonstrated inde-
pendently by M.B. Guinot [106], from Doppler measurements, as well
as measurements by means of a Fabry-Perot reference, in the 550~
570 nm wavelength interval. The agreement of these data, which
result in a rotation period of 4.3%0.4 days, with the results of
photographic analysis 1is excellent. Thus, the rapid rotation of éﬁﬁ
the upper atmosphere of Venus, which evidently reflects a complex
planetary circulation of the atmosphere, can be considered reliably
established.

S

Systematlgphotographykd‘Venus in the UV was undertaken, with-
in the framework of an International Planetary Patrol Program. J.
Caldwell [75] examined data for the period from June 1970 to 20
September 1970, obtained at three observatories (Lowell in Arizona,
Mauna Kea in the Hawaiian Islands and the Republican Observatory

in South Africa). The maximum film sensitivity was around 360 nm
with a transmission band width of 70 nm. A series of 14 photographs
usually was made, with 1 sec intervals between pictures. On a good
night, up to 200 photographs were successfully obtained, oi which
the best were sélected for processing.

Analysis of the photographs confirms the previously established
existence of retrograde rotation (circulation) of the upper atmosphere
of Venus. The direction of rotation and its period were found from
the movement of clegrly recorded details of the cloud cover. In
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particular, a distinetive Y shaped structure was observed many
times, during a long period of observation from 21 June to 1
August. This permitted the synodic period of rotation of U4.4+0.2
days to be determined (this corresponds to a sidereal period of
4.50 days). The value obtained differs 'significantly from other
estimates but, of course, 1t concerns only the observation perilod
under consideration. The observed changes in structural detail
shapes of the cloud cover can be interpreted as due to the transi-
ent nature of the atmospheric circulation on Venus.

In particular, time wvariability of the cloud rotation period
is possible (its cause may be changes in altitude of the "ultra-
violet" clouds). This makes differences in the rotation period
completely natural. A few changes in the latitude wvariations of
the Y shaped structure do not permit a decision to be made on the
presence of a latitude effect of the rotation period. However, it
is clear that the period 1s faiPkly constant, with changes in
latitude of the center of the structure reaching 20°. Analysis
of the data considered shows that, sometimes, an upper story cloud
cover located still higher can mask the "ultra-violet" structure
of the cloud cover located under it.

In connection with some disagreement on the results of deter-
mination of the rotation period of the upper layers of the atmos-
phere of Venus, by means of analysis of characteristic details of
the cloud cover in photographs of Venus taken in UV, A.H. Scott
and E.J. Reese [188] carried out an reanalysis of this kind of
photographs. The initial material was 1600 photographs, obtained
at the observatory of the Univergity of New Mexico on 830 dates,
in the period between 29 September 1963 and 29 May 1971.(the maxi-
mum ©ilm sensitivity is at a wavelength of 370 nm). Primarily Y
shaped structures were used as characteristic details of the cloud
cover. Determination of the rate of movement of characteristic
details in from 2 to 8 hours, in the 10° W, Lat.-15° 3. Lat. lati-
tude band, gave an average retrograde rotation sidereil period of
4.57+0.37 days, with variations from 3.5 to 6.8 days (this cor-
responds to speeds of from -127 to -66 mesec™!).

Another method of defermination of the roftation period 1is
the measurement of the interval between appearances of a character-
istic detail after one or more revolutions. For this purpose,
photographs, divaided into time intervals of from 3 to 12 days, were
analyzed. Such an analysis led to the conclusion that periods of
4.05%0.01 and 4.59%0.02 days are predominant (from the data of 67
pairs of photographs). This corresponds to speeds of -110.2%0.3
and -97.240.5 m-sec—!. In 85% of the cases, the latitudes of
pairs of characteristic details were located no more than 10° from
the equator and, in the remaining cases, no more than 20°. A
search for persistent characteristic details of the cloud cover
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showed that their lifetimes rarely exceed 20 days and usually are
much shorter. The details were distributed fairly randomly over

the disc of the planet. The averaged sidereal period of rotation,
from all observation data for 8 years, was 4.065470.001 days. It

is noted that this period should be acknowledged as fictifious,
since it is due to The commensurability of the apparent L Qay
rotation period of the atmosphere of Venus and the period of rota-
tion of tThe earth,which was developed by determination of the period
of rotation of the atmosphere from the data of observations from
one point. ‘_"

Observations of persistent cloud cover details of Venus,
found in photographs in the UV region of the spectrum, brought out
that the periods of rotation of these details, ¥.0 and 4.6 days, L
predominate over intermediate periods. This contradicts previously :
obtained results, which may be subject to significant errors, due
t o the comparability of the period determined and the periocd of
rotation of the earth. In connection with this, R.F. Beebe [70],
based on statistical analysis of available data, showed that the
effect of comparability of the periods excludes the possiblity of
reliable determination of the rotation period of the upper atmos-
phere of Venus, from observation data of the frequency of recurrence
of details from a single station. If cloud cover detalls have
relatively short lifetimes and have periods of from 3.5 to 5.0 days, -
the observer finds a large number of details with a period of about
4,0 days. The histogram method previously used for determination
of the rotation periocd contains this type of systematic exror.

Although the measurement of displacements of characteristac
cloud cover detalls for determination of the rotation period are /60
less accurate, generally speaking, than the identification of re-
peating details, the use of this method is preferable, since 1t
permits the use of all details which can be measured. To increase
the duration of the observation period and increase the accuracy
of the results, observation data from more than one point must be
used. This also permits information to be obtained on the vari-
ability of speed over the disc of the planet and, on the whole,
it makes the results more reliiable.

An important indicator of atmospheric circulation is thermal
maps of Venus, which can be plotted, based on the use of ground
observation data. In this connection, A.P. Ingersoll and G.S3.
Orton [125] analyzed the thermal maps of Venus in the 8000-14000
nm wavelength interval, which were obtained about 10 years ago,
(the spatial resolution of these maps, plotted for different phase
angles of the sun, is about 1/30 of the diameter of the planet),
for the purpose of study of characteristics of the general cir-
culation of the Venusian atmosphere, based on study of the horilizon=
tal heterogeneities of the radiation field. It is assumed that
the radiation in this wavelength interval is produced at the cloud
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top level and, therefore, it characterizes its temperature and
altitude.

Horizontal heterogeneities of the radiation field can be
caused by three factors: 1. "by darkening" (decrease in intensity)
towards the edge of the disc, connected with the effect of the
atmosphere above The clouds, where the temperature decreases with
altitude; 2. by change i1n temperature and altitude of the cloud
tops, depending on the phase angle of the sun; 3. by the effect
of variability.of the general c1rculat10n of the Venusian atmosphere
and instrument noise (accuracy of determination of the relative
radiation values is about 2%). Correspondingly, the horizontal
heterogeneities of the radiation field can be presented 1in the
form of a set of three components (the method of separatlon of
the radiation into components has been described). The first of
them ("1limb") was analyzed in detail earlier but the other two
st1ll have not been studied in detail. Therefore, examination
of the "sun dependent" component permitted interesting new results
to be obtained.

The authors of [125] showed that the spatial distribution of
this component is nearly symmetrical about the eguator. There 1is
a tendency for the radiation intensity to decrease towards the
poles. This probably is due to the decrease in sun height with
inecrease in latitude. In both the northern and southern hemispheres,
the minimum radiation intensity is observed at fthe middle and high
latitudes, near the morning terminator, apparently at a small
distance from the edge of the thermal charts obtained. The radi-
ation maximum was found at the.equator, and it is located somewhat
to the east of the anftisolar point. Three broad ridgeées of rela-
tively high radiation intensity go out from the maximum zone, one
of which goes westward along the equator and the other two, to the
northeast and southeast (in the northern and southern hemispheres,
respectively). Displacement of the two latter ridges to the east
indicates that horizontal exchange (transport of momentum from high
latitudes towards the equator) probably is an important factor in
ensuring the existence of the equatorial maximum of zonal'momentum,
which is connected with the U4 day ecirculation of the atmosphere of
Venus.

The existence of a tendency for a decrease in radiation
("cooling") towards the poles can be interpreted as the result of
the effect of rotation of the planet on circulaticen: between the
equator and the pole, and not of the subsolar and antisolar points
(in the latter case, equality of the temperatures at the poles and
near the terminators should be expécted).

It should be noted that a basic factor in the ambiguity of
interpretation of the results obtained is the impossiblity of
distinguishing changes in radiation (brightness temperature) caused
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by & horizontal heterogeneity and a change in altitude of the radi-
ating layer. To eliminate this heterogeneity, it was important to
obtain synchronous "multispectral' radiation charts for different
wavelengths (from the UV to the IR regions of the spectrum).

1.2 Theory

Thus, the observations of a whole series of authors, carried
out in recent years, have discovered the rapid rotation of the
upper atmosphere of Venus, in a direction opposite to the rotation
of the planet. The moving clouds are located at about the 5 mb
level, which corresponds to an altitude above the solid surface of
the: ptanet of approximately 80 km. According to the data of A.J.
Scott and E.J. Reese [188], the sidereal period of rotation is 4.50
$0.02 days, and it corresponds to an equatorial tangential velocity
of 98 mesec—! (the equatorial tangential velocity of the surface
is a total of 1.8 mesec=1!).

C.B. Leovy [141] has noted that the stability of the large
scale structure of the upper layer of cloud _tover during several
revolutions indicates a rotation similar to the rotation of a
solid, at least in the $30° latitude band. There are data, which
indicate that the retrograde rotation covers the entire atmosphere,
right down to the top of the primary layer, which is near the 240
mb level (approximately 60 km). Doppler observations of the motion
of Venera-8 indicate the existence of retrograde zonal winds of
lesser magnitude, up to an altitude of 20 km, but the lack of a
zonal component of the wind below 10 km. Very low wind speeds in _
the lower layers of the atmosphere also have been found. from VenE:} /62
era-4 and -7 data (see further on).

In connection with the % day circulation found, several ats
tempts were made to explain it. P.J..Gilerasch [96] drew attention
to the fact that the laboratory experiments of G. Schubert and J.A.
Whitehead [186] detected the development of strong zonal motion
during rotation of a heat source under a circular container with
mercury. If tThe motion of this heat source is compared té the
motion of the sun in the sky of Venus, it can be suggested that
a similar mechanism is the cause of a 4 day rotation. The plausi-
bility of such a hypothesis was confirmed in the work of G. Schubert
et al [187], by some calculations carried out in the Bussinex ap-
proximation and two dimensional flow.

The authors of [187] analyzed the problem of the flow of a
liguid produced by ftravelling heat waves in a layer of liquid,
bounded top and bottom by horizontal unsupported and rigid sur-
faces, respectively. Two types of boundary conditions were used
here: 1. gssigned variationsof temperature at the upper boundary and
fixed temperature at the lower boundary; 2. assigned variations of
the heat flow at the upper boundary and heat insulation (absence
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of thermal conductivity) at the level of the lower boundary. It
was shown that, depending on the value of the Prandtl number P=

v/k (v is the coefficlent of kinematic viscosity; k is the coeffic-
ient of thermal diffusion), movement in the layer under consider-
ation is in a straight line (which coincides with the direction of
movement of the heat wave) or retrograde.

The critical value of the Prandtl number Po{(8), which de-
termines the transition from one cireulation regimen.to another,
depends on parameter S=wh?/v (w is the angular frequency of the
heat wave 'h is the depth of the layer). The circulation is for~
_ward at P=P.(S) and vice versa. Since the retrograde circulation
occurs only at small Prandtl numbers, the existence of this kind of
4 day circulation in the upper atmosphere of Venus should mean that
through at least the upper atmosphere of the planet, it corresponds
to small (considerably less than 1) Prandtl numbers. The latter
indicates that thermal diffusion is not due to turbulence, but to
another process. Radiation heat transport apparently domlnates
in the upper atmosphere of Venus.

" The atmosphere of Venus is deep and compressible, radiating
and three dimensional. This reguires a more correct theory than
that mentioned above. In particular, it is importanf to consider
that the transport of energy in the atmosphere of Venus is due (at
least partially)‘ to radiation and to find out the consequences of
this. It also requires an answer to the question, at what level in
the deep radiating atmosphere should thermally dependent motion
originate. It is far from mandatory that it be the level -. where
the main fraction of solar radiation is absorbed. -

In connection with the circumstances noted, P.J. Gierasch
[96] carried out approximate calculations, which characterize ‘the
role of radiation as a heat transport factor, without consideration
of the effect of viscosity  and thermal conductivity. It 1s as-
sumed that the lower boundary of the layer of the atmosphere under
study (stratosphere), considered as a so0lid surface, is at the c¢loud
top level (200 mb) and has a constant tempersture of 245°K (it is
evident that the thermal inertia of the atmosphere of Venus is
very large). Estimates have been made, which show that the radi-
ation time constant (relaxation time) at the lower boundary level is
about 1 Venusian day, and that it decreases with altitude above
this boundary. These estimates were used Tor an approximate repre-
sentation of the radiant heat influx in the heat influx equation,
through deviation of the temperature of the atmosphere from the
radiant equilibrium temperature and radiation time constant.

Solution of the system of equations of the problem, including
a heat influx equation simplified in the manner indicated and the
equation of motion (in the hydrostatic approximation), leads to a
scheme of development of convective cells, which origlnate as a
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result ofg‘inhﬁmogeneities of the temperature (correspondingly,
density) field. The average zonal velocity increases raplidly with
altitude and, at fairly high altitudes at the subsolar point, a
heating region develops. A thermal wave with a 4 day period has
an amplitude of 4.5°K, and it should occur at the 40 mb level (the
amplitude of the change in radiant equilibrium temperature at this
: level is 40°K. P.J} Gierasch [96] emphasized the provisional nature
of "the model he proposed and the limibations on its possibilities »

of description of atmospheric motions near the equator.

In continuing discussion of the dynamic aspects of the 4 day
circulation, R.E. Young and G. Schubert [206] called attention to
the fact the observations in the zone arcund the morning terminator
indicate the existence of zonalltransport in the direction of the
subsolar point, while there is transport in the opposite direction
in the region of the evening terminator. This means that the ob-
served motions are not in agreement with the model of circulation
in the form of Hadley cells.(in such a case, transport should always
take place from the subsolar to the antisolar point). There are
some data, which indicate a latitudinal dependence of the rotation
period, increasing to six days in the 6-15° latitude bé&&t; Spectro-
scopic measurements in the 550-570 nm region have also recorded the
existence of retrograde rotation, with a perilod of 4.3%f0.4 days, /64
but later measurements of the Doppler shift of carbon dioxide spec-
tral lines resulted in a transport rate oh the ownder of 100 m-.sec™?!.
There are other data, which indicate strong winds in the upper atmos-
phere of Venus. In connectionfwith this, the guestion arises as
to whether the intensive zonal flow extends to deeper layers of the
atmosphere. Estimates of the frictional stress, which should arise
at the mirface in this case, show that such a possibility ascexciuded.

R.E. Young and G. Schubert [206] have discussed in detail three
mechanisms, proposed to explain the zonal circulation of the upper
atmosphere: 1. the "moving flame" hypothesis (based on accounting *
for the phase lag of heating of the upper layers of the atmosphere
in the upward propagatioén..of heat from below); 2. nonlinear insta-
bility of convection with respect to the average wind shear (see
R. Thompson [196]) and 3. tidal forces. In all these cases, the
correctfiess of estimates depends significantly on the nature and
magnitude of the diffusion of momentum in the upper atmosphere. Al-
though even the question of the nature of the diffusion (laminar
or turbulent) is controversial at present, it is. most natural to
assume that there is turbulent viscosity){(cofficient of diffusion
on the order of 10°-10*cm?+sec—!), if it is considered that there
is small scale turbulence in the four day rotation zone.

According to [206], the effect of tidal forces as a generator
of the ! day 01rcu1at10n can be significant, "only on the condition
of laminar diffusion of momentum. “'A theoﬁﬁ_of convection, unstable _
relatlveto the average wind shear, can explain the development of

an average flow rate on the order of 100 mesec—1, but the necessary
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conditions for development of such an instability stllllhave not been
determined sufficiently definitely. Here, the directior of trans--
port depends on the initial condifions, and retrograde and forward
movement have the same probability, in this respect. However, it

is possible that the simultaneous action of the "moving flame" mech-
anism can cause an initial retrograde motion, which is then re-
inforced by the effect of instability. The stability of stratifi-
cation of the atmsophere above 60 km is an important factor, which
contributes to generation of the retrograde motion’ as a result of
“the "moving flame" mechanism. -

Thus, attempts to explain the results of observations of tThe
I} day circulation have been reduced primarily to the hypothesis of
the presence of a traveling solar heating wave, which provides
vertical transport of momentum, or instabilify,.connected with
vertical thermdl shear due to the circulation system from the sub-
solar to the antisolar points. €.B. Leovy [141] noted, however,
that one important circumstance was overlooked here, concerning the éég
atmospheric circulation on Venus. While there is an insignificantly
small meridional atmospheric pressure gradient at the surface of
Venus (as the Venera spacecraft data indicate), but a small dee.:
crease in average temperature is observed from the equator to both
poles, the iscbar suffaces at high altitudes should reveal an equa-
torial "bulge'"™ The pressure gradient forces caused by it can only
be equalized by an excessive centrifugal force, which gives rise to
the increasing rotation with altitude.

The estimates made by C.B. Leovy show that, to ensure the
geocyclostrophMZbalance mentioned, a 3°K dlfference in the average
equator- pole temperatures is sufflclentf whlch is fully acceptable.
Yet the question still needs an answer, as to how the vertieal rota-
tion rate distribution arises and how differential rotation can
be maintained, despite the counterstimulating effect of turbulent
and molecular viscosity with vertical wind shear.

S.B. Leovy thinks that, in any planetary atmosphere with an
equatorial thermal "bulge,” caused by heating, but without &
baroecline or barotropic instability due to slow rotation of the
planet or damping, excess rotation should develop, which coincides
in sign with the rotation of the upper layers of the atmosphere of
the planet., In particular, the "superrotation" of the -upper layers
of the terrestrial atmosphere apparently is a manifestation of this
effect.

2. Mariner-10 Spacecraft Data

The discovery of the 4 day circulation of the upper layers of
the atmosphere of Venus caused great interest in study of the atmos-
pheric circulation from unmanned Interplanetary spacecraft. In con-
nectionawith this, in development of the televisien equipment of
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Mariner-10, intended primarily to obtain images of the surface of
Mercury, the possibility of obtaining UV photographs of Venus also
was provided for (Mariner-10 was launched towards Venus and Mercury
on 3 November 1973). The television equipment (two alternately oper-
ating cameras), similar to that used earlier in Mariner-9, was im-—
proved, primarily by means of widening the transmission band of the
communications lines from 16 to 117.6 kilobits-seé—'. This per-
mitted the use of the onboard memory to be avoided and images to be
transmitted in real time. The substitution of new optics (with 1500
mm focal length) ‘and the use of a set of light filters permitted
images to be obtained at wavelengths of 355.0, 474.0, H82.0, 5¥2.0, #
578.0 and 358.0 nm)(the last light filter was polarizing). The

field of view is 0.36°x0.48°. Each television image, recorded in__ /66
42 sec, consists of 700 scanning lines with 832 "points" along the
line. The discrimination of 256 brightness levels was possible -
(With the maximum high spatial resolution of 4.5'’and a signal-to-
signal noise ratio of 20:1). Therefore, the use of contrast enhance-
ment methods permits very small brightness contrasts to be distin-
guished (right down to a brightness variation of less than 13%).

As B.C. Murray et al reported [154], a total of about 3400 high
quality images, with-a resolution of about 130 km (this is approxi-
mately twice as good as the highest resolution achieved by ground
observations), were recorded in 8§ days. The images obtained through
blue and orange filters disclose -only very weak brightness contrasts,
and they still have not beenthoroughly analyzed. Therefore, only
the UV images and a portion of the phatographs with the orange fil-
ter assoclated with the edge of the disc of the planet have been
examined.

B.C. Murray et al [154] have analyzed a series of ultraviolet
images, which indicate the existence of the following heterogeneities
of the c¢loud cover: 1., small scale (100-150 km) "specks" at the
subsolar point of the equatorial zone (Fig. 9a, 10);® 2. jet shaped
(with minimum distinguishable width of 10-20 km) and striated
structures at high latitudes in both hemispheres (Fig. 9b, 11, 12);
3. strongly diverging flows around the subsolar point,; symmetrical
about the equator (Figs. 11,12). Large light and dark formations
on the order of 1000 km in size, the contrast between which is about
30%, have an abundant fine structure with characteristic dimensions
0% up to 10 km. The lifetimes of individual formations in the 150°
latitude range vary from 2 to 12 hours.

The variability and brightness of the cloud cover of Venus in
the UV region of the spectrum undoubtedly reflects characteristics

*The author thanks Dr. B.C. Murray for kindly providing the originals
of the photographs in Figs. 9-13.
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of the general circltlation of the atmosphere in the upper tropos-
phere and stratosphere. In this case, the observed strong dependence
of brightness on wavelength evidently is due to wvariations in the
absorption capacity of the clouds, but not their microstructure,

and the time pattern of individual formations probably indicates the
formation or dissipation of c¢loud condensate, but not dust or photo-
chemical reaction products. However, since the ¢loud composition
remains unknown, conclusions as to the nature of the wind field, ob-
tained from the pattern of heterogeneity of the cloud cover, should
be considered preliminary.

The images, obtained in a period of 8 days in February 1974,
reveal a c¢irculation in the upper troposphere and stratosphere of
Venus, which has a high degree of symmetry in both hemispheres,
relative to the axis of rotation of the planet, at an angular veloc-
ity wHich dincreases with latitude to 2 days at a latitude of 50°
(Figs. 11, 12). Observation of the zonal transport near the eguator
confirms the presence of the ! day retrograde circulation and in-
dicates the existence of several slightly noticeable zonal bands less
than 100 km wide. Analysis of images of Venus, obtained 4 days after
the nearest approach, disclosed the presence of a distinet ¥ shaped £§§
structure at the equator, similar to that repeated observed earlier
from the earth, which also indicates the existence of the 4 day cir-
culatcion.

I\.
N
-3

The presence of a cellular structure of the cloud cover,
similar to that presented in Fig. 10, is characteristic of the
subsolar zone of the equatorial belt. Analysis of high resolution
image mosaics shows That the largest and less distinctly expressed
cells (500 km) have dark edges and that some of them have the shape
of polygons. Their lifetime apparently does not exceed a few hours.
The dinner portion of the large cells has a fine structure. Several
smaller cells (~200 km) also were found, which move along with the
wind and change noticeably in two hours. The equatorial convection
zone, which continually evolves in the region of the subsolar point
(follow1ng the movement of the sun), extends about ¥20° in latitude
and at least 80° in longitude. Interacﬁlon is observed between this
convection zone and the average zonal flow.

Flows in the form of bright bands, similar to the terrestrial
jet streams, encircle Venus with meridional spirals (extend;ng 200-
300° in longitude), which fuse with a clear, prominent circumpolar /69
band ("ring") of clouds, at a latitude of about 50° (Figs. 11, 12).
Anlaysis of high resolution image mosaics shows that, towards the
equator, smaller "jets" and, sometimes, circular "loops" adjoin-
the spirals mentioned. This indicates the presence of horizontal
wind shear and turbulence. At least two systems of spiral flows,
particularly distinctly expressed at latitudes:of +30°, are observed
in each hemisphere (one flow system is symmetrical about the equatorl.

.
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Fig. 9. Fine scale structure
("spots") of cloud cover near
equator (a); large scale bands
("jets"™) of ecloud cover at
high latitudes (b)3; the black
dots (here and on succeeding
photographs) are marked on

the screen of the television
tube, used for the elimina-
tion of geometric distortion.

These flows disclose neither any
signs of instability on a global
scale, nor structures similar to
terrestrial cyelonic vortexes.

Analysis of successive images
of the Y4-day period, which char-
acterizes the'pattern of cloud cover
in the latitiude band from +40° to
~50°, indicates the complex nature
of the distribution of heterogene-
ities of the clcoud cover. Esti-
mates of the zonal transport rate
in the equatorial belt (outside the
subsolar zone) result in a value of
4100 m*sec~! and the disclosure of
retrograde circulation. This is
in complete agreement with the con-
clusions of ground based cbserva-
tions. However, 1t is noted that
the small scale heterogeneities
do not always participate in this
transport. Transport also is pre-
dominantly zonal at high latitudes.

No appreciable meridional mo-
tion was found at low latitudes but,
at higher latitudes (30-50°), a
~10 mesec—! component towards the
pole is observed. Very faint cloud
belts parallel to the equator were
noticed in some of the mosaics.
Sometimes, 3-4 such belts, the width
of which is less than 100.km, are
noted in the 120° latitude belt.
These belts apparently move rapidly
around the planet 1in the direction
of the general motion, and they
sometimes cross the latitude circles.
There is no doubt of the existence

of a dynamic interaction of the strong zonal flow and convectlion zones
in the subsolar region. Dark formations are found in some mosaics,
which can be interpreted as evidence of the existence of bow shaped
waves, generated by interaction with a "soft" obstacle (Fig. 11).
These "waves'" move relative to the obstacle, in distinction from

true waves of this type. They are symmetrical about the equator,

they extend to at least *30° latitude, and they evidently exist in

pairs.
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Fig. 10.

Television images of c¢loud cover

near subsolar point, obtained at 2 hour time

interval.

The stability of large cells

(around 280 km), indicated by the arrow, and
variability of the smaller cells (170 km) on

the right (east) side of the image attract

attention.
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Fig. 12. Series of global television
image mosaics at 7 hour intervals, show-
ing stability of large dark and light
formations in 14 hour period; dimensions
of these formations, indicated by arrows,
are about 1000 km.

The circumpolar cloud belts are the most distinet large scale
structural characteristics of the cloud cover. Thus, for example,
the south polar ring covers a latitude belt 10-15° wide, with the
southern boundary near 50° S. Lat. (Figs. 11, 12). A similar ring
apparently exists in the northern hemisphere (the sighting geometry
did not permit the corresponding observations to be made). The
entire polar region possibly is a vortex, "fed" by the meridional
flow from the equatorial belt (small scale vortex like jets are ob- /71
served at the edge of the polar cap). o

Analysis of images of the edge of the disc of Venus (see Fig.
13) brought out the existence of a multilayer haze structure above
the cloud layer (near the 10 mb level and above), with layers up to
1 km thick. The presence of the multilayer haze indicates great
stability oi the atmosphere at the corresponding levels. The ver-
tical turbulent mixing coefficient here is probably the same or
less than observed in the stratosphere of the earth, where there is
a similar layered haze structure. The results obtalned are in agree-
ment with the current model, which assumes the presence of a haze
layer of optical thickness 2 in the 20-50 mb level range, above a
dense cloud cover (cloud tops at the 200 mb level).

In study of possible physical factors of the general circulation
of the atmosphere, the unexpectedly great effect of the subsolar /12
zone on the global circulation attracts attention. Direct measure-
ments of the temperature, wind and other parameters in the equator-
ial and polar regions, as well as measurements of the microstructure
and cloud particle composition, are very important for solution of
this problem. There is no doubt that the theoretical considera-
tions as to the nature of the 4 day circulation, reported in the
preceding section, require significant reexamination, in the light
of the Mariner-10 data.
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Fig. 13. TImages of edge of disc of Venus:
a,b. images of edge of disc near equator ob-

tained through orange filter (578.0 nm); c,
d. images of edge of disc near 22° N. Lat.
obtained through orange (c) and UV (d,
A=355.0 nm) filters; the lower boundaries
of the layers of the atmosphere under con-
silderation are at approximalely no lower
than the 90 mb and 10 mb levels for the
orange and UV filters, respectively.

3. Venera Spacecraft Data

A1l the results of observation of the atmospheric circulation
considered above concern the layer of the atmosphere above the
primary cloud cover. Only the measurements carried out by means
of the Venera spacecraft first permitted an idea ‘to be compiled,
as to the pattern of the layers of Venus below the clouds, based
on experiment. Measurements of the thermodynamic parameters of
the atmospheres from Venera -4,5,6 and 7, discussed by V.V.
Kerzhanovich et al [25,26,131], made it possible to estimate the
upper limit of vertical velocities and to perform studies of the
velocity field and turbulence in the atmosphere of Venus, based on
the use of data on the descent pattern of the interplanetary space-
craft.

The method of determination of wind speed is based on consider-
ation of the fact that the radial component of the wind velocity
VR can be found, as the difference in the radial descent rate of the
spacecraflt from Doppler measurements and the calculated rate of
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descent, obtained with allowance for the mutual motions and rotations
of the earth and Venus, as well as the descent rate of a parachute
under calm atmospheric conditions. The latter estimate was made,
with the use of two independent methods, one of which was based on
analysis of the descent pattern of a parachute and the other, con-
nected with the use of vertical pressure and temperaturé proifile
measurements. The basic factors, on which the reliabilify of so-
lution of the problem depend, are errors in localization of the
point of entry of the interplanetary spacecraft into the atmosphere,
the dynamics of the parachute-spacecraft system and the frequency
stability of the onboard crystal oscillators.

After determination of the radial velocity, it 1s easy to
calculate the vertical and horizontal components of the velocity
which are equal to VR cos §and VR sin §, respectively, where & is
the angle between the earth-Venus direction and the local vertical
in the descent area of the spacecraft. In the cases of Venera-4-7,
§ & 15° and, for Venera-8, §v38°, This makes the data of the latter
spacecraf't more convenlent for determination of the horizontal ve-
locity component (more precisely, that part of the horizontal ve-
locity which corresponds to the direction from the subsurface
point to the landing point of the descent vehicle). The locations /73
of the landing points and subsurface points of the Venera spacecraft
are presented in Fig. 14 [150].
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Fig. 14, TIocation of landing points
(stars) and subsurface points (cir-

cles) of Venera spacecraft; vertical
lines with cross hatching define the
location of the morning terminator,

with the cross hatching on the dark

(night) side of the terminator: the

letters o and B mark high radio wave
albedo zones.
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Analysis of available measurements permitted determination of
the vertical and horizontal components of the wind speed from the
Venera-d4 and 7 data, and of only the vertical componeht from the
Venera-5 and 6 data. All the data concern the night side of the
planet (4-5 a.m. local Venus time). The considerations expressed
in work [131] show that the space scale of the inertial range of
isotropic turbulence on Venus 1s wider than on the earth. If the
turbulence is considered isotropic, this means that the magnitudes
of fluctuation of the vertical and horizontal wind speed components
differ by (#/3)'Z?% times. With an average .descent rate of 3 m- )}
sec—!, the characteristic turbulence scale at altitudes: of 40- 5§_km
is 100-200 m. The root mean value of the vertical velocity fluctu-
ations is practically constant, at 0.28-0.32 m- sec~! (Venera~5)
0.24-0.28 mesec-! (Venera-6}, and it does not exceed 0.5 m-sec—!

The low fluctuation magnitude indicates weakness of the conveotlve
currents. Below 40 km and right down to the surface (Venera-T7),
no turbulence was detected.

According to Venera-4 data, the wind speed reaches 40-50 m-sec—
However, no wind was recordedtelow b0 km. The Venera-5 and 6 Dop-
pler data discovered a very sTow change in wind speed during the
entire descent, W1thout appreciable turbulence (the wind speed does
not_exceed 3- 15 mesec~'). Processing of the Venera-7 data resulted /T4
in ‘speeds of 5-14 mesec~! at altitudes of 38-53 km. The wind speed
was zero below 38 km. In the layer from the surface to the 3.5 km
level, the wind speed 1ncreases monotonically from 0 to 2.5 mesec—
(the maximum is 5 mesec—!). The vertical speed at an altitude of
3.5 km is 0.5 m+*sec—', with a maximum of 1 mesec™!. It should be
noted that an indirect method of estimation of vertical speeds in
planetary atmosphere was recently proposed by S.5. Zilitinkevich
[211). With allowance for the spacecraft structural characteristics
and variations in the radio 31gnal durlng landlng, it was found that
the resilience of the soil is 2-80 kgecm—

. The vertical profile of the horizontal wind speed components
from all existing data, obtained by M.Ya. Marov et al [150],
shown in Fig. 15. 1In the case of Venera-8, the azimuth of the sub-
surface point i1s about 115° (dee Fig. 14), and the positive speed
Indicates the presence of a wind from the night to the day sides,
l.e., coinciding with the direction of rotation of the planet. OF
course with the availability of only measurement data of the projec-
tions of the horizontal speed vector from the subsurface point to the
landing point, it is impossible to determine the zonal and meridional
components o the speed. If the horizontal velocity vector is di-
rected along a latitude circle, to change from the values presented
in Fig. 15 to the actual zonal velocity, a coefficient of ~1.l1 must
be introduced. The measurement data are in agreement with the
assumption of the meridional velocity, if a coefficient of 2.4 is
introduced.
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Examination of Fig. 15 shows /75
that the wind speed increases from

———_JV photography 0-0.5 mesec™! at the surface of the
planet to 100-1400 m-sec—! at alti-
801 tudes above 48 km, but that it
T T e does not change direction. The
- ~————_ . wind is practically constant, at
Spectroscopic / | 30-36 m.sec—!, in the 20-40 km

T
o

'ﬁ%éémﬂﬁéité" ‘

layer. A slight wind is character-
istic of the lower part of the
, troposphere (0-10 km). The fact
/ that, according to Venera-8 data,
much stronger winds than were ob-
tained previously are observed in
the 20-40 km layer attracts at-
tention. According to the Venera-
7 data, the wind speed in this
8 R / layer is not over 5 mesec™ ', but
Wind._speed, mesec-? the Venera-Y observations, con-
R cerning an almost meridional di-
rection, gave a horizontal compo-
nent of nearly zero, but with an
error of about 12 m.sec—?! [131].
Data on the horizontal wind com-
ponent could not be obtained from
the Wenera-5 and 6 data, since
these spacecraft landed very close
to the subsurface points. 1In
consideration of the low wind speed
at the surface of Venus, M.Ya. Marov et al [150] expressed the hypo-
thesis that there is a low dust concentration in the lower layers
of the atmosphere and slight wind erosion.

'Mgmﬂmzéggé

Altitude, km
s

4

Fig. 15. Vertical profile
of horizontal wvelocity com-
ponents (in the direction
from the subsurface point to
the landing point) from Ven-
era spacecraft data and in-
direct measurements.

4.  Numerical Modeling of Atmospheric Cireculation

The successful development of resgsearch for the purpose of
numerical modeling of the general circulation of the atmosphere of
the earth, and the accumulation of considerable direct measurement
data on the composition, structural parameters and wind have created
a basis for carrying out theoretical work in recent years, for the
purpose of numerical modeling of the general circulation of the
Venusian atmosphere.

It can perhaps be considered that the beginning of modern
research on the atmospheric circulation on Venus was the well-
known work of R.M. Goody and A.R. Robinson [104]. A theory of cir-
culation in the deep layers of the atmosphere was proposed in this
work, based on the hypothesis that solar radiation is completely
absorbed in the upper layers of the atmosphere (above the level
of the primary cloud cover), and that the heat sources and sinks
are the subsolar and antisolar points, respectively. A schematic
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representation of the asymmetrical circulation produced here is shown

in Fig. 16. If it is assumed that the solar radiation penetrates

into the clouds (as follows from the Venera-8 data) and is absorbed

in the

entire mass of the atmosphere, within the framework of the

theory under consideration, the circulation scheme remains as be-
fore, but the equatorial belt and the polar latitudes become the
heat sources and sinks, i.e., the circulation becomes meridional,

in the
of the

form of the Hadley circulation cells observed in the tropics
earth. ©P. Stone [194] generalized the circulation model of

R.M. Goody and A.R. Robinson to the case of accounting for the effect

of the
effect
slowly
on the
radius
on the

boundary layer of the atmosphere. He alsc showed that the /76
of the Coriolis forces can become significant on such a

rotating planet as Venus, only with a characteristic length

order of 10° km. Since such a scale onsiderably exceeds the

of Venus, this means that the Coriolis forces have no effect
Venusian atmospheric circulation.
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Fig. 16. Schematic rep-
presentation of deep cir-
culation on Venus (z is
the vertical coordinate,

R is the radius of the
planet); the arrows sym-
bolically represent the
incoming solar radiation-
and outgoing longwave
radiation: I. upper bound-
ary layer; II. inner region;
IIT. lower boundary layer;
IV, mixing region.
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The circulation model of R.M. Goody and A.R. Robinson results
in a wind speed on the order of 30 m.sec—! in the narrow upper
boundary layer and very B8low circulation (slight winds) in the
deep layers of the atmosphere. The vertical temperature gradient
in The inner region and lower boundary layer should be adiabatic.
This means that there is intensive mixing in these layers of the
atmosphere. 3.L. Hess [114] expressed, however, the hypothesis that
turbulence decreases at great depths, where radiant eguilibrium pos-—
sibly predominates. However, this hypothesis clearly contradicts
the work of V.S. Avduyevskiy et al [67], in which it was shown that
the use of calculation data on the vertical radiation flux profiles
for calculation of the vertical temperature distribution with
radiant equilibrium results in a very large superadiabatic tem-
perature gradient in the lower layers of the atmosphere. This in-
dicates the necessity for the generation of intensive convection, AN
to ensure thermal eguilibrium. Based on the use of hydrodynamics
equations for a compressible gas, with Rayleigh numbers of not over
10%, a théoretical model of convection in the atmosphere of Venus
is examined, on the assumption of the existence of convective cells
with a characteristic dimension which corresponds to the height of
the uniform atmosphere. The maximum vertical speed of convective
motion is 1.5 m-sec™!, but it can reach 10 m.sec—! in the case of
turbulent ilow.

A whole series of studies, devoted to the synthesis of a
theory of the vertical temperature profile [14,192,177,159], have
led to the conclusion that there is mixing in The troposphere of
Venug. The simple circulation moedel developed by R.M. Goody and
A.R. Robinson is of interest, in the sense that it makes it pos-
sible to explain the factors which dictate the existence of a
continuous, global cloud cover on Venus [69].

The first attempts at numerical modeling of the atmospheriec
circulating on Venus were made in recent years, in the spirift of
similar works on the atmosphere of the earth, and which reproduced
a three dimensional global circulation pattern. An exhaustive
cycle of work in this area has been performed by S.3. Zilitinkewvich
A.S. Monin et al [22,23], D.V. Chalikov, A.3. Monin et al [79].

In this cycle of works, based on the use of the complete system
of hydrodynamics equations (fthe so-called "primitive" equations),
the continuity and heat inflow equations for a two layer model
(the atmosphere is divided into two layers of the same mass), in
the quasi-static approximation, numerical modeling of the general
circulation of Venus was first accomplished. Based on this system
of equations, the latitudinal (u) and meridional (v) components
of the horizontal velocity vector and potential temperature (6)
and pressure at the surface of the planet (P) were determined. With
such data available, the temperature T, geopotential ¢ and the ana-

T b A
j&eg—@f—%hemvef%ieai—ve&ocity—CUmpﬁnéﬁt?%%-{g?P/PS) can be calculated.
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This system of equations was solved, with horizontal turbulent mixing
and vadiant heat influx taken into account. The coefficient of
horizontal turbulent mixing was determined by means of Richardson's
law, on the assumption that the dissipation of kinetic energy is 0.2
10-* m?+sec—%. The radiation fluxes were calculated by the method
of V.V. Sobolev [53]. The albedo of the planet was assumed to be
0.76, in which it was assumed that 20% of the absorbed solar radi-
ation is due to absorption by the atmosphere and 80%, by the surface
of the planet. The incoming solar radiation is determined by So/l,
where the solar constant $,=3.8 &al.cm—2+.min-!. The heat radiation /78
of the surface is completely absorbed by the lower layers of the
atmosphere (thus, the vertical heat transport in the primary mass of
the atmosphere is determined by the effect of large scale motions
and convection). The vertical flows of momentum and heat in the
boundary layer, as well as the surface temperature, were determined
by the method of A.S. Monin and S.S. Zilitinkevieh {152]. "Convec-
tive adaptation" ("adaptation" to an adiabatic vertical temperature
gradient) was used in the free atmosphere, if hydrostatic instability
developed. B

A}

A special study showed that the basic features of planetary
circulation remain constant, with variation in the number of points
of a three dimensional network within rather broad limits. This
indicates the global nature of the c¢irculation and the absence of
such large scale disturbances as cyclones and antieyclones. The
larger part of the calculations was carried out with horizontal
steps of about 2200 km (80 points on the sphere), during 160 earth
days, as well as with 1500 km steps (168 points) for 90 days. A
state of rest was the initial state, with 80 atm pressure at the
surfage level and 700°K potential temperature (for the entire atmos-
phere).

The calculations showed that the average kinetic energy per
unit mass dncreases, only during the first 30 days, reaching a
stable value of 1U4.5 m?+sec—? (with small variations about this
value), which corresponds to a wind speed of ~5.5 mesec—'. This
means that, even in the case of such a massive atmosphere as the
Venusian, with its tremendous dynamic and thermal inertias, numer-.
ical experiments can be limited to calculation in a comparatively
short segment of time ("accelerating" the atmosphere from a state
of rest to dynamic equilibrium conditions takes about 1 month),
during which fairly stable circulation is established (though it
should be noted that this theoretically important conclusion re-.
quires further confirmation, based on more realistic numerical
modeling).

The calculations, carried out in the greatest detail for a

network of ~ 80 points, permitted the variability of circulation to
be studied, during complete Venusian solar days (about 117 earth
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days). Sinece there is no time of year on Venus, the data of
These calculations characterize the time changes of the fields

of the horizontal and vertical components of wind speed, temper-
ature, atmospheric pressure, radiation and turbulent heat flows,
tangential stress (friction) and surfaces. The Venusian circula--
tion is almost symmetrical about the equator, and its source 1is
the temperature difference of the night and day sides of the
planet (there is practically no equator-pole temperature differ-
ence). Circulation symmetry, either with respect to the axis of
rotation (similar to the earth), or to the solar-antisolar point
axis is not observed. The zone of maximum heating notlceably
"lags" behind the subsolar point, and it is located near the -~
evening terminator, while the coldest region is observed near the
morning terminator (in a certain sense, this is similar to the
temperature minimum in the early morning hours iIn the daily tem-
perature variation on the earth).

Theéemgeratur@%ield calculation showed that the temperature
differences at different points reach 2.5°, and that the average
surface temperature difference of the day and night hemispheres is
a total of 1°, The amplitude of pressure variation at the surface
is 80 mb (the average pressure on-the day side is 28 mb less than
on the night). The main circulation characteristics are the winds
toward the heating zZone in the lower part of the atmosphere, where
rising and spreading of the air towards the cold region occur (Fig.
17). The typical wind speed is about 5. 5 me sec—l, i.e., approxi-
mately half that on the earth (10 m-sec—!). However, since the
air density on Venus is about 50 times higher, the wind pressures
are 10-15 times greater than on the earth. The kinetic energy
per unit mass in the northern and southern hemlspheres is the same,
but it is almost twice as much on the day side (18 m®-sec-?), as
on the night side (11 m?-sec—~2). The latitudinal movements cor-
respond to approximately twice the kinetic energy of the meridi-
onal movements. The mean zonal circulation 1s very slightly ex-
pressed. 1ts kinetic energy is three orders of magnitude Jess
than the. energy of nonzonal movements. A characteristic feature
is intensive vertical movements (Fig. 17). The maximum vertical
speed reaches several cm-sec—!

Heating of the lower part of the atmosphere on the day side
is caused mainly by turbulence (5.3+10-7 degree+sec—!), and cooling
of the upper atmosphere, by radiation (2.4.10~7 degreessec—1).
There are.no local heat iInflows in the lower layers of the night
hemisphere, but there is radiation cooling in the upper atmosphere
(3.4.10-7 degree-sec—l). The entire Venusian atmosphere is in a
state of convective mixing.

A comparison of the calculation results mentioned above for
the greenhouse model of the atmosphere, with calculation data
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assuming that all the solar radi-
ation is absorbed by the upper ~
layers of the atmosphere (Goody-
Robinson model), did not reveal
significant disagreements. But,

the greenhouse model evidently re-
flects reality more adequately.

The authors of [79] note close
coincidence of estimates of the
average wind speed and temperature
difference of the hemispheres, made
by G.3. Golitsyn [16], based on
considerations of sgimilarity theory
and numerical modeling data. In
this sense, there also is a defin-
ite gualitative correspondence of
the numerical modeling results under
congideration with Venera spacecraft
measurements, although the sketchi-=
ness of the space network of the
model does not permit, for example,
a vertical wind profile which would
be similar to that observed (Fig.
15) to be obtained. The assumption
that 80% of the solar radiation is

| absorbed by the surface of the planet
! is clearly in disagreement with the
Venera-8 data.

Latltude,

,,._.._aua

Fig. 17. Wind field on Similar numerical modeling of
day 140 from numerical the gtmospheric circulation on
experiment data (the Venus, basgd on the use of a ter-
letter S marks the lo- restrial circulation model, developed
cation of the subsolar by A. Kasahara and W.M. Washington
point): a and b, lati- [129], was undertaken by T. Sasamori
fudinal, ¢ and 3. meride [1862]. By disregarding rotation of
sonal veloclty compon— the planet (agd,'consequently, the
ents (m-sec-1) at lower effect of COPl?llS forces), as well
and upper levels; e. ana- as the reyolutlon of V?nus arognd
log of wvertical wvelocity the sun (1:e., by keeping @ea@lng due /81
do/dt (107 sec-!) at level to absorptlog of_solar radiation con-
stant over time), T. Sasamori analyzed
the two dimensional circulation on a
sphere, in a plane which contains the
subsolar and antisolar points. Anal-
ysls of the role of optically active
gaseous components of the atmosphere
in the absorptlon of solar radiatlion led to the conclusion that the
basic factor in the horizontal heterogenéity of the radiation heating

o=p/ps=0.5 (positive values
correspond to downward
motions and negative, up-
ward) .
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of the atmosphere should be absorption by carbon dioxide, with water
vapor of secondary 1mportance (if it is assumed that the mixing
ratio for water wvapor is 10~%). The calculations showed that the
ratio of the solar radiation reflected by the clouds to that Trans-
mitted can be assumed toc be 8:2, since this results in a completely
reliable albedo of 0.73 (7 and 20% of the radiation is absorbed by
the atmosphere above and below the clouds, respectively). From the
condition of balance of the absorbed solar and outgoing longwave
radiation, it was found that the balance is best observed, with a
cloud top altitude of 64 km. This corresponds to a pressure of 200
mb (it is assumed that the thickness of the cloud layer is small
compared to the altitude scale). Since the mass of the atmosphere
above the clouds is small (about 0.2% of the total mass), it turns
out that the differential (along the horizontal) radiation heating
is strongly concentrated in and above the clouds. The coefficient
of horizontal turbulent diffusion is assumed to be 10" em?ssec—

and values of 10° and 10° cm?-sec~! have been used for the coef-
ficient of vertical diffusion.

c T. Sasamori used an eight /82
layer model of the atmosphere
(layers 10 km thick) and hori-
zontal steps 10° wide (1067
km). Calculations of the radi-

[ ant heat influx were done with

L . ! vertical steps of 2 km. In
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Emrlmxmalxmnd_JLEQJﬁmsec ﬂ‘ Venera-4 and Mariner-5 measure-

- ’ T ments. In accordance with
Fig. 18. Vertical temperature this, initial, uniform pres-
profiles (Fig. 19a, b, c) and sure (109.3 atm) and temper-
horizontal wind speed components ature (304°K) fields were as-
(Fig. 18 4, e, f) from calculation sumed at the surface, and the
data on day 80: a. subsolar point vertical gradient was assigned
(angular coordinate reckoned from as adiabatic (initial wind
subsolar point, ¢=0°); b. termin- speed everywhere is zero).
ator (¢$=90°); c¢. antisolar point Numerical modeling, based on
(¢=180°): d. ¢=U5°; e. $=50°; . the use of a correspondingly
$=135°. simplified system of equations

of motion, continuity and heat
influx, showed that the "start-up" time of the atmosphere is about
one month, after which there are only slight oscillations of the
horizontal wind component, with a period of 4-5 earth days. Verti-
cal temperature and wind profiles at certaln characteristic polnts,
obtalned on day 80, are presented in PFig. 18 (the initial distributions
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are depicted by a dashed line). Positive velocities correspond to
the direction from the subsolar point to the antisolar point.

As is evident, the vertical temperature distribution, which
initially was neutral (adiabatic), turns out to be mildly stable
(the vertical temperature gradient is somewhat less than adiabatic).
There is practically no horizontal temperature gradient. An in-
crease in velocity with altitude is characteristic of thé vertical
wind profile but, even at high altitudes, the wind, neVértheless,
remains light, in contrast to the Venera-8 data (Fig. 17). Of
course the numerical modeling results do not reveal anything similar
to the four day circulation, since the sun is fixed "motionless.”
Near the surface of the planet (é=U5 and 90°), very light winds
toward the subsolar point are noted.

Three dimensional fields of the horizontal pV (Fig. 19a) and
vertical pw%% (Fig. 19b) components of momentum, as well as the
momentum vector field (Fig. 19c¢) on day 80 are shown in Fig. 19.
They graphically characterize the characteristics of the planetary
circulation. The vertical component of momentum increases Ay/Az
times (Ay, Az are the steps along the horizontal and vertical co=
ordinates, respectively). On the left side of Fig. 19b, to save
space in the recording, the zeros are dropped (thus, for example,
26 means 0.26, ete). The length of the arrows in Fig. 19 is pro- -
portional to the momentum plﬁ% As is seen from Fig. 19c¢, the
atmospheric circulation from the subsolar ($=0°) to the antisolar /83
($=180°) points has only slight asymmetry, compared with the re-
sult for the model of R.M. Goody and A.R. Robinson (Fig. 16). The
maximum positive horizontal component of momentum is at about the
45 xm level, near ¢=80°, and the maximum (by modulus) negative com-
‘ponent is observed near the surface (Fig. 19a). The maximum value
of the ascending component of momentum at the subsolar point is
approximately twice that of the descending component at the anti-
solar peint. Fig. 19 b and ¢ do not show that very narrowly local-
ized, so-called mixing region, near the upper boundary above tThe
antisolar point (region IV in Fig. 16), where both vertical and
horizontal turbulent diffusion are of equal significants to main-
tenance of the stationary state of the atmosphere, and the speed
of downward movement reaches 10 m-sec—! (according to P. Stone
[194] only 0.5 mesec—!). However, the extent of the downward move-
ment zone at the antisolar point on the surface, characteristic of
the model of P. Stone [194], is found in Fig. 19b,c.

The study of the distribution of the radiation balance of the
"underlying surface-atmosphere" system, carried out by T. Sasamori
[182], showed that the balance is positive in the interval from
the subsolar point to ¢&70°, and that it becomes negative at ¢>70°. /84
These data are in good agreement with the distribution of energy
transport by atmospheric motions. Thus, it can be concluded that
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the stationary state of the atmos-
pheric circulation on Venus is de-
termined by the balance between the
differential radiant heat influx and
the heat influx due to energy ftrans-
port by atmospheric motiocns.

Since the duration of the
solar days on Venus is 117 earth
days, this means that the solar
heating "waves" travel along the
solar equator at a rate of ~4 m-
sec~'. In this connection, T.

oi— Sasamori [182] undertook calculations
A ’ of the horizontal veloclty component
. Mi;j;::’-~~\\\\\\\\l field at the surface and at the 80
ﬂt!iff_,ff:::::::: Jae km level in the plane of the equator,
AR ,f,; on the assumption that solar heating
EA NS S~ ] is ®ixed at a specific subsolar point

Lﬁ—ﬁ.nhl%.ﬂaa:wﬂr_@_ -
G 0 49 80 &0 10 120 14 m?ﬁ% or travels at the speed mentioned
L-“—hnﬁ__hjfﬁﬁfﬁffi,,#«/’/ (accordingly, the subsolar and anti-
: solar points travel). In both cases,
. \ . the results proved to be similar,
Flg. 19. Vertical section from which it follows that a quasi-
of fields of horizontal . . <
. stationary hydrodynamic state is
(a) and vertical (b) com- . d .
2 established in the atmosphere, with
ponents of momentum (g+cm—%- 11 1 behind the 4
sec—1), as well as the a sma phase lag behin e trav-
momentam vector (c), From eling heat source. Thus, it can
dav 80 caleulation aata be concluded that the atmospheric
J : circulation on Venus is a bipolar
~ circulation between the subsolar
and antisolar points, whichi travelsialong the solar equator at a
rate of ~3 mrsec—!! This cornclusion agrees with the results of
the work of R.M. Goody and A.R. Robinson [104] and of P. Stone [194],
but there is no doubt that it contradicts both numerous observation
data of fthe four day circulation, and the compidex pattern of motion
of the atmosphere above the clouds, found from the Mariner-10 data

[154].

St1ll another atfempt at numerical modeling of the atmospheric
circulation on Venus was undertaken by E.K. de Rivas [175], who
also used the two dimensional approximation (on a sphere). How-
ever, the calculations were done, with the use of nonuniform spatial
grids, for adequate congideration of the boundary layers. Two lim-
iting cases were considered here: 1. the planet does not rotate,
and the position of the subsolar point is fixed; 2. rotation of
the planet is taken into account, but it is assumed that the effect
of the daily variation in heating, due to absorption of solar radi-
ation, is negligibly small (the amount of heating is averaged over
the Venusian solar day). Two approaches were used for solution
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of the problem in each of these casesg: 1. the Bussinex approxi-
mation (density is unchanged and the effect of radiation is not
taken into account, since it is assumed that the transport of heat
is due only to turbulent diffusion and large scale advection);

2. "quasi-Bussinex" approximation (density stratification and
radiation transmission in the '"gray" approximation are taken into ,
account). .

The caculations of E.K. de Rivas showed that the use of the /85
Bussinex approximation leads to results similar to those obtained
by Goody and Robinson, but weak descending movements are observed
in the larger part of the night side and not only near the anti-
solar point (this agrees with the conclusions of T. Sasamori [1821).
However, 1if density stratification is ftaken intc account 1in the
case when solar radiation is absorbed near the cloud tops, large ;-
scale circulation is limited To the upper layers of The atmosphers,
during the entire period (4+107 sec) of numerical modeling. It L
is possible that, over a longer time (on the order of 10° sec),
the c¢irculation penetrates into the inner part of the atmosphere
butapn the other hand, the calculations dlead to the conclusion that
the long wave radlatlon is due to the high stability of the lower
layers of the atmosphere, in the absence of the penetration of
solar radiation into these layers.

If it is assumed that solar radiation penetrates into the
mass of the atmosphere, to the extent that 6% of the incoming
radiation reaches the surface of the planet at the equator, the
combined effect of The deeper circulatiocn and the greenhouse
erfect can explain the presence of adiabatic stratification. As
a result of symmetrical sclar heating (Bussinex approximation

with rotation taken into account) forward circulation Hadley
cells develop in both hemispheres, with small retrograde circula-
tion cells near the poles. The transport of momentum towards the
pole, which occurs in the upper atmosphere, gives rise to a wind
shear in zonal transport, with a maximum rate of retrograde trans-
port of about 10 mrsec—! at the level of the top of the atmos-
phere.

In discussing the first three dimensional (two layer) model
of global circulation on Venus, developed by S.S5. Zilitinkevich
et al [22,23], leading to bipolar circulation between the morning
and evening terminators, which are the ¢oldest and warmest points
in the case under consideration, E.K. de Rivas noted that lack of
consideration of rotation of the planet in this model and the
insufficient spatial resolution, especially along the verticals,
makes it impossible to use this kind of model for comparison with
the results he obtained.

In conecluding the discussion of the results of numerical
modeling of the atmospheric circulation on Venus, 1% should be
stated that all the models proposed give a wind field pattern,
which turns out to be considerably simplified, compared with
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what observations disclosel It cén be acknowledged that such a
situation is completely natural, since only the first steps have
been takery on the way to development of a theory of the Venusian
atmospheric circulation.

5. Upper Atmosphere

Brief information on the upper atmosphere of Venus was pre- /86
sented above (see Sections 2,3). Therefore, here, we 1limit our-
selves to only references to the surveys of T.M. Donahue [88],

J. Dubach et al [89], R.G. Prinn [167] and the comprehensive works
of R.E. Dickinson [83-861, and mention of some interesting results,
from the point of view of the interaction of the upper and lower
layers of the atmosphere.

As was noted by D.M. Hunten and R.M. Goody [124], a specific
characteristic of the carbon dioxide of the upper atmosphere of
Venusg (like Mars) is the fact that the carbon dioxide turns out
to be slightly dissociated, even at great altitudes. Such stabil-
ity of carbon dioxide is in sharp contrast To the conditions of the
upper atmosphere of the earth, were the dissociation of molecular
oxygen by solar radiation is so intense that, even at altitudes
over 90 km, atomic oxygen is dominant. Nevertheless, no convincing
explanation has yet been given of the fact that zones of predomin-
ance of CO and 0, as dissociation products of COp, have been found
on Venus. Another interesting result, obtained from the Mariner-
5 data, is that The concentration ratio of deuterium and normal
hydrogen is about 1. If this is correct, it should be of great
importance from the point of view of the theory of evolution of
the atmosphere by dissipation of light atoms.

D.J. Strickland [195] carried out calculations of the emis-
sion intensities in the 130.4 and 135.6 nm atomic oxygen lines,
for the upper atmosphere of Mars and Venus. The Mariner-6,,7 and
9 measurements disclosed that, under Mars conditions, the relative
density of atomic oxygen at the ionospheric F1 maximum level (about
135 km) is 0.5-1%. According to current concepts, the situation
on Venus 1is similar. Since reliable information en the oxygen con-
tent of the upper atmosphere is of great importance to understanding
the regularities of structure and dynamies of the atmosphere, the
question of calculation of the intensities of the émissions under
consideration becomes highly urgent.

Venera-4 and Mariner-5 measurements have not disclosed 130.4
nm emissions in excess of the threshold sensitivity of the sensors.
However, subsgsequent rocket measurements have recorded unexpectedly
high intensities of 130.4 and 135.6 nm emission, which amount to
from 3.0 to 5.7 kilorayleighs. Precisely this convinced D.J. Strick-
land to undertake calculations of the emission intensities. The
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selected model of the atmosphere of Venus is characterized by the
fact that aftomic oxygen is considered to be uniformly mixed
through the atmosphere and that its concentration is 1%, at tThe
level for which the total COs concentration in the atmospherlc
column is 4.10'%cm—2 Resonance scattering of solar photons for
the 130.4 nm triplet and dlgsgocliative exeitation in the case of
the 135.6 nm emission, as well as excitation of oxygen by photo-
electrons in both cases, are considered to be possible sources

of the execitation of emissions.

The caleculation results for Mars conditions found good agree-—
ment with the Mariner-9 data, according to which the average ©
brightness intensity at wavelengths of 130.1 and 135.6 nm are
330 and 50 kilorayleighs, respectively (the calculated values are
350 and 60 kilorayleighs). The calculations for Venus diverge
sharply from the rocket measurement data mentlioned above. This
indicates that the intensity -ratio of the 130.4 and 135.6 emis-
sions is approximately 2. This ratio is achieved, with an oxXygen
concentration of 0.05% and emission intensities of about 0.4 and
0.2, which are approximately an order of magnitude less than
measured.

i e v v emm—— -

[

Since the intensity of the emission 1ncreases’very slowly
with increase in oxygen concentration, the 5.7 kilorayleigh level
(130.4 nm) is not reached, even with a concentration of 10%. By
varying the parameters used for the calculations, full agreement
with experiment could not be reached. Therefore, possible addi-
tional sources of energy causing the emission were discussed:
transfer of the energy -of lons, excitation by the solar wind and
luminescence unconnected with atomic oxygen. It was shown that
the first two factors are insignificant. Therefore, all that is
left is to propose the existence of an additional, unidentified
source of emission. IT also is possible that the atomic oxXygen
content in the Venusian atmosphere 1s greater than on Mars,~
reaching the 10% level.

One fundamental problem is the study of the factors which
determine the heating conditions of the upper layers of the atmos-
phere of Venus. R.E. Dickinson [83-86] studied the situation in
detall, in the Venusian stratosphere and mesosphere (see Fig. 1).

The Venusian mesosphere is heated mainly by absorption of
solar radiation in the carbon dioxide vibrational-rotational
bands, centered at wavelengths of 1200, 1400, 1600, 2000, 2700
and 4300 nm. The basic cooling mechanism is radiation in the
1500 nm carbon dioxide band. It can be expected that there should
be a considerable daily variation in temperature in the mesosphere
of Venus. Since absorption in the near infrared region of the
spectrum has 1little sensitivity to temperature, calculations of the
temperature relations of the horizontal wvariations in cooling in
the 1500 nm band are causing particular interest.
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R.E. Dickinson [86] calculated the horizontal variability of
infrared heating in the mesosphere, as well as the adjacent layers
of the stratosphere and the lower thermosphere, on the assumption
that there are no horizontal temperature changes (the basic spe-~ /88
cific method of calculation is calculation of deviations from LTE,
local thermodynamic equilibrium). The calculations revealed very
large radiation heating values at the subsolar p01nt of about
1000° in earth days, in the layer from 10-% to 10-% mb. A strong
increase in function of the source of the 1500 nm band also was
found in the 10-*-10-° mb layer, which accounts for disturbance
of LTE, with increase in absorption in the near infrared region.
This results in a strong dependence of radiation cooling on the
zenith distance of "the sun (this dependence is at a maxmimum at
the mesopause level, 8+10-° mb, which corresponds to 122 km).
Therefore, cooling in this 1ayer of the atmosphere compensates
approximately half of the heating.

R.E. Dickinson expressed the hypothesis that the Strong
horizontal variability of radiation heating at the 10—? mb level
camnot be completely compensated by adiabatic cooling, in the
absence of horizontal temperature change. Therefore, it should
be considered that radiation in the 1500 nm band should vary
horizontally by a factor of approximately two and the temperature,
by 20°K. Horizontal temperature variations are negligibly small
at levels below 0.1 mb. In connection with the conclusions noted,
there is great interest in highly accurate measurements of the
infrared radiation of the mesosphere of Venus and thermal sounding
of the mesosphere from such measurements.

Numerical hydrodynamic models of the thermosphere of Venus
have led to the conclusion that the temperature difference from
day to night in the upper thermosphere is about 500°, which is
approximately 300° less than is obtained, without accounting for
atmospheric movements. Absorption of solar radiation on the day
slde gives rise to circulation, with ascending movement on the
day and descending on the night sides, with an amplitude of over
1 mesec—! and with horizontal velocities up to several hundred m-
sec™! away from the subsolar point.

Since experimental studies of the upper atmosphere of Venus
from unmanned 1nterplanetary spacecraft still_arein the very in-
itial stage, it is evident that continuation of such studies is
of primary importance to the further development of the theories
of processes occuring in the upper atmosphere, as well as in study
of interactions of the upper and lower layers of the atmosphere.

6. Prospects of Experimental Meteorological Investigations

The results discussed above indicate the primary urgency of
investigation of the nature of the clouds, the vertical heat
balance profile and its components, as well as the atmospheric /8
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circulation and properties of the surface of the planet. As to

the cloud problem, data on their chemical composition, micro-
structure, optical properties, vertical and horizontal macro-
inhomogeneities and cloud cover patterns are necessary for its
solution. In this connection, study of the dense, hot lower layers
of the atmosphere is of great importance (their chemical compo-
sition, temperature and wind fields and other characteristics).
Understanding of the interactions of the atmosphere with the under-
lying surface is impossible, without the availability of reliable
information on the mechanical, physical and chemical properties

and optical characteristics of the Venusian soil. Finding the
regularities of the general circulation requires both very much
more extensive observational data on circulation regularities,

and fairly complete information on the energetics of the atmos-
phere. In this connection, studies of the small, optically active
gas and aerosol components of the atmosphere, study of the condi-

. tions of turbulent diffusion and convection, etc., should occupy
an important place. The problems of the upper atmosphere include
an extensive group of questions.

As was noted by D.M. Hunten and R.M. Goody [124] (see also
[209]), Soviet and American unmanned interplanetary spacecraft,
operating in the fly-by mode of artificial satellites, as well
as descent vehicles, are among the possible means of investigation.
sSounding balloons drifting in the atmosphere can be released from
the descent vehicles. It is evident that the main tasks of the
descent vehicles and sounding balloons should be direct measure-
ments, which is most important, and of the Soviet and American
unmanned interplanetary spacecraft, the satellites can be used to
determine various parameters of remote display methods. There is
no-doubt _that ground optical and radioastronomical studies have
to play a serious role in the future.
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Meteorology of Juplter.
K. Ya. Kondrat'yev and N.I. Moskalenko

IT. Cloud Cover. Lower Layers oi ATLmosphere 1

A typical feature of the thick atmosphere of the giant planets/119
(Jupiter, Saturn, Uranus, Neptune), the thickness of which is at
least 1000 km [lﬂj is the presence of cloud cover. In this con-
nection, Jupiter can be congidered as a characteristic example of
the planets of this group. V. Khare and C. Sagan [86] have noted
that the celestial bodies of the outer part of the solar system
are amazingly red. The reflection spectra in the visible and
near IR wavelength regions disclose a noticeable decrease in albedo
with shortening of wavelength, in observations of the Galilean
satellites, the rings of Saturn and the atmosphere of Jupiter,
Saturn and Titan. All these red hued objects can be divided into
two categories, corresponding to whether they have atmospheres
(Jupiter, Saturn, Titan) or not (Galilean satellites, rings of
Saturn). In order to explain the colors of the objects of the
first category, the authors of_ [86] carried out laboratory studies
of the transmission spectra_ of a reddlsh brown polymer the pri-
mary component of which is aliphatic hydrocarbons, in the wave-
length interval from 275.0 to 800.0 nm.

The measurements disclose a rapid drop in transmission To-
ward the short wavelengths, in the 300.0-520.0 nm range. This
corresponds to a type X—? dependence of optical thickness due to
absorption on wavelength. Thus, with an atmosphere containing a
large amount of a similar polymer, a monotonic decrease in albedo
should occur with decrease in wavelength. If the content of this
kind of polymer is low, after some drop in albedo with decrease
in wavelength, an increase in albedo should occur, due to Rayleigh
scattering. The polymer film thickness in the experiments men- .
tioned was 0.3%0.2 mm, and the maximum crystal size reached 0.15
mm. This results in an estimate of the absorption coefficient
on the order of 10~° em~'. The similarity of the spectral prop-
erties and color of the polymer studied to the analogous properties
of the clouds of Jupiter, Saturn and Titan prompt the conclusion
to be drawn that these clouds consists of substances’ of the
type of polymer under consideration. Of course, further obser- /120
vations are required to confirm this conclusion, especially in the
UV, visible and IR regions of the spectrum.

It is dinteresting that the composition of the polymer mentioned

is close to the composition of terrestrial Precambrian deposits

(in particular, the presence of amino acids is characteristic of
both cases). It also 1s significant that polymers of the type

under consideration can be transparent in the 4000-5000 nm inter-
val. This makes observations to great depths practicable in this
transparency window, g§§Q;§e}the effect of multiple scattering.

The polymer possibly is produced in atmospheres, as a result of



UV synthesis processes and, in particular, this could have occurred
on the earth in the period of prebiological evolution.
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Fig. 2. Schematic representation of cloud cover of
Jupiter.

The structure of the global cloud cover of Jupiter has been
quite well studied, and it has been described in detail in known
monographs [14,22]. A schmatic distribution of the cloud cover
with The nomanclature of the belts and zones indicated and the
location of the Great Red Spot also indicated, taken from the
monograph of V.I. Moroz [14], is represented in Fig. 2.

The present day concepts of the nature and vertical structure
of the cloud cover of Jupiter still remain highly contradictory.
R.M. Goody [61] illustrated the state of the problem with the
following example. If the temperature of the upper boundary of:
the cloud cover (radiometric data) is assumed to be 160°K and
the popular hypothesis that the cloud cover consists of ammonia
crystals is used as a basis, the conclusion follows that the am-
monia vapor pressure is 2 mm Hg. If the radius of the solid am-
monia particles is assumed to be 3000 nm, it is easy to_calculate
that the scattering coefficient in this case is 10~3 m~'. More-
over, according to the data of V.G. Teifel [137-139], interpretation
of The measurements of light scattered by Jupiter results in a
scattering coefficient on the order of 10-7 em~'. No change what- /121
soever in the model mentioned is capable of éliminating this dis-
crepancy* Only a hypothesis of a different c¢loud composition or
heterogeneities of thelr vertical structure can turn out to be .
promising.

The question of the vertical structure of the cloud cover on
Jupiter is of great interest. W.B. Street [127] analyzed this
question, from the point of view of the phase equilibrium condi-
tions in heterogeneous systems, which the planetary atmospheres
are. It is important to keep in mind here that there can be a
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slgnificant difference in the conditions on The earth group of
planets and the giant planets. While, in the first case, investi-
gation of the phase equilibrium in the atmosphere can be accomp=-
lished, regardless of processes in the solid crust, in the second,
the situation may be completely different, since the solid crust
(if it exists) consists of the same components (in the condensed
phase) as the atmosphere and the presgsure can reach 10° atm. In
such cases, the phase equilibrium conditions in the deep layers of
the atmosphere have to significantly affect the properties of the
atmosphere at all altitudes. Therefore, for example, the Hp/He
concentration ratic in the outer part of the atmosphere can be de-
termined by the phase equilibrium conditions in its lower layers
and not be representative of the entire mass of the atmosphere.
R.M. Goody [61] called the atmosphere of Jupiter above the clouds
a "passive appendix," the properties of which are determined by
the complex interaction of the physical, chemical and dynamic
processes In the clouds and underlying layers of the atmosphere.

1 ——

sures, of measurements of a phase diagram
for a Ho-He binary mixture, W.B. Street
[127] arrived at the diagram of the ver-
tical structure of this kind of atmosphere
represented in Fig. 3. The upper layers
of the atmosphere (above the py, pressure
T e e level) are uniform, and they are charac-=
terized by a constant He/H ratio. Clouds
of solid, hydrogen enriched matter form
near the p; level, which "float" in a
helium enriched 1liguid, which is in phase

“~»~} Based on extrapclation to high pres-

\ .

(’/ " equilibrium with 1t. A layer of liquid
atmosphere is located below the py level,
in which the helium content increases
with depth. A solid crust of a H-He mix-

/éé ture is below the ps level. The ps:-Dy

: pressure difference evidently is about

g4

10° atm. If the average density in this

Fig. 3. Schematic layer is 0.5 geem—3?, it is approximately
vertical structure 800 km thick. Of course, this model of

of isothermal atmos- the vertical structure of the atmosphere
phere, which is a bin- is hypothetical. To substantiate the

ary Ho-He mixture (a reality of the model, experimental studies
similar structure can of the phase equilibrium of a H-He mixture
exist with a vertical at high pressure is necessary, first and
temperature gradient). foremost.

Observation of the brightness and polarization phase curves
are a basic source of information on the vertical structure of
planetary atmospheres. In the case of such planets as Venus and
Jupiter, which have a thick, continucus cloud cover, this kind of

/122



observation in the visible and near IR regionscof the spectrum
enable an opinion to be formed only on the vertical structure of

the upper part of the cloud cover. In this case, the theoretical
basis of interpretation of observation data is examination of the
processes of production of the spectral lines, in the absorbing

and anisotropically scattering atmosphere above the clouds and the
upper part of the cloud layer (in some studies, the cloud tops are
considered to be g reflecting surface; this kind of scheme is called
a reflecting layer model -- RLM). An example of the use of the
theory of spectral line production in study of the wvertical structure
of "the upper part of the cloud cover of Venus is the work of G.E.
Hunt [72-76]. A similar theory was used by G.E. Hunt [77,781,

for interpretation of observation data on Jupiter.

G.E. Hunt has the hypothesis that the basic components of the
atmosphere of Jupiter are hydrogen, helium and methane as a basis.
The presence of ammonia is not congidered, in view of the complex-
ity of the corresponding problems, which is determined by the fact
that ammonia is probably a component of both the atmosphere and
the clouds [90]. M.B. McElroy [97] has described observations of
the methane band in the spectrum of Jupiter in detail. Methane
has an abundant dipole spectrum, but only the R-3v; branch of the
band at 1100 nm was analyzed in detail. J.S. Margolis [93-95]
came to the conclusion that the observation data of the 3v; band
are consistant with the RLM. G.E. Hunt [77,78] noted the incor-
rectness of this conclusion, which reguires reexamination, with /123
consideration of the vertical heterogeneities of the cloud cover.
The unsatisfactory nature of the RLM was noted earlier by V.G.
Teifel [22].

Molecular hydrogen dces not have a dipole moment and, cor-
respondingly, hydregen does not have a dipole spectrum. However,
it has a quadrupole moment and, correspondingly, quadrupole lines.
Study of the production of these lines i1s complicated by jthe neces-
31ty of taking account of the collision line narrowing phenomenon,
until normal collision broadening occurs. The lack of accounting
for this kind of eifect, for example, takes away the justification
of the two layer model of the cloud cover, proposed by R.E.
Danielson and M.G. Tomasko [45]. Hydrogen increase curves, with
¢ollision narrowing taken into account, were first plotted by U.
Fink and J.S. Belton [52]. .-

In studying the production of methane lines in the 3vys band
and the hydrogen quadrupole lines, G.E. Hunt [77,78] proceeded
on the basis of the model of the atmosphere of Jupiter represented
in Fig. 4 (the cloud layer is noted here by cross hatching). Ac-
cording to the data of F.C. Gilett et al [59], measurements of the
emlssions of Jupiter at a wavelength of 5000 nm, were the atmos-
phere is the most transparent, results in a temperature of about
230°K. This should be attributed to the vicinity of the upper
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. boundary of the dense cloud layer. /124
; This layer evidently is not always
any 1 horizontally uniform, since the
high temperature (around 310°K)
found by J. Westphal [148]1, from
measurements at the same wave-
length, can -berinterpreted as .due
to breaks in the cloud cover [109].
G.E. Hunt [77,78] used a pressure
of 2 atm and a temperature of 240°K,
Z for the upper boundary of the dense
z cloud cover. It is possible that
422 a second layer of diffuse cloudi-
s ness is located above the primary
cloud layer, the presence of which
should be detected by observations
in the wvisible and IR regions of
the spectrum, owing to the partical
transparency of the cloud layer
under consideration. These clouds
probably consist of ammonia crystals
(in this connection, F.W. Tayler [136]1 studied the absorption
spectrum of solid ammonia particles in the 2-125 um wavelength
range). G.E. Hunt proposes that the upper boundary of fThe diffuse
cloud layer is at the 0.2 atm and 0.4 atm levels, to which temper-
atures of 113°K and 140°K correspond (Fig. 4). Since this cloud
layer may be highly variable, G.E. Hunt [77,78] carried out cal-
culations of the eguivalent line widths, for various models of
the cloud cover structure, in the absence of the upper cloud
layer, in particular. The basis of the calculation method is
reported in the works of G.E. Hunt and IL.P. Grant [72] and A.
Uesugi and W. Irvine [143]. The cloud scattering indicatrix vy
(cos ¢) was assigned by the Hen'ye-Greenstein function
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Fig. 4. Vertical temper-
ature profile and cloud
cover structure of Jupiter.
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1 (cos )= _1"g= ,
where (1 + g*—2gcos)*?

1
/ §= ( cosf ) = —512— S 7 (cos 6) cos 64 (cos 0).

j...._._gﬂ;_;...__

It is assumed that the lower layer of clouds consists of
partlcles of radius a=10 um, the concentration of which is N=20
cm—3®, single scattering albedo §»=0.95 and <cos ¢$>=0.88 (¢ is the
scatterlng angle). The parameters of the upper cloud layer are
a=1l um, %=0.995, <cos ¢>=0.8, and N varies. The change in
equivalent Wldth of the RI(1) methane line (3vs band of methane
at 9050 c¢m—?), from the center to the edge of the disc of tThe
planet, for various models of the vertical structure of the cloud
cover, is represented in Fig. 5. As is evident, the calculation
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Fig. 5. Change in equiva~
lent width of R (1) 1ine of
methane from center to edge
of disc of planet: 1. no
upper cloud layer; 2. no
lower cloud layer (upper
layer parameters a=1 um, N=
5 em—?, <cos ¢>=0.8); 3,4.
two layer c¢loud cover, N=10
em—? and N=20 cm—® for the
upper layer, respectively;
the following atmospherie
composition is used: Hp/He=
6:1; CHY/HpnT+10-% (the lat-
ter estimate was confirmed
by the calculations of J.S.

Margolis and G.E. Hunt [95]).

results yeryl graphically reveal
the effect of the upper cloud
layer. If, in the absence of this
layer, the increase in equivalent
width from the center to the edge
of the disc characteristic of the
RLM occurs, the appearance of a
thin, diffuse layer radically
changes the picture, causing a
decrease in equivalent width to-
ward the edge of the dise, at
small cos ¢. Particle size and
concentration are of great im-
portance here. If N=20 em—*®, the
minimum equivalent width occurs

at cos ¢v0.15 (with the existing
resolving power of ground based
observations, the situation cor-
responding to curve 4 should be
perceived as the lack of variation
in equivalent width from the center
to the edge of the disc).

/125

Calculations of the level of
production of spectral line R (1)
with different cloud structures
have shown that, in the case of
the two layer structure, the line
production level at u<0.5 (near
the edge of the disc) rises up-
ward sighificantly, to the =zone -
of the upper cloud layer. This
causes the decrease in equivalent
width towards the edge of the disc
shown in Fig. 5. The presence of
a maximum equivalent width with

its change from the center to the edge of the disc can be a cri-

terion of the existence of an upper cloud layer.

In this connection,

it is significant to note that the spectral line profiles are very
much less sensitive to the characteristics of the vertical cloud

structure [73-76].

Calculations of the equivalent width of the quadrupole lines
of molecular hydrogen seriously complicate the complexity of the
problem of the profiles of such lines, which is connected with the
necessity of taking account of collision narrowing of the lines.
As J.S. Margolis and G.E. Hunt have shown [95], correct accounting
for the line spectrum is of great importance .in calculations of

the equivalent halfwidths.

Based on the results of work [95],

G.E. Hunt [77,78] undertook calculations of the equivalent width

of the (3-0) S (1) hydrogen .line, centered at 81.5075 nmn.

Calcu=

lation results, similar to those presented in Fig. 5, are presented
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in Fig. 6. As examination of this

figure shows, there is a complete

gualitative analogy in the varia-

bility of the equivalent widths of

| the methane and hydrogen lines,
despite the specific nature of the

, \ production of these lines. However,

L\ \ . a considerably stronger variability /126

\
i

1

Equivalént width, .em™
~
£

g compared with the methane lines, is
characteristic of the equivalent
e\ width of the hydrogen lines. In
T particular, the equivalent width

0 68 gF 0% 02 8 curves differ significantly at
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Thus, the calculation results

Pig. 6. Change in equiva- considered show that the spectro-
lent width of gqguadrupole scopic observations of changes in
line (3-0) 3 (1) of hydro- the equivalent widths of the methane
gen; designations of curves and hydrogen lines, fromthe center
same as in Fig. 5. to the edge of the disc of the planet

(equivalent width phase curves)} can
be a basis for study of the vertical structure of the cloud cover
of Jupiter. Therefore, more reliable quantitative observations
of the quadrupole lines of hydrogen and the 3vs: band of methane,
which permit study of their variability over the disc of the planet
and over time, could permit determination of the vertical structure
of The cloud cover of Jupiter. The scanty gqualitative observations
presently available still do not permit testing of the adequacy
of a given model, by using the theory of the equivalent width
phase curves.

However, G.E. Hunt [77] showed that, in the absence of guanti-
tative data on the equivalent width phase curves, observation
data for the center of the disc, of lines of various intensities
and kinds with a fixed phase angle,can be used for determination
of the atmospheric parameters of Jupiter. Such an approach has
permitted confirmation of the compositlon of the atmosphere above
the clouds, based on observation data, determined by the mixing
ratios Hp/He=6:1 and CHY/Hov(7+1):10-%, Analysis of the obser-
vation data also indicates that there are two layers of visible
cloud cover of Jupiter, which corresponds to the model described
above and presented in Fig. 4. The free path length of photons
in the upper cloud layer increases from 130.1 km at 637.0 nm to
1.9+0.2 at 1000 nm. The following optical parameters of this
diffuse layer are in agreement with observation data: continual
optical thickness of layer TC=15i1.5 and single scattering albedo
$e=0.99970.001 at 636.7 nm; T,=9%1.5 and §,=0.999 (+0.001, -0.0015)
at 815.0 nm and 1100 nm. Estimates of the "isotropilc" parameters
for the entire region of the spectrum under consideration give
Te¥=1.5-3 and wy¥=0.996%0.003.
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. In studies of the terrestrial group of planets, observations
of the polarization and interpretation of the polarization phase
curves have played an important part. In the case of Jupiter,
similar observations are hindered by the small range of phase :za
angles (11.7°) -accessible to ground based telescopes. The few
polarization observations as a function of wavelength [55] have
resulted in an estimate of the molécular optical depth of pene-
tration of light into the atmosphere of 110.6 above the north
pole and T~v0.Y4 above the south pole,.while Tv0.05 in the equators
ial zone. Thus, the atmosphere above the poles of Jupiter turns
out to be very much more transparent than above the equator
(especially in the bright belts with their thick cloud cover).

After analyzing the polarization phase curve measurements, /127
made at the Main Astronomical Observatory, Academy of Sclences,
Ukrainian 3SR, A.V. Morozhenko and Ye.G. Yanovitskiy [101] con-
cluded that the information content of such measurement data can
be significantly increased by means of observations at different
wavelengths. The interpretfation of data for 7 spectral interwvals
in the 373-800 nm range, made in work [101], resulted in values
of the index of refraction of the cloud particles n=1.3610.01 and
an average radius of about 200 nm. This index of refraction 1is
in agreement with the hypothesis that the c¢louds of Jupiter con-
sist of ammonia particles.

Of course, the difficulty in obtaining brightness and polar-
ization phase curves of Jupiter from ground measurements is at-
tracting speclal attention to thepossibility of making such measure-
ments from unmanned interplanetary spacecraft, operating as an
artificial satéllite of Jupiter.

IT,. General Circulation of Atmosphere

{ A basic indficator of the general circulation of the atmosphere
on Jupiter is the cloud cover pattern. A detailed description of
information on the atmospheric currents, obtained from analysis o
of photographs of Jupiter, can be found in the books of B.M. Peek
[112], V.V. Sharonov [26], V.I. Moroz [14] and V.&. Teifel [22].

1. Cloud Bands

According to available data [83], very intense zonal circu-
lation, with a period of rotation of from 9h49m to 9h59m pre-
dominates on Jupiter, in which the shortest period of rotation is
characteristic of .the equatorial zone. However, in the midlati-
tudes, strong contrasts in period of rotation at distances of no
more than 10° of latitude can be observed.

C.R. Chapman [39] correlated all available data on zonal

circulation Speed vs. latitude, having discovered its asymmetry
relative to the equator. Considerable variability of eirculation
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from year to year and the appearance of anomolously high rates of
rotation in the subtropical latitudes from time to time are found.
Anticyclonic shear of the bright zones and cyclonic shear of the
dark belts are characteristic, but this sort of correlation is
not sufficiently distiact. As P.M. Stone showed [126], it also

is important that the observed rate of rotation in the extra-
tropical latitudes is phasic and not actual.

t

In the work of G.3. Golitsyn and $.3. Zilitinkevich [5] and )
the monograph of G.3. Golitsyn [4], based on considerations from /[
similiarity theory, .estimates of some circulation parameters in * /128
the cloud layer zone were obtained. According to [4], the kinetic
energy of motion of parts of the cloud layer is E¥10%® Merg, where
M is the mass of a unit column of that part of the atmosphere,
covered by the motions. Estimates of M result in a value on the
order of 10° grem?, i.e., EXL0%! erg. Considerations from simi>
larity theory lead to the conclusion that the circulation lifetime
on Jupiter should be very long.

A.P. Ingersoll and J.N. Cuzzi [83] made an effort to explain
the atmospheric circulation on Jupiter, based on:the concept of
geostrophic balance, with a thermal contrast between the dark
belts and light zones. In this case, the basic assumption was
that the differential rotation is connected with horizontal tem-—
perature contrasts, which lessen with depth.(it is considered
that the lower layers of the atmosphere vrotate as a solid body,
with' a period of 9h 55m 30s}. It was shown in work [83] that this
approach is in agreement with available observation data and,
also, that the barotroepic stability crifterion is adequate for
Jupiter. If the "driver” of atmospheric circulation on Jupiter
is an internal heat source and not differential absorption of
solar radiation by the zones and belts, the banded structure of
Jupiter means that there is convection, associated with rise of
warm masses in the zonal regions and sinking of cold masses in
the belts. Thus, the light zones apparently are clouds and the
dark, cloudless sections of the atmosphere. A. Barcilon and P.J.
Gierasch [33] attempted to substantiate a hypothesis, according
to which the banded structure of Jupiter is due to change in con-
centration of condensed matter with latitude.

P.J. Gierasch [57] proposed a simplified theory of the cloud
bands observed on Jupiter, based on examination of instability in
the atmosphere (instability is considered a relative state of
calm), which can ar®se as a result of radiation factors in ver-
tical mixing of the horizontally uniform cloud cover. Measurements
of the distributieon of thermal radiation over the disc of Jupiter,
_which indicate that the dark belts correspond to maximum radiation,
were the experimental basis of the theory (the fact of variability
of radiation can be interpreted as the development of significant
differences in the energy balance, due to the effect of small com-
ponents of the atmosphere).
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It was shown in work [57] that the mechanism of radiation
instability, caused by change in concentration of condensed com-
ponents of the atmosphere, is responsible for instability phenom-
ena, which have the same wave length and axial symmetry as Jupiter.
There also 1s nonaxisymmetric instability, associated with shorter
zonal wavelengths, which are "suppressed" by friction (the ampli- /129|
tude of these waves is at a maximum in the high latitudes). The
wave mode structure is in agreement with the conclusion, previously
obtained from observation data, that the cloud zones are warmer
than the dark belts [148].

The instability mechanism considered does .not explain the
equatorial jet stream on Jupiter. It is possible that the jJet
stream is due to the existence of secondary instability, which is
responsible for the transport of momentum Toward the equator and
determines the existence 6f this stream. If this conclusion is
valid, the theory of general circulation of the atmosphere of
Jupiter has to be very complicated. Another cause of the complex-
ity of the general circulation phenomena is the fact that, if this
theory of instability is adequate, it should make allowance for
the mutual dependence of the composition (concentrations of con-
densible coemponents), energétics and dynamics of the atmosphere.
Possible ways-of improving the approximate theory is to account
for the vertical structure of the atmesphere, radiation heating,
friction and other factors. Measurements of the thermal radiation
spectra of the planet, with sufficient spatial rdsolution to dis-
tinguish the belts and zones, as well as measurements of the re-
flected solar radiation spectra (to determine the radiation absorbad
by Jupiter) are of great importance. However, it is possible that
accounting for the absorbed solar radiation is of secondary impor-
tance, if an internal heat source is dominant.

2, General Circulation of Atmosphere

The general circulatien patterns of the atmospheres of dif-
ferent planets are essentially specific. Since the general cir-
culation characteristics of the atmospheres of the earth and the
sun have been studied most completely at this time, V.P. Starr [122]
undertook a study of the general circulatien of the atmosphere of
Jupiter, with tThe use of results for the earth and the sun. The _
dimensions of Juplter are appreximately @n order of magnitude
greater than those of the earth, but an order of magnitude less
than those of the sun. Jupiter rotates twice as fast as the earth,
while the rotation rate of the sun is about 3% that of the earth.
It can be considered that the atmosphere of Jupiter is very much
deeper than that of the earth but, nevertheless, compared with the
sizes of the planets, 1t 1s a thin shell. Since the axis of ro-
tation of Jupiter is almost normal to the orbital plane, seasonal
effects are small, compared with those on the earth (the great .
distfance from:the sun and the high albedo of Jupiter also contri-
bute te this). It should be assumed that Jupiter has a solid

+
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underlying surface, apparently devoid of orographic irregularities.

The most significant irregularity of the relief is that which /130
probably is connected with the existence of the Great Red Spot.
V.P. Starr assumes, therefore, that the rotation of the latter

coincides with the rotation of the solid crust of the planet.

To a certain extent, the source of energy for the atmospheric
circulation on Jupifer is absorption of solar radiation, which
causes differential heating at the equator and the poles. The
rapid rotation of the planet and other factors determine the =zonal
nature of the circulation. On the other hand, some facts indicate
the existence of an intense internal heat source, which is respon-
sible for vertical differential heating. More than that, this
heat source evidently is dominant. Although there is no similar
heat source on the earth, the nonuniformity of absorption of solar
radiation with altitude produces a situation which can be con-
sidered similar, in a certain sense. The circulation is deter-
mined by the aggregate of the effects of horizontal and vertical
differential heating (this situation has not been sufficiently
taken into account so far). Such a situation occurs on the sun,
where the powerful internal heat source determines the dominant
nature of vertical differential heating, but the effect of con-
vection may cause the development of meridional temperature grad-
ients near the surface.

An dmportant feature of the atmosphere of Jupiter is the
abrupt jump in zonal wind speed, from a value on the order of
100 mrsec™! in the I9° latitude band, almost toc zero outside
the equatorial belt, with the exception of narrow zones of a
strong west wind areund 20-25° latitude. However, they are not
as stable as the equatorial jet stream. After deciding on the
basic factors which determine the general circulation of the
atmesphere of Jupiter, with the use of observation data-and theo-
retical conclusions, V.P. Starr [123] built up a system of merid-
ienal circulation.

With thedlimitations imposed by the laws of conservation of
mass, momentum and angular momentum taken into account, he reached
the following conclusioens: 1. the equatorial acceleration of ro-
tation of the atmosphere cannot be explained by allowing only for
axisymmetric motions, if negative viscosity is not assumed; 2.
deviatiens frem symmetry in the rotating atmosphere (nonzonal)
vortex type convection), with the eqguatorial acceleration, should
cause a selective transfer of angular momentum to those particles
which move toward the jet stream maximum and "take 1t away" from
particles moving in the opposite direction; 3. the tangential
stresses which determine the transfer of angular momentum develop
spontaneously, in production of the convective movements mentloned
(due to vertical differential heating), which depend on longitude, /131
with appropriate convective cell sizes and other conditions.

Since there are data. which indicate that the dark spots on

102



Juplter have a statistically maximum frequency of recurrence of
wind shear along the 2zZones near the equator (F9° latitude),

can be proposed that these spots are a system of vertical con-
vection cells, which form in a layer of the atmosphere up to 10000
km thick, and which are responsible for the development of great
amounts of angular momentum in the equatorial latitude belt. Anal-
ysis of some other considerations on general circulation factors
and a comparison of general circulation features of the atmospheres
of Jupiter, the earth and the sun, lead to the conclusion that

a definite analogy with the earth is, in particular, that -owing
to the effect of large scale turbulence, smones of accumulation of
angular momentum (formation of jet streams) develop in the atmos-
phere of the earth,(like that of Jupiter) at *35° latitude. Their
origin can be interpreted in terms of negative turbulent viscosity.
Thererevidently is a similar phenomenon in the atmosphere of the
sun. Besides, here, as on Jupiter, there should be some charac-
teristic scales of vertical convection.

The basic problem in understanding the general circulation
regularities of the atmosphere on Jupiter and the fropical ecir-
culation on the earth is the question of the possibility of exist-
ence of ordered circulation, with statisftical instability in the
atmosphere. In connection with this, G.P. Williams and J.B. Rebin-
son [151] analyzed the problem of circulation in an unstable atmos-
phere, the results of solution of which were compared with Jupiter
observation data. One of the simplest classifications of atmos-
pheric circulation systems is the possibility of examining the
barcclinic and convective circulation systems. In the first case
the circulation is determined by a horizontal (meridional) po-
tential Temperature gradient and horizontal heat transport from
a warm region to a cold region. For'the second case, the exist-
ence of a vertical potential or equivalent potential temperature
gradient "and upward transfer of heat are characteristic, as the
"moving force." If "hybrid" models are taken into account (an
example of this kind is the earth), this defines the possibility
of a fairly broad class of circulation models.

However, the possibility of the existence:df a convective
circulation model on the secale of an entire planet has not yet
been definitély established (the atmospheric circulations on the
earth, Mars and Venus are baroclinic; only the tropical atmos-
phere of the earth can, to a certain extent, be an example of
convective circulation). The substantiation of such a possibil-
ity constitutes’ the main content of work [151]. There apparently
is a simple system of planetary convective circulation” only on
Jupiter and Saturn. In this case, the presence of a dominant in-
ternal heat source contributes to this. Evidence of this are the
general outlines of circulation on Jupiter and Saturn: 1. axisym-
metric band system of planetary cloud cover; 2. strong equatorial
jet streams; 3. similar physical parameters (rotation rate, high
albedo of about 0.6, small orbital eccentricity). On the other
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hand, the specific nature of the conditions of development of
circulation are: 1. different orbital inclination to the plane
of the ecliptic (3° on Jupiter and 27° on Saturn); 2. Saturn ob-
tains one fourth the solar radiation of Jupiter, but its jet
stream is four times stronger.

Since the difference in conditions on Jupiter and Saturn are
reduced to divergence in the influx of solar radiation, it follows
from-this that the dynamiecs of the atmospheres of these giant
planets are not determined by insolation conditions, but by an
internal heat source. To substantiate the hypothesis that the
atmospheric circulation on Jupiter is due to large scale convect
tive instability, caused by an internal heat source, the regular-
ities of convection in an unstable, rotating atmosphere were studied
in work [151], by means of numerical integration of the equations
of motion represented in the Bussinex approximation. The quanti-
tative characteristics of convection, considered as the movement
of a fluid in a spherical layer of thickness d, were estimated
for both laboratory simulation conditiong (Benard cells), and
with allowance made for the characteristic parameters of Jupiter.

It is assumed that the inner boundary of the spherical layer
rotates at constant angular velocity 0=1.76-10-"sec—!. The inner
and oufer boundaries are at different constant temperatures, T,
and T,, respectively (thus, convection is due to the radial tem-
perature difference AT=T;-T;). The greater part of the calculations
have been done for a hemispherical layer, with boundaries at the
equator, through which there is no heat flux. The most realistic
conditions on Jupiter corregpond to an atmospheric thickness d<500
km. Sinceéthe results for the 200-500 km thickness range are falirly
similar, the greater part of the calculations of circulation were
carried out in work [151] for thickness 4=50 km, which is con--
sidered as representatiwve.

The calculations ITead to the conclusion that there is a
Tropical westerly jet stream on Jupiter, generated by axisymmetric
flow, on condition that- the atmosphere is comparatively "shallow."
With strong diffusion of the tropical jet stream, the west-east
transport zone covers the entire equatorial latitude belt. This
kind of diffusion can only be the result of large scale nonaxi-
symmetric disturbances. The axisymmetric nature of the convective
"pbanks" (i.e., their longitudinal stability) is determined by the
latitude variability of the factor Qcosd® (f is the angular veloc-
ity of rotation of the planet, 8 is the latitude, counted from the
poles). Precisely this variability ("differential rotation") sup-
presses the ordered large scale convection in the latitude zone
of over 45°, while convection appears very distinctly at the
equator.
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Fig. 7. Current (a), temperature
(b), zonal velocity component {(c)
and vertical velocity (d) field
lines for most rezlistic model of
atmosphere of Jupiter.

The results of calculations for the northern hemisphere,
of the current (a), temperature (b), zonal velocity component
u (c) and vertical velocity w (d) field lines, are presented in
Pig., T, for the case which 1s considered to be the most real-
istic and which is characterized by the following basic input /134
parameters AT=135°K, d=50 km, coefficient of turbulent diffusion
for momentum vy=10-3 km®-sec—?!, for quantity of heat vyg=mvy, with
m=10%. The values of the Rayleigh; Rossby and Nusselt numbers are
3.5-10°%, 5.4+10-% and 1.07, respectively. The coordinates in Fig.
7 have the following meanings: z'=z/d is the dimensionless alti-
tude; R'=6/% (8 is the complement of the latitude) is the dimen-
sionless complement of the latitude (R'=0 at the pole and R'=1
at the equator).

The banded circulation structure and the field of the
zonal wind speed component (Fig. 7) reproduce the observed
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features of atmospheric circulation on Jupiter rather well, by
bringing out the existence of 5 zones of ascending (w>0) and four
belts of descending (w<0) movements, with theilr charactenristic
Jatitudinal zonal transport gradients. The intensity and width
of The bands decrease with distance from the equator. There is
no ordered, large scale movement in the polar regions, since they
are "suppressed™ by rotation, but random small scale circulation
probably develops here.

Outside the equatorial belts, the velocity components u (hori-
zontal) and w {(vertical) are coupled, in such a manner that the
equatorial side of the zone (w>0) moves in the direction opposite
to the rotation of the planet (u<0), and the polar half moves in
the opposite direction (u>0). The reverse is true (but in a less
distinetly expressed form) for the belts (w<0). These conclusions
correspond to observation data, which indicate the-presence of dif-
ferential rotation within the belts of Jupiter (it should be re-
called that, according to P.M. Stone [126], the observed rotation

rate of the belts in the extratropical latitudes is phased, and
not actual).

The high altitude equatorial jet stream, the speed of which
reaches 100 m-see-* (u>0), is accompanied by a counterflow below
it, which has a speed of 60 mesec—! (Fig. Tc). Between these
jet streams and the region of absence of ordered large scale
cilrculation, beginning at 45° latitude, alternating belts of
positive and negative zonal flows are located, which are correlated
with the band structure of Jupiter. The flows with a positive
sign are stronger. Near the lower and upper boundaries of the
atmosphere, thermal "boundary" layers form (Fig. 7b), and temper-
ature waves are observed within the atmosphere. The graduated
meridional profile of the average vertical veloecity defines the
existence- of distinctly outlined latitude zones of transport of
uniform intensity. Calculations, carried out for the purpose of
estimating the resistance of the axisymmetric flow to longitudinal
disturbances, showed that the most likely geometric shapes of the
disturbances are ovals and jets.

The existence of convective cells on Juplter, with regions /135

of rising and descending movements of equal areas (Fig. 7d)

is an indirect indicator of the unimportance of the effect of
instability conditions of the second kind in this case. This is
an important factor in tropical convection on the earth, con-
nected with the inflow of heat due to the condensation of water
vapor, which determines the asymmetry of tropical convection.
Regions of rising flows occupy approximately one fifth the area
of regions of descending flows [40]. In summarizing the results
of numerical modeling of the atmosphere of Jupiter which they
carried out, G.P. Williams and J.B. Robinson [151]1 correctly noted
that the weakest point &f their work is the provisional model of

106



parameterization of large scale turbulent movement. Further dew~
velopment of the theory of general circulation on Jupiter also
reguires allowance for the effect of boundary layers, radlation
and some other factors.

One of the most interesting and still puzzling manifestations

of the general circulation of the atmosphere of Jupiter is the
Great Red Spot (a survey of the data on this phenomenon and pre-

viously proposed hypothesés of its origin can be found in the mono-

graphs of V.I. Moroz [1l4] and V.G. Teifel [22]). Like other
features of the visible structure of the surface of Jupiter, the

Great Red Spot (GRS) is a large scale cloud system. Similar cloud

systems on earth are either intermittent systems with lifetimes of
about 1-2 weeks, which characterize the features of the weather,
or quasi-permanent, dependent on the distribution of the contin-
ents and oceans.

Since the GRS has existed at least 100 years, it is natural
to assume by analogy that it defines a characteristic of the
solid underlying surface. However, there are some difficulties
with such an explahation: 1. Jupilter possibly™. does not have a
solid surface but, if it exists, it is at a distance of thousands
of kilometers under the clouds observed on the earth; 2. the ro-
tation rate of the GRS is variable and less than the stable rate
of the magnetic field, which should coincide with the rotation
rate of the solid crust of the planet. These circumstances force
consideration of a model of circulation of the atmosphere of Jus-
piter, without accounting for interaction with the underlying
surface.

A.P. Ingersoll [82] examined a hydrodynamic model of similar
steady state '"free"flows," which well reproduce many properties
of the GRS, as well as of the zones and belts of Jupiter and does
not assume any special mechanism resulting in formation of the
GRS. In this connection, it was noted in work [82] that, from :
the point of view of dynamics, the GRS is similar to The zones
which, together with the darker belts, are the main features of
the axisymmetric banded structure of Jupifer. Analysis of ob-
servation data leads to the conclusion that the GRS and the zones
are regions of well developed cloud cover, anticyclone vortexes
and rising movements, while low and thin cloud cover, cyclonic
circulation and descending movements are characteristic of the
belts.

By the use of the barotropic vortex equation, A.P. Ingersoll
{827 showed that an elliptical system of stream lines can develop
as a vortex in the free atmosphere, unconnected with any effect
(for example, orographic) of the underlying surface. The lifetime
of the GRS should be attributed to the weakness of dissipative
processes on Jupiter. A physical factor which maintains the cir-
culation described in the free atmosphere may be differential
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radiation cooling of the upper and lower stories of clouds. How-
ever, the question of the stability of circulation remains con-
fused. (under earth conditions, baroclinic flows due to horizontal
temperature gradients are unstable). It is possible that, on
Jupiter, baroclinic instability is either suppressed or it is
expressed in the form of axisymmetric disturbances.

In concluding the discussion of the regularities of cir-
culation of the atmosphere of Jupiter, we recall interesting
considerations of the possibility of life on Jupiter, eXpressed
by P.M. Molton [99]. Studies of the moon, Mars and Venus from
Soviet and American unmanned interplanetary spacecraft have re-
futed the extreme optimismis as Lo the posgibility of life on these
celestial bodies, and they have only left the prospects of further
search rather doubtfull In this connection, the possibilities of
the discovery of life on Jupiter were discussed in work [99]. Ac-
cording to the hypothetical model of the vertical structure of
this planet, alternating layers of crystalline, liguid drop and
gaseous ammonia, layers of liquid water drops and water vapor,
1iguid (or solid) hydrogen, metallic hydrogen and, finally, a
metal and silicate core, may be located under the cloud layer
observable from the earth. Laboratory experiments have shown
that certain organic compounds are produced by coronal discharge
in mixtures :0f .methane and ammonia at room temperature and a pres-
sure below 1 atm, which can be transformed into amino acids during
hydrolysis. A typical product is a red resin, which has a color
like the color of the Great Red Spotsof Jupiter. This faect makes
possible hypotheses about life on Jupiter. The positive results
of analysis of the probability of survival of some species of
bacteria under conditions of the atmosphere of Jupiter (at a tem-
perature of 20°C and pressures on the order of 100 atm in the
liquid water drop cloud) are evidence in favor of this possibility.

ITTI. Thermal IEmission Field

The active growth of studies of the planetary atmospheres, /137
éspecially by means of interplanetary spacecraft, 1s arousing
great interest in the regularities of formation of the emission
fields in the atmospheres, which significantly affect their thermal
conditions and dynamics [9-11, 87]. Data on the outgoing thermal
emission fleld are of great importance for estimation of the radi-
ation balance and solution of problems of remote sounding of the
atmospheres. Information on the spectral structure and spatial
distribution of the thermal emission of planets is necessary for
the development and operation of opticalmechani:¢al and electron
optic systems, as well as calculation of the radiant heat influxes.

Obtaining reliable data on the spectral intensities of the
thermal emission at various altitudes and directions in the atmos-
pheres of planets by calculation are especially important, in con-
nection with the fact That measurements are costly and technically
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difficult to accomplish, in this case. Besides, experimental
studies always are limited by fthe_spectral and spatial resolution,
working spectral ranges andtare occasional in fime, place, alti-
tude and observation angle. It is important that calculation
methods permit estimation of the effect of each factor, both
separately and as a set and, thus, permit the extent of the

effect of variability of the state of the atmosphere and underlying
surface of a planet to be determined, on the gpectral and spatial
distribution of the emission rileld.

While the regularities of production of the thermal emission
fields of the earth, Mars and Venus have been studied in sufficient
detail, there is no information in the literature, on the spectral
and spatial distribution of the outgoing and incoming emissions
in the atmosphere of Jupiter. We next consider the results of
detailed calculations of the spectral intensities of the incoming
and outgoing thermal emmisions at various altitudes and sighting
directions, in the atmosphere of Jupiter above fhe clouds, and
some models & the structure of the atmosphere. The basic charac-
teristiecs of production of the thermal emission fields and ©The
effect of various factors which characterize the state of the
atmosphere and the underlying surface on the spectral and spatial
structure of the emission field will also be discussed.

As has been noted (Chapter I), the atmosphere of Jupilter
consists primarily of hydrogen and helium, but it contains small
amounts of ammonia and methane, which apparently determine the
optical properties of the atmosphere in the IR region of the
spectrum. We now discuss the quantitative characteristics of
absorption of IR radiation by the atmosphere of Jupiter.

1. Infrared Absorption Spectrum

In recent years, particular attention has been given to study /138
of the IR absorption spectra of hydrogen, methane and ammonia [29,
46, 52, 60, 93, 94, 113, 134, 136, 139, 140]1. Precisely these
components in particular cause the greenhouse effect of the atmos-
phere of Jupiter above the clouds. Methane has a single strong
absorption band (at 1306 cm—'), which makes a significant contri-
bution to attenuation .of the IR radiation of the atmosphere of
Jupiter, and it is of considerable interest, both from the point
of view of calculation of the radiation field and solution of the
problems of remote sounding of the part of the atmosphere of this
planet above the clouds, from spectral measurements of the out-
going thermal emissions. Solution of both of these problems 1n-
volves the necessity of having available data on the average trans-
mission functions for comparatively broad spectral intervals, which
contain many lines, with extended visuwal pathways in a heterogen-
eous atmosphere. Direct calculations of the transmission functions
in such circumstances is too laborious. The use of a model
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representation of the transmission function and approximate
allowance for the effect of inhomogeneities of the medium are
considerably more expedient.

In order to select an adequate model of tThe transmission
function, F.W. Taylor [134] made a comparison of the results of
precise ("llne by llne") and approximate (for a number of models)
caleunlations, for 20 cm—! wide spectral intervals (this approxi-
mately corresponds to the transmission bandwidth of the inter-
ference filters), centered on wave numbers 1297, 1250 and 1215
em—! Calculatlons for the mass of the atmos%here above the
clouds, in the pressure range from 3 to 4+10-° atm, showed that
the s “statistical model of (oody best approximates the results of
precise calculations (in this case, the line profile is considered
Lorentzian). Allowance for the effect of inhomogeneities of the
atmosphere can be made by use of the Curtis-Godson approximation.

A. Leupolt [88] made laboratory measurements of the absorp-
tion spectrum of ammonia at high pressures (up to 100 atm), for
the 32-52 ym wavelength range. A comparison of the measurement
data with the results of precise calculations disclosed good
agreement.

The subsequently con51dered results of calculatlon “of f the
intensities of the incoming I}-and outgoing [*ﬁradlatlon were
based on the use of the parameters of the spectral transmission
functions of methane and ammonia, obtained in works [15-17], for
conditions of their broadening by hydrogen and helium.

“ Calculation of the spectral transmission function for a

ray path geometry corresponding to a spherical atmosphere was
carried out, with the use of the single parameter equivalent mass
method, according to which transmission function T3 can be pre-
sented in the form e e s e e

Z:: étp [ -8 (%‘ o (L) p: (L}n;t;m)m.a.wly |
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where L is the ray path, p(L) and p{L) are the concentration and
pressure of the component under consideration, By, My and ny are
empirical parametersof the transmission function, determined from
absorption spectrum measurements. The values of parameters 8, ‘
my and nj of the transmission function of ammonia, with NH3 broad-
ening by the hydrogen-helium atmosphere, for a number of spectral
intervals of the rotational and vibrational-rotational absorption
spectra, can be found in works [15,16]. Verification of the ac-
curacy of these data, by means of comparison of the calculated

and measured absorption spectra, showed that, with a content w(NH3)
210000 atmecm, w(CHy)Z21000 atm-cm and temperature T=296°K, the
errors in caleulation of Ty (CHy) and t13(NH3) are not over 5-10%.

In calculation of the spectral transmission for the atmospheric
conditions of Jupiter, the error increases somewhat, due to the

110



effect of the temperature dependence of transmission function T,
which were disregarded in the calculations being considered. The
considerable effect of the absorpftion, induced by collisions of
Ho-H2 and Hp-He molectiles, on the transparency of the atmosphere
was taken into account, by use of spectral absorption coefficients
taken from works [25,857.

2. GCalculation Results

For calculation of the spectral, angular and altitude dis-
tribution of the thermal emission intensity in the atmosphere of
Jupiter above the clouds, a program, based on the calculation
scheme presented in [17], was compiled and implemented in a
BESM-4 computer. Data on the vertical temperature, pressure and
atmospheric gas concentration profiles were loaded in digital
form. The atmosphere was divided into 53 iscobaric layers, with
unequal altitude spacing. _In calculations of the spectral in-
tensities of the 1ncom1ngr1?‘and outg01nghff radiations at dif-
ferent:observatlon altitudes =z 1§ ! and zenlth sighting angles 6
took into account the sphericity of the planet and refraction of
the radiation in the atmosphere, as well as the selectivity of
the counterradiation of the atmosphere, reflected frgm the under-
lying surface. '

To make analysis of the results obtained by computer easier,
tables were compiled and printed, which characterize the spectral,
angular and altitude distributions of thermal emission intensities.

The spectral resolution of the calculated intensities was 0.025 um /140
at<k<3 pm, 0.05 um at3<kf6ﬁun _ 0.1 ym at 6<2320 um, 0.5 pm at 20
<Az50 ym and 2.5 um at:E:EQ_EmJ

Calculatiens of [} andkg were carried out for five vertical
temperature profiles, with different concentration p{(CHL) and p(NH3)
for zenith sighting angles 6=0°, 30°, 60°, 70°, 75°, 80° 85°, “and
90°, and different observation altitudes z<150 um.

Hereafter, we 1limit ourselves mainly to analysis of regular-
ities of the radlatlon field in the atmosphere of Jupiter, with
the vertical temperature profiles T(z) with the greatest contrast,
presented in Table 11 (P(z) is the vertical pressure profile, z
is the altitude above the cloud top level).

To calculate the thermal enfission intensities for stratifi-
cations 1 and 2 of the atmosphere, “indicated in Table 2, the bulk
concentrations of the gaseous components were assumed to be O. 86578,
0.13214, 0.00062 and 0.00015 for Ho, He, CHJ and NH3, respectively. /142
The average radius of the planet at the level of the underlying
surface R=69350 km. Figs. 8-11 1llustrate some results of cal-
culation of intensities ;JJ, and I4 , in the 4-30 um wavelength
region, for various altiftudes and sighting directions in the
atmosphere.
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TABLE 11. VERTICAL PRESSURE P(z)
AND T (TI’Z(Z) PROFILES

_amwm@@Tmmcnmm aav  JP(E] 1@ K | T, (2)°K
0 3,0, 266 295 54 0,64 116,3 154 i
2 2,86?} 262,5 | 220 56 0,60 15,8 148
L4 2,75, 259 215,6 53 0,55 115,2 143 1
6 { \2,65 254,8 | 211,8 60 0,52 115 133
3 2,55+ | 250 2086, 1 62 0,48 115 130
10 2.4 243 202,3 64 0,44 115,2 195
12 2,3 9239 198,7 66 0,38 116 119
14 2,2 236 192,6 &8 0,34 17 11s
16 9,1 933 187,8 70 0,98 118,2 110 l
18 1,95 297 182,0 79 0,% 119,5 110
20 1,85 293 4 | 178,8 74 0,18 120,8 110
29 1,75 218 174,4 76 0,14 123,2 110
24 1,65 215 167,5 78 g, 11 125,5 110
2 1,51 210,6 | 161,3 80 0,006 127,8 110
28 1,39 206 i57,7 82 0,050 129,9 10
30 1,4 202 152,5 84 0,084 131,7 110
39 1,25 198 146,0 86 0,083 183,4 110
34 1,15 195,6 | 141,3 90 0,078 135, 1 112
36 1,06 189,2 | 138,2 o5 0,061 136,3 117
38 1,0 187,0 | 134,7 190 0,050 137,7 120
40 0,9 182 131,2 | 105 0,038 138,4 125 .
42 0,92 177 128,8 110 0,032 139,0 128
, 44 0,88 171 125,9 113 0,021 139,5 133
46 0,82 167 [-123,5 120 0,010 142,0 133
48 0,78 165 20,0 125 0,009 146,0 143
50 0,73 163 118,8 130 0,007 143,0 146
52 0,70 161 117,2 140 0,005 152,0 146
150 0,003 158,0 146

b - =

[Translabor's note: commas in tabulated figures
are equivalent to decimal points.].

Characteristic features of production of the radiation fields
in the atmosphere of Jupiter are explained by the spectral structure
of the transmission function of the atmosphéere: strong IR radia-- /143
tion absorption in vibrational-rotational bands of ammonia and
methane and pressure induced H2 bands. There is no doubt that am-
monia plays a declsive part in the thermal conditions of Jupiter,
just like water vapor in the atmosphere of the earth. The numer-
ous ammonia bands cover a broad region of the spectrum, from 0.8
to 200 pm, and the Transparency windows in this ammonia spectrum
are overlapped by CHfland H2 absorption bands. In the wavelength
region from 2 to 200 pm, even in the vertical direction, the mass
of ‘the atmosphere of Jupiter above the clouds is practically opagque,
with the exception of a narrow part of the spectrum near A=4.5 um.
In connectionwith this, determination of the cloud top temperatures
can be carried out, only from measurements of the thermal emissions
in the 4.4-4,7 um wavelength interval [148].
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Fig. 8. Spectral distributions of outgoing
radiation intensities for stratification 1 of
atmosphere of Jupiter in 4-30 um wavelength
region, for sounding altitude z(km): 0;

3. 10. u 5. 263 7. 47: 8. 603 10. 88; 11 143;
a. 6= 0° b. e(z 0)= 90°

The spectral structure of the incoming 14 and outgoing It
radiation at altitudes below 50 km appears weakly (Figs. 8,9).
With increase in altitude, the maximum intensity of the outgoing
radiation 74 1is shifted to a longer wavelength reglon of the
spectrum. In the 5-25 m range, the values of ¥ and IJ] at low
altitudes do not depend on zenith angle, and they are practically
identical to the black body radiation, at the temperature of the
atmospheric layer adjacent to the observatlon level z. For z<50
km, the angular dependence of the radiation intensity appears only

in the 4.3-5.3 ym interval. In this case, the value of (z 8)
decrease with increase in zenith angle 8, but those of Ia (z
increase. The minimum 13 and the max1mum I¥ due to slight

absorption of radiation in the atmosphere, e located in

the 4.3-5.3 um interval. The depth of the FF minimum de-
creases with increase in sighting angle. In ‘Gonnection with the
faet that, at z<50 km, the temperature decreases with altitude,
the values of 74 and f} decrease with increase in altitude.

At altitudes Z>50 km (Figs. 8,10), the spectral structure of
the outgoing radiation 7] intensity begins to appear in the entire
wavelength region A<50 pm. In this case, in the altitude range
with a negative temperature gradient, the maxima correspond.. to
the transparency windows of the atmosphere and The minimum Ia
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57 “ absorption., The spectral
pp structure of 7 (z,8) smooths
rﬁ i : out with 1ncrease in zenith
g w7 i 1 sighting angle, The spectral
- | 2 3. structure of ¥# (Pig. 11) is

most distinctly expressed at
high altitudes, and it cor-
responds to the variation of
the absorption function. The
intensity maxima of f cor—
respond to sections of the
spectrum with the strongest
absorption of radiation.

/

{In connection with the
greater vertical temperature

Lﬁ_gﬁﬁkh‘h i{—? differences in the atmosphere
-
of Juplter,_the spectral in-
Fig. 9. 8Spectral distri- tensities }Imi are subject to

butions ¢f intensity of in-

thermal radiation

strong varlafions with change
in altitude z and Zenith angle.

coming i}
for stratification 1 of atmos-
phere of Jupiter in 4-30 um
region, for zenith angle 8(z)=
75° and altitude z, km: 1. 0;

They are most distinctly expres-
sed i the intensities of the
absorption bands of the short-
wave part of. the spectrum, where

3. 10.4; 5. 263 7. U47; 8. 60; the Planck function depends most

10. 88; 11L. 11.5. strongly on temperature. Thus,
for example, in the case of
stratification 1, ifh: varies

within the limits presented in Table 12, with change in aititude

z and ahgle 6.

< TABLE 12. VARTATIONS OF INTENSITY OF OUTGOING RADIATION
DUE TO CHANGE IN TEMPERATURE WITH ALTITUDE
AT VARIOUS SIGHTING ANGLES
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In fhe altitude range with a negative temperature gradient
(troposphere), the intensity of the outgoing radiation decreases
with inerease in z but, in the tropopause region, where the ver-
tical temperature profile undergoes inversion, both an increase
and a decrease in-the radiation intensity /i (see curves 10, 11,
Fig. 8), as a function of z and 9, are observed.

Analysis of the results of calculation, made for various
vertical Temperature profiles and ammonia and methane concentra-
tions, has shown that, under the conditions of Jupiter, just as
occurs on the earth, Venus and Mars, the vertical temperature
profiles have a decisive effect on formation of the outgoing radi-
ation fleld. Variations of the spectral albedo Ap of the clouds
appear only in a narrow 4.4-4.8 ym interval. In other sections
of the spectrum, the radiation of the underlying surface is com-
pletely shielded by the strongly absorbing atmosphere; therefore,
the effect of Ay does not show up in the values of i _f| at A>5 um.

From the point of view of the results consgidered above, the
Y 44 8 um and 15-25 um wavelength intervals, where the absorption
of radiation is determined by hydrogen, as well as the 7.5 um
methane band, are the most promising fTor solution of the problem
of thermal sounding of the troposphere of Jupiter. TFor altitudes
z>70 km, sections of the spectrum can be used, which have the /145
strongest absorption of radiation of the vibrational-rotation
bands of ammonia in the 7£3<15 um range and in the region of the
purely rotational spectrum with A>30 um.

A detailed examination of the prospects of thermal sounding
of the atmosphere of Jupiter above the clouds led F.W. Taylor [135]
to the conclusion that the greatest vertical span can be ensured,
by the use of measurements of the outgoing radiation in five or
six sections of the v, band of the methane spectrun at 7.5.um.
Data for the region of strong absorption by ammonia turns out %o
have 1ittle information content. The use of measurements in the
7.5 um methane band permits sounding to a maximum depth, at the
level of about 1 atm. The locatlon of the upper boundary of the
layer being sounded depends on the spectral resolution in the
center of the band. If the resolution is 20 cm‘l, the upper
boundary is located at about the 5 mb level, and it rises to the
1 mb level with a resolution of 1 mb [sicl. The use of the
pressure induced absorption spectrum of hydrogen permits recovery
of the temperatures of three or four layers in the 1 atm-100 mb
range.

As was noted above, $.3. Weidenschilling and J.S. Lewis [147]
proposed a model of the atmosphere of Jupiter, in which, besides
ammonia and methane, the presence of a small amount of water vapor,
with a rvelative bulk concentration p(H20)<10-*, is assumed. A
comparison of the calculated spectra of the incoming and outgoing
radiation intensities, for dry and moist conditions of the atmosphere

116



of Jupiter, showed that the effect of water vapor on intensities
:I}! and ll} are manifested only in the region of the 4.4-4.5 um
and 2.5-~2.9 um ammonia transparency windows. An increase in atmos-
pheric m01sture results in an increase in intensity of the incoming
radlatlon I;. and a decrease in Iintensity of the outgoing radi-
ation 1}’ . In other regions of the spectrum, the water wvapor

bands are overlapped by strong bands of other gaseous components.
Therefore, the effect of water vapor on the transport of thermal
radiation only appears very slightly.

Conclusion

The increasing interest in recent years in studies of Jupiter
and the successful accomplishment of the sc1ent1flc programs of
Pioneer 10 and 11" contributed to a considerable e expansion and
deepening of our ideas of the nearest Jovian planet to the earth.
Models of the atmosphere above the clouds and of the macro- and
microstructure of the cloud cover of Jupiter have been developed,
which apparently can be considered fairly realistic. There is /146
great interest in the results of theoretical studilies of the gen-
eral circulation of the atmosphere on this rapidly rotating Jovian
planet with an internal heat source. Study of the regularities
of the unusual global convection will undoubtedly contribute to
a better understanding of the characteristics of tropical circu-
lation on the earth. Studles of the radiation field of Jupiter
are of great importance. They will permit more reliable esti-
mation of the radiation balance of the planet, as well as of the
prospects of remote sounding of the atmosphere.

Despite substantial progress in study of Jupiter, much
remains puzzling on this planet. In particular, this concerns
the inner portion of the atmosphere and the core of Jupiter (a
detailed discussion of the basic problems of the study of Jupiter
can be. found in the monograph of V.G. Teifel [22]). Experience in
study of Venus and Mars has shown that the most effective means
of studies 1s spacecraft, functioning as artificial satellites of
the planet, from which remote reading of the atmospheric and
surface parameters and, in particular, direct measurements from
descent vehicles are accomplished.

There is no doubt that only spacecraft will give final answers
to questions: "as to the composition and structure of the atmosphere
of Jupiter (including its entire thickness and the cloud cover),
and will permit discovery of the physical factors which determine
the general circulation of the atmosphere.

H:G. Winkler et al [152] have discussed the interrelated
questions of the scientific program and technical accomplishment
of entry into the atmosphere of Jupiter by unmanned interplanetary
spacecraft, for direct measurements of the parameters of the atmos-
phere, rlght down to the lower boundary of the cloud cover (where
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the pressure reaches 17 atm and the temperature, 425°K) and remote
gounding of the underlying layers of the atmosphere. The basic
requirements, subject to mutual agreement, are the following: 1.
spacecraft launches in 1978 and 1980 and, on the Grand Tour, in
1979:; 2. the use of Pioneer type spacecraft; 3. the use of direct
and relay communications lines; 4. entry into the atmosphere on
the night or day side. One of the most important technical prob-
lems is the development of heat insulation, since the speed of
entry into the atmosphere is about 48 kmesec-—!.

The basic goals of the scientific program should be studies
of: 1. the chemical and isotope composition of the atmosphere;
2., cloud temperature, composition and structure; 3. the possibil- -’
ities of existence of complex organic compounds; 4. the nature of
the compounds which color the clouds. The authors of [152] char-
acterized the set of eguipment which can be used to solve the
problems listed (temperature and pressure sensors, mass spectro-
meters, radiometers for various wavelength ranges, etc.). From
the point of view of selection of a spacecraft point of entry,
moderate latitudes and longitudes, *70° relative to the sun, arve /147
preferable (the latter is necessary to ensure successful functioning
of the solar batteries). Of course, the equipment has to be
capable of functioning under the environmental conditions on
Jupiter. Data are presented in work [152] concerning calculation
of the spacecraft trajectory, communications lines and possible
combinations of the basic parameters which determine the conditions
of launch and accomplishment of the entire mission.

Of course, thevguﬁiter spacecraft project described by the
authors of [152] is only one possible alternate version. There
is no doubt, however, that just the use of spacecraft will ensure
new, most significant progress in studies of Jupiter.
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