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1. INTRODUCTION

The upper atmosphere of a planet is regarded as the
region of the atmosphere whose structure and dynamics
{temperature and density distribution, composition, and
winds) are governed by the direct absorption of solar
radiation, The diversity and complexity of the pro-
cesses taking place in the upper atmospheres have made
it necessary to develop their study into a-separate
branch of geophysics and astrophysics—aeronomy,
which uses almost all branches of physics and some
branches of chemistry.

Study of upper atmospheres has both practical and
theoretical interest. Knowledge of the characteristics
of the charged components of the upper atmosphere
{(which constitutes the ionosphere of the planet) is
needed to improve radio communications and radio navi-
gation (including space navigation); knowledge of the
characteristics of the neutral upper atmosphere is
needed to determine the trajectories and lifetimes of
artificial satellites of the planets and the trajectories
of space probes that enter the atmosphere. Clarifica-
tion of the mechanisms by which the influence of solar
activity is transmitted through the upper atmosphere to
the troposphere is one of the important tasks in the
problem of solar-terrestrial relations. Comparative
study of the upper atmospheres of different planets and,
in particular, of the dissipation of gases from the atmo-
spheres assists in clarifying the problem of the evolu-
tion of planetary atmospheres.

Because the upper atmospheres are subject to such
great variation (basically due to the solar activity), it
is necessary to make numerous experiments under dif-
ferent conditions and construct models that describe
the variation in the structure and the dynamics as a
function of the determining factors. Among the informa-
tion about the atmospheres of Venus and Mars obtained
in recent years by means of space probes, the data on
their upper atmospheres occupy an important position.
At the same time, terrestrial observations and theoreti-
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cal calculations of models have been made and these have
assisted the interpretation of the experimental data and
made it possible to predict the atmospheric conditions
encountered by descending space probes.

In this review, we summarize and analyze critically
the existing experimental data on the upper atmospheres
of Mars and Venus and the theoretical models con-’
structed to describe them, We point out the obscurities
and contradictions that remain in the description and the
problems that thus arise.

In Ch. 2, we give the mean altitude distributions of
the basic structural parameters of the atmospheres of
Mars, Venus, and the Earth and we point out the main
factors that govern these distributions. In Ch. 3, we
consider the experimental data on the upper atmo-
spheres of Venus and Mars. In Ch. 4, we describe the
theoretical formalism used to study the upper atmo-
spheres and also the main atomic and molecular pro-
cesses that occur in them. In Ch. 5, we consider the-
oretical models of the structure and dynamics of the
upper atmospheres and confront them with the experi-
mental data. For readers using the data on the upper
atmospheres, Chs. 2 and 5 are of the main interest and
to some extent Ch. 3 in order to understand the accura-
cy and reliability of the experimental data. For those
who are interested in the methods of theoretical de-
scription of the upper atmospheres, the assumptions
and simplifications made, and the problems which re-
main in this field, Chs. 4 and 5 will be helpful.

Data on the upper atmospheres are accumulating very
rapidly; they can be found in a great many papers, of
which only a certain minimum can be cited in the pres-
ent review, and they are also contained in a number of
reviews published in recent years. !~*! Some of thedata
contained in these reviews are already outdated. In-
evitably, the data in the present review will be out of
date after a certain time, especially in view of the fact
that the Soviet probes Venera 9 and Venera 10 are cur-
rently on their way to Venus and the American Viking 1
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TABLE I

Venus Earth Mars Jupiter
Mean distance from 0.723 1 1.524 5.203
the Sun, a.u.
Period of revolution, 224.7 365.26 687.0 4332.6
terrestrial days
Eccentricity of orbit 0.0068 0.0167 0.0934 0.0484
Mean radius, km 6050 6370 3385 ~ 70000
Mass, in terrestrial 0.814 1 0.107 317.4
masses
Density, g/cm® 5,25 5.52 3.97 1.33
Acceleration of 878 978 372 2300-2700
gravity on the
surface, cm/sec?
Angle of inclination 0-2° 2327’ 23°57' 3°4'
of equator to plane
of orbit, deg
Solar days 118 Earth days 23.93 h 24.62 h 9.93 h
Solar flux, 2.66+10° 1.39-10¢ 6-10° 5.14-10
erg-cm™-«gec!
(rel. Earth) 1.91 1 0.428 0.037
Integrated spherical 0.77 0.29-0.35 0.26 0.45-0.50
albedo
Main atmospheric CO, Ny, O CO,, Ar H,
components .
Mean pressure at
surface, atm 100 1.0 6.0-107% | —
Mean temperature 750 °K 290°K 210°K -
at surface
Equilibrium temperature | 228 251 218 105
Teq

Data mainly taken from!!?;

some corrections from later sources,

and Viking 2 are on their way to Mars. However, I
hope that the greater part of the information given in
this review is reliable and that the review will help both
those who use the data on the upper atmospheres and
those who take part in the further development of pian-
etary aeronomy.

2. GENERAL PICTURE OF THE STRUCTURE OF THE
ATMOSPHERES OF THE TERRESTRIAL PLANETS

It is well known that the terrestrial planets—Venus,
Earth, and Mars—are similar as regards a number of
the astronomical parameters that influence the atmo-
spheric characteristics (distance from the Sun, size,
mass) and differ greatly from Jupiter and the other
giant planets (see Table I). However, there are a num-
ber of important differences between them: the fast ro-
tation about an axis of the Earth and Mars and the slow
retrograde rotation of Venus, which results in a dura-
tion of solar day on Venus equal to about 118 terrestrial
days; the small eccentricity of the orbit of Venus and
small inclination of its equator to the plane of the orbit,
leading to the absence of seasonal variations in its
atmosphere, and the large eccentricity of the orbit of
Mars; the pronounced magnetosphere of the Earth and
the much weaker magnetospheres of Venus and Mars.
Although the flux of solar radiation on Venus is almost
twice, and on Mars less than half, the flux on the Earth,
the large albedo of Venus and the small albedo of Mars
decrease the influence of this difference, so that there
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is little difference between the equilibrium temperatures
{(see Table I), On the other hand, the structural param-
eters of the lower atmospheres are very different: The
atmosphere of Venus is much hotter and denser than the
atmosphere of the Earth while the atmosphere of Mars
is much colder and more rarefied. Finally, the atmo-
spheres of Mars and Venus consist basically of carbon
dioxide but the atmosphere of the Earth consists mainly
of nitrogen and oxygen. These differences indicate that
the atmospheres have evolved differently. Comparison
of the temperature of the surface and the equilibrium
temperature shows that there is an especially strong
greenhouse effect on Venus and less strong one on the
Earth.

Let us consider the distributions of the atmospheric
temperature T with altitude h on Venus, Earth, and
Mars (Fig. 1). These distributions reflect the specific
properties of the different atmospheric layers and they
are used to introduce the names given to these layers.
We should point out immediately that in Fig. 1 we give
the mean, most probable distributions constructed from
data of different accuracy and reliability; these data will
be considered below. As can be seen from Fig. 1, the
lowest layer in the atmospheres of all three planets—the
troposphere—is characterized by a decrease of the tem-
perature with altitude. The thermal regime of the tro-
posphere is governed by the convective transport of heat
into the atmosphere from the surface of the planet,
which is heated by the visible and infrared solar radia-
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FIG. 1. Profiles of the temperature in the atmospheres of

Venus (1), Mars (2), and the Earth (3) for high (4) and low (5)
solar activity, during the day (open symbols) and by night
(solid symbols).

tion, an appreciable fraction of which passes through
the atmosphere. Above the troposphefe, radiative
transfer becomes important (because of the increase in
the mean free path of infrared photons due to the lower
density), the temperature gradient decreases, and the
temperature profile gradually becomes isothermal. On
the Earth, the temperature again increases with the al-
titude up to #~50 km, where there is a maximum

T ~270-290 °K (due to the absorption of the near ultra-
violet by ozone). The region extending approximately
from h=11-16 to 2=50-55 km is called the strato-
sphere. Then, at altitudes from 50-55 to 80-90 km
(this region is called the mesosphere) T again de-
creases to Tgs~170-130 °K. On Mars and Venus (where
there is no maximum on account of the low ozone con-
centration) it is appropriate to refer to the entire re-
gion in which radiative transfer is predominant as the
mesosphere (although on some occasions it is called

the stratosphere and in*!? Dickinson introduces for
Venus both a stratosphere and a mesosphere, which are
separated by a small temperature maximum obtained in
calculations; see Fig. 22 below). On Mars the meso-
sphere is situated approximately between 30 and 70 km
andon Venus approximately between 50 and 125 km. The
equilibrium temperature 7,, is equal to the temperature
near the mesopause (upper boundary of the mesosphere),
whence infrared photons escape into outer space (cf.
Table I and Fig. 1),

Above the mesopause, the temperature again in-
creases with the altitude and its profile 7(k) then be-
comes isothermal. This region is called the thermo-
sphere, Its thermal regime is governed by the absorp-
tion of ultraviolet and x-ray solar radiation and removal
of energy by heat conduction downward into the meso-
sphere. In the upper thermosphere, the infrared radia-
tion is negligibly small since collisions between mole-
cules are so rare that there is no effective excitation of
the molecular vibrational levels from which infrared
photons are emitted (this is the phenomenon of so-called
vibrational relaxation). Finally, at altitudes at which
the mean free path ! is greater than the scale height
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H,(1/H,=—dlon/dhy n is the concentration of particles)
we have the exosphere—the outer region of the atmo-
sphere, where the atoms move with virtually no colli-
sions and the atoms that in their last collision near the
thermopause {(or the base of the exosphere at the alti-
tude where ! =H) acquired a velocity greater than the
critical velocity leave the atmosphere (the so-called
process of thermal dissipation), and the remainder
move along ballistic trajectories and then return to the
thermopause. The base of the exosphere is situated on
the average at an altitude of about 500 km on the Earth,
around 210-250 km on Venus, and around 180-230 km
on Mars, ‘

It can also be seen from Fig. 1 that in the thermo-
sphere the thermal regime is so variable that one can
conveniently consider several profiles corresponding to
high and low levels of solar activity and also day and
night conditions, whereas in the lower lying layers the
changes are comparatively small and it is sufficient to
consider only one mean curve.

In Fig. 2, we compare for the Earth, Mars, and Venus
the altitude profiles of the concentration, which de-
creases with altitude exponentially in accordance with
the barometric formula

A
n () =n (ko) Tg- oxp ( — § k- dn'), (1)
ho

where R, is the universal gas constant, M is the molec-
ular weight, g is the acceleration due to gravity, and &
is the altitude. The density and pressure also decrease
exponentially with the altitude in accordance with ex-
pressions analogous to (1),

It can be seen from Figs. 1 and 2 that the very large
differences in the structure of the lower atmospheres
(the much denser and hotter troposphere of Venus com-
pared with the Earth and the much colder and more
rarefied troposphere of Mars) decrease in the upper
atmospheres, so that the concentrations in all three
planets are similar at altitudes 129-150 km,

As we have already said, the atmospheres of Mars
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FIG. 2. Profiles of the concentration of neutral particles by
day for high solar activity in the atmospheres of Venus (1),
Mars (2), and the Earth (3).
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for high solar activity on Venus (1), Mars (2), and the Earth
(3).

and Venus consist predominantly of CO,, while the atmo-
sphere of the Earth consists predominantly of N, and O,.
In the Earth’s atmosphere, because of turbulent mixing,
the composition does not change with altitude (the rela-
tive concentrations satisfy n,/n =const, and the molecu-
lar weight M =3, M,n, /n =const) from the surface to the
altitude 4, =105+5 km (homopause or turbopause; the
region of constant composition in i < kg is the homo-
sphere; the region of variable composition in 4> kg is
the heterosphere). In the homosphere, the concentra-
tion of each component is distributed with altitude in ac-
cordance with the barometric formula with scale height
H, determined by the mean molecular weight:

1 _Mg+dlnT
H, = R dr

whereas in the heterosphere there is a diffusion separa-
tion of the components, as a result of which each of
them is distributed in accordance with the barometric
formula with the scale height

1 M

dinT
= Ra T

dh

i.e., the concentrations of the heavy components de-
crease with altitude faster than for the light components.
There are indirect data (see below in Sec. C of Ch. 5)
that in the atmospheres of Mars and Venus there are
also homospheres and heterospheres, although the al-
titudes of the homopause are as yet known only very ap-
proximately. The change in the composition of the up-
per atmosphere is also governed by photodissociation:
Beginning at a certain altitude, the atmosphere contains
atomic oxygen O, and on Mars and Venus CO as well.

Short-wave solar photons with wavelengths shorter
than 900-1000 A ionize the atmospheric particles, giv-
ing rise to the ionosphere of the planet. The ionospheres
of Mars and Venus are similar but very different from
the Earth’s (Fig. 3). The ionosphere of the Earth is
more pronounced and extended, with concentrations (by
day at a high solar activity) up to (1-3) - 10® electrons
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and ions in a cubic centimeter at the principal maximum,
which is situated on the average at an altitude of about
300 km. In contrast, the ionospheres of Mars and Venus
occupy a much narrower range of altitudes, have a prin-
cipal maximum on the dayside at an altitude of 140-150
km, where the concentration of electron-ion pairs is of
order 10° cm™, On the nightside of Venus, the concen-
tration at the principal maximum (which is situated at
about the same altitude as on the dayside) is of order

10* cm™. In the nightside ionosphere of Mars, the con-
centration is about 5- 10° cm™, These differences are
explained, first, by the different composition of the
neutral atmosphere and, second, by the presence of the
strong magnetosphere of the Earth, which is about 10*
times stronger than the weak magnetospheres of Mars
and Venus (see Sec, F in Ch. 5).

3. EXPERIMENTAL DATA ON THE UPPER
ATMOSPHERES OF VENUS AND MARS

A. Venus

Of great importance for the description of the upper
atmosphere of Venus were the measurements of the pa-
rameters of its lower atmosphere (in particular the
demonstration that CO, is predominant at 97 + 3%) by
means of the gas analyzers on Venera 4-6 (see!?'1%))
and also the measurements of the temperature and pres-
sure made by Venera 4-8 (©14-17) and the density and
temperature measured by Mariner 5 and 10 (18-231),
which made it possible to construct altitude profiles of
the temperature and density to an altitude of about 90 km
(see Figs, 1 and 2) and establish that to this altitude the
temperature differs little on the day and night sides of
the planet and varies little with the time,

The first measurements in the upper atmosphere of
Venus were refraction measurements made when Venus
occulted the star Regulus, from which it was deter-
mined, albeit with low accuracy, that at altitude 120 km
the concentration is 7 =6 - 10!* cm™, the scale height
H=6+2km, and T=190-380 °K ([24251),

A number of data on the upper atmosphere were ob-
tained by Venera 4 and Venera 6, which entered the
atmosphere of Venus on October 18, 1967 and May 16,
1969, and also by Mariner 5 and Mariner 10, which flew
past Venus on October 19, 1967 and February 5, 1974,
respectively.

Ultraviolet photometers and spectrometers on Venera
4 and 6 and Mariner 5 and 10 measured the altitude pro-
files of the emission intensity invarious spectral lines
and bands in the upper atmosphere of the planet, from
which the concentrations of a number of the atmospheric
components were determined with a certain accuracy.

The instruments measured the integrated (along the
line of sight) intensity in the given line (or band) I%(n).
In principle, given I%(4) one can, by solving an in-
tegral equation, find the volume luminosity #(k); if
the layer of gas has a large optical thickness, it
is also necessary to take into account multiple ab-
sorption and emission of photons. Then, from i}(h)
one can calculate the concentrations n, of the emit-
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FIG. 4. Profiles of the concentration of hydrogen in the
atmosphere of Venus according to the data of measurements by
Venera 4 (1), Venera 6 (2), and Mariner 5 (3).

ting particles if one knows the mechanisms of their ex-
citation, it being necessary to remember that one line
may be excited by several mechanisms (resonant scat-
tering of solar radiatipn, photodissociation and photo-
ionization with excitation, impact excitation by photo-
electrons, excitation resulting from dissociative recom-
bination). As the finding of n,(k) from I3(k) is not only
complicated but also subject to large error, the proce-
dure adopted in the majority of cases was as follows.
First, on the basis of a model, altitude profiles of the
concentrations »,(h) were specified and from them (k)
and I%(k) calculated; then, comparing the calculated pro-
files I%(h) with the experimental profiles and varying the
parameters n,(k) of the model the best correspondence
was achieved. It is true that in this case the solution is
not unique since one and the same profile I ’{(h) can be
obtained by varying either the temperature profile 7'(k)
or the boundary value of the concentration ,(%,); how-
ever, it is possible to obtain concentrations accurate to
within a factor 2-3 and sometimes better (see, for ex-
ample, Figs. 9 and 10 below).

Measurements of the scattered Lyman o radiation of
hydrogen at 1216 A by Venera 4 and 6 yielded the dis-
tribution of hydrogen in the nightside exosphere of
Venus: from n; =300 ¢cm™ at the planetocentric distance
7=6900 km 0 2z =1.5 cm™ at »=22100 km (Fig. 4); the
scale height of this profile corresponded to a tempera-
ture I, ~300 °K of the nightside exosphere, [26:27]

Analogous measurement on Mariner 5 on the dayside
of the planet gave the profile n(k), from the upper part
of which 7_,~650 °K at moderate solar activity, corre-
sponding to Fq q=120" (%%-39) while Mariner 10 mea-

DAs index of the solar activity one frequently takes F,, ,, the

flux of solar radio radiation at the wavelength 10.7 cm, which

is satisfactorily correlated with the ultraviolet solar flux that
heats the upper atmosphere and with the sunspot number.
This flux varies from Fy; ,=65-75 (in units of 10"2> W-m™
+Hz™Y) at a low, to Fy, ;~200-250 at a high solar activity,
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surements gave T,.,~400 °K at a low solar activity cor-
responding to Fyy , =75 (**¢?). Extrapolation of the ex-
perimental data gives 7,4(210)=10° cm™ at the base of
the exosphere.

The lower part of the ny(k) profile obtained from the
Mariner 5 measurements at altitudes < 3000 km had
half the scale height H of the upper part; different ex-
planations for this have been proposed, none of which -
is completely satisfactory (presence of a large a.mounti.
of deuterium, two-temperature mixture of gases, and .
other explanations ®'~3J), so that the fact itself has been
doubted, ©%! -

From the emission intensity in the atomic oxygen liné
1304 A the concentration of atomic oxygen was esti-
mated at from one to a few percent of the CO, concen-
tration at the altitude 135-140 km; the problem is com-
plicated by the large optical thickness (r ~10%) and a cer-
tain uncertainty in the knowledge of the characteristic
excitation mechanisms (this line is excited by resonant
scattering of solar photons, photoelectron impact, and,

to a certain extent, by dissociative recombination of
Coyj). 1=t

From the fact that no 1304 A emission was detected
on the nightside of Venus by Venera 4 it was concluded,
with allowance for the sensitivity of the instrument, that
at altitude % =300 km and zenith angle x~107° of the
Sunz,(300)<2- 10° cm™ (126:2"), However, Strickland
has objected that the concentration could be greater and
that the absence of emission could be explained by the
photons not penetrating to this altitude at the given zenith
angle because of the great optical thickness, t0!

On the dayside of Venus, 1304 A emission was also
measured from a rocket launched from the Earth to an
altitude of 150 km, the intensity measured from approxi-
mately half the dlsk being equal to 11 kR during the
flight on December 5, 1969 and 5.7 kR (5.7 - 10° pho-
tons - cm™ - sec™) durmg the flight on January 25,

1971, %4141 On Mariner 10, the limb 1304 A mten51ty
was equal to 17 kR, (381 The oxygen concentration on the
dayside of Venus estimated from these data ranges from
a few to about ten percent of the CO, concentration at
the altitude 135-140 km,

Mariner 10 also measured the emission intensity in
the helium line 584 A, which was equal to 0,61 kR.
From this it was estimated that the helium concentration
at altitude 200 km is of order 10° cm™.%8) In addition,
Mariner 10 detected CO emission (4-th positive system
of bands in the region of 1480 A 55 kR), C (1657 A 30
kR), and also Ar (867 and 1048 A) Ne (740 A), He*

(304 A), and strong unidentified emission in the region
of 1500-1600 A, (381

Data on the profile of the electron density n,(%) in the
ionosphere of Venus were obtained by the radar-occulta-
tion method when the space probe disappeared behind
the planet and re-emerged,

When a radio wave passes through an atmosphere, the
frequency, phase, and amplitude are changed. The neu-
tral and charged components affect the refractive index
differently; if radio waves of two frequencies are used,
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FIG. 5. Distribution of electron density in the ionosphere of
Venus. a) High solar activity (according to data of Mariner 5),
b) low solar activity (according to data of Mariner 10),

these influences can be readily distinguished, The ma-
jority of data on the ionosphere was obtained from the
change in the phase shift resulting from passage of the
radio waves through the ionosphere. The refractive
index at given altitude, which depends on n,, was ob-
tained from an integral equation, anumber of simplifying
assumptions usually being made (spherical symmetry
of the ionosphere, absence of multipath propagation,
and others'2i12248) A5 3 result of the simplifications,
the error in the determination of n,(k) is rather large:
In the best case it is of the order of tens of percent, but
under unfavorable conditions it amounts to an order of
magnitude. (4748

The electron deunsity profiles obtained by the radar-
occultation method with Mariner 5%1224%:50 (pjo  5)
show that in the dayside ionosphere there is maximum
at altitude /=142 km, where 7, 4, =(5.5+0.5) - 10° cm™,
Above the principal maximum, », decreases right out to
200 km with scale height H=28 km. This scale height
corresponds to a temperature of 630 °K (**!%2)) which
agrees well with the temperature found from the scale
height for the upper part of the hydrogen concentration
profile., At approximately 200-400 km the scale height
of the electrons is much greater, this obviously being
due to the presence of light ions. At an altitude of about
500 km, there is a sharp drop in n,—a “plasmopause”~
(from n,~10* to n, £10° cm™), whose presence can be
explained by compression of the ionosphere by the solar
wind, {21/22:461 The nightside ionosphere had a maximum
at approximately the same altitude as the dayside iono-
sphere, with 7,4, =2+ 10* cm™, and then, to an altitude
of about 200 km, », decreased with a constant scale
height, after which, to about 10000 km, n, remained in
the range 10?-10° em™,

The n,(h) profile measured at low solar activity during
the flyby of Mariner 10 (*%*7) (Fig. 5), had principal max-
imum 7, 5., =3 - 10° ¢m™ at altitude k=145 km and addi-
tional maxima at about 180 and 240 km; a plasmopause
was noted near 350 km but less clearly expressed than
in the Mariner 5 experiment. In the nightside profile,
two peaks were discovered: one at 140 km with 7, ~10*
cm™ and another, separated from the first by a deep
minimum, with a somewhat lower n, at altitude 120 km.

Motions in the mesosphere of Venus, at altitudes
65-175 km, were first detected from the motion of the
characteristic cloud details distinguished on photo-
graphs made on the Earth in the near ultraviolet, in the
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range 3500-3700 A, $53-%61 and then later a more de-
tailed picture was obtained by means of television photo-
graphs through a filter with effective wavelengths
A~3550 A as Mariner 10 swung past Venus, " On the
basis of these data, we obtain the following picture of
the motions at the level of the cloud layer on Venus
(Fig. 6): The atmosphere here rotates strongly, over-
taking the rotation of the planet: The linear velocity of
the surface of Venus with respect to the planet—Sun line
is about 4 m/sec (which corresponds to solar days equal
to about 118 terrestrial days) and the zonal (directed
along parallels) component of the mesosphere velocity
near the equator is v, ~99-100 m/sec (which corre-
sponds to rotation around the planet in about four days).
The zonal component of the velocity increases with in-
creasing latitude, reaching about 200 m/sec at altitude
50°; at this latitude, the meridional component of the
velocity is about 10 m/sec. The streamlines diverge
from the equator to the pole. The cloud details indicate
the presence of convective cells in the equatorial region
and (even more developed) in the region around the sub-
solar point. These motions are evidently also present
in the cloud layer itself: indeed, the altitude profile of
the wind obtained by Venera 8 (Ref. 17) indicates an in-
crease in the velocity from 50 to 80 m/sec at altitudes
from 40 to 50 km,

A number of conjectures have been put forwardt—!]
to explain the remarkable fact of the rapid rotation of
the mesosphere of Venus, According to the most de-
veloped conjecture, this rotation develops as follows, %!
As a result of heating of the atmospheric gas by the so-
lar radiation, convective cells arise, in which the gas
rises at the subsolar point and sinks at the antisolar
point. The major part of the heat is liberated near the
lower boundary of the layer, andheat is transported upward
by heat conduction; because of the finite thermal conductiv-
ity, the heating of the upper layers lags in phase behind
the heating of the lower layers. This means that the
isotherms and the convective cells are inclined to the
side opposite to the motion of the source relative to the
gas. As aresult, there arises a vertical flux of the
horizontal component of the momentum, which causes
an increase with altitude of the mean horizontal velocity
in the direction of rotation of the planet. Shubert and
Young, ‘! who have made numerical calculations in a
simplified model, have shown that because of this effect
the velocity in the mesosphere of Venus can indeed in-
crease with altitude, reaching values near those ob-

FIG. 6. Pattern of winds in the mesosphere of Venus deduced
from television photographs in the ultraviolet taken by Mariner
10, 1) Subsolar region, 2) polar region, 3) equatorial bands,
4) spiral bands, 5) waves, 6) convective cells.
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FIG. 7. Ultraviolet spectra of the emission of the atmosphere
of Mars according to Mariner 9 measurements.

served. Analyzing the dimensionless numbers that
govern the solution of the problem, they also concluded
that such a rotation cannot occur on Mars or on the
Earth.

B. Mars

The atmosphere of Mars (like Venus) consists pre-
dominantly of CO, (up to 65-95%, as was established
by comparing different experimental data'®®10)  Ac-
cording to the data of the mass spectrometer on Mars 7,
the atmosphere of Mars contains 25-35% of an inert gas,
most probably argon, lezl of gmall components, there
are: CO (relative volume concentration nq, /ncoz
=2.10%), 0O, (~10%), H,0 (~107); indirect data also
indicates that there may be N, (5« 107°~5.10%), H,
(~5-107%),

The rarefied lower atmosphere of Mars (mean pres-
sure at the surface p, =6.0 mb'*®"?) ig subject to large
temperature variations (diurnal and seasonal, as a re-
sult of which the temperature of the surface varies in
the range 150~-290 °K). The vertical profiles T(k) are
also variable, and the vertical temperature gradient is
sometimes nearly adiabatic, while during dust storms
the profile T'(h) at altitudes 0-30 km sometimes be-
comes almost isothermal. The variable lower atmo-
sphere, in which there are obviously strong winds and

nH, cm"
04
10

107

IS S EE—
w2 18 10* h,km

FIG. 8. Profiles of the concentration of atomic hydrogen in
the atmosphere of Mars, 1) Data of Mars 3, 2) data of Mariner
6 and 7.
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FIG. 9. Intensity of oxygen emission at A1304 & for Xo =44°

as a function of the altitude from measurements by Mariner 6
and 7 (hatched region). The curves are taken from McElroy’s
models: 1) for ny(125)=5+107, T,=435°K; 2) for ny(125)
=1.10%, T_,=364°K; 3) for n,(125)=6+10%, T._=364°K.

turbulence, ®%®4 myst have a strong dynamical influ-

ence on the upper atmosphere (there are indirect proofs
of this; see below).

A large number of experimental data on the upper
atmosphere of Mars were obtained by the Mariner and
Mars space probes. The data on the ultraviolet atmo-
spheric emissions obtained by means of the photometers
on the latter®—% 5nd the Mariner spectrometers -7+
have made it possible to calculate the vertical profiles
of the concentrations of a number of the atmospheric
components, determine the temperature from their
scale heights, and also clarify the role played by vari-
ous physical and photochemical processes taking place
in the upper atmosphere. Figure 7 shows the spectra
obtained by Mariner 9 and the identified emissions.

From the emission of the atmosphere in Lyman a
(1216 A) the vertical profiles of the hydrogen atoms for
August 1969 were calculated from the data of Mariner 6
and 7 (*"51) and for January 1972 from the data of Mars
3 (f65:86:89]) (Fig, 8). The temperature of the exosphere
corresponding to these distributions is T_=300-350 °K.
The appreciable differences in ny (by a factor 1.5 at
altitude 250 km) were explained inf®-68] by the large
variations of ny in the atmosphere of Mars, since atomic
hydrogen appears in the atmosphere mainly as a result
of photodissociation of H,O, and infrared spectrometers
revealed variations of the H,O concentration on Mars

in the range from about 10 to 70 um precipitated wa-
ter. L76,77)

To estimate the concentration of atomic oxygen, the
lines 1304, 1356, and 2972 A were used, '37~%%78) [ the
majority of these investigations, an estimate was found
for the relative concentration of oxygen at the altitude
of the ionospheric maximum, i.e,, at altitude 135-140
km; this concentration lies in the range #4(135) =(0. 5~
3%)nco,, i.e., n°=5.10"-8-10° cm™. According to the
results of Mars 6, 7,(100) =(2-8) - 10° cm™. %" To a
considerable degree, these discrepancies reflect the in-
fluence of the errors of the measurements, the uncer-
tainties in the characteristics of the processes (see
above in connection with the measurements on Venus),
and the ambiguity in the determination of the profile
ny(h) resulting from the choice of the model (see, for
example, Fig. 9, which shows that the intensity profiles
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FIG. 10. Intensity of ultraviolet emissions on Mars from ex-
periments and models. Models 1—-4 under different assump-
tions about the recombination processes and the predominant
ions, 1821

I 3p4(k) measured by Mariner 6 and 7 are equally well
described by 7,(125) =5 - 107, T, =435 °K or n,(125) =
1.10% T_=364°K). However, in estimating these dis-
crepancies one should not forget that to a considerable
degree they may reflect real variations in the oxygen
concentration, particularly as a function of the solar
zenith angle and the solar activity, as follows from
theoretical models.

It is very difficult to determine the CO concentration.
The detected emissions—the Cameron bands (a®l - X'%)
and the 4-th positive system of bands (A'll - X'%) are
generated basically in the dissociation and excitation of
CO, by electrons and photons (as a result of which the
profiles of these emissions have a scale height equal to
that of CO, and not CO). Thomas, 8! analyzing the dis-
tribution of the intensity over the vibrational levels,
estimated that the concentration of CO relative to CO,
at altitude 135 km is approximately 0.3-1%.

From the emission of carbon in the lines 1561 and
1657 A it has been estimated!™! that the concentration
of carbon atoms at altitudes 150—-200 km is of order
ne~10* em™,

From the absence of nitrogen emission in the spectra
obtained by Mariner 6 and Mariner 7 and with allowance
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for the sensitivity of the instrument it has been shown
that 0.5-5.0% nitrogen can be present in the atmosphere
of Mars (depending on the mixing conditions; the value
is probably closer to the lower limit), {80-81]

The emission of the ion COj (A%M, - X°I1,) and (B%>;
- X?N,) has been used to estimate the concentration of
this ion at altitudes 130-200 km. 2831 Ji has been con-
cluded (with allowance for radar-occultation electron
density data) that the CO} ion constitutes about 30% and
the O; ion about 70% of the total number of ions.

As we have already noted, the altitude profiles of the
emission in the Cameron band have the CQ, scale
height. Fromthe measurements on Mariner 6 and 7
this was used to obtain the scale height Hoo, =19+4.5
km, corresponding to T, =335+75°K. It is true that
allowance for other emissions led to the conclusion that
the best value is 7, ~350 °K. 82}

Similar measurements on Mariner 9 made it possible
to follow the variations of Hgo, and hence T, for about a
month, during which the index of solar activity varied
in the range Fyp,;=109-145," These data reveal the
following facts, which are important for understanding
the thermal regime of the thermosphere: The intensity
of the CO emission (a - X) is well correlated (correla-
tion coefficient 0.8) with Fyy , (Fig. 11a), whereas Heo,,
and therefore T, -at altitude 150-200 km does not depend
clearly on Fy, ;, althoughitundergoes very strong varia-
tions (Fig. 11b), fluctuating from 14,8 to 24.3 km with
mean value 17. 8 km (which corresponds to variations
of T (150-200) from 270 to 445 °K with mean value
325 °K). At the same time, according to the model of*82?
the scale height for the given variation of F,; ; must
change by only 2 km, We shall discuss these facts a
little later.

The radar-occultation experiments performed by
Mariner 4, 6, 7, and 9 and Mars 2-6 made it possible
to measure the electron density profile »,(h) in the iono-
sphere of Mars. ®*%% gome of these profiles obtained
with Mars 2, 4, and 6 are shown in Fig. 12, Figure 13
shows the variations with altitude of the principal iono-
spheric maximum #,,,, the electron density at the prin-
cipal maximum 7, .., and the scale height of the elec-
trons H, above the maximum during the period of oper-
ation of Mariner 9 (first 80 revolutions; November—
December 1971 and the following; May—June, 1972),

25~
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FIG. 11. Intensity of emission in the band CO (a — X) (a) and
scale height of CO, (b) as a function of the solar activity index
Fyoare
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The radar-occultation data show that at the principal
ionospheric maximum, which occurs at an altitude be-
tween 120 and 150 km (depending on the solar zenith
angle and the level of solar activity) the dayside elec-
tron density (at x=50°) is approximately equal to (1-2)

- 10° cm™, near the terminator it is (4-8) - 10* cm™,
and at night (at x=127°) it is#,=4.6-10° cm™. A num-
ber of profiles exhibit an additional maximum 20-30 km
below the principal maximum. In Fig, 13 it can be
seen that whereas 7, ,,, and k,,, vary in agreement with
the theoretical model (dashed curve, though the agree-
ment does get worse at large x), the variations of H,
are more complicated: In the firstperiod of measurements,
H, did not change strongly about the almost unchanged av-
erage value H,, ~38 km (the CO, scale height behaved in
approximately the same way; see Fig. 11) although the
level of solar activity changed appreciably (F, ,=109-
145). In the second period one can see that there was
an appreciable increase in H, (approximately from 25

to 50 km), whereas Fyy ,~100-170. These facts can be
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FIG. 13. a) Variation of scale height of electrons above the

ionospheric maximum with the time; b) dependence of the
electron density at the ionospheric maximum on the zenith
angle of the Sun; c) dependence of the altitude of the iono-
spheric maximum on the zenith angle of the Sun. The circles
are experimental points and the dashed lines are deduced from
models.
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FIG. 14. Temperature of the upper thermosphere of Mars T,
as a function of the solar activity. 1) Deduced from the hydro-
gen scale height, 2) from the CO, scale height, 3) from the
plasma scale height.

explained as follows, If one summarizes the data on
the temperature (Fig, 14)8 determined from the scale
heights of hydrogen, the electrons, and CO, as deter-
mined by the experiments with Mariner 4, 6, 7, and 9
with solar activity varying from F,; , =75 to Fy, , =190,
the dependence of T, on Fy, , becomes obvious: At low
solar activity T, ~250-270 °K and at high activity 7,
~350-400 °K. This dependence can be described by the
expression T, =1.2F,, ,+160, though it should not be
forgotten that, because of the small amount of data, the
coefficients need to be made more accurate (neverthe-
less, this dependence is, in my opinion, more accurate
than the one proposed by Steward and Hogan®"), At the
same time, it can be seen from Fig. 14 that at the end
of 1971 (when Fy; ,~100-140) this dependence was
blurred. This can be explained by the influence of an
additional heat source. This could be, as is noted in™,
dissipation of gravity waves arriving from the tropo-
sphere, which could have been particularly intensive
because of a global dust storm on Mars at that time,

4, FUNDAMENTALS OF THE THEORETICAL
DESCRIPTION OF THE UPPER ATMOSPHERE

The diversity and complexity of the processes that
occur in the upper atmosphere lead to the use of numer-
ous simplifications in the construction of models. It is
helpful to consider first the general formulation of the
problem, which will make it easier later to evaluate the
simplifications used to calculate concrete models.

A. System of equations for describing the structure and
dynamics of the upper atmosphere

The upper atmosphere of a planet is a multicomponent
mixture of rarefied gases subjected to the periodic in-
fluence of short-wave solar photons, which give rise to
photodissociation, photoionization, and a number of
other processes that ultimately heat the gas, change its
composition, and generate motions in it. #1941 At the
same time, since the particle concentration n decreases
exponentially with altitude, the mean free time in-
creases as 7, = {novy)™ (o is the collision cross section
and vy is the mean thermal velocity), which is equal in
order of magnitude to the time required to establish
equilibrium with respect to the translational degrees of

M. N. fzakov 511



freedom. The time required to establish equilibrium
with respect to the vibrational degrees of freedom of the
molecules is several orders of magnitude longer. Some
chemical reactions have much longer characteristic
times. As a result of the operation of several processes
at great altitudes there is a departure from local ther-
modynamic equilibrium, which is expressed in a differ-
ence between the temperature of the ions, electrons,
and neutral particlest104105:159:207:210) 5ng pogsibly in a
certain difference between the temperatures of the neu-
tral components on Mars and Venus, ''%? and in a differ-
ence, under certain conditions, between the vibrational
and kinetic (translational) temperature of nitrogen'®’’;
in the constant presence of chemically active compo-
nents {(such as O, O,, and others) and particles with
excited metastable energy levels™®1941%8). finally in
deviations from Kirchhoff’s law and of the emission of
the atmosphere at thermospheric altitudes from the
Planck distribution, £1-20%1101

A complete description of such a system is possible
by means of a system of modified Boltzmann equations
for each component of the atmosphere (with collision
integrals for both elastic and inelastic processes) and
the equation of radiative transfer,'%-19 However,
such a description is not only too complicated but also
too detailed: In a number of problems one needs to
know, not the complete distribution function, but only
its moments describing the macroscopic parameters of
the atmosphere.

To considerable heights in the thermosphere (as long
as the mean free path / of the molecules is much less
than the scale height H and the mean free time is much
shorter than the characteristic time of the problem un-
der consideration) the thermal regime, the composition,
and the motion of the upper atmosphere can be described
by a system of hydrodynamic equations of Navier-Stokes
type. 1011031 Thig system is obtained from the Boltz-
mann equations by successive multiplication of those
equations by the masses, momenta, and energies of the
particles and integration over the velocity space, [111:112]
It is true that in the upper thermosphere (where the
Knudsen number K =I/H lies approximately in the range
0.2 <K< 1) one should strictly speaking use the Boltz-
mann equation since under these conditions the heat flux
vector and the viscous stress tensor are determined with
a certain error in the Navier—Stokes approximations;
however, this error is here not very important since
the mass, momentum, and energy fluxes are so great
that over short characteristic times diffusion equilibri-
um is established with isothermal temperature profiles
and velocity field that is homogeneous in altitude (see
Sec. A of Ch. 5). In addition, comparison of the theory
with certain experiments in rarefied gases shows that
the Navier—Stokes equations are suitable for fairly large
values of K (almost up to K~1), @%1 A different way of
describing the upper atmosphere is also used--by means
of the equations of Grad’s 13-moment approxima-
tion, [190:240) jt peing assumed that these equations hold
to larger K values than the Navier-Stokes equations.
However, from various papers one can conclude that
the equations of the higher approximations, like the
Navier-Stokes equations, are valid only for sufficiently
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small K, though they may give a more detailed descrip-
tion of certain effects, 2#'2%21 The description of the
exosphere (where K> 1) is simpler because here one
can use the collisionless Boltzmann equation, 2121

In the system of Navier—Stokes equations, the continu-
ity equations for each of the components of the atmo-
sphere have the form

T4 div (mva) = Pa— Ly, )
where n, and v, are the concentration and velocity of the
particles of the component %, ¢ is the time, P, and L,
are the rate of appearance and disappearance of the par-
ticles # in chemical and photochemical reactions (see
Sec. B of Ch. 4); the particle flux »,v, is made up of the
transport of particles with the mass velocity of the gas
v=p13pv, (pis the density), the diffusion velocity V,
and, below the homopause, also by turbulence vy, i.e.

RV =V + 1V + RV, 3

We write the diffusion flux in the approximation of a
small component and we neglect diffusion along hori-
zontals compared with mass transport:

nkvh=_Dh"h["?%h—+%Ti+(i+a) BLI:T], 4

where D, is the diffusion coefficient (for the charged
component, the coefficient of ambipolar diffusion!24%:2441)
@ is the thermal diffusion factor'!!%}; M, is the molecu-
lar weight of component 2, and 7 is the vertical coordi-
nate The turbulent flux of particles can be represented
in the formt1% 114

Rivh = — Dy, (2524 JE L 20T (5)
where Dy is the coefficient of turbulent mixing, M is
the mean molecular weight, M =n"3, Mx,. In the atmo-
sphere of the Earth, D; has been determined experi-
mentally, 1115-118) while for Mars and Venus there are
only estimates of its magnitude (see the section in Ch.
5). Comparison of (4) and (5) shows that whereas mo-
lecular diffusion tends to distribute each component in
accordance with its scale height H, (as occurs in the
heterosphere, where D, > D), turbulent mixing tends
to distribute all the components with the single scale
height H determined by the mean molecular weight M
(as occurs in the homosphere, where Dp>D,). The
homopause is situated at the altitude where D, =Dp; on
the Earth, #,=105x10 km; on Mars and Venus the alti-
tudes of the homopause are as yet known only approxi-
mately (see Sec. C in Ch. 5).

An equation of motion can be written down convenient-

ly for all of the neutral gas by summing the equations of
motion for the components, which gives

o (Sr+(VW)v)+grad p—divi—pg 45 0vai (ve —v), (6

where p is the pressure, II is the viscous stress tensor,
p is the density, v and v, are the velocities of the neu-
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tral particles and the ions, v, is the frequency of neu-
tral-ion collisions, 2%:2%} g ig the vector of the accel-
eration of gravity,

(e v 2 Oy
Top=n (axﬁ + %z, -€E6°‘“)’

and 7 is the coefficient of viscosity.

The equations of motion for the ions and the electrons
are analogous to (6) with the addition on the right-hand
side of the Lorentz force ten, (E +(1/c)[v,,,xB], where
e is the electron charge, E is the electric field, c is the
velocity of light, and B is the magnetic field of the plan-
et), and the replacement of v, by the corresponding col-
lision frequencies. 242462471 The Jast term in (6) is im-
portant on a planet that has an appreciable magnetic
field, which, influencing the ions, can give rise to a dif-
ference between the drift velocity v, and the wind veloc-
ity v.

If one uses a coordinate system rotating with the
planet (which is more convenient for local problems,
whereas for global problems a nonrotating system is
more convenient), then to the right-hand side of (6) one
must add the Coriolis force — 2p{ wxv] (w is the angular
velocity of rotation of the planet); the centrifugal force
on the planets of the terrestrial group is small and usu-
ally included in g (which then becomes a function of the
latitude).

The energy balance equation for the neutral gas ob-
tained by summing the equations for the components can
be written in the form

o [ 22D 4 (¥9) (1)) =V (xVD) + pdiv v—TL: () = Qs
—Qurt+ Qe PVn (00 — V)24 kv, (Ty — T) + kv, 22 (T, — T);
m

where ¢, =p™ 3¢, py; & is Bolizmann’s constant; » is the
thermal conductivity coefficient; Q¢ is the source of

heat due to the absorption of solar ultraviolet radiation;
Q@;r is the heat sink due to the infrared emission of the
atmosphere; @, is the heat source due to chemical re-
actions; T, and T; are the electron and ion tempera-
tures; v,, is the frequency of neutral-electron collisions;
m, is the electron mass; m is the mean mass of the neu-
tral particles (approximately equal to the mean mass of
the ions).

Analogous equations can be written down for the elec-
tron and ion gases, [244:248~2%1 The heat source for the
electron gas is the energy transmitted to it by the ther-
malization of the photoelectrons. The electron gas
gives up an appreciable fraction of its heat to the ions;
the ion gas, an appreciable fraction to the neutral gas.
Therefore, in a wide range of altitudes in the thermo-
sphere T,> T, > T. [104, 105, 159, 207, 210, 248=2501

The possibility of considering just one energy balance
equation for the neutral gas is due to the fact, as a rule,
the temperatures of the neutral components 7, differ
negligibly little. However, some exceptions are possi-
ble: According to the estimates of‘1%’ on Mars and
Venus the temperature of the light components, hydro-
gen and helium, differ appreciably (by 50-100°) from
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the CO, temperature; to calculate these effects, energy
balance equations for the individual components are
used.

In the homosphere, Eq. (7) is augmented by the gra-

dient of the heat flux ¢, due to turbulent heat conduc-
tionl:us-lzm:

o= el (G +E) (®)

and the heat source due to dissipation of the turbulent
energy*i2%),

~Dage (oT
&r "Ry, 7 \or * Z‘%)

(9)
where Ri is the Richardson number, According to the
estimate of!'2®? (under the assumption of a critical value
Ri. =0.2) the influence of e is prédominant, but accord-
ing to'?**! we have Ri,~1 and ¢r has a greater influence
on the thermal regime than ep.

The heat source due to the absorption of solar ultra-
violet radiation @,, for concentrations n, of the absorb-
ing components distributed in accordance with the baro-

metric formula (1), can be represented in the
form[l(M- 1213

Qur. =3 5 e (. 1) Faaoum exp| — 3 oymH, Ch (3, X) ] dh, (10)
1 1]

where F,. is the spectral flux of the solar radiation at
the boundary of the atmosphere, o, is the cross section
for the absorption of photons by particles of component
k, X is the wavelength of the photons, CH(x, X) is the
Chapman function, which takes into account the curva-
ture of the atmospheric layers'®1221; y ig the zenith
angle of the Sun, X =v/H (r is the planetocentric radius),
and e is the heating efficiency, i.e., the fraction of the
photon energy that goes over into heat (see Sec. C of
Ch. 4),

The infrared heat sink in the atmospheres of the
Earth, Mars, and Venus is due almost entirely to the
emission of photons in the 15-u CO, band and for an
optically thin layer can be represented in the formF123!

Qr = hvnnco,m, exp ( -—%)F(x), (1)

where hv is the photon energy, 7, is the parameter of
vibrational relaxation (a function of the temperature),
F(x) is the screening function

F (x)= 1— (1 + ) e r= (10'/"C01) 1+ (A/'"]u)]-
A7 is the radiation lifetime of the band. A maximum of
@Qrr lies near the mesopause and its values decrease
rapidly at both higher and lower altitudes. The expres-
sion (11) satisfactorily approximates the infrared sink
in the thermosphere, though to calculate the thermal
regime of the mesophere it is necessary to take into
account multiple emission and absorption of infrared
photons by solving the equation of radiative trans-
fer!1:1101 (gee Sec. B of Ch. 5). The infrared sink,
which carries into space heat that arrives both from
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‘above and below, facilitates the separate treatment of
the thermal regime of the thermosphere and meso-
sphere. The source @, can become appreciable only
in the upper mesosphere, 21

Although the absorption of ultraviolet solar radiation
is the main heat source in the thermosphere, additional
sources are possible.. First, by the dissipation of
atmospheric gravity waves arriving from the lower
atmosphere; this source is appreciable on the Earth
and there are also indirect indications that it may be
important on Mars, especially during global dust
storms. Second, due to the energy transmitted to the
atmosphere from the plasma flux of the solar wind; this
source is important on the Earth, especially at high
latitudes and during geomagnetic disturbances; its value
on Mars and Venus has not yet been investigated.

In the description of the global variations of the struc-
ture of the upper atmosphere (i.e., variations with
horizontal scales equal to the radius 7, of the planet,
vertical scales equal to or greater than the scale height
H, and time scales of the order of a day or more) the
system of equations admits a further important simpli-
fication. '3} For this, the equations are reduced to
dimensionless form with allowance for the various
scales and one calculates the values of the dimension-
less numbers (the Mach number M, the Reynolds num-
ber Re, and the Strouhal number S) from model values
of the structure parameters and allowance is made for
the quasihorizontal motions, i.e., the fact that the ratio
of the vertical, v,, and horizontal, v,, velocities satis-
fies v, /v, ~H/7ry< 1 (which is confirmed by model calcu-
lations and, for the Earth, by experiments as well).
One then makes a comparative estimate of the terms of
the equations and ignores the terms that have order 1072
and smaller compared with the main terms, As a re-
sult, in the continuity equations only the vertical com-
ponents of the diffusion fluxes are important and in the
energy equation only the vertical component of the heat
flux due to heat conduction; in addition, in the energy
equation there is a considerable simplification of the
term I1 : 8v/8r, which describes the work of the viscous
forces and which can be expressed in the form n[(av,/
87) + (8v,/87)%] (v, and v, are the zonal and meridional
components of the velocity, # is the planetocentric radi-
us, ¢ is the longitude, and @ is the colatitude). In the
horizontal projections of the equation of motion the form
of the viscous stress tensor appreciably simplifies, and
the equations become equivalent to boundary layer equa-
tions; for example, the equation for the zonal component
v, takes the form

dug dvg vg Iy vy Ovg vy
o (Tt o5+ e ag ot ®)
= t 9p (4 ) 1 .
- _rsine—ci—cp?+'5?(“ ar )+ 5 0Vt (Vi Ug)-

(2)
The equation for v, has a similar form.

The vertical projection of the equation of motion (for
motions with scales L > H and such that M? «< 1) goes
over into the equation of quasistatics:

L (13)
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From Eq. (13) and the equation of state in Clapeyron’s
form

p = nkT (14)

the barometric formula (1) follows.

We emphasize that it does not follow from (13) that
the vertical velocity v, can be ignored, as it is in a num-
ber of models. The vertical velocity plays an important
role, giving rise to an additional source and sink of heat
accompanying adiabatic compression and expansion of
gas in the gravitational field. In calculations, v, is de-
termined basically by the continuity equation, {19196

The boundary conditions for the system of equations
that describe the structure and dynamics of the upper
atmosphere are specified on the upper boundary on the
basis of the absence of fluxes of energy, momentum,
and mass to infinity (in the continuity equations for the
light gases, allowance is made for their dissipation
from the atmosphere); at the lower boundary one usually
specifies empirical values of the structure parameters.

B. Elementary processes determining the energy sources
and composition of the upper atmosphere

Short-wave (ultraviolet and x ray) solar photons, ab-
sorbed in the atmosphere, cause photodissociation and
photoionization of the atmospheric atoms and molecules,
including excitation of the quantum energy levels of the
resulting particles, The excitation energy is either re-
emitted or (from metastable levels) transmitted to other
particles by impact deactivation. The dissociation prod-
ucts may once more associate in triple collisions (or,
with much smaller probability, as a result of radiative
agsociation), but this process has an appreciable prob-
ability at rather low altitudes (in the mesosphere), and
therefore the dissociation products first diffuse from
the thermosphere into the mesosphere. Many dissocia-
tion products are chemically very active and in the up-
per atmosphere a whole series of chemical reactions
therefore takes place. Since the energy of the photons
absorbed in the thermosphere reaches several hundred
electronvolts, of which 10-12 eV are expended on the
photoionization event, and since practically the entire
excess energy is carried away by the photoelectron (be-
cause m,; > m,), the photoelectron can, in a collision
with particles, ionize them as well (giving rise to sec-
ondary, tertiary, and so forth, electrons) and also cause
dissociation and excitation; in these processes, the elec-
trons lose energy and are thermalized. The resulting
ions react with the neutral particles and disappear as a
result of recombination with the electrons.

In these processes, some of the energy of the ab-
sorbed photon goes over into heat, which is the main
source of heating of the upper atmosphere, These pro-
cesses also determine the neutral and ionic composition
of the upper atomosphere.

Let us consider the actual processes that take place

in the atmospheres of Mars and Venus, which consist
predominantly of CO,.
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FIG. 15. Dependence of the spectral solar flux F,, (photons
.em™.sec™!+ A) averaged over an interval of 50 &, the absorp-
tion cross section oo, of CO,, and the cross section of photo-
ionization 0"6‘32 on the wavelength A and the photon energy E .

The flux of solar ultraviolet radiation with wavelength
A2 2500 A, which is absorbed in the upper atmosphere
and gives rise to the above processes, consists of a
continuum and lines (which arise in the photosphere, the
chromosphere, and the corona of the Sun) and varies
considerably with the solar activity, the amplitude of
the variations increasing strongly with decreasing
A, 1261251 The magnitude of this flux in different spec-
tral regions has frequently been measured with rockets
and satellites and these data have made it possible to
plot the dependence F,_.(}) (Fig. 15) for different levels
of the solar activity. 1%-1%! However, the danger has
been pointed out™?®! that, because of experimental dif-
ficulties, the dependence F,.(}) is known with an ap-
preciable error. Improvement in the accuracy of this
quantity is very important for the majority of problems
in aeronomy.

The cross section for the absorption of radiation by
CO, molecules, which has been measured in the labora-
tory, H131-1341 ig very large (0¢q, ~107'7 ¢cm?) in the range
A~150-1000 A and is still large (~107 ¢m?) until about
A~1600 A (see Fig. 15, in which we have also plotted
the ionization cross section o¢'g,(A) according to labora-
tory measurementst**?),

The absorption of photons in the wavelength range
2274-902 A occurs in the photodissociation process

h, km
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FIG. 16. Total rate of photodissociation of CO, in the atmo-
sphere of Mars, P,, and rate of photodissociation with exci-
tation through different channels, PY’, for zenith angle xo=0
of the Sun. 1) Pp, 2) P, 3 PY’, 9 PY’, 5) Z,PY (> 4).
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CO, + kv — CO§ + O*. (15)

Photons with 2274 = X > 1670 A gives rise to the forma-
tion of molecules and atoms in the ground states of
CO (X'=*) and O (3 P) (channel 1 in Figs. 16 and 17); pho-
tons with 1670 > A > 1286 A form CO (X) and O (*S) (chan-
nel 2); photons with A< 1286 A form CO (X) and O (*S)
(channel 3), the quantum efficiency of the reaction being
near unity, 1%-141! photons with shorter wavelengths
can excite also certain levels of CO (a°l, a'Z*, d°a,
eX"), although the probabilities of excitation of these
channels (j > 4) are small, "4>1%! ohyiously as a result
of nonconservation of spin, so that the contribution to
the photodissociation rate is slight (Fig. 16) and the
contribution to the energy release is negligibly small
(Fig. 17), ' though these probabilities do need to be
made more precise for a better description of the atmo-
spheric emissions,

An important role in the energy balance of the upper
atmosphere is played by particles in metastable states
formed as a result of photodissociation with excitation
(and also as a result of the other processes considered
below). For example, the energy of the metastable lev-
els O (D) and O (!S) can be either emitted in the follow-
ing transitions:

O(D)~~O0(P)+hv (L=6300 A), (16}
0(18) =0 (! Dy+hv  (A=5577 A), 1
0(18) =0 (P)+hv (h=2972 ) (18)

(with very long radiative lifetimes Tp =A™, where A is
the Einstein radiation coefficient: 7;(16)=120 sec;
7x(17) =0.74 sec; 7:(18) =12 sec) or go over into the
kinetic energy of the particles and ultimately into heat
(and partly also into vibrational energy of the molecules)
as a result of impact deactivation or quenching:

0 (\D,'S) + M~ O (*P) + M, (19)

where M is any particle (on Mars or Venus, mainly
CO,); the coefficients have the values 252 =2.1 - 10710
cm®/sec, k2§5'=2.5- 10 cm®/sec. 45147 The rela-
tive efficiency of these two channels depends on the
height z. For example, the fraction of excited particles
that undergo deactivation is
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The state CO (a®l1) is also metastable, though its radi-
ative lifetime is so short (T;="7.5- 10" sec) that its en-
ergy is almost completely re-emitted at all heights,
giving the system of Cameron bands. The energy of the
states CO (a'=*, &°A, %) is re-emitted through al-
lowed transitions to the state CO (a°I).

The rate of photodissociation of CO, through individual
channels and the total rate can be represented in the
form

Py =3 PP 2)

i
Mnax

=nco, () D) S ol (M) %;exp [ — ) OanaH,Ch(y, X)] dh.
. i .0 [

(21)

The dependences P’(z) and P,(z) calculated in this
manner for Mars'*! are shown in Fig. 16, from which
it can be seen that at altitudes greater than about 130 km
the contribution of channel 3 is predominant, at altitudes
of about 130-70 km it is channel 2, and at altitudes less
than 70 km it is channel 1, and moreover, it can be seen
from™” in which a dependence similar to the one de-
scribed here is obtained, that P,{(k) increases mono-
tonically with decreasing altitude right down to the sur-
face of the planet. At the high rate of photodissociation
of CO, on Mars and Venus, the opposite processes take
place slowly. For example, the radiative association

CO + O~ CO, -+ hv (22)

-1 (148p

has a rate ky, ~107%° cm® sec 491 Agsociation in

the triple collisions
CO+0+M—>CO,+ M (23)
has the rate ky; =10"%5-10"7 cm® sec™. %1 At the same
time, it is important that the reaction
0+0+M—>0,+M (24)
is much faster than the reaction (23): k,,=10" cm®
sec™ {1511 ypder these conditions, one encounters the
problem of explaining why CO, is predominant in the
atmospheres of Mars and Venus; this is discussed below

Photons with wavelengths shorter than 902 A give rise
to the photoionization
COy, 4 hv—>CO% +e, (25)
and photons with wavelengths shorter than 716 A 687 A
and 640 A cause ionization with excitation of the ion to
the levels A%, B®Z;, and C®Z;, respectively. Data on
the partial cross sections for the individual channels of
the reaction (25) as a function of the photon wavelength
have been obtained by different methods in‘1%2~1%1  Ac-
cording to''®*), the relative cross sections of ionization
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with excitation of the levels X, A, B, C at wavelength
A=584 A are, respectively, equal to 22.6, 29.1, 44,8,
and 4. 3%andatA304At09 5, 10.5, 10. 4 and 6. 0%,
respectively. The ratio of the cross sectlons of ioniza-
tion with excitation of the levels of A and B is 0.69 ac-
cording to measurements of the energy spectrum of the
photoelectrons, "'5*! but 2.7 according to measurements
of the fluorescence intensity. '5®? This difference is ex-
plained by the fact that some of the molecules go over
from state B to A because of the coupling of these two
adjacent levels, {2541

The levels A and B decay, giving the bands (4 - X)
and (B - X), whereas virtually all molecules decay from
level C into O* and CO as a result of predissociation. 15!

Photons with wavelengths shorter than 548 and 600 A
give rise to the dissociative ionization

COy 4+ bv—>CO 4+ O* + ¢,
CO; + hv—>CO*+ 0 + e

(26)
27

In these reactions, according to the experiments
of!15:158)  the photons with A=584 A produce about 4%
of the 0" ions and about 2% of the CO* ions in the total
number of ions; photons with A =304 A produce 18% O*
and 12% CO* and photons with A=44 A produce 17% O*
and 10% CO*,

The photoelectrons from photoionization carry away
virtually all the energy E =hv ~ Ico, - Wco# (Ico, is the
ionization potential and W& s is the excitation energy of
level j of the ion) and give it up in elastic collisions
(basically with the electron gas) and in inelastic colli-
sions (in processes of excitation, dissociation, and ion-
ization of particles by electron impact). Knowing the
cross sections of these processes, 11518 one can cal-
culate the energy spectrum of the electrons #,(E), 18!
the electron temperature T,, %18 the fraction of the
energy of the photons that goes over into heat as a re-
sult of photoionization (i.e., the heating efficiency)
glon (1591 (gee below, Sec. C of Ch. 4). The energy
spectrum of the electrons on Mars at altitude 187 km
calculated under a number of assumptions®®’? exhibits
a sharp decrease (by more than an order of magnitude)
near E=7 eV, i.e., near the threshold of the excita-
tion of the electron levels of CO,.

The ion composition in the ionospheres of Mars and
Venus is appreciably changed by the very fast ion-mole-
cule reactions:

€O +0—0}+CO, (28)
CO5 +0— 0* + COy, (29)
CO% + 0y — 03 4 CO;, (30)
0* + GO, —~ 04+ CO. (31)

According to!12-184]  the reaction rates are k,;=1.6
107, Bpe=1.0.1071, kgy=5.10"1, kg, =1.2.10° cm®sec™.

Inaddition, inthe nightside ionosphere reaction withthe
participation of light ions are important; for example,

H* +CO, — COH*+ 0, (32)
He* 4-CO, -> O* - CO 4 He,
— 01 CO*+He (33)
M. N. lzakov 516




which have the rates k3, =3 107, ky3=1.2-10" cm®
sec". [185,186]

Ions and electrons disappear from the ionospheres of
Venus and Mars basically in dissociative recombination
reactions:

(34)
(35)

CO% +e— CO*+0*,
O +e—>040*

and analogous reactions of light ions. The rates of
these reactions are very high, ¢ ~107 ¢m® sec, For
example, at room temperature ag,=3.8- 107 cm® sec™,
@;5=2.0+ 107 cm® sec™, 1167168 with increasing elec-
tron temperature they decrease: a~7T™*(k=1/2-3/2),
and with increasing vibrational excitation of the ions
they increase!®!. this last circumstance is important
because vibrationally excited molecular ions can be
formed in ion—-molecular reactions in the ionosphere.

In dissociative recombination, the energy, which is
equal to the difference between the ionization potential
and the dissociation energy, I,- D,, goes over partly
into excitation energy and partly into the kinetic energy
of the resulting particles, and then into heat. This en-
ergy is appreciable (since Iyo,=13.6 eV, I, =12.1 eV,
Deo, =54.5 eV, D, =5.10 eV) and in different channels
very different fractions of the energy go over into heat.
The relative probabilities of these channels for the re-
action (35) were measured in"'™ according to which
they are as follows: 0.5 for O (*P), 0.45 for O (*D), and
0.05 for O (1S). In‘'™ it was found that in the reaction
(34) approximately 5% of the CO molecules are formed
in the state A!lT and the remainder in the state X!=.

To explain the observed predominance of CO, in the
atmospheres of Mars and Venus (bearing in mind its
rapid photodissociation and slow recombination) a num-
ber of reactions have been proposed in which components
containing hydrogen and chlorine catalyze the combina-
tion of CO and O, ®"172-1") The main reaction is

CO -+ OH — CO, + H, (36)
which has the fairly high rate kg =9+ 107 exp(- 500/
T).'%) The hydroxyl which participates in this reac-
tion is formed in the cycle of reactions

H + 0, + CO, -~ HO, + CO,, (37)
0 + HO,-» OH + 0,, (38)

H + HO, — 20H, (39)

HO, + HO, — H,0, + 0,, (40)
HO, + kv > OH + O, (41)

H + 0, OH + 0, (42)

H,0, + kv - 20H. (43)

The original atomic hydrogen for the reactions (37),
(39), and (42) appears on Mars basically from the dis-
sociation of water:
H,0 + kv — OH + H, (44)
and on Venus from the photodissociation of hydrochloric

acid, which has been discovered in spectroscopic ex-
periments in the clouds of Venus, %1
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HCl + kv~ H + Cl, (45)

the chlorine also having a catalytic actiont72:17%,
Cl + 0, -+ €O, — ClO, -+ €O, (48)
Cl0, + CO — CIO + CO,, 47
CI0 + €O — Cl + CO,. (48)

Here we have listed only the main reactions; in calcu~
lations of models of the composition for Mars and
Venus'271) (gee also Sec. C of Ch. 5) between 20 to
50 reactions have been used.

To make more precise the picture of the neutral and
ionic composition of the atmospheres of Mars and Venus
further laboratory investigations of the rates of the re-
actions considered in this section are needed.

C. Heating efficiency

Consideration of the elementary processes in the up-
per atmosphere shows that only a certain fraction of the
energy of an absorbed photon goes over into heat. This
fraction of the energy (called the heating efficiency) is
a function of the wavelength A of the photon and the alti-
tude %, and this function is different in the case of ab-
sorption of a photon due to photodissociation or photo-
ionization. 1#}

The heating-efficiency inthe case of photodissociation,
ep(), 1), is more readily calculated.'**! Remembering’
that the number of photodissociation events in 1 cm?® in
a second is given by Eq. (21) and that in each event in
which dissociation with excitation (in each channel §)
occurs a fraction of the photon energy equal to ¢}’ goes
over into heat, the heat source due to photodissociation
can be written in the form

*p
Qs(z)= 2, Q¥ = nco, (z) by f @ (A, 3y oDF (A, ) dA. (49)
H i o

Although the integration is performed formally from 0
to the dissociation threshold A,, examination of the ac-
tual dependence o)) shows that it is sufficient to inte-
grate over a spectral interval from about 600 to 2000 A,

To obtain expressions for & (A, k), it is necessary
to bear in mind that the photon energy is transformed
into heat in two ways (e = e} +e{)). First, the ex-
cess of the photon energy over the energy of dissocia-
tion and excitation goes over into kinetic energy of the
resulting particles and then, through their collisions,
into heat, i.e.

hv—Ep

e =22 Mg, ), (50)

where W, is the energy of the level excited in channel

J, @, is the factor decreasing the heating efficiency due
to the excitation during CO, dissociation of vibrational—
rotational CO levels whose energy is then emitted in the
form of infrared photons (according to the estimates
of'') ¢, increases from ¢,~1/2 for A>1007 A to ¢,

~1 for A>1286 A). Second, some of the excitation ener-
gy of the metastable levels goes over into heat as a re-
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FIG. 18. Heat source due to absorption of solar ultraviolet
radiation in the atmospheres of Mars and Venus, ¢,=Q,/p

(at moderately high-solar activity (Fy, ;=144) and with heating
efficiency € =1) as a function of the total number N of mole-
cules on the path of the radiation. The altitudes & are given
for x,=0.

sult of impact deactivation, i.e., if, for example, the
level O (D) is excited in channel 7, then

Woan) 3 Ky apy
() 3

EDy, = P
T kv (4o (ID)+2 k'f) (D) ny) i
[3

(51)

where #,1p, is the coefficient of impact deactivation of
the level O (D) by particles of species k, and ¢ is a fac-
tor that takes into account transition of some of the en-
ergy into vibrational degrees of freedom of CQO, with
subsequent de-excitation (according to estimates, the
values of ¢ lie in the range between 0.6 and 1,0). For
channels in which the level O (!S) is excited, the expres-
sion is analogous to (51), though somewhat more cum-
bersome. Generally speaking, it must be borne in
mind that the energy expended on CO, dissociation goes
over into heat as a result of association of CO and O,
although estimates show that in the thermosphere this
source can be ignored since association is effective in
the mesosphere, whence the CO and O diffuse.

Figure 17 shows the function ¢j =2,s},“ calculated for
an atmosphere of CO, as a function of the total number
of particles in a column of unit section on the path of
the photons, N =nHCH(X, X), and also as a function of
the altitude on Mars and Venus (for $=1, x,=0; for
other values of x one must calculate N and find e,{(N)).
It can be seen that ¢; varies from £, ~0.3 at altitude
100-120 km to £;,=0.2 at 200 km. One can also see
that the contribution of the different channels varies
with the altitude. According to approximate estimates,
without allowance for the z dependence, the value ¢j
~0.3 was obtained in1¢21,

It is very difficult to calculate the heating efficiency
in the case of photoionization, &, '?!! since some of
the photon energy goes over into the thermal energy of
the particles of the gas in many processes. First, this
occurs in the impact deactivation of metastable levels
of ions populated as a result of photoionization with ex-
citation. Second, the photoelectrons, which carry away
virtually all the photon’s energy that exceeds the energy
of photoionization and excitation, then lose this energy
on ionization, dissociation, and excitation of particles
(and metastable levels are also excited), and some of
the energy is given up in elastic collisions to electrons
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of the ionosphere, from which some of the energy is
transmitted to the neutral gas. Third, some of the en-
ergy expended on ionization goes over into thermal en-
ergy as a result of dissociative recombination of the
ions,

A detailed calculation of g, has not yet been made
and there are only approximate estimates used to con-
struct models of the thermosphere, (62:159:183-1881 poppy
and McElroy''*® obtained e&,,, 0.6, although examina-
tion of their assumptions shows that this is an overesti-
mate. Shimizy'®? obtained €,,, =0.45 with predominant-
ly O; ions and e,,, =0.1 with predominantly CO; ions.
Stewart, {#2) making the mostprobable assumptions, calcu-
lated a mean value €~0,2-0,3, Stewart and Hogan!88
selected a mean value of € empirically (in such a way
as to match the model scale height of the topside elec-
trons to the experimental value) and obtained £=0. 3.

If the theoretical models of the structure of the thermo-
sphere is to be made more accurate, we need more ac-
curate calculations of €,,,, for which laboratory mea-
surements of the characteristics of a number of the
above elementary processes are required.

Figure 18 shows the heat source due to absorption of
solar ultraviolet radiation in the atmospheres of Mars
and Venus''®” per unit mass, ¢,=¢,/p, for a moderate
to high solar activity (corresponding to F,, , =144) with
t¢=1 (i.e., the values shown in Fig. 18 must be multi-
plied by the chosen value of €); the altitudes for Mars
and Venus are given for x,=0.

5. THEORETICAL MODELS OF THE STRUCTURE
AND DYNAMICS OF THE UPPER ATOMSPHERES
OF MARS AND VENUS

As was shown above (in Ch, 3), to calculate the struc-
ture and dynamics of the thermosphere it is necessary
to solve a system of hydrodynamic equations with heat
and particle sources, and in the mesosphere the sys-
tem must be augmented by the equation of radiative
transfer. Because of the complexity of the complete
problem, a number of simplified models have been con-
structed, the following basic assumptions being made.
First, calculations were made of the thermal regime
or the composition without allowance for their coupling,
the missing parameters being specified in accordance
with empirical data. Second, the total spatially three-
dimensional and nonstationary problem was replaced by
a one-dimensional (stationary or nonstationary) or two-
dimensional problem, Third, the hydrodynamic equa-
tions were linearized by ignoring the advective terms.

A. Models of the thermal regime and dynamics of the
thermosphere

To solve the energy balance equation it is necessary
to know the composition of the atmosphere, and there-
fore models constructed before the composition has
been determined more accurately by the direct experi-
mentst190:192) giffer appreciably from the later models.

After it had been established experimentally that CO,
is predominant in the atmospheres of Mars and Venus
to great altitudes, a number of models were calcu-
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FIG. 19. Altitude distributions of the temperature in the at-

mospheres of Venus (a) and Mars (b). Models off18") for high
(1), average (2), and low (3) solar activity; models of!™! for
moderately high solar activity (4); models of!?*®! for £ =0.25(5)
and e=0,45(b); models of'®?! with predominance of CO}(7) and
O%(8):, models of [1%5+1%¢] for moderately high solar activity:
maximum by day (9), maximum by night (10).

latedt182-187:193) i which the vertical temperature pro-
file T(r) in a thermosphere of pure CO, (Fig. 19) was
found by integrating the stationary one-dimensional en-
ergy balance equation, and the concentration profile was
obtained from the barometric formula. At the lower
boundary the temperature of the mesopause was speci-
fied in accordance with certain data, and at the upper
an absence of heat flux was specified. The heat source
Q, was calculated fromthe approximate values of ¢ (as
described in Sec. C of Ch. 4); the variation of @, with
the solar activity was taken into account in a simplified
manner by multiplying F,. by some scale factor. To
obtain the average profile the value @F =(1/2)@,(x=60°)
was used. Comparison of the profiles obtained in this
way with the profiles obtained in two-dimensional mod-
els shows that when Q: is used one obtains a tempera-
ture that is close to the temperature near the termina-
tor or to the average between the diurnal maximum and
minimum of the temperature; this justifies the use of
one-dimensional models to investigate certain effects.
The differences between the T(k) profiles obtained in
the one-dimensional models are mainly due to the dif-
ferences in allowing for @,.

The vertical temperature profile 7(k) calculated in'®!

contains an appreciable temperature gradient in the up-
per thermosphere, This result needs to be confirmed
since the calculation is complicated and may contain a
large error {from the emission intensity I¥(k) integrated
along the line of sight the volume luminosity (k) is cal-
culated; from it, the concentration profile n,(%), and
from it T(r)). If this gradient is real, it could indicate
that there is an appreciable heat flux from the solar
wind through the magnetosphere into the atmosphere,
transmitted, for example, by magnetohydrodynamic
waves or by particle streams that penetrate into the
magnetosphere.

In the model of*!°®! it was found from the solution of
the system of energy balance equations for the individual
components that the hydrogen and helium temperatures
may deviate downward from the CO, temperature by ap-
proximately 50 °K on Mars and by more than 100 °K on
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Venus and that this difference depends strongly on the
assumption made about the concentrations of the light
gases and the amount of turbulent mixing in the lower
thermosphere.

Attempts to describe the diurnal variations in the
thermospheres of Mars and Venus in the framework of
spatially one-dimensional nonstationary models were
made in®%:1%2). comparison of these results with the
two-dimensional models show that the neglect in these
models of the horizontal heat transport by winds leads

to an overestimation of the diurnal variations.

To take into account the coupling between the thermal
regime and the winds in the thermosphere, spatially
two-dimensional models were constructed by numerical
integration of the equations of motion, the energy equa-
tion, and the continuity equation. In the model of Dick-
inson for Venus'!**! equations linearized by ignoring the
advective terms (of the form vVv) were used. In the
models of Izakov and Morozov for Venus*®? and
Mars'®®) nonlinear equations were used. The models
of!195:19%8) were constructed for a moderately high solar
activity corresponding to Fyj, ; 150 and heating effi-
ciency € =0.3. The two-dimensional approximation
(neglect of meridional spreading) restricts the appli-
cability of the model of the equatorial thermosphere to
the equinoctial period. Some other simplifications
were made (atmosphere of pure CO,, constancy of the
coefficients » and 7), which, according to estimates, do
not appreciably distort the resulting picture. First,
one-dimensional distributions of the parameters were
calculated and these were then used as initial conditions
for integrating the spatially two-dimensional system
with respect to the time until a stationary regime was
established (in a nonrotating coordinate system with
fixed planet-Sun axis), which was achieved after sev-
eral terrestrial days. In Figs. 19 and 20, the continu-
ous curves show a variant of the model of the thermo-
sphere of Venus rotating with a period of four terrestri-
al days and the dashed curves show a nonrotating ther-
mosphere (the v, and v, scales are displaced by 100
m/sec, which is approximately equal to the rotation
velocity).

The temperature distribution in the upper thermo-
sphere (at altitude 200 km) is characterized by a large
difference between the temperature at the subsolar
point (about 800 °K) and at the antisolar point (about
300 °K). At the same time, if the horizontal velocities
were assumed equal to zero, the difference was even
greater (about 920° and 150°), which indicates that the
winds have an important influence on the thermal re-
gime. As was pointed out above, the experimental data
indicate T. ~400 °K for F,, , =75 and T, =650 °K for
Fi4.7 =120, so that the model value T, =800 for F,, ,
=150 agrees well with these data.

Note that the temperature of the atmosphere of Venus
at altitudes around 130 km according to the data of*!®*
(Fig. 19) is evidently overestimated because of inac-
curate calculation of the infrared heat sink; here, the
temperature profile of*!!! is more accurate (Fig. 22b).

The winds in the upper thermosphere are character-
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FIG. 20. Model of thermosphere of Venus rotating with a
period of 4 terrestrial days (continuous curves) and nonrotat-
ing (dashed curves). Temperature T, horizontal velocities

v, and vy, and vertical velocity v, as functions of the angles

@ and 6 measured from the subsolar to the antisolar point (for
the rotating therosphere the angle ¢ is measured in the equa-
torial plane in the direction of rotation). The scale of the
velocity v, is shifted relative to the scale of v, by 100 m/sec
(approximately by the rotation velocity).

ized by a flow of gas from about the subsolar point to
the antisolar point with horizontal velocities up to 300-
400 m/sec, these being maximal near the therminator.
In the absence of rotation, there is a reverse flow at
altitudes 120-130 km with velocities of about 10 m/sec,
so that the total circulation of the thermosphere is a
closed vortex. If rotation is superimposed, the vortex
is displaced in the direction of the rotation (especially
at the antisolar point) and is somewhat distorted. Gas
rises on the dayside with vertical velocities of about
0.5 m/sec and sinks near the terminator and on the
nightside with velocities up to 3.5 m/sec, these being
maximal near the terminator. In Dickinson’s mod-

el, % which has a certain similarity with the model de-
scribed here, there are important differences in the
distribution of the winds, this apparently being due to
the linearization of the equations.

The analogous model for Mars'®®! shows that in the
absence of winds (dashed curves in Fig, 21) heating
would take place from the rising to the setting of the
Sun whereas in the presence of winds (continuous
curves) the amplitude of the diurnal variation of the
temperature is reduced, so that T is changed from
about 280 to 430 °K (Figs. 19 and 21) for Fy, ;=150,
and the maximum and the minimum occur at earlier
times. The horizontal projection of the wind at night
is in the direction of rotation of the planet and its mag-
nitude reaches 100 m/sec, while in the day it is in the
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direction opposite to the rotation and reaches 150 m/
sec; the vertical projection of the wind is upward in the
day and downward at night, and reaches 1 m/sec.

Thus, the theoretical models of the thermospheres
enable one, despite the simplifications used in their
calculation, to obtain temperature distributions that in
the upper part agree satisfactorily with the experimen-
tal values of T, and in the lower with the models of the
mesosphere. It has been shown that winds appreciably
affect the thermal regime, decreasing the amplitude of
the diurnal variations, this especially strongly in the
more slowly rotating thermosphere of Venus, It is
true that the agreement between T_ and the experimen-
tal values was achieved by a semiempirical specification
of @, for which the errors in F,_ and in ¢ may mask
each other.

To improve the description of the thermal regime
and the dynamics of the thermospheres the following
are needed: measurements of the spectral flux of the
solar ultraviolet radiation at different levels of solar
activity; exact calculations of the heating efficiency;
experimental and theoretical study of the additional
sources in the thermosphere; calculations of spatially
three-dimensional nonstationary models of the thermo-
sphere,

B. Models of the thermal regime of the mesosphere

The mesosphere is the region of the atmosphere for
which it is hardest to make a model. Strictly speaking,
to describe it one must solve simultaneously the equa-
tions of hydrodynamics and the equation of radiative
transfer, the latter being complicated by the fact that
here there is a marked deviation from local thermody-
namic equilibrium, so that the emission function differs
from the Planck distribution. At the same time, the ex-
perimental study of the mesosphere structure is also

Day Night Day
| h .
A
I 5 n % n 0

Vg, m/fsec; vy, m/fsec

FIG. 21. Model of thermosphere of Mars. The continuous
curves are with allowance for the horizontal velocities v,; the
dashed, without allowance for v,.
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from them (b) by Dickinson. @, and @,, are the heat sources
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difficult.

In a2 number of studies in which the temperature pro-
files of Mars and Venus have been calculated, mainly
in the thermosphere but also partly in the meso-
sphere, [82:182=187:193] the cooling by infrared emission
was calculated usually in the approximation of an opti-
cally thin layer with allowance for vibrational relaxa-
tion (in acecordance with Eq. (11)), although sometimes
the equation of radiative transfer was integrated under
many simplifications; in some investigations, approxi-
mate allowance was also made for the absorption of
infrared solar radiation.

In Dickinson’s model of the mesosphere of Venus'!!*1%"!

a detailed analysis was made of the transfer of infrared
radiation with allowance for the structure of the ab-
sorbing vibrational-rotational CO, bands, the changes
in the line profiles as a function of the pressure, and
also with allowance for the deviation from local thermo-
dynamic equilibrium, Dickinson first found the mean
global profile T(k) (in a one-dimensional model)*'!! with
a simultaneous calculation of the heating due to the ab-
sorption of infrared solar radiation and cooling due to
infrared emission, and he then calculated the deviations
from the mean global heating and cooling.**”! The pro-
files of the global mean rates of heating by infrared
solar radiation (basically due to absorption in the 2.0
and 2.7 pum bands) and cooling by infrared photons
(mainly by emission in the 15-u band) together with the
heat source due to the absorption of solar ultraviolet
radiation are shown in Fig. 222.%!! It can be seen that
the rates of heating by ultraviolet radiation and cooling
by infrared emission are approximately equal at alti-
tudes 130-140 km, where their magnitude reaches sev-
eral hundred degrees per terrestrial day. It can also
be seen that an appreciable part of the heating by infra-
red solar photons (with maximum at 115-125 km) is
compensated by the infrared emission of the atmosphere.

The mean global profile of the temperature on Venus
calculated inf!!? with allowance for these heat sources
and sinks is shown in Fig. 22b. The mesopause, with
temperature around 180 °K, is at altitude 122 km; at an
altitude of around 87 km there is a temperature mini-
mum 158 °K, which Dickinson calls the stratopause; at
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113 km there is additional maximum (around 180 °K,
called the mesopeak by Dickinson),

The approximate calculation of the horizontal varia-
tions of the infrared heating and cooling"®"? (with allow-
ance for only the variation of the solar zenith angle with
a constant vertical temperature profile corresponding
to the global average conditions) showed that the hori-
zontal variations of the infrared heating and cooling
reach a factor two; the diurnal variations of the temper-
ature at altitudes 111-112 km are equal to about 20°.

It follows from Dickinson’s calculations that the fre-
quently adopted estimate according to which the devia-
tions from local thermodynamic equilibrium occur at
altitudes where A >n7, is very inaccurate. On Venus,

A =nn, at 86 km, and an appreciable deviation from local
thermodynamic equilibrium begins only at about 125 km,
where » is three orders of magnitude less than at 86 km.
This occurs because, despite the greater ease with
which the excitation energy of vibrational levels is
emitted rather than thermalized at altitudes greater
than 86 km (4 >#u7n,), the mean free path of the infrared
photons is still very short, so that they are repeatedly
absorbed and re-emitted, sustaining a near-equilibrium
level population.

C. Models of the composition of the atmosphere

The empirical models of the compositiont27%8!1 con-

structed from the experimental data on the concentra-
tions of the components at a certain altitude or on the
total concentration of a component using model profiles
of the temperature and the barometric formula (an ex-
ample of such a model for Mars is shown in Fig. 23,
which comes from*®?) showed that both on Mars and on
Venus the CO, concentration in the thermosphere ex-
ceeds the O concentration to great altitudes. This is

a remarkable fact, since estimates showed a high rate
of photodissociation of CO, and a low rate recombina-
tion of CO and O. In the theoretical models of®" 1981,
which were constructed by numerical integration of the
system of continuity equations (2) under a number of
simplifying assumptions, CO and O concentrations close
to the experimental were obtained under the assumption
of very strong turbulent mixing with coefficient Dy =10°-
5.10° cm?® sec™, which carries CO, from the lower
layers and CO and O to them., On the Earth, under
similar conditions, the experiments give Dy ~10%-10"

a2 100 200 300

260 YT TR Ty LA

80
w° 0° 107 ng, em™
FIG. 23. Model of the composition of the upper atmosphere of
Mars.
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FIG. 24. Concentrations of the components in the atmosphere
of Mars from the models of Parkinson and Hunten (a) and
McElroy and Donahue (b).

cm? sec™ at 100-110 km.

In®%%! it was assumed that such transport is realized
by large-scale winds, which were taken from the model
of'®) However, according to the model of****!) the
global thermospheric circulation is closed already at
altitudes of 115~-130 km, from which it follows that mass
motions do not remove the components to lower layers
of the atmosphere.

Allowance for only the transport of CO and O to the
lower layers of the atmosphere does not solve the prob-
lem of its composition: One must explain how CO and
O are combined to CO, despite the fact that the reactions
(22) and (23) are much slower than the O +O recombina-
tion reaction (24). To explain the predomiance of CO,
under these conditions, the reactions (36)-(48) were
proposed; in them, components containing hydrogen (and
on Venus chlorine also) catalyze the association of CO
and O. With allowance for these reactions and also
others associated with them (40-50 reactions altogether)
models were calculated of the composition of the atmo-
sphere of Marst 74175171 3nqd the atmosphere of Venus
above the clouds, [172:173:176: 176,191 There are important
differences between these models, reflecting the inde-
terminacy in the knowledge about the composition; more-
over, it is not only the concentrations of the components
that differ but also sometimes the nature of the vertical
profile; for example, in Fig. 24 one can see that there
is an important difference between the profiles of the
ozone concentration on Mars according to the models
of 174175} The experiments on Mars 6 (2%)) gave a

profile closer to that of the model of!"¥),

For Mars, even with allowance for these chemical re-
actions, which are effective in the lower atmosphere,
good agreement with the experiments for the concentra-
tions in the thermosphere were obtained with a high val-
ue of the coefficient of turbulent mixing: Dr.=1.5 - 10°
cm? sec™, 173
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Models of the atmosphere of Venus above the
clouds™"17! ghow that if the oxygen concentration at
140 km is 74(140) 1% then D, ~10" cm?® sec™ is suffi-
cient and if 7,(140) ~10%, then even Dy ~10° cm? sec™
is sufficient. However, the need to reconcile the data
on the components containing hydrogen with the data on
the dissociation of hydrogen (see Sec. E in Ch, 5) leads
to values Dp=5- 10" cm? sec™, though this value can be
reduced if one allows the occurrence of additional non-
thermal dissociation. "1 Figure 25 shows a variant
of the model of the composition of the upper atmosphere
of Venus calculated for Dy =6 - 10° cm? gec™?, {17!

The above shows that the picture of the composition
of the upper atmospheres of Mars and Venus and the
processes governing it still contains serious obscuri-
ties, To make the picture more accurate, we need
measurements of the concentrations of a number of com-
ponents, laboratory measurements of the coefficients of
various reactions and calculations of more detailed
models; measurements of the intensity of turbulent mix-
ing would be of decisive importance.

D. Models of the ionosphere

The profiles of the electron density in the dayside iono-
sphere of Mars and Venus up to altitudes of several tens
of kilometers above the n, maximum were calculated
inlS1:52:79:184-187:2011 ynder the condition of photochemical
equilibrium: Since diffusion can be ignored here, it was
assumed that the number of electron—ion pairs gener-
ated in 1 cm® in one second by photoionization is equal
to the number that disappear as a result of recombina-

Altitude, km

Altitude, km

b2

L 1
0w 10° 08
b Concentration, cm™=
FIG. 25. Model of composition of the upper atmosphere of
Venus.
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FIG. 26. Profiles of the electron density onVenus from mea-
surements by Mariner 5 (a) and on Mars from measurements
by Mariner 6 (b) and Mariner 7 (c). 1) Experiment, 2) cal-
culation from experimental flux F,,, 3) calculation from 4F),,.

tion, P,¢) =L,i), Which with allowance for the predom-
inance of CO, and the presence in the ionosphere of CO;
and O} ions can be written in the following form (the nota-
tion is the same as in Eq. (13)):

lmax
Froo i
nco, S —,:'—v &, (M) exp (— nrce,HeoyOco,) dh == n (@4 ggy + oaltgy). (52)
°

Without the ion composition being made more precise,
the right-hand side, with allowance for quasineutrality
(n, =n,), was usually replaced by

L, = Qogs . (53)

As was noted in**®', it follows from (52) and (53) that
where the CO, layer is optically thin and there is photo-
chemical equilibrium the scale height of the electrons
is determined by the formula H, =2R,T/M¢o,g and not
by H,=2R,T,/M,g (T,=(T,+T,)/2), M, is the mean mo-
lecular weight of the ions), as would be the case in dif-
fusion equilibrium, which simplifies the determination
of T from H,.

The 2.(k) profiles (Fig. 26) calculated in this way in
the models of**1*%2] ggree in their general features with
the experimental profiles; one can see not only the prin-
cipal maximum but also an indent somewhat below it,
and it can be seen from the calculation that the main
layer is formed as a result of photoionization of CO, by
ultraviolet solar radiation and the indent by photoioniza-
tion by soft x-rays. Therefore, the main layer can be
regarded as analogous to the F, layer of the terrestrial
ionosphere and the indent as a analogous to the E layer.

In the models of*®*18"}  which gave good agreement
between the n,(h) profiles and the experimental profiles
for Venus, the scale height for the electrons H, above
the n, maximum on Mars was found to be much too large;
the reason for this was the overestimation of 7, due to
overestimation of e.

In general, there is satisfactory agreement between
the calculated and experimental n,(%) profiles but there
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is an important difference: In the calculation the elec-
tron density at the maximum of the layer, n, ., is
1.5-2 times less than according to the experiments (see
Fig. 26). It follows from this, with allowance for (52)
and (53), that to reconcile the calculated »n,,n,, With the
experimental values it is either necessary to increase
by 3—4 times the flux F,. (reducing by as many times ¢
in order not to obtain improbably large values of T,) or
to decrease by as many times o« (') or to assume that
an additional ionization source is provided by interac-
tion of protons of the solar wind with atmospheric par-
ticles.'®! To establish the real mechanism, we need
further investigations of all these parameters.

Comparison of the experimental and calculated pro-
files gives indirect but convincing information about the
neutral composition: The best agreement of these pro-
files is obtained with an atmosphere of pure CO,, and
an assumption of 10% dissociation of CO,—or addition
of 10% nitrogen or 1% molecular oxygen—only increases
the difference between the calculated and experimental
profiles, B!

According to calculations made under certain assump-
tions about the chemical reactions, ‘%%:2%%1 there is on
Mars also an analog of the terrestrial D layer—a region
below about 20—-25 km, extending to the surface of the
planet, where the concentration of electrons and nega-
tive ions is about 102-10° cm™,

To determine the ion composition on Mars and Venus,
it is necessary to remember that the fast ion—molecule
reactions (28)—(31) transform COj into O}. Since the
O; ions are formed mainly in these reactions (the source
due to direct photoionization of O, is negligibly small
because of the low concentration of molecular oxygen)
and disappear in the dissociative recombination reac-
tion (35), we obtain from the equilibrium condition

"0y _ (st hamo
7‘(‘.0; u’O;"G

(54)

Substitution of the experimental values of n, and n, leads
to apredominance of O} (Fig. 27).%!

An increase of the scale height of the electrons at
large altitudes (see Fig. 5) indicates that here a light
ion (or light ions) predominate: H*, Hj, or He*,[204-207
The ion distribution on Venus calculated under the last
assumption is shown in Fig. 28, which is taken from‘2°7],
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FIG. 27. Model of the ion composition of the ionosphere of .

Mars.
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FIG. 28. Ion composition of the upper ionosphere of Venus (a)

and the temperatures T,, T;, T, (b).

In‘2°®!  the n,(k) profile on Venus measured by Mari-
ner 10 at a time of low solar activity was satisfactorily
described under the assumption that at #~180-240 km
O* ions predominated and at greater altitudes He®, while
at lower altitudes O; and CO;.

In calculating the ion composition on Venus, Kumar
and Hunten™®! agsumed 7. =350 °K for high solar activ-
ity (interpreting the hydrogen profile ny(h) measured on
Mariner 5 in the framework of a two-temperature model
and assuming that the smaller scale height corresponds
to the thermalized particles and the larger to super-~
thermal particles); however, ‘the, agreement between
the calculated n, (k) profile and the experimental profile
in the region of the ionospheric maximum was not as
good as in models in which 7, =700 °K was assumed,

Calculations were made of the thermal regime of the
ionospheres of Venus and Mars and the distributions of
the electron and ion temperatures by integrating one-di-
mensional energy balance equations for the electrons
and ions without allowance for the influence of motions
and under a number of other simplifications; in particu-
lar, with simplified allowance for the transfer of energy
from the photoelectrons to the electron gas, 159207210
The general picture of the T,(k) and T,(h) profiles ob-
tained in these calculations is similar to the picture in
the terrestrial ionosphere: Above a certain level, T,
appreciably exceeds the neutral temperature 7, and
the ion temperature T; at low altitudes is closer to T,
while at large altitudes it approaches 7, (see Fig. 28).
However, some details of this picture are different in
different models; According to!!5*21%]  the difference
between T,, T; and T is negligibly small right up to
180-200 km, whereas according to'®*"? T, appreciably
exceeds T already at 200 km.

Estimates made for the nightside ionosphere on Venus
showed that the light ions can be carried by wind from
the day to the night side (since the ions are readily car-
ried along by the neutrals in the weak magnetic field of
the planet), and the ions transported thus then diffuse
downward, as a result of which there is established a
diffusion—equilibrium profile of the light ions, and the
lower part of the nightside ionosphere (at & %200 km),
where the small scale height indicates the presence of
a heavy ion, may arise from the charge exchange re-
action of the light ions in CO,. 2!}

Thus, for a better description of the ionospheres, we
need to know more accurately the rate of ion production
(for which it is necessary to obtain more accurately the
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spectral flux of the solar radiation at different levels of
the solar activity), and also the rate of recombination
of the ions with allowance for the presence of excited
particles. It is necessary to determine more precisely
the ion composition, including the light ions, take into
account the dynamical factors influencing the distribu-
tion of the electrons and ions, and investigate the
mechanisms of formation of the nightside ionosphere.

It is also necessary to investigate the influence of the
solar wind on the ionosphere.

E. Exposphere and dissipation of gases from the
atmosphere

In the exosphere, where the mean free path of the
particles is greater than the scale height, the atoms
and molecules move virtually without collisions, Those
of them that in their last collision near the thermopause
acquired a velocity less than the escape velocity move
along ballistic trajectories and are returned to the
thermosphere (the ballistic component); a certain num-
ber move in elliptical orbits that lie entirely in the exo-
sphere (the satellite component); finally, those that in
their last collision acquired a velocity greater than the
escape velocity from molecules in the high-energy tail
of the Maxwell distribution diffuse out of the atmosphere
{the evaporating component), ‘212~2151 QOnly the light com-
ponents can leave the atmosphere in appreciable num-
bers by thermal dissipation, though there are also non-
thermal mechanisms of dissipation, {1r178:170]

Allowance for dissipation of the gases is important
both in the study of the contemporary composition and
in the study of the evolution of planetary atmospheres.
The flux of particles of component 2 which leave the
atmosphere as a result of thermal dissipation can be ex-
pressed by Jeans’s formula, which is obtained by inte-
grating the Maxwellian velocity distribution over the
greater than critical velocities:

Vr

V=

Dy=n, (1+&) e ¥, (55)

where vy =V 2k/Tm is the most probable thermal veloc-
ity, £=GmM/kyT =12,./v% =v/H, where v,,. is the escape
velocity, G is the gravitational constant, r is the plan-
etocentric radius, m is the mass of the molecule, M is
the mass of the planet; the index ¢ designates the condi-
tions at the base of the exosphere, where I=H.

The assumptions under which Eq. (55) were obtained
are that there is a sharp boundary at altitude &, between
the thermosphere and the exosphere; that at it the Max-
wellian distribution persists; and that immediately above
it the molecules move without collisions. These simpli-
fy the real picture. However, calculations of the transi-
tion layer between the terrestrial thermosphere and
exosphere (by the Monte Carlo method) have shown that
refinements lead only to a small correction to Jeans’s
formula: the evaporating hydrogen flux (from a medium
of atomic oxygen) is reduced by 20-25% compared with

this formula, and the helium flux is reduced by 3-
59 L215,:2141

Although the evaporating flux in Eq. (55) is expressed
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in terms of the characteristics at the base of the exo-
sphere, h., its magnitude is sometimes determined by"
the physical conditions at a lower level i, near the
homopause. This occurs if the diffusion velocity of the
evaporating component at this level, w,, is less than the
escape velocity at the critical level w_(w,~D,/H,, D, is
the diffusion coefficient of the evaporating component
and H,, is the scale height of the main component), '2!%]
It follows from this that a complete description of the
dissipation process is possible only in the framework of
a complete model of the composition, i.e., by solving
the system of the continuity equations for the compo-
nents with allowance for molecular diffusion, turbulent
mixing, and chemical reactions, and also with aliow-
ance for the evaporating fluxes in the upper boundary c
conditions.

On Mars, the height of the base of the exosphere lies,
according to the different estimates, in the range k.
=180-230 km (which may partily reflect real variations
of the height). The evaporating flux of hydrogen atoms
calculated in accordance with measurements of the scat-
tered radiation in Lyman e (1216 A) by Mariner 6, 7,
and 9 is &y ~(1.8-2.0) - 10® cm™ sec™.'"%) This value
agrees ssatisfactorily with the flux obtained in models
of the composition in which the atomic hydrogen is pro-
duced mainly as a result of photodissociation of water
and in some subsequent reactions and then diffuses into
the exosphere, the evaporating flux being determined
by the diffusion flux; in these models &5 =(1.0-1.2)
< 10% cm™® sec™t, [215:216]

On Venus, the base of the exosphere lies at approxi-
mately k,~210-250 km. The evaporating flux of hydro-
gen atoms calculated from measurements of the line
1216 h by Mariner 5 is &g ~10° cm™ sec™, (21722181 Ay
the same time, the value of this flux calculated from the
concentration of H;O, HCl, and H, at the upper boundary
of the clouds is about 100 times greater, i.e., &y >10°
cm™® gec™ 15} Tg explain this discrepancy, it is neces-
sary to assume either a large coefficient of turbulent
mixing, Dr>5- 107 cm™ sec™ (which, incidentally, re-
duces the oxygen concentration) or that there is addi-
tional nonthermal dissociation of hydrogen, {78178

Additional nonthermal dissipation is possible by the
following mechanisms. On Mars, because of the com-
paratively weak gravitational field the escape energies
are low (for CO, C, N, O, H they are respectively,
3.49, 1.49, 1.74, 1.99, 0.12 eV); in some of the reac-
tions that take place in the exosphere the reaction prod-
ucts can obtain from internal energy a kinetic energy
greater than the escape energy and leave the atmo-
sphere, 417 Thig can happen, for example, in the
case of dissociative recombination: CO;+e~CO+0;

O3} +e~0+0. According to the estimates of McElroy,®!’
the evaporating flux of oXygen atoms due to this process
is ®,=(6~8)- 10" cm™ sec™, i.e., it is about half the
flux of the hydrogen atoms and thus can ensure the
escape of oxygen atoms formed by the photodissociation
of water.

On Venus, charge exchange and dissociative recom-
bination reactions can produce hydrogen atoms with high
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velocities that escape from the atmosphere. ™ In ad-
dition, on Mars and Venus both light and heavy ions can
be “swept” out of the upper ionosphere by the plasma
flux of the solar wind (see Sec. F of Ch, 5),

F. Influence of solar wind on the atmosphere

On Mars and Venus, the solar wind (the flux of solar
plasma) has a very important influence on the atmo-
sphere because of the weak magnetic fields of these
planets. According to the measurements, the magnetic
fields of Mars and Venus are about 10™ of the terrestri-
al magnetic field; Mars apparently has an intrinsic mag-
netic moment while the magnetic field of Venus is prob-
ably induced by the effect of the solar wind on the iono-
sphere. [219—224)

The nature of the influence has not yet been complete-
ly clarified, though the main features are as fol-
lows, (225=230) The plasma of the solar wind (with con-
centrations of a few particles per 1 ¢cm?®, frozen mag-
netic field B,,, ~5~20 v, and velocities of about 300~600
km/sec near Venus and Mars) compresses the iono-
spheric plasma on the dayside, forming a sharp bound-
ary—the plasmopause or ionopause—while on the night-
side it forms the tail of the plasmosphere; the stream-
lines of the solar wind are deflected, so that it flows
round the plasmosphere, Above and along the flux a
shock wave is formed, in which the velocity, magnetic
field, and temperature of the solar wind change abruptly.

The plasmopause on Venus was discovered at an alti-
tude of about 500 km by means of the radar-occultation
experiments with Mariner 5 (see Fig. 5). The presence
of a shock wave near Mars and Venus has been con-
firmed by magnetic and plasma measurements by Venera
4 and 6, Mariner 4 and 5, and Mars 2 and 3, (231238
The shape of the shock wave agrees satisfactorily with
the one calculated in the framework of the hypersonic
gas-dynamic model. (223227

The position of the plasmopause is determined in the
hydrodynamic approximation by the condition of balance
of the dynamic pressure of the solar wind and the pres-
sure of the ionosphere:

(56)

2 2 Brw B2
WiguMwlsy €08? () - s =k@Te+nT)+ 5y

where n,,, M,,, Vs, By, are the concentration, the mass
of the particles, the velocity, and the magnetic field in
the solar wind, » =0. 88 for the flow considered here;

n,, n;, T,, T; are the concentrations and temperatures

of the ionospheric electrons and ions, and B is the mag-
netic field in the ionosphere; £ is the angle between the
outer normal to the mesopause and the velocity of the
unperturbed solar wind,

Note that neglect of the interaction between the solar
wind and the neutral particles simplifies the real picture
since although the cross sections of interaction of solar-
wind particles with the neutral particles are smaller
than those with the charged particles, there are many
more neutral than charged particles near the base of
the exosphere,
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From Eq. (56) and using the experimental data on the
height of the plasmopause on Venus and parameters of
the ionosphere and the solar wind it was found that the
magnetic field on Venus at altitude 500 km is B ~20-

30 vy, tn

Cloutier and Daniell, '#2*? gpecifying a model of the
ionosphere and calculating the altitude distribution of
the conductivity and the currents induced by the solar
wind and their magnetic field, found the magnetopause
as the altitude at which the induced magnetic field be-
comes equal to the magnetic field of the solar wind:
They obtained a plasmopause at about 500 km on Venus
and 350-425 km on Mars (without allowance for its in-
trinsic magnetic moment). On the basis of this model,
it was then calculated™?®’ that the influence of the par-
ticles of the solar wind on the ionospheric particles
above the plasmopause leads to the latter being “swept
out” of the atmosphere, and although these losses are
small (8 g/sec on Mars and 12 g/sec on Venus), the
profiles of the ionospheric ions and electrons above the
plasmopause are strongly distorted from the barometric
distributions.

Bauer and Hartle’?*"! who assumed on the basis of @24}
that Mars has an intrinsic magnetic moment M=2.4
- 1022 G/cm?® (magnetic field on the surface By~60 v),
found by approximate estimates that the magnetopause in
the subsolar point is at the altitude 990 km (where B
=20 ¥) and that at about 300 km there is a plasmopause,
below which the ionospheric plasma is in hydrostatic
equilibrium and rotates with the planet and above which
there are large-scale convective currents of thermal-
ized plasma induced by the solar wind.

The possibility that particles of the solar wind pene-
trate into the plasmosphere has not yet been sufficiently
studied. It has been shown™’ that the hydrodynamic
relation (5.6), which essentially determines the plasmo-
pause as a wall that is inpenetrable for particles of the
solar wind, is approximate; in reality, turbulence of
the plasma behind the shock wave may cause instabilities
to arise on the plasmopause, and these can allow parti-
cles of the solar wind to enter the plasmosphere. On
the basis of these ideas, an energy source was intro-
duced in some ionospheric models at the upper boundary
of the ionosphere, 206:20%:2101 Qp the other hand, in®®*7
also on the basis of a qualitative argument, it was found
that if particles of the solar wind pass through the plas-
mopause electric forces arise which prevent their pene-
tration into the plasmosphere and return them to the
outer flux. In the model of2®! there is a sink on the
upper boundary of the ionosphere due to the ionospheric
particles being “swept out” by the solar wind,

A further study of the interaction of the solar wind
with the atmosphere is needed in order to make more
precise the upper boundary conditions in theoretical
models of the atmosphere and the ionosphere.

6. CONCLUSIONS

The results of experiments made in recent years by
means of space probes in conjunction with the data of
terrestrial observations have provided information about
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a number of the structural parameters of the upper at-
mospheres—the temperatures, density, composition,
and electron density. These data and general physical
laws have been used to calculate models which, under
certain simplifications, describe the picture of spatial
distributions and time variations of the structural pa-
rameters and also establish the main factors and mecha-
nisms which determine this picture, These models
were then used to interpret the experimental data. But
the picture is far from complete and it contains a num-
ber of obscurities and contradictions; in addition, new
problems arise that need solutions.

In order to determine the composition more accurate~
ly and explain the predominance of CO, up to high alti-
tudes the following are required: more accurate mea-
surements of the concentrations of the main components
of the atmosphere and also the concentrations or total
content of a number of small components such as H,,

H, N,, O;, H,0, O;, Ar; investigation of the intensity
of turbulent mixing and the altitude of the turbopause;
laboratory investigations of the rates of a number of re-
actions, including reactions with the participation of
excited particles.

To determine more precisely the thermal regime and
the distribution and variations of the temperature we
need: more accurate measurements of the spectral flux
of solar radiation at different levels of solar activity;
clarification of the contribution of additional heat
sources, in particular, dissipation of atmospheric
gravity waves that arrive from the lower atmosphere;
calculations of the heating efficiency resulting from the
absorption of ultraviolet photons.

To get a more accurate description of the iono-
spheres, we need to know more accurately the rates of
ion production and recombination of ions, to take into
account the influence of dynamical factors, especially
on the structure of the nightside ionosphere, and to in-
vestigate the influence of solar wind.

To make more precise the interpretation of experi-
mental data obtained by measurement of atmospheric
emissions we need investigations of the relative impor-
tance of the different processes of excitation of atmo-
spheric particles,

For a complete and detailed description of the struc-
ture and dynamics of the planetary upper atmospheres
an important role may be played by calculations of
three-dimensional nonstationary models describing the
coupling of the thermal regime, the composition, and
the dynamics of the upper atmospheres.

Note added in proof. On October 22 and 25, 1975,
the space probes Venera 9 and 10 were put into orbits
around Venus, and landers separated from them made
a soft landing and transmitted pictures of the surface
of the planet at the touchdown position. Besides inves-
tigations of the surface and troposphere, investigations
were also made of the upper atmosphere of Venus. %!
Measurements with an ultraviolet photometer of the
scattered radiation in the line 1216 A makes it possible
to find the distribution of the hydrogen concentration and
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the temperature of the exosphere. A spectrometer mea-
sured the emission spectrum of the nightside atmosphere
in the range 3000-8000 A, which will help to clarify the
processes taking place mthe atmosphere. The profiles
of the electron density in the ionosphere -and the pro-
files of the neutral concentration and the temperature

in the mesosphere were obtained by radar-occultation,
An infrared radiometer measured the temperature of

the upper boundary of the clouds (about 233 °K on the
dayside and 11-12° higher on the nightside), In addi-
tion, data were obtained on the magnetic field in the
neighborhood of Venus and the manner in which the solar
wind flows round the planet, these confirming the data
obtained earlier. The results of the measurements are
currently being evaluated.
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