
Abstract. We address the problem of the dissipation (escape) of
planetary atmospheres and discuss the physical mechanisms
controlling the nature of the relevant processes and review the
mathematical models and numerical methods used in the analy-
sis of this phenomenon, taking the limitations imposed by
available experimental data into account. The structural and
dynamic features of the aeronomy of Earth and terrestrial
planets are discussed in detail; they are key in determining the
energy absorption rate and the atmosphere escape rate. A
kinetic Monte Carlo method developed by the authors for
investigating the thermal and nonthermal processes of atmo-
spheric escape is presented. Using this approach and spacecraft
data, atomic loss rates from the Venusian and Martian atmo-
spheres via a variety of escape processes are estimated, and their
role at the current and early evolutionary stages of these planets
is discussed. The discovery of exosolar planets, model studies of
the dissipation of their gas envelopes, and the likely impact of

the dissipation mechanisms on the planetary atmosphere and
climate evolution have stimulated the study of this field and
made it a topical research subject.

Keywords: planetary atmosphere, aeronomy, modeling, su-
prathermal atoms, thermal and nonthermal escape pro-
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1. Introduction

Studies of the evolution of atmospheres of Solar System
planets and planetary systems of other stars have signifi-
cantly advanced during recent decades. Progress has been
achieved owing to unique measurement data obtained by
spacecraft during their flights to different objects in the
Solar System, observations of the outer bodies of the solar
system and exoplanets using space and ground-based
telescopes, and the development of mathematical simula-
tion methods. These results have shaped a new basis for the
physics of the upper atmosphere, i.e., the aeronomy that is
directly linked to planetary cosmogony. In particular, they
have allowed drawing a conclusion that dissipation of a
planetary atmosphere (or atmospheric escape) plays an
important role in the evolution of planets primarily of
terrestrial planets of the Solar System, although many
details of those events are not fully clear and remain the
topic of active discussions [1±3].

Two main regions are distinguished in the upper atmo-
sphere: the thermosphere and the exosphere; within them,
there is also the ionosphere, which contains electrons and ions
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of various compositions and densities. The thermosphere is
limited from below by the homopause (altitudes of 115 to
130 km), above which the contribution of turbulent (eddy)
mixing is small and the altitude distribution of itsmain species
has its own (partial) scales heights of a homogeneous
atmosphere (see below). Due to direct absorption of solar
short-wave radiation by the rarefied gas, the temperature in
the thermosphere increases above the minimum temperature
of the upper boundary of the mesosphere lying below
(mesopause). In addition to heating by solar extreme
ultraviolet (UV) radiation, the structure and dynamics of
the thermosphere are also governed by infrared (IR) heating
in its lower layers, radiation and collision cooling, dissipation
of the energy of gravitational and planetary waves, thermal
tides, and precipitation of charged particles. Particle colli-
sions occur in the thermosphere, while in the exosphere,
which is located higher (and is also referred to as the
planetary corona), collisions are virtually absent. The exo-
sphere is separated from the thermosphere by the exobase,
above which atoms and molecules may run planet-size
distances with a very low probability of collision. At such
altitudes, particles whose energy is higher than the gravita-
tional attraction energy and which run along ballistic
trajectories in the radial direction, can escape into open
space. The exobase is defined as the altitude he at which the
atmospheric hight scale becomes comparable to the char-
acteristic microscopic scale, i.e., the mean free path between
collisions (for a more detailed definition, see Section 2). For
Earth, he � 500 km, while for Mars and Venus he ranges
from 160 to 200 km. Accordingly, above the exobase, the
number of particle collisions is very limited and, from the
standpoint of the kinetic gas theory, any particle in this
zone may leave the planet's atmosphere.

A high velocity at the altitude he can be reached in a
number of physical processes, determined primarily by the
temperature of the upper atmosphere at those altitudes,
which given rise to thermal escape; we note that the fraction
of the particles leaving the atmosphere depends on the local
temperature, which has spatial and temporal variations. If the
atmosphere near the exobase is in hydrostatic equilibrium, the
local velocity distribution of particles is described by the
Maxwell distribution and the process is referred to as the
Jeans escape (or evaporation of the atmosphere), and the
ratio of the gravitational and kinetic energies of particles at
this level is called the Jeans escape parameter. If this
parameter is close to unity, the planet's gravity weakly binds
its atmosphere. The state of the latter deviates from hydro-
static equilibrium and the local velocity distribution of
particles is described by the Maxwell distribution with a
velocity shift that increases the probability of particle
escape. This escape scenario is usually referred to as
hydrodynamic outflow or planetary wind, in analogy to
solar wind. In both cases just discussed, the escape regime is
determined by the temperature of the upper atmosphere.
Therefore, both Jeans and hydrodynamic escape are parti-
cular cases of thermal escape. More specifically, in the case of
Jeans escape, the atmosphere dissipation does not alter the
velocity distribution of particles (the temperature of the upper
atmosphere) at the level he, while in the case of hydrodynamic
escape, this regime itself strongly affects the velocity distribu-
tion of particles and the temperature of the upper atmo-
sphere. A detailed description of the thermal dissipation, the
history of exploration of those processes, and the modern
state of studies can be found in popular reviews [2, 3].

In addition to the thermal dissipation mechanism, there
are nonthermal mechanisms of the planetary atmosphere
escape, wherein the velocity of escape particles does not
depend on the exobase temperature. The major part of
nonthermal escape processes are related to exothermal
reactions of atmospheric photochemistry, the availability of
ions, and their behavior in electric and magnetic fields [1, 2].
The efficiency of this mechanism depends on the body where
it occurs: photochemical escape proved to be of uttermost
importance for Mars, while it is much less efficient for Earth
and super-Earths among the exoplanets. This difference
occurs because the maximum kinetic energy of an oxygen
atom gained in the reaction of dissociative recombination of
O�2 does not exceed several electron-volts, which is signifi-
cantly smaller than the escape energy for a planet more
massive than Mars. The nonthermal escape can have an
impact on switching the upper atmospheres of planets from
the hydrostatic regime to the hydrodynamic one if, for
example, the charge exchange between the planetary corona
gas and the stellar wind plasma is taken into account.
Updated estimates of the relative importance of thermal and
nonthermal escape for the terrestrial planets of the Solar
System are presented in recent reviews [2, 3].

Currently, studies of the physical and chemical dissipation
of planetary atmospheres are stimulated by the rapid growth
in the number of exoplanets, whose observations enable
shaping a new basis for planetary cosmogony (in particular,
studying the evolution of those planets using state-of-the-art
models of atmospheric escape). An analysis of observations
and results of simulation of exoplanet atmospheres under the
effect of host stars shows, in particular, that a planet has been
created, the primordial atmosphere outflows as a result of
absorption and heating of the atmosphere by extreme UV
radiation of the star in the wavelength range 1±100 nm [4]. As
the UV radiation flux becomes weaker, the atmosphere loss
regime changes from hydrodynamic expansion of the thermo-
sphere to `evaporation' in a hydrostatic regime. In the process
of that transition, the onset of various nonthermal processes
occurs, which make a significant contribution to overall
atmospheric losses. As the flux of extreme UV radiation
from a young and active star diminishes to a moderate value
(approximately less than one fifth of the present-day flux of
hard solar UV radiation) in the case where gaseous CO2 orN2

become the main species in the atmosphere, all dissipation
processes increase atmospheric losses, although the impact on
the state of the atmosphere is significantly smaller than or
inessential compared to the effect of those processes during
the early active UV phase of the young star.

Observation and simulation of the evolution of the
atmospheres of exoplanets are of importance for under-
standing the processes that may have occurred on the
terrestrial planets of the Solar System and, primarily, on
Earth. Figure 1 shows possible scenarios of the formation of
Earth's early atmosphere according to [4, 5]. After collisional
(catastrophic) outgassing, the hot vapor atmosphere is
subject to a strong flux of extreme UV radiation from the
young Sun, resulting in the formation of an extended
hydrogen exosphere due to dissociation of H2O molecules.
In comparison with insolation on Venus, which orbits closer
to the Sun, insolation on Earth was weaker, and hence the
atmosphere faster approached the state in which the remain-
ing water vapor could condense to create the terrestrial water
ocean. CO2 molecules presumably precipitated from the
atmosphere and were bound in the lithosphere as carbonates
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(limestone), while nitrogen was released into the atmosphere
as a result of denitrification, to gradually become themain gas
component. In addition to the release of gases from rocks also
as a result of volcanic activity, volatile species could also be
added to the atmosphere during the period of late heavy
bombardment (LHB) from the outer regions of the Solar
System.

It is generally assumed (see, e.g., [5]) that for all the
terrestrial planets in the Solar System, the temporal scales of
the loss of primordial atmospheres captured from the
protosolar nebula at the formation stage were relatively
short. Afterwards, they followed different evolutionary
paths. Venus probably rapidly lost oceans owing to an
irreversible greenhouse effect and atmospheric escape due to
its closeness to the Sun. As a result, its average atmosphere
grew more humid, which favored the UV dissociation of
water vapor accompanied by the escape of hydrogen from the
atmosphere [6±9]. The concentration of hydrogen could
partly affect the climate of early Earth, because the colli-
sion-induced absorption of solar radiation by hydrogen and
nitrogen could provide additional heating to the atmosphere
and thus to resolve the `paradox of early Earth', the
occurrence of a low temperature (some 30� lower than the
triple point of water) near the surface, owing to weak solar
luminosity [10]. The answer to the question of whether Earth
preserved a hydrogen-enriched atmosphere in the Archean
also essentially depends on the atmospheric escape model [11,
12]. Unfortunately, to date, this problem has not been studied
satisfactorily. As an alternative to the hydrogen-enriched

atmosphere of early Earth, a dense carbon-dioxide atmo-
sphere and an atmosphere with a significant content of
methane have been conjectured. Both CO2 and CH4 are
greenhouse gases, and both models can in principle provide
a temperature close to Earth's surface that exceeds the
equilibrium temperature by several dozen degrees and thus
solve the paradox of the young Sun. However, the issue of the
source and content of those gases on early Earth remains open
and, moreover, in the case of a dense carbon-dioxide atmo-
sphere, `transparency windows' remain for the outgoing IR
radiation; to `close' those windows, an admixture of other
gases, for example, water vapor or sulfur-containing gases, is
needed [9, 13].

In a number of studies, a similar model approach is
applied to Mars. It is assumed that during its history, the
planet had a dense (an order of magnitude denser than the
current one) warm and humid atmosphere that dates to the
transition between the so-called Noachian and Hesperian
time periods (� 4ÿ3:6 billion years ago), the predecessors of
the contemporary Amazonian period of cold and dry Mars
[14]. For early Mars to be warm and humid, it is assumed
that it had a dense CO2 atmosphere [15]. In line with the
proposed effect of the absorption of radiation induced by
H2±CO2 collisions, causing an increase in the surface
temperature to a value above the freezing point, a combina-
tion of two factorsÐpartial CO2 pressure over 2 bars and a
concentration of hydrogen greater than 10% in the gas
mixtureÐ is needed. In the case of volcanic activity, to
cause even a short-time warming, the partial pressure of
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CO2 is to be no less than 1 bar [17]. A recent study [18]
showed that if even a small amount of methane (the second
most efficient greenhouse gas after CO2) is added to a
rarefied carbon-dioxide atmosphere, the greenhouse effect
is greatly enhanced, resulting in an increase in the tempera-
ture by several dozen degrees if the CH4 concentration only
increases by one percent. In other words, if the early
atmosphere of Mars had been as dense as Earth' atmo-
sphere, the temperature of Mars's surface would be close to
the surface temperature of present-day Earth for a methane
concentration as low as 2% to 10%. Wenote that ifMars had
been formed from planetesimals similar to those from which
Earth andVenus were formed, it would have had a primordial
CO2 atmosphere with a surface pressure over 10 bar; this,
however, disagrees with the known isotope ratios for
terrestrial planets and carbonaceous chondrites [19]. How-
ever, even if this were the case, Mars's mass is only one tenth
of Earth's mass, and therefore it could hardly have had a
CO2 atmosphere with a pressure over 1 bar in the early
Noachian period [20]. At the same time, a factor that favors
retaining a sufficiently dense atmosphere is that the atmo-
spheric losses of Mars during the Noachian and Hesperian
periods with low Sun luminosity were relatively small [20].

Addressing Venus, we note that regardless of whether
Venus had a primordial ocean, each of the evolutionary
scenarios results in developing a run-away greenhouse effect
and present-day climatic conditions of a hot and dense
atmosphere. However, as in the case of Mars, it cannot be
ruled out that at the very early stages of its evolution, Venus
featured a more temperate climate. The corresponding model
assumes the existence of a negative feedback loop that
stabilized some equilibrium prior to switching to a positive
feedback that resulted in a temperature increase due to the
run-away greenhouse effect. The negative feedback could in
principle be due to a different nature of interaction between
the atmosphere and the lithosphere, which is controlled by the
carbonate±silicate cycle, and to the occurrence in the atmo-
sphere of a humidity threshold (a kind of `cold trap') under
the conditions of a lower influx of solar heat from the young
Sun [9]. This relation could be maintained until the Sun
moved to the main sequence in the Hertzsprung±Russel
diagram and its luminosity increased by about 30%. The
mechanism underlying this scenario was called the `humid
greenhouse effect'. Calculations show that switching from the
humid greenhouse effect to the run-away one would not have
occurred if the increase in the planetary albedo to its current
value owing to the formation of strong cloud cover had
occurred prior to the growth in Sun's luminosity and thus
balanced the increase in the solar energy flux. If this had been
the case, Venus would have had a humid carbon-dioxide
atmosphere with a pressure near the planet's surface of no
more than several atmospheres and the temperature less than
100 �C. Consequently, the atmosphere dissipation conditions
would have been different and, in particular, it would not be
necessary to find a mechanism for the escape of a huge
number of hydrogen atoms in the process of evaporation of
the ancient ocean and, concurrently, a mechanism for
evacuating oxygen atoms from the atmosphere, the thermal
dissipation of which is not possible. To circumvent this
difficulty, a mechanism of blow-off-assisted escape was
proposed [21].

Thus, observations and theoretical models of the atmo-
spheres of exoplanets that are subject to extreme fluxes of
extreme radiation from a host star provide a nice opportu-

nity to verify our theoretical understanding of those key
processes, i.e., the thermal and nonthermal dissociation that
affect the evolution of both the planet and its atmosphere, in
particular, Earth and its atmosphere, at their early stages.
Hopefully, future observations of exoplanets will yield
stronger restrictions and will allow improving models of
atmosphere dissipation, while application of those models [4]
will enable us to better explain the formation of the
paleoclimate and evolution of the terrestrial planets of the
Solar System.

Nonthermal escape processes are naturally divided into
two main categories, depending on the charge of a specific
atom or molecule they have when attaining the escape energy
on a trajectory that does not cross collisional areas of the
atmosphere. These two categories are the escape of neutral
particles and the escape of ions. However, these categories are
not fully separated: a neutral particle with an energy sufficient
to escape may be ionized and registered by measurement
instruments as an escaping ion. The rates of loss of the
planetary atmosphere owing to the escape of ions can be
measured by plasma devices of spacecraft; owing to this, the
models of the losses of the planetary atmosphere due to
escape and outflow of ions can be verified and refined.
However, if a planetary atmosphere is lost due to the escape
of neutral atoms and molecules, direct measurements of
escape fluxes are lacking. Therefore, to assess the rate of
losses of a neutral planetary atmosphere, mathematical
models have to be developed for this class of aeronomic
problems [1±3]. Currently, only fluxes of energetic neutral
atoms (ENAs) can bemeasured usingENAdetectors installed
on spacecrafts. Most of those detectors [ASPERA-3 (Analy-
zer of Space Plasma and Energetic Atoms 3) installed on the
European Space Agency's Mars-Express spacecraft, MIMI
(Magnetospheric Imaging Instrument) and INCA (Ion
and Neutral Content Analyzer) on NASA's Cassini space-
craft, SWIA (SolarWind IonAnalyzer) onNASA'sMAVEN
(Mars Atmosphere and Volatile EvolutioN), etc.] can
measure ENA spectra and fluxes in the energy range above
several dozen electron-volts, i.e., the spectra and fluxes of
super-thermal neutral particles that are generated due to the
charge exchange of ions of magnetospheric plasma and/or
solar wind in the process of interaction with thermal atoms
from the planetary exosphere. In other words, direct
measurements of the escape fluxes of neutral particles in the
range of suprathermal energies (< 10 eV) that determine the
atmosphere loss rate due to nonthermal escape of atoms and
molecules are currently virtually lacking.

The aim of this review is to discuss the key problems
described above, which are directly related to the evolution of
planets. Original results of studies of the dissipation of the
neutral species of planetary atmospheres are considered. The
main concepts of planetary aeronomy are introduced, the
physical processes that determine rates of energy absorption
and atmospheric escape (Section 2) are discussed, and a
kinetic Monte Carlo method intended for studying thermal
and nonthermal processes of atmosphere dissipation (Sec-
tion 3) is presented. Data on losses from the atmospheres of
Venus andMars presented in Section 4 are used as an example
to critically analyze data from the most recent spacecraft
observations in comparison with the results of theory and
simulations. Section 5 contains the most recent results of
applying the approach presented in the review to studying the
rates of atmospheric losses by exoplanets and, more specifi-
cally, by hot Jupiters.
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2. Basic concepts

2.1 Aeronomic systems of planets, satellites, and comets
Planetary aeronomy problems pertain to many bodies of the
Solar System that have gas envelopes, i.e., planets, their
satellites, and comets. In most cases, the motion of gas in the
envelope is restricted by the gravitational field of the planet or
satellite, and such an envelope is referred to as an atmosphere.
If the motion of gas in the envelope is not restricted by the
attraction of a celestial body, it is referred to as a coma, as is
the case with the nucleus of a comet. The presence or absence
of a gas envelope is an important indicator that reflects
significant features of the origin and evolution of the planet
or satellite on a geological time scale. The chemical composi-
tion, structure, and dynamics of atmospheres highly depend
on the mass and location of the celestial body in the Solar
System (to which the initial composition of the atmosphere,
thermal and chemical differentiation of the primordial
matter, and insolation conditions are related) and on the
parameters of orbital and rotational motion. Therefore, even
within a small region occupied by terrestrial planets, the
properties of their atmospheres are significantly different.
The notable differences in the chemical composition of
planets and their atmospheres reflect a sequence of evapora-
tion and condensation of the primordial matter in the gas-
and-dust accretion disc that formed from the protoplanet
nebula, the formation of planets and small bodies, and
various stages of their subsequent evolution [19].

2.1.1 Basic length scales and their definition. Relatively dense
layers of the lower atmosphere (troposphere) can be treated in
the gas dynamic approximation because the mean free path l
(the distance between sequential collisions of a particular
molecule or an atom) is significantly smaller than the smallest
microscopic length scale; the atmospheric pressure height
scale is H � kBT=�mg� where T is the kinetic temperature,
m is the average molecular weight, g is the free fall accelera-
tion, and kB is the Boltzmann constant. The value of H
determines the exponential decrease in pressure with growing
height. Under appropriate assumptions, the initial kinetic
Boltzmann equation can be reduced to this approximation
[22]. Because the mean free path increases as the number
density decreases, at some altitude in the atmosphere the
mean free path becomes approximately equal to the height
scale. This altitude is known as the exobase, and the region
above the exobase is referred to as the exosphere. more
rigorously, the exobase of a planet or satellite with radius Rp

is defined as the altitude hexo � rexo ÿ Rp in the atmosphere at
which the probability of escape from the atmosphere without
subsequent collisions for a molecule (or atom) moving
upwards with a velocity exceeding the escape velocity is
equal to exp �ÿ1�. The exobase is calculated using the formula

Pexo � exp

�
ÿ
�1
hexo

sn�h� dh
�

� exp
�ÿKnÿ1�hexo�

� � exp �ÿ1� ;

with the dimensionless parameter Kn�h� � ÿsn�h�H�h��ÿ1.
Here, n�h� and T�h� are the number density and temperature
of gas at an altitude h � rÿ Rp, s is the elastic scattering cross
section, m is the average mass of molecules and atoms, and
g�h� � GMp=r

2, where Mp is the mass of the planet and G is
the gravitational constant. In the dynamics of rarefied gases,

the parameter Kn is referred to as the Knudsen number,
which is defined as the ratio of characteristic micro- and
macroscopic gas flow scales: Kn�h� � l�h�=H�h�, where the
characteristic microscopic scale is the free path length
l�h� � � ���2p sn�h��ÿ1=2 and the characteristic altitude-depen-
dentmacroscopic scale is the atmospheric height scaleH�h� �
kBT�h�=�mg�h��. In particular, the condition Kn5 1 ensures
the correctness of describing the atmosphere in the gas
dynamic approximation as a medium in which collisions
dominate and which is considered as a continuous medium.
At the exobase altitude, Kn � 1, and the relation snexoH � 1
is often used for determining the exobase. In this estimate, the
exobase altitude is attained for the gas concentration along
the line of sight N�rexo��nexoH�1=s, where rexo is the
exobase radius. As the cross section, the value s � �1ÿ3��
10ÿ15 cm2 is often used, yielding the characteristic value
N�rexo� � �1ÿ0:3� � 1015 cmÿ2 [22, 23]. On Mercury, the
Moon, and many ice bodies in outer regions of the Solar
System, the density of gravitationally bound gas along the line
of sight is smaller than 1=s, and hence the escape of atoms and
molecules begins directly from the physical surface of the
celestial body.

The exobase is typically used as an average altitude he
from which molecules can escape into open space. However,
this approximation is rather rough because the rates of many
processes that result in populating the thermosphere with
particles having suprathermal energies attain their maximum
much lower than the exobase; as a result, the particles with
excessive kinetic energy (suprathermal atoms and molecules)
can escape from altitudes that are much lower than that
nominal level [24]. Stated differently, the structure of the
exosphere is determined by the aeronomy of the processes
that occur deep in the thermosphere; this requires a descrip-
tion of the transport of particles with an excessive thermal
energy. In addition, collisions involving atoms and molecules
depend on the energy of the colliding particles, the dominat-
ing process usually being so-called forward scattering, whose
distribution peaks at small values of scattering angles (an
analog of the forward-elongated indicatrix of photon scatter-
ing in a gas-and-dust medium); therefore, hard spheres are
only a rough approximation of scattering cross sections, and
planetary coronas often prove to be populatedwithmolecular
species.

2.1.2 Main parameters underlying classifications of atmo-
spheres, comas, and exospheres. The most idealized model is
an atmosphere fully bound by gravity, with the velocity of
thermal escape exactly equal to zero. Although this model is
highly oversimplified, it is convenient for determining the
essential composition of the atmosphere. Indeed, in the classic
model of atmospheric escape, it is assumed that 1) the
atmosphere near and below the exobase is completely
determined by collisions and hence the velocity distribution
of atoms andmolecules is given by theMaxwell function, and
2) directly above the exobase, the collisionless exosphere
begins. In this case, the escape outflow due to thermal
evaporation of particles from the atmosphere, which has the
density n�rexo� at the exobase altitude, is described by the
classic Jeans formula:

Fesc�rexo� � n�rexo�U
2
���
p
p �l� 1� exp �ÿl� ;

where the dimensionless escape parameter l � v 2esc=U 2 is
calculated at the exobase altitude he. Here, U is the most
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probable velocity in the Maxwell distribution, U �
�2kBT=m�1=2, and the escape velocity at the altitude he is
defined as vesc�rexo� � �2GMp=rexo�1=2. The parameter l can
then be described in physical terms as the ratio of the potential
energy of the particle in the gravitational field of the planet to
the thermal kinetic energy:

l�rexo� � v
2
esc

U 2
� GMpm=rexo

kBT
� rexo

H
:

It follows that as l! 0, the atmosphere loses its gravitational
bond to the planet and atmospheric outflow occurs in a
continuous medium regime owing to the excessive kinetic
energy of thermal motion, while in the limit of large values of
l, the atmosphere remains fully gravitationally bound, and
the thermal escape is vanishingly small. A comet coma is a
characteristic example of the former case, while the latter case
is represented best by Jupiter. We note that celestial bodies
with small values of l close to the exobase have the most
extended atmospheres.

The limit l! 0 is known as the Jeans limit, which
characterizes the maximum possible velocity of thermal
escape:

lim
l!0

Fesc�rexo� � n�rexo�U
2
���
p
p � 1

4
n�rexo� vth ;

where the thermal velocity is vth � �8kBT=�pm��1=2 � 1:13U.
Actually, this limit value is equal to the upward thermal flux
at the altitude he.

To clarify the differences between the atmosphere, coma,
and exosphere, we can use an analytic solution of the
continuity equation for density and of the momentum
equation for an isothermal atmosphere. In this case, the
distribution of the number density in the radial direction is
described by the formula

n�r� � n�r0� exp
�ÿ
l�r� ÿ l�r0�

�ÿ ÿM�r� ÿM�r0�
��
;

where M�r� � �w�r�=U �2, and the boundary conditions are
set at some conveniently defined altitude. Because the number
density n�r� and the radial velocity w�r� are related by the
continuity equation, the quantity 4pr 2n�r�w�r� is constant in
the radial direction whenever the chemical composition
remains unchanged.

The following limit cases of the above solution are most
interesting. In the absence of a radial flow (M�r� �
M�r0� � 0), we obtain the condition of hydrostatic equili-
brium, under which gravitational attraction is fully balanced
by pressure gradient

n�r� � n�r0� exp
ÿ
l�r� ÿ l�r0�

�
� lim

H=rp! 0
n�r0� exp

�
ÿ rÿ r0

H

�
;

where the last passage to the limit is only valid for planets and
satellites for which the scale height is small compared to the
radius of the celestial body. On the other hand, if the
atmospheric flow increases with growing radius, its density
decreases when the radius is growing faster than in the
hydrostatic approximation. This additional decrease in
density is relatively small for a subsonic flow (M�r�5 1).
Bur for larger values of the Mach number M, significant
variations of the flow density are observed. As characteristic

examples, we mention the solar wind or polar wind in the
high-latitude atmosphere of Earth.

2.1.3 Suprathermal particles in planetary atmospheres. In
studying the atmospheric gas flow at exosphere altitudes, we
should take into account possible losses and the production of
atoms and molecules as a result of nonthermal processes such
as ion sputtering of neutral gas, ionization and dissociation by
electrons, charge exchange with the solar wind, and/or
magnetospheric plasma ions.

The category of suprathermal (or `hot') particles usually
includes particles whose kinetic energy is higher than
�5ÿ10� kBT, where T is the temperature of the background
atmospheric gas. The suprathermal particles are produced in
various physical and chemical processes, whose products
have excessive kinetic energy. If the production rate of such
particles populating the range of suprathermal energies is
high compared to the rate of their thermalization in elastic
collisions, a stable fraction is created that can significantly
perturb the locally equilibrium (Maxwell) distribution of the
thermal energy of the background atmospheric gas. The list of
principal sources of suprathermal particles in the rarefied gas
of planetary atmospheres includes:
� charge exchange of high-energy ions of magnetospheric

origin in their interaction with neutral species of atmospheric
gas;
� dissociative recombination of molecular ions with

ionospheric electrons;
� dissociation and dissociative ionization by UV solar

radiation and magnetospheric plasma;
� exothermal ion±molecular and neutral chemical reac-

tions;
� sputtering or knock-on of the atmospheric gas by the

magnetospheric plasma;
� nonthermal desorption from the surfaces of aerosole

and dust fractions.
Photochemical sources, such as dissociative recombina-

tion, dissociation under the effect of solar (stellar) photons in
the ranges of soft X-ray radiation (soft X-rays, 1±10 nm) and
extreme UV radiation (EUV, 10±100 nm), which are usually
referred to as XUV photons, and high-energy electrons and
exothermal chemical reactions, are characterized by a release
of energy of the order of several electron-volts, with a part of
this energy possibly stored in the form of internal excitation of
reaction products [25]. For example, Fig. 2a shows the
calculated function of the distribution of oxygen atoms,
which are the main component of the transition region from
the thermosphere to exosphere in the upper Martian atmo-
sphere [26]. The thermal distribution function shown a
dashed line in Fig. 2a is calculated for an altitude of 230 km
for the temperature of the Martian atmosphere T � 205 K
under the conditions of moderate solar activity. It can be seen
that in the range of suprathermal energies, the density of
oxygen atoms that are produced owing to a photochemical
source (solid curve), namely, dissociative recombination of
the molecular oxygen ion, is significantly higher than the
density of thermal oxygen atoms (dashed curve) that follows
from the Maxwell distribution. A detailed analysis of the
contribution of suprathermal oxygen atoms, which is due to
the dissociative recombination of the main ionospheric ion,
molecular oxygen, to the population of the hot oxygen corona
of Mars is presented in Section 4 (see Fig. 5).

Plasma sources include the charge exchange of high-
energy ions and sputtering of the atmospheric gas by the
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magnetospheric plasma or (in the case of direct interaction) or
the plasma of the solar (stellar) wind. Featuring a high
efficiency of energy transfer, they produce suprathermal
particles with energies up to several hundred electron-
volts [3]. As an example, Fig. 2b shows the distribution
function, normalized to unity, of oxygen atoms in Earth's
upper atmosphere. We can see that the range of suprathermal
energies (1±10 eV) is populated with oxygen atoms, products
of photochemical reactions [27], while the range of super-
thermal energies (101±104 eV) is formed by the precipitation
of oxygen ions O� with high kinetic energies [28]. The
concentration of suprathermal oxygen atoms is significantly
higher than the concentrations of thermal oxygen atoms,
which follows from theMaxwell distribution at a temperature
of 1170 K in the transition region of Earth's upper atmo-
sphere.

The produced suprathermal particles lose their excessive
kinetic energy in elastic and inelastic collisions with the
background atmospheric gas. Usually, those processes are
considered in a linear approximation under the assumption
that the background gas is in thermal equilibrium and only
weakly perturbed by suprathermal particles. If the rate of
production of suprathermal particles is high, a nonlinear
kinetic approximation must be used, because secondary
particles with suprathermal energies are also produced.
Their subsequent collisions with the background gas result
in a cascade production of new suprathermal particles and
therefore in significant perturbations of the thermal state of
the atmospheric gas. It follows that the kinetics of suprather-
mal particles can be accurately described using the kinetic
Boltzmann equation only on the microscopic level.

2.2 Processes of escape from atmospheres
The planetary atmosphere density decreases as altitude
grows; starting with the exosphere altitude particles can run
planet-size distances with a very low probability of collisions.
At such altitudes, the atoms and molecules whose energy is
higher than their gravitational energy and whose radial
velocity is directed upward, can escape into open space. At
the exobase altitude he, a transition occurs from the contin-
uous-medium regime to the rarefied-gas regime, and indivi-

dual collisions are to be considered using kinetic and/or
stochastic methods.

In approximate approaches, such as the Chamberlain
model of thermal escape, which is considered in Section 2.3.1,
only those atoms that are produced at the level he or higher
with an energy higher than the escape energy and a velocity
directed upward are taken into account. However, for an
actual atmosphere, using the exobase altitude alone is
ambiguous because the exobase is an extended area that is
different for different molecules, and the corresponding
models fail to provide the required accuracy. Therefore, the
most suitable approach is to use computer simulation of
planetary atmosphere dissipation based on kinetic methods,
an approach that is currently in wide use [1, 3].

In Section 3, we discuss in detail the kinetic approach to
describing the physics and chemistry of the processes that
govern production of the neutral planetary corona and
atmospheric dissipation. We present the results of simula-
tions for the terrestrial planets that have sufficiently stable
atmospheres, wherein atmospheric dissipation is currently a
relatively insignificant effect. However, as is shown below,
for icy bodies orbiting in the outer areas of the Solar System,
the escape of particles from the atmosphere can play a
dominant role in their evolution. Those molecules released
from the surface of an `atmosphereless' icy body do leave
evidence of the presence of a neutral gas in the gas envelope
of such a body, a feature that is especially characteristic of
comet atmospheres (comas) at different radial distances
from the Sun. In the case of a satellite orbiting a giant
planet, this gas can remain gravitationally bound to the
planet, forming an almost torus-shaped atmosphere elon-
gated along the satellite orbit. Such atmospheres, which are
by their nature an extension of the satellite exosphere, result
in partial filling with a neutral gas of the planetary magneto-
sphere, as is observed for Jupiter's Galilean satellites, Io and
Europa.

2.2.1 Thermal escape.We have seen that thermal escape is, by
its nature, determined by the temperature at the exobase level,
although, formally, the collisional and collisionless regions
close to that level cannot be separated by an arbitrary
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Figure 2. (Color online.) (a) Calculated distribution function (DF) of oxygen atoms at an altitude of 230 km in the upper atmosphere of Mars [26]. The

thermal fraction is shownwith a dashed curve. The vertical lines indicate conventional boundaries of suprathermal energies and the energy of escape from

the atmosphere of Mars. (b) Calculated function of the kinetic-energy distribution (EDF) of oxygen atoms at an altitude of 500 km in the upper

atmosphere of Earth [27, 28]. The thermal fraction that corresponds to a temperature of 1170 K is shown with a dashed curve. The range of suprathermal

energies 10ÿ1 ± 101 eV is populated with the oxygen atoms produced in photochemical reactions [27], while the range of superthermal energies 101 ±

104 eV is formed as a result of precipitation of O� ions with high kinetic energies [28].
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dimensionless boundary. The reason is that the density
distribution is a continuous function and therefore the
transition from the continuous-medium regime to the regime
of free-molecule flow of the atmospheric gas occurs gradu-
ally. Furthermore, the number density (and the probability of
collisions) at different latitudes and longitudes feature
significant variations, such that the local temperature at the
level he varies in a 3D geometry and the number of particles
leaving the atmosphere per unit area and per unit of time
follows from the Jeans formula [29, 30]. It should be kept in
mind that if the Jeans escape parameter is close to unity and
the upper atmosphere deviates from hydrostatic equilibrium,
the local velocity distribution of particles is described by the
Maxwell distribution with a velocity shift [31, 32], and the
probability of particle escape increases as a result of a
hydrodynamic outflow (referred to as the planetary wind)
[33, 34]. The Jeans and hydrodynamic regimes are the limit
cases of thermal escape in which the temperature at the level
he remains constant or is subject to a strong effect from the
atmospheric dissipation regime itself.

Results of simulations using the kinetic Monte Carlo
method (statistical simulation) show that switching between
the hydrodynamic regime and the Jeans regime occurs in a
relatively narrow range of escape parameter values [32].
Therefore, it is important to characterize the planetary
thermosphere using the assessment of energy balance: in the
hydrodynamic regime, the energy balance in the thermo-
sphere sets limitations on the magnitude of atmospheric
escape, while in the hydrostatic regime, there is no such
dependence. Hydrostatic escape can be considered a limit
case of the hydrodynamic regime. An important feature of the
hydrodynamic regime is that, essentially, the hydrodynamic
escape is limited by the energy available for forming its flow
over the entire thermosphere. Stated differently, if the heating
rate remains invariable in the thermosphere, then, regardless
of the efficiency of the particle outflow at the exobase level,
the total escape flow also remains invariable.

2.2.2 Nonthermal escape. A specific feature of nonthermal
processes in which the atmosphere loses its particles is that the
escape rate does not depend on the temperature at the exobase
level. Most of the nonthermal dissipation processes are
determined by ions and their behavior in electric and
magnetic fields. For example, nonthermal escape that is due
to photochemical processes (photochemical escape) is of
importance for Mars, but it can hardly be an efficient
mechanism for Earth or super-Earths because the maximum
kinetic energy the oxygen atom acquires as a result of
dissociative recombination of O�2 does not exceed several
electron-volts, which is lower than the escape energy for a
planet more massive than Mars.

Neutral atoms and molecules can be ionized in the
planet's atmosphere as a result of photoionization, colli-
sional ionization, and charge exchange with solar-wind ions.
If ions are formed around a planet that does not have a
magnetic field or whose magnetic field is very weak, they can
be accelerated under the effect of the Sun'smagnetic field, and
some of them can leave the planet. This process of capturing
ions is less efficient for a planet such as Earth, because solar or
interplanetary electric and magnetic fields are screened at
long distances from the planet. In this case, ions can be
captured by the planet's magnetosphere. However, different
models of hydrodynamic escape from the atmosphere show
that the upper atmosphere becomes strongly extended under

the effect of strong stellar XUV radiation, with the exobase
located at an altitude of several planetary radiuses. If at the
same time the strong stellar wind from a young star pushes the
magnetopause of the exoplanet's atmosphere down closer
than the exobase to the planet's surface, protection by means
of its own moderate-strength magnetic field from the effect of
the stellar wind plasma on the neutral atmosphere may be
inefficient.

If energetic ions are captured by the planet's magnetic
field, they can escape from the atmosphere as a result of
capturing electrons from slowly moving particles, i.e., charge
exchange. Such ions can collide with slow atmospheric
particles and, due to momentum transfer, cause the escape
of neutral atmospheric particles in the process of atmospheric
sputtering or knock off. Because electrons are much lighter
than ions, in areas where magnetic-field lines are not closed
(magnetic poles or cusps), the atmosphere deviates from strict
neutrality. As a result of charge separation between electrons
moving upward and ions lagging behind, an additional
overall acceleration of ions occurs. Unlike ambipolar diffu-
sion, where the flows of electrons and ions in a weakly ionized
plasma virtually coincide, this process results in ions escaping
from the atmosphere, giving rise to the so-called polar wind.
Updated estimates of the relative importance of thermal and
nonthermal mechanisms of atmospheric losses for the
terrestrial planets of the Solar System are presented in
reviews [3, 35].

We note that nonthermal escape can affect the transition
of upper planetary atmospheres from the hydrostatic regime
to the hydrodynamic one. It is convenient to relate the flux of
the incoming stellar XUV energy and the escape rate from the
atmosphere of the planet (exoplanet) to the escape efficiency.
For this, a detailed account of contributions from individual
processes is required, which would enable not only tracking
the energy flows in the chains of atmospheric chemistry
reactions but also taking the energy transported within the
thermosphere by photo- and secondary electrons into
account. All these factors significantly complicate the
analysis of the relations between the thermal energy accumu-
lated by the background atmospheric gas and the absorbed
energy of solar (stellar) XUV photons, and hence make the
calculations of heating efficiency much more difficult [36].

2.3 Approaches to the simulation of the exosphere
and atmospheric escape
2.3.1 Chamberlain exobase model. An analytic model for the
exosphere gas density that is widely used now was developed
by Chamberlain [30]. It is based on the assumptions that the
velocity distribution of atmospheric gas molecules at the
exobase height he is Maxwellian, that collisions can be
ignored above the exobase, that the only relevant force is
gravity, and that the velocity distribution at altitudes h > he is
obtained from the Liouville equation. Three populations of
particles were considered that depend on the trajectory type:
ballistic, satellite, and escaping. Using the Liouville equation,
an analytic formula was derived for the density of each
population at altitudes larger than he. This approach was
generalized to a nonuniform exobase [37] and a rotating
planet [38, 39]. Velocity distributions produced by photo
dissociation and atmospheric sputtering have also been
used. For instance, it was shown that in order to fit the
recent INMS (Ion and Neutral Mass Spectrometer) Cassini
spacecraft measurement of the exospheric density of Titan, a
satellite of Saturn, it is necessary to take the population of
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high-energy tails of the distribution function into account
and, in this way, to represent the suprathermal (hot) particles
produced at altitudes below the exobase [40]. The full
distribution function can be described in this case by a
kappa distribution or a Maxwellian function combined with
a power-law distribution for the high-energy tail. A best fit
was found for the atmospheric corona gas densities in a
narrow range of altitudes using a kappa distribution to
account for both suprathermal and thermal species of the
atmospheric particle fractions.

Coronas like Titan's exosphere proved to be populated
with nonthermal species, requiring a description of suprather-
mal-energy particle production below the exobase, where
collisions cannot be disregarded. Accordingly, deviations
from local thermal equilibrium (LTE) start at Kn � 0:1,
which occurs at 650 km in Titan's atmosphere. Therefore,
production and transport of suprathermal particles in the
planetary corona requires solving the Boltzmann equation or
performing Monte Carlo simulations [41].

2.3.2 Kinetic Boltzmann equation for suprathermal particle
transport. In the so-called two-stream approximation, the flux
of suprathermal (hot) particles in a background thermal
atmosphere is derived from the full Boltzmann transport
equation (see, e.g., [42]). Separating the flux into upward
F��E; h� and downwardFÿ�E; h� components, where E is the
kinetic energy and h the altitude, results in coupled linear
equations that are solved for a range of altitudes up to he. The
velocity distribution for the suprathermal particles at the
exobase is f �h; v� � �F��E; h� � Fÿ�E; h��=v�E �, where
v�E � is the speed corresponding to the kinetic energy E [43].
The exospheric structure and escape rate are then determined
using the Liouville equation. Studies [44±46] modeled the first
detection of the suprathermal fraction of O atoms in Venus's
exosphere produced by dissociative recombination of the O�2
molecular ion. Themeasured branching ratios for dissociative
recombination and the vibrational distribution of the ground
state of the O�2 ion were also used for modeling Mars's upper
atmosphere for solar minimum and maximum conditions on
Mars [47]. The role of CO� dissociative recombination and
photodissociation of the CO molecules in Mars's aeronomy
was calculated similarly [48].

Approaches have been developed to solve a linearized
Boltzmann equation that describes the atmospheric gas flow
in the transition region (see, e.g., [2, 49, 50]). This approxima-
tion is used to describe the flow of suprathermal or minor
species through the background atmosphere, assuming that
their effect on the thermal state is negligible. In [51],
the Boltzmann collisional term is calculated for endothermic
and/or exothermic reactions between species that both have
Maxwellian distributions and scatter isotropically. The
results were successfully compared with the Monte Carlo
test particle simulations described below. The results include
the distributions of suprathermal O in the Venusian and
Martian atmospheres produced by dissociative recombina-
tion of O�2 , including collisions with thermal atmospheric
oxygen atoms.

2.3.3 Kinetic Monte Carlo simulation. The Direct Simulation
Monte Carlo (DSMC) method, a stochastic method used to
describe a rarefied gas, is equivalent to solving the Boltzmann
equation. It treats both the dynamic and stochastic nature of
the gas at the molecular level [52]. The method is valid if the
collisions are statistically independent, multiparticle colli-

sions are negligible, and the collision time is small compared
to the time between collisions. All types of collisions can be
accounted for, including those between atmospheric particles,
and nonlinear processes can thus be included [26±28, 53±56].
Each species is described in terms of its phase-space distribu-
tion. The motions of representative particles, each assigned a
weight, are followed taking collisions and forces into account.
Source distributions and collisions are typically treated using
Monte Carlo algorithms. The DSMC method is resource
consuming when the domain in the atmospheric gas flow
under study is highly collisional, but is useful for describing
the transition from the collisional to collisionless regime [1,
57]. It has been successfully used to simulate heating of the
exobase region and studying the coronal structure and escape
using knowledge of the processes that produce suprathermal
atoms and molecules. DSMC simulations have been applied
to the exobase region of Mars [26, 56, 58, 59], Titan [24, 60],
and Jupiter's satellite Europa [55, 61], as well as to a comet's
coma [1, 62, 63] and the upper atmosphere of exoplanets [64].

3. Kinetic Monte Carlo method
for studying the dissipation of planetary
atmospheres

3.1 Kinetics of suprathermal particles
We now consider in more detail the kinetic Monte Carlo
method (stochastic simulation method based on the set of
Boltzmann equations) and its applications to thermal and
nonthermal dissipation of particles from a planetary atmo-
sphere on the basis of discrete mathematical models.

Let a rarefied gas in the planetary atmosphere consist of
ai, i � 1; . . . ;S; atoms and molecules in a physical volume V.
Each particle of a species ai (atom, molecule, and/or their ion)
is characterized by the mass mi, location ri 2 V, velocity ci,
and a set of quantum numbers zi for each possible level of
internal excitation. These chemically different species interact
through collisions via m � 1; . . . ;M > 1 chemical reactions
specified by the dynamic schemes

m : ai�ci; zi� � aj�cj; zj� ! ak�c 0k; zk� � al�c 0l ; zl� : �1�

To provide a general description, we treat reactions (1) as a
dynamic process that involves both elastic (ai � ak and
aj � al) and inelastic (ai � ak and aj � al) collisions (how-
ever, internal excitation levels are different: zi 6� zk and/or
zj 6� zl), as well as chemical reactive collisions (ai 6� al and/or
aj 6� al).

The probabilities of reactions (1) are determined using
scattering functions

gi j dsm � jci ÿ cjj sm
ÿjci ÿ cjj;O

�
dO ;

where dsm is the differential scattering cross section for
reaction (1), gi j � jci ÿ cjj is the relative velocity, and O is
the solid scattering angle. Each channel in reaction (1) is
specified by the corresponding elastic s el

m , inelastic s in
m , or

chemical reactive s r
m cross section, such that

sm � s el
m � s in

m � s r
m :

The scattering functions that depend on the potential of
interaction between reacting particles are usually calculated
using quantum mechanical methods or measured in labora-
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tory experiments. The velocities of the particles produced in
reaction m are determined using the mass, momentum, and
total energy conservation laws for interacting molecules,
while their directions are selected in accordance with the
probabilistic scattering function

sm
ÿjci ÿ cjj;O

��
sm dO

:

The evolution of a chemically reacting system on a
microscopic-description level follows from the solution of
the set of Boltzmann kinetic equations

qFai

qt
� r

qFai

qr
� G

mai

qFai

qc
� Qai �

X
m

J ai
m �Fai ;Faj� ; �2�

with initial and boundary conditions for the atmospheric gas
in a volumeV subject to the effect of the planet's external field
G and under physical assumptions such as the rarefied state
of the gas or rapidly decreasing particle interaction ranges
in collisions [1, 65, 66]. The gas state is described on a
microscopic level using distribution functions of gas particles
by velocity and internal state excitation Fai�t; r; c� �
nai�t; r; z� fai�t; r; c�, where nai�t; r; z� is the number density of
a particle in a state z and fai�t; r; c� is a single-particle velocity
distribution function normalized to unity. Source functions
Qai�t; r; c� determine the rates of production of suprathermal
particles in photochemical and/or plasma processes. The
collision integral J ai

m �Fai ;Faj� in the right-hand side of the
kinetic equations describes how the gas state changes as a
result of chemical reactions:

J ai
m �Fai ;Faj��

�
gi j dsm dcj

�
emFak�c 0k�Fal�c 0l � ÿ Fai�ci�Faj�cj�

�
;

�3�

where em is the normalization factor of phase volume
conservation in chemical reactions.

The kinetics of a rarefied atmospheric gas on the
microscopic level is fully determined by the dynamic and
probabilistic characteristics of molecular collisions, the
scattering functions, and the distribution functions of collid-
ing particles by translational and internal degrees of freedom.
Accordingly, the chemical evolution of the atmospheric gas
has an involved structure of the kinetic rates of exchange by
translational and internal energies.

The kinetics and transport of suprathermal particles in
planetary coronas are apparently nonequilibrium, because
both the production and transport of suprathermal particles
from the underlying atmospheric layers and nonthermal
losses result together in deviations of the atmospheric gas
state from LTE. The gas flow in the planetary corona is then
adequately described either as a mixed kinetic system if
perturbations in the thermal state of the background atmo-
spheric gas caused by suprathermal particles are small, or by a
fully kinetic set of Boltzmann equations (2) if those perturba-
tions are significant and the planetary corona becomes hot.

In the kinetic theory of rarefied gases and its applications
to aeronomy problems, a number of methods have been
developed for studying the gas dynamics and kinetics in
conditions close to LTE [22, 67]. An analysis of strongly
nonequilibrium systems (ea � 1) is very involved due to the
mathematical complexity of the Boltzmann kinetic equations
(nonlinear and multiple integrals), which requires developing
new approaches.

3.2 Numerical kinetic model
for studying atmospheric escape flows
An approach that seems to be quite promising is to develop
object-oriented discrete mathematical models that use a
probabilistic interpretation of collisions in an ensemble of
model particles. This class includes the DSMC method [52]
and its modification for studying nonequilibrium processes in
chemically active gases [68, 69] for the chemistry of planetary
atmospheres [1, 70±72] and astrochemistry [73, 74]. The main
idea of this approach to solving the system of Boltzmann
equations (2) is to approximate measures Fa�t; r; c� dr dc with
a discrete numerical model with point-like measures, a system
or ensemble of model particles.

Below is a general scheme for developing a numerical
discrete model intended for studying the production,
kinetics, and transport of suprathermal particles in a
planetary corona:
� the scales, local average free path time and length for

atmospheric gas particles are to be taken as characteristic
time and space scales because the numerical model corre-
sponds to amicroscopic (molecular) level of the description of
the gas state in planetary corona;
� atmospheric gas parameters deviate greatly in the

transition region (hot planetary corona) from those that are
specific to gas flow and determined by collisions in a relatively
dense thermosphere and those that are specific to free
molecular (virtually collisionless) flow in the exosphere, i.e.,
the gas flow in the planetary corona has significant density
and temperature gradients;
� usually, significant differences are observed between the

concentrations of suprathermal particles that are produced in
photochemistry and sputtering by the magnetosphere plasma
and the background atmospheric gas.

To take those characteristic features of the formation of
hot planetary coronas into account in developing a numerical
model, the following approaches are to be used:

Ð split the solution of the initial kinetic system (2),
according to physical processes, into the stages of simulation
of suprathermal particle sources, collisional relaxation of
those particles in physical and chemical reactions, and
collisionless transport of suprathermal particles under the
effect of the planet's gravitational and magnetic fields on a
discrete time scale;

Ð stochastically simulate production of suprathermal
particles and their local physical and chemical kinetics using
analog weighted Monte Carlo algorithms;

Ð calculate trajectories of suprathermal particles using
finite-difference algorithms disregarding collisions in the
planetary corona.

Similarly to the method of splitting by physical processes,
we use the following discrete presentation of time:

tp � pDt ; p � 0; 1; . . . ;Dt > 0 ; �4�

where the time step Dt corresponds to the minimum average
time of the free path of molecules, which is typically
calculated using parameters of suprathermal particles and
the atmospheric gas near the lower boundary of the planetary
corona, where the atmospheric gas is well mixed owing to
collisions. Such a step Dt, which is usually small, enables us to
treat the local kinetics and free transport of suprathermal
particles separately.

The region where the hot corona is formed, the transition
region between a dense thermosphere and a strongly rarefied
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exosphere, is divided into a finite set of nonoverlapping cells,

G �
[H
h�1

Gh ; �5�

and the characteristic size of the cells is taken to be less than
(or the same as) the local free path.

Next, we assume that each model particle is characterized
by the vector

xi � �ri; ci;wi� ; �6�

where a species a particle has the geometrical coordinates ri,
velocity ci, and statistical weight wi, i.e., the vector xi is a
discretemeasure that corresponds to the distribution function
Fai�t; r; c� � nai�t; r; z� fai�t; r; c�. We note that the idea of
statistical weight is that it is proportional to the number of
actual molecules represented by the specific model particle.
Following the main concept of the stochastic approach, to
describe the construction of a discrete kinetic model, we
introduce two families of model particles in each cell (5):

X �1��t� �
[S
a�1

[Na

i�1
x
�1�
i �t� ;

fx �1�i �t� ; i � 1; . . . ;N
�1�
a �h� ; h � 1; . . . ;H g ;

8>><>>: �7�

X �2��t� �
[S
a�1

[Na

i�1
x
�2�
i �t� ;

fx �2�i �t� ; i � 1; . . . ;N
�2�
a �h� ; h � 1; . . . ;H g ;

8>><>>: �8�

where t 2 �tp; tp�1� and Na is the number of species a model
particles in a cell h. Here, superscript (1) corresponds to the
step of simulation of free particle transport in region G, and
superscript (2) to the step of simulation of the local kinetics of
production and collisional relaxation of suprathermal parti-
cles in each cell during the time interval [tp; tp�1].

The evolution of particle system (7) (the stage of free
molecular transport) in the entire region G under investiga-
tion is defined as follows. The initial state of the system is the
initial distribution if p � 0 and, if p > 0, the state of system (8)
for tp, i.e., X

�1��tp� � X �2��tp�. Then the evolution of numer-
ical system (7) is determined by the equations

dr
�1�
i �t�
dt

� c
�1�
i �t� ;

dc
�1�
i �t�
dt

� G

ma
;

w
�1�
i �t� � w

�1�
i �tp� :

8>>>>>>><>>>>>>>:
�9�

The velocities of model particles change under the effect of
external fields, while the statistical weights of the particles at
the free-transport stage do not change. Equations (9) yield a
solution of the Boltzmann equations without sources and
collisions for the time interval �tp; tp�1�.

The evolution of particle system (8) (the stage of the local
kinetics of production and collisional relaxation of suprather-
mal particles) in each cell (5) is determined as follows. The
initial state of system (8) is the final state of system (7) at tp�1,
i.e.,X �2��tp� � X �1��tp�1�. The gas is considered to be uniform
within the cell and, accordingly, the locations of particles do
not change. This stage is divided into two steps: first, in

accordance with the functions of photochemical or plasma
sources, suprathermal particles are produced in each cell, and
then the stochastic simulation method is used to randomly
draw collisions of model suprathermal particles with back-
ground-gas particles in the time interval �tp; tp�1�. At the first
step, in accordance with the source functions Qai�t; r; c�, a
specified number of new model particles, for example N

�q�
a , is

produced in numerical system (8):

X �2�
min
new�tp� � X �2��tp�

[
X �q��tp� ;

X �q��tp� �
[S
a�1

[Na�N �q�a

i�Na

x
�q�
i �tp� ;

8>><>>: �10�

where, in the state vectors x
�q�
i �tp� of new model particles,

geometric coordinates are selected at random, velocities
c
�q�
i �tp� are selected in accordance with the energy spectra of
source functions, and the statistical weights of the particles
are determined as

w
�q�
i �tp� �

Dt

N
�q�
a

�
dci Qai�t; ci� :

A detailed description of the probabilistic algorithms for
choosing collision statistics at the second step of calculating
collisional relaxation is presented in Section 3.3. Here, we
only note the main idea of randomly selecting the specific
collision (reaction m) that follows from the methodology for
using the weighted Monte Carlo scheme for analyzing
multicomponent systems with significantly different concen-
trations [1, 52, 75, 76].

For example, let the ith and jth reacting particles be
selected with statistical weights w ai

i and w
aj
j . Then the

velocities of the particles produced in this reaction can be
found from the mass, momentum, and energy conservation
laws. As a result of the reaction, we take production of the
following particles:�fri; ci;w ai

i ÿW g; frj; cj;w aj
j ÿW g; frk; c 0k;W g; frl; c 0l ;W g

�
;

where W is a weight transfer function that depends on the
state of the numerical model and parameters of the reacting
particles. Therefore, this implementation of reaction m
corresponds to transferring the weight W, which is equal to
(or less than) the minimum weight of one of the reacting
particles, between the actual number of atmospheric-gas
molecules and suprathermal particles. Schemes with statisti-
cal drawings of collisions with weight transfer are rather
efficient in simulating the kinetics of suprathermal particles
where significant differences between concentrations of
suprathermal particles and background atmospheric gas can
occur.

3.3 Stochastic kinetic equation for suprathermal particles
The stage of simulating the kinetics of production and
collisional relaxation of suprathermal particles in each
partition cell (5) is the most complicated one. In this section,
we present a detailed description of the procedure for
stochastic simulation of the chemical kinetics of suprather-
mal particles in a specific cell (and we omit the indices
denoting the geometric location of model particles).

The probabilistic description of the chemical kinetics of a
rarefied atmospheric gas is based on the theory of random
processes [77, 78]. Based on the fundamental definitions of
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that theory, the evolution of a chemically reacting atmo-
spheric gas is described by the kinetic equation [1, 65, 66, 70]

q
qt

j�X; t��Vÿ1
X
m

X
i; j

�
gi j dsm

�
emj�Xm

i j ; t� ÿ j�X; t�� :
�11�

Equation (11), which is linear in the distributionj�X; t� of the
probability density of a state X of the gas at an instant t, is
called the stochastic (or master) kinetic equation of the
chemical kinetics of a rarefied gas in the stochastic approx-
imation. In the case of elastic binary collisions, Eqn (11)
reduces to the well-known Prigogine±Kac equation for the
N-particle velocity distribution function [78, 79].

Stochastic kinetic equation (11) describes the evolution of
a uniform Markov jump process in accordance with the
definitions given below.

State of the gas. In the stochastic approximation, the
concentrations and velocities of suprathermal and thermal
species of the rarefied gas in a specified physical volumeV are
treated as random variables. Accordingly, the rarefied gas is
represented as a system of a finite number of particles
N�N1 � :::�Na � :::�NS; for each particle belonging to a
subset (1; :::; i; :::;Na) that corresponds to the a-species of the
gas, a vector x ai

i � �ci;w ai
i � is defined that contains the

velocity and statistical weight of that particle. The state of
the numerical model is then described as

X �
[S
a�1

X a �
[S
a�1

[N a

i�1
x a
i ; �12�

i.e., as a set of discrete measures that approximate the
corresponding distribution function Fa�t; c� � na�t; z� fa�t; c�.

Jump transitions X! X 0 between states of the numerical
system are presented as instantaneous changes in particle
characteristics in accordance with the dynamic schemes of
chemical reactions. We let the next transition correspond to
implementation of reaction m, and the model reacting
particles ai and aj be selected; then

X! X 0 � Xm
i j ; �13�

where the state of the model after the selected transition is

Xm
i j �

X a0 ; a 0 6� ai; aj; ak; al ;
�ÿ�X ai

i �
�

. . . ; �ci; w ai
i ÿWm

i j �; . . .
	
;

�ÿ�X aj
j �

�
. . . ; �cj;w aj

j ÿWm
i j �; . . .

	
;

���X ak � X ak
[
�c 0k;Wm

i j � ;
���X al � Xal

[
�c 0l ;Wm

i j � :

8>>>>>>><>>>>>>>:
�14�

Here, Wm
i j is the transfer function in reaction m defined such

that the statistical weights of the particles are nonnegative,
i.e.,

Wm
i j 4 min�w ai

i ;w
aj
j � :

The velocities of the particles after the reaction are found
from conservation laws, and their directions are statistically
determined by differential cross sections.

Probabilities o�X! X 0� of transitions are discrete repre-
sentations of the kinetic rates of chemical reactions,

o�X! X 0� � om
i j � Vÿ1gi jsm�gi j� : �15�

The total rate of transitions is only determined by the state of
the model as a whole:

o�X� �
X
m

X
i; j

om
i j : �16�

The probabilistic distribution of time t�X! X 0� between
sequential transitions is described by the exponential law:

P
�
t�X! X 0�4t

	 � 1ÿ exp �ÿo�X� t� ; �17�

because X�t� is a Markov jump process.
Equations (12)±(17) provide a rigorous definition of a

random process X�t� that describes the chemical kinetics of a
rarefied gas in the stochastic approximation. The linearity of
the stochastic kinetic equations is an important advantage of
the kinetic approach, which enables efficient schemes for
simulating Eqn (11) to be developed using the Monte Carlo
method [1, 65, 66, 70].

3.4 Analog Monte Carlo algorithm
for solving the stochastic kinetic equation
Directmethods for solving themaster (stochastic or chemical)
kinetic equation consist in developing and numerically
implementing a set of equations for the probabilities of all
possible trajectories of the state of a chemically reacting
rarefied gas. Unfortunately, this direct procedure can only
be implemented for a number of very simple chemical systems
[73, 74, 80] while for real systems of chemical reactions it
encounters substantial computational difficulties.

The Monte Carlo method that generates a sampling of
individual state trajectories of a chemically reacting gas is an
efficient tool for studying complex chemical systems in the
stochastic approximation and somewhat reducing those
difficulties. The procedure that generates a single trajectory
is much simpler: a sequence of transitions between the states
of the chemically reacting gas is to be decided at random
based on suitable distributions of probabilities. To implement
this procedure, a uniform Markovian jump-like chain X�t� is
replaced with an equivalent uniform Markov chain �st�X,
where st is the number of transitions (13) between states (12)
during time t. This equivalent correspondence is a basis of the
algorithmic implementation, because the procedure of
numerical implementation of the chain �st�X is rigorously
defined by Eqns (12)±(17). The described procedure is an
analog algorithm of the Monte Carlo method for solving
stochastic kinetic equation (11).

The rigorous playout scheme for the Markov chain �st�X
on discrete time mesh (4) includes, in accordance with
Eqns (12)±(17), the following operations at a time step Dt
starting with the state �0�X � X�tpÿ1� at the instant tpÿ1:

Ð the next transition s is selected. Transition rate (16) is
calculated and the waiting time t�s� for this transition is
randomly determined from probabilistic distribution (17).
This time is input into the transition counter: T �s� �
T �sÿ1� � t�s�;

Ð if the transition counter satisfies the condition
T �sÿ1�4 t < T �s�, the new state X�tp� � �sÿ1�X is adopted.
Otherwise, the next transition is selected in accordance with
probabilities (15), (16), the new state of the model is
calculated, and all operations are repeated beginning from
the previous step.

These algorithmic steps form an exact analog Monte
Carlo method for solving the stochastic kinetic equation for
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a chemically reacting gas [65, 70, 72]. However, in practice, in
modeling the kinetics of suprathermal particles, approxima-
tions of this conceptual algorithm are frequently used (Fig. 3).
Such approximations take the above-mentioned specific
features of the kinetic system under consideration into
account, namely:
� in selecting the next transition, an efficient approxima-

tion of the highest (majorant) rate [81] is made, with the
probability of collision of a selected pair estimated using the
maximum possible rate (15),

om;�
i j � Vÿ1gi jsm�gi j� max �w ai

i ;w
aj
j � ;

and the probabilities zmi j � om;�
i j =max �om;�

i j � enable selecting
in the most efficient way the sequence of collisions in the
model;
� for the selected transition s, the multichannel character

of the played-out performed reactionm is taken into account,
i.e., this transition is considered to be a simultaneous playout
all possible channels: elastic, inelastic, and chemical reactive.
For each of these channels, the corresponding weight
Wm

i j s
�::�
m =sm is transferred, in proportion to the partial cross

section for the given channel and the total cross section of the
reaction;
� because the algorithmic steps of `adding' suprathermal

particles in accordance with the source functions and the
playout of collisional processes (13) involve the production of
new model particles, the total number of model particles in
the numerical model is to be controlled. An efficient means is
here the so-called clusterization of model particles [82], in
which groups of model particles with similar characteristics
are combined into a single particle with weighted parameters,
which allows controlling the total number of model particles.

Owing to the linearity of Eqn (11) and hence of the analog
Monte Carlo algorithm that implements that equation,

physical and chemical characteristics of the gas are calcu-
lated by averaging trajectories of the random process X�t�.

4. Dissipation of the atmospheres
of Venus and Mars

The atmospheres of Venus and Mars consist primarily of
CO2 with minor admixtures of Ar, O2, O, N2, and CO and a
number of other species. In the exosphere, hydrogen and
oxygen atoms dominate, with a minor admixture of helium
and carbon atoms, while the main component of the
ionosphere is the molecular ion O�2 , which is produced as a
result of the rapid reaction with the neutral atom O of the
main photoionization product, the CO�2 ion. The peak of the
O�2 density in the Martian ionosphere is reached at altitudes
where the optical thickness, as a result of absorption of hard
solar UV radiation by CO2 molecules, is unity (� 120±
130 km in the subsolar point). The O�2 ions dissociatively
recombine with thermal electrons, producing suprathermal
O atoms that populate the exosphere. Although the colli-
sional domains of the upper atmospheres of Mars and Venus
(below � 200 km) are not subject to the direct effect of solar
wind, the uppermost atmospheric layers are not protected
from the effect of solar plasma by the planetary magnetic
field, as is the case with Earth and the giant planets. At the
same time, the extended ionosphere forms a conducting
obstacle to solar wind plasma on the dayside. Here, the
solar wind is slowed down, its speed diminishes from
supersonic to subsonic, a shock wave is created, and a
magnetic layer is formed in the turbulent plasma that
appears behind the shock wave.

A weak magnetic field and its nonuniform distribution
give rise to specific features of the interaction of solar wind
with the Martian atmosphere that cause the formation of an
irregular quasi-magnetosphere of the planet. The interplane-
tary magnetic field (IMF) moving with the solar wind induces
currents in the upper layers of the ionosphere, in accordance
with Faraday's law. Those currents generate magnetic fields
that are close to tangent to the surface, thus shaping the
overall configuration of the magnetic field, which is com-
pressed and arranged in folds within the magnetic layer, and
making the plasma flow around the planet. The induced
quasi-magnetosphere of Mars is created behind the planet;
parts of its magnetic tail are stretched in opposite directions.
Very similar topology is discovered on Venus, which has no
magnetic field whatsoever but has a dense atmosphere.
However, Mars, unlike Venus, has spatially nonuniform
paleomagnetic fields (with the maximum residual strength
reached at about one third of the southern hemisphere of the
planet's crust, between 120� and 240� eastern longitude),
which, rotating with the planet, affect the global character
of Mars's interaction with the solar wind at distances up to
1,000 km. In turn, the topology of those fields results in a
nonuniform structure of precipitation of electrons, in parti-
cular, on the night side, where the ionosphere that is being
formed has a `patchy' and rather nonuniform structure.

Mars and Venus are surrounded by a uniquely diversified
electrodynamic environment in which atmospheric escape
occurs. Interaction between solar wind structures (sectorial
boundaries, corotation interaction regions, coronal gas out-
bursts, beam instabilities, etc.) induced by the quasi-magneto-
sphere and rotating fields and precipitation into this environ-
ment of energetic particles, as well as variability of the flux of
hard solar UV radiation, result in a broad range of
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Figure 3. Diagram of the numerical implementation of the analog Monte

Carlo algorithm for solving the stochastic kinetic equation [24].
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interrelated plasma processes that have a significant impact
on atmospheric escape.

The processes of escape from the Martian and Venusian
atmospheres are naturally divided into two main categories
depending on the charge of the specific atom or molecule at
the time it attains the escape energy on a trajectory that does
not cross collisional regions of the atmosphere. These
categories are the escape of neutral particles and of ions.
However, these categories are not fully separated: a neutral
particle with an energy sufficient for escape can be ionized and
detected by spacecraft instruments as an escaping ion.

In this section, we discuss dissipation of neutral compo-
nents in the upper atmospheres of Mars and Venus. For
example, the neutral particles that populate the atmosphere
of Mars (atomic hydrogen, oxygen, nitrogen, argon, and
carbon) are transported to the exosphere from the thermo-
sphere as a result of the following thermal and nonthermal
processes: thermal (Jeans) evaporation, photochemical reac-
tions, and sputtering caused by ions with high kinetic
energies. These processes are the three main ways by which
the primary population of the atmosphere is established. The
quantitative analysis of the velocities of the suprathermal-
energy particles enables determining whether they are
gravitationally bound to the planet, i.e., whether they are
able to escape from the atmosphere.

Although the exobase altitude he is not a strictly defined
boundary and significant escape can occur from a transition
region whose size is several times the height H of the uniform
atmosphere below the exobase [25, 26], the exobase never-
theless remains a convenient altitude where transition from
the collisional state of the gas in the upper atmosphere to the
collisionless regime occurs. The exobase altitude on Mars,
which is close to 200 km, varies depending on the Martian
season of the year and the solar activity cycle [56, 59]. The
escape velocity at an altitude of 200 km is 4.87 km sÿ1, with
the equivalent kinetic energy 0.124 eV per proton mass. A
neutral atom or molecule can gain the kinetic energy
sufficient to leave the atmosphere in a number of ways
(Fig. 4). First, it can be the thermal particles populating the
tail of suprathermal energies in the Maxwell distribution
above the local escape energy, a phenomenon that corre-
sponds to the Jeans escape process. Second, an atom or a
molecule having an energy sufficient for escape can be
produced in an exothermic reaction in atmospheric photo-
chemical processes, a phenomenon that corresponds to
photochemical escape. Finally, ions or neutral particles
having high kinetic energy that precipitate into the atmo-
sphere can transfer an energy sufficient for the escape of
neutral atmospheric particles via a cascade of elastic collisions
with the background atmospheric gas, a phenomenon that
corresponds to escape owing to atmospheric sputtering.

The effect of the Sun on the upper atmospheres of
terrestrial planets by means of absorption of UV radiation
and atmospheric sputtering by solar-wind plasma results in
the production of an extended neutral corona populated with
suprathermal atoms of hydrogen, carbon, and oxygen (see
Fig. 4). In turn, the hot corona causes changes in the flow of
solar-wind plasma at exosphere altitudes, an effect that has an
impact on the long-period evolution of the planet's atmo-
sphere itself. Therefore, suprathermal H, C, and O atoms are
important components of extended neutral coronas, a fact
that is to be taken into account in analyzing evolution
processes and investigating the space that surrounds the
planet.

4.1 Suprathermal fractions of hydrogen, carbon,
and oxygen atoms in the upper atmospheres of Mars
and Venus
Kinetic Monte Carlo models intended for studying distribu-
tions of suprathermal hydrogen and oxygen atoms in the
coronas of Mars and Venus are presented in a sufficiently
comprehensive way in [26, 56, 83±86]. In these models, elastic,
inelastic, and super-elastic (de-excitation of metastable
excitation levels) collisions of suprathermal hydrogen and
oxygen atoms with the atmospheric gas are considered; the
models also involve differential cross sections that determine
scattering angles in those processes. An important part of the
numerical model under development is photochemical and
plasma sources of suprathermal atoms, such as dissociation
of hydrogen and oxygen molecules by solar UV radiation and
the accompanying flow of photoelectrons, dissociative
recombination of molecular ions, and exothermic ion±
molecular reactions and charge exchange of hydrogen atoms
with solar-wind protons at exospheric altitudes.

The exothermic ion±molecular reactions and, especially,
dissociative recombination of molecular oxygen ions are the
most important sources of suprathermal oxygen atoms in the
upper atmospheres of terrestrial planets [27, 53, 87]. A major
set of photochemical reactions responsible for producing
suprathermal oxygen was studied in [88, 89]. We extended
that set of exothermic reactions used in the aforementioned
models with a refined scheme of channels and energy yields of
the reaction of dissociative recombination of the O�2
molecular ion:

O�2 � e!

O�3P� �O�3P� � 6:99 eV ;

O�3P� �O�1D� � 5:02 eV ;

O�1D� �O�1D� � 3:06 eV ;

O�1D� �O�1S� � 0:84 eV :

8>>>>>>><>>>>>>>:
�18�

Oxygen atoms are mainly produced in the ground 3P and
metastable 1D and 1S electron states with the respective
kinetic energy excesses 6.99, 5.02, 3.06, and 0.84 eV for the
reactions channels listed above. The energy yields are
calculated under the assumption that the oxygen ions are in

B

Plasma

Losses via photochemical
processes

Losses via
sputtering

Losses
via ion
capture

EUV

Exosphere

Escape
of ionospheric ions

Atmosphere

Mars

EUV

Figure 4. Interaction of solar EUV radiation and solar-wind plasma with

the atmosphere/ionosphere of Mars.
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the ground vibrational state. The respective probabilities of
channels (18) were taken to be 0.22, 0.42, 0.31, and 0.05, using
the measurement data from [90].

Sputtering of magnetospheric electrons with high kinetic
energies and the effect of photoelectrons are accompanied by
excitation, dissociation, and ionization of the atmospheric
components, and the corresponding processes were included
into the set of exothermic photochemistry reactions that we
used. In this way, the dissociation and dissociative ionization
by electron impact were regarded as additional sources of
suprathermal oxygen atoms,

O2�ea !
O�3P��O�3P; 1D; 1S� � ea � DE dis

O2
; (19)

O��4S��O�3P; 1D; 1S� � e� ea � DE disÿi
O2

; (20)

8<:
which are also produced in the ground 3P state and electro-
nically excited states 1D and 1S with an excess of kinetic
energy of the order of several electron-volts. The distributions
of the excessive kinetic energy of the oxygen atoms in the
process of dissociation (DEdis

O2
) and dissociative ionization

(DE disÿi
O2

) of oxygen molecules O2 by electron impact were
estimated using results of measurements [91] and calculations
[92]. The cross sections of the dissociation processes were
taken from [91, 92].

The interactions of high-energy magnetospheric protons,
that precipitate at high latitudes with atmospheric compo-
nents are accompanied by a transfer of momentum and
energy in elastic and inelastic scattering, ionization, and
charge exchange and electron capture in collisions with the
main atmospheric molecules and atoms. The energetic
hydrogen atoms that are produced under proton impact
also affect atmospheric components, transferring momen-
tum and energy to them in elastic, inelastic, and ionization
processes. The collisional processes that accompany the
penetration of high-energy H�=H protons and hydrogen
atoms into the upper atmosphere of terrestrial planets can
be represented as

H�f �Hf� �M!
H�f 0 �Hf 0 � �M � ;
H�f 0 �Hf 0 � �M� � e ;

Hf 0 �H�f 0 � �M��M � � e ;

8><>:
whereM denotes themain atmospheric components O2, CO2,
CO, N2, and O. Secondary fast hydrogen atoms Hf 0 and
protons H�f 0 produced in charge exchange and ionization
iterate the cycle of impact processes presented above. Hence,
the precipitation into the atmosphere of magnetospheric
protons and/or solar wind protons should be regarded as a
cascade process that is accompanied, in particular, by the
production of an ever-growing fraction of suprathermal
atoms M � of the atmospheric gas in electronically excited
states. This process is known in the literature as sputtering of
the atmosphere induced by high-energy ions [93].

To explore the penetration of the high-energy H�=H
flux into the upper atmosphere of Mars and Venus, we used
the kinetic Boltzmann equations [94, 95], because these
equations describe scattering in elastic, inelastic, and
ionization collisions and charge exchange with the sur-
rounding atmospheric gas and transport of the H�=H flux.
An important consequence of the influx of the high-energy
protons and hydrogen atoms to the upper atmosphere is
that suprathermal oxygen atoms Oh are produced in elastic
and inelastic collisions of the H�=H flux with atmospheric

oxygen Oth:

H��H� �Oth ! H��H� �Oh : �21�

The suprathermal oxygen atoms that move upward populate
the corona, and those with the energies exceeding the
gravitational binding energy of the planet form the thermal
escape flux [54].

The suprathermal oxygen atoms produced in processes
(18)±(21) lose excessive kinetic energy in collisions with the
background atmospheric gas and are distributed along the
altitude in the transition region between the thermosphere
and the exosphere [27, 53, 54]. The kinetics and transport of
suprathermal oxygen atoms are described by the Boltzmann
equation

v
q
qr

fOh
� s

q
qv

fOh

� QOh
�v� �

X
M�O;N2;O2;CO2;CO

Jmt� fOh
; fM� ; �22�

where fOh
�r; v� and fM�r; v� are the respective velocity

distribution functions of the suprathermal oxygen atoms
and surrounding atmosphere species. The left-hand side of
Eqn (22) describes transport of suprathermal oxygen atoms in
the planetary gravitational field s. The function QOh

in the
right-hand side of Eqn (22) determines the energy spectrum in
the production of suprathermal oxygen atoms in processes
(18)±(21). Integrals Jmt for elastic and inelastic collisions of
suprathermal atoms with atmospheric particles have stan-
dard form (7) under the assumptions that the velocity
distribution of surrounding atmospheric gas particles corre-
sponds to the locally equilibrium functions of the Maxwell
distribution.

The thermalization rate of suprathermal oxygen atoms
depends to a significant extent on the cross sections of
collisions with the background atmospheric gas. A key
aspect of this numerical model is the stochastic interpretation
of the distribution of scattering angles of suprathermal
oxygen atoms in elastic and inelastic collisions with atmo-
spheric components. We used the results of recent calcula-
tions of differential cross sections for elastic and inelastic
collisions of suprathermal oxygen atoms with atmospheric
atomic oxygen [96] and molecular nitrogen [97].

Similarly, the kineticMonte Carlo methods developed for
the transport and kinetics of high-energy electrons were used
to calculate dissociation rates of molecular oxygen in electron
impacts in a CO2-dominant [98] and H2-dominant [99]
atmosphere. The rates of production of suprathermal hydro-
gen and oxygen atoms under dissociative recombination of
molecular ions and exothermic photochemical reactions were
calculated using the stochastic model in [26]. This allowed
using the known rates of production of suprathermal
hydrogen and oxygen atoms in the photochemical and
plasma sources listed above for calculating the kinetics and
transport of hydrogen and oxygen atoms in the Venusian and
Martian transition regions between the thermosphere and the
exosphere in a 1D or 3D version of the stochastic model of the
planetary corona [41, 83].

The models based on the kinetic Monte Carlo method
[26, 27, 53, 54, 56, 83±86, 100] also provided an option to
explore the structure of the hot oxygen coronas of Venus,
Mars, and Earth, which are produced as a result of an
exothermic reaction, dissociative recombination of one of
the main ionospheric ions, the ion of molecular oxygen.

March 2018 Escape of planetary atmospheres: physical processes and numerical models 231



Figure 5 shows calculated distributions of suprathermal
oxygen atoms in the upper atmosphere of Mars. The kinetic
energy distribution of these atoms (Fig. 5a) clearly exhibits
the presence of a significant fraction of atoms with suprather-
mal energies up to 2 eV (the energy of oxygen atom escape
from the atmosphere) in comparison with the thermal
fraction shown by the dashed line. Local thermal distribu-
tions of hydrogen atoms are calculated for the upper atmo-
sphere temperatures 195, 205, and 220 K at the respective
altitudes 150, 230, and 240 km [26, 56, 87]. Suprathermal
atoms of a photochemical origin populate the hot oxygen
corona of Mars (Fig. 5b). Moreover, the reaction of
dissociative recombination is currently the main source that
causes thermal escape of oxygen atoms from the atmosphere
ofMars and hence the loss of significant amounts of water by
Mars in the course of its geological evolution.

The rates of production of suprathermal oxygen atoms in
the night atmosphere of Venus as a result of dissociative
recombination of O�2 and NO� ions, charge exchange of O�

ions with themain atmospheric species O, CO2, andH, as well
as radiative recombination of the O� ion were first studied
in [100]. Figure 6a shows the kinetic energy distribution of the
oxygen atoms produced in the night atmosphere of Venus by
the photochemical and plasma sources listed above.

Calculations show that dissociative recombination of the
O�2 ion remains the main source of suprathermal oxygen
atoms (Fig. 6a). The altitude profiles (Fig. 6b) of the density
of suprathermal oxygen atoms in the night atmosphere of
Venus were calculated using the total distribution functions
of suprathermal oxygen atoms at an altitude of 160 km
(Fig. 6a). It was found that under the conditions of high and
moderate solar activity, the concentrations of suprathermal
oxygen atoms in the night exosphere are 1 to 2 orders of
magnitude smaller than the values characteristic of the day
exosphere (Fig. 6b).

The production of the fraction of suprathermal hydrogen
atoms owing to collisions of thermal hydrogen atoms with
suprathermal oxygen atoms was also studied [85]. For this,
the kineticMonte Carlomodel of a hot oxygen corona [26, 56]
was modified by including elastic collisions of atmospheric
hydrogen atoms and suprathermal oxygen atoms produced as
a result of dissociative recombination of the molecular
oxygen ion. This was done based on the general method of
the stochastic simulation of the sources, kinetics, and
dynamics of suprathermal particles in planetary atmo-
spheres [41]. An important new element of the developed
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model is the use of the total and differential cross sections
recently calculated in [102] for collisions of hydrogen and
oxygen atoms at suprathermal kinetic energies. The differ-
ential cross sections of H and O collisions determine the
scattering angles in those processes and eventually the
efficiency of the transport of excessive kinetic energy from
suprathermal oxygen atoms to thermal hydrogen atoms. New
data on scattering cross sections have also allowed detailed
studies of the kinetics of thermalization of produced
suprathermal hydrogen atoms in elastic and inelastic colli-
sions with the main atmospheric species. Because the major
part of experimental data on the upper atmosphere and
ionosphere of Mars were obtained by the Viking spacecraft
in 1976 during the period of a very low solar activity, to make
a comparison with the results in [103, 104] with the same
initial parameters, only input data that refer to the conditions
of low solar activity were used in the calculations presented
below.

In numerical implementations of the stochastic model of
the hot hydrogen and oxygen corona ofMars, the statistics of
distributions of suprathermal hydrogen and oxygen atoms
over velocities at all computational cells were accumulated.
This allowed assessing local flows of suprathermal oxygen
atoms in the transition region of the upper atmosphere of
Mars. Figure 7a shows energy spectra of upward-moving
suprathermal oxygen atoms at altitudes of 160 and 200 km.
The term `suprathermal particles' is usually applied to those
particles whose kinetic energy is 5 to 10 times higher than the
average thermal energy. This model considered suprathermal
particles with energies over 0.08 eV (this value of kinetic
energy is shown by left dotted lines in Figs 7a and 7b; the
vertical lines on the right indicate the escape energy for atomic
oxygen from the atmosphere of Mars,� 2 eV). It can be seen
that the range of suprathermal energies less than 2 eV is
populated to a significant extent. It is these suprathermal
oxygen atoms that form the hot corona.

Calculations show that the hot corona in the area above
the exobase consists primarily of suprathermal oxygen atoms
of a photochemical origin because, the exosphere is populated

with a significant number of such particles owing to transport
from lower layers. Hence, in the exosphere, the number of
particles whose energy exceeds the escape energy is much
larger than at altitudes below the exobase, where the
suprathermal particles efficiently thermalize in collisions
with atomic oxygen and carbon-dioxide molecules. The
calculated estimate of the escape flux of suprathermal
hydrogen atoms from the atmosphere under the conditions
of low solar activity is 2:3� 107 cmÿ2 sÿ1. This value is 30%
smaller than the escape flux in the models in [26, 59, 84, 86,
104], which did not take into account the energy transfer from
suprathermal oxygen atoms to thermal hydrogen atoms in the
transitional area of the upper atmosphere ofMars. Therefore,
this value is to be considered more adequate.

Figure 7b shows energy spectra of upward-moving
suprathermal hydrogen atoms at altitudes of 160 and
200 km. These atoms gain excessive kinetic energy as a result
of momentum and energy transfer in collisions with `fresh'
suprathermal oxygen atoms. Calculations show that this
process is an effective source of suprathermal hydrogen
atoms in the region of the upper atmosphere of Mars
transitional from the thermosphere to the exosphere.
Indeed, in the suprathermal energy range, substantial none-
quilibrium tails are formed in the kinetic energy distribution
of hydrogen atoms. On the other hand, due to the low escape
energy of hydrogen atoms from the Martian atmosphere, the
population of the suprathermal energy range above 0.12 eV
by suprathermal hydrogen atoms is significantly lower than
for suprathermal oxygen atoms at altitudes above the
exobase. The nonthermal escape flux of hydrogen atoms
from the atmosphere due to energy transfer from suprather-
mal oxygen atoms is estimated to be 6� 106 cmÿ2 sÿ1 under
the conditions of low solar activity.

4.2 Generation of suprathermal hydrogen
and oxygen atoms under the effect of solar-wind plasma
on the upper atmospheres of Venus and Mars
Nonthermal processes that are initiated by the effect of both
solar UV radiation and solar-wind plasma are accompanied
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by an intensive energy exchange between different degrees of
freedom of atmospheric particles and a significant thermal
effect of photochemical reactions. The first studies of the
interaction of solar wind with Mars were conducted by the
Mars-2, Mars-3, and Mars-5 spacecraft as early as the 1970s.
The plasma flows in the induced magnetospheric tail were
found to primarily consist of oxygen ions, and the first
estimates of atmospheric losses, � 1� 1025 ions per second,
related to the interaction between the solar wind and the
Martian magnetosphere, were obtained (see, e.g., review
[105]). Studies of energy transfer in the systems comprising
the solar wind, the ionosphere, and the neutral atmosphere of
Mars, which were conducted later using the Mars Express,
Venus Express, and MAVEN spacecraft, allowed concluding
that, a significant number of supra- and superthermal oxygen
atoms are produced in the upper atmosphere of these planets
[106±108].

To study the distributions of thermal and suprathermal
fractions of atomic oxygen in the upper atmosphere of Mars
and Venus, a kinetic Monte Carlo model was developed to
consider the production of the suprathermal oxygen atom
fraction in collisions of oxygen atoms with protons and
hydrogen atoms with high kinetic energies that precipitate
from the solar-wind plasma. For this, a source of fresh
suprathermal oxygen atoms due to precipitation processes
was added to the kinetic Monte Carlo model of a hot oxygen
corona [26, 56]; that source was included based on the general
methodology of stochastic simulation of sources and the
kinetics and dynamics of suprathermal particles in planetary
atmospheres [41]. We note that the contribution from
precipitation was studied previously as a source of supra-
and superthermal oxygen atoms for the polar upper atmo-
sphere of Earth [54]. An important next step was the
refinement and improvement of the models by comparing
their results with measurements of the UV luminosity of
atomic hydrogen, carbon, and oxygen in the upper atmo-
spheres of Mars and Venus obtained by the Mars Express,
MAVEN, and Venus Express spacecraft [109±111].

The effect of solar-wind plasma on the upper atmosphere
of Mars, in combination with photochemical sources created
by absorption of soft X-ray and hard ultraviolet solar
radiation (see, e.g., [3, 84]), results in the production of an
extended neutral corona populated with suprathermal H, C,
N, and O atoms. Indeed, one of the first results from the
MAVEN spacecraft was the confirmation, using observa-
tions made with IUVS (Imaging UV Spectrograph), of the
existence of an extended corona consisting of hydrogen,
carbon, and oxygen atoms [106, 112]. The hot corona in
turn changes under the effect of the influx of solar-wind
plasma and local flows to the planetary exosphere of the ions
captured in the ionosphere. This influx results in the
production of superthermal atoms (energetic neutral atoms,
ENAs) escaping from the Martian neutral atmosphere as a
result of charge exchange in interactions with precipitating
ions with high kinetic energies.

The important role of the effects of solar-wind protons on
the upper atmosphere of Mars and Venus is determined by a
charge exchange that results in the production of hydrogen
and oxygen atoms with both suprathermal (E4 10 eV) and
superthermal (E5 100 eV) energies. This is the essence of the
main difference between plasma sources and photochemical
ones. The above-mentioned Monte Carlo model for solving
the kinetic equation, which is intended for studying the role of
plasma sources, describes the transport and kinetics of

protons and hydrogen atoms (H=H�) with high energies
(E4 10 keV) taking the induced effect of the magnetic field
of the solar wind into account. In the kinetic Boltzmann
equations for the kinetic energy distributions for H=H�, the
following aspects were taken into account:

Ð the source of the protons that precipitate at exospheric
altitudes into the planet's atmosphere. As a source, the model
uses the energy spectra and flows of downward-moving
protons at altitudes of 400±500 km, which were measured
using ASPERA-3 and ASPERA-4 devices aboard the Mars
Express and Venus Express spacecraft;

Ð the production of high-energy secondary H=H�

particles in the processes of charge exchange, ionization, and
elastic and inelastic scattering with the main atmospheric
species. Calculations of the kinetics of those collisions take all
available laboratory measurements and theoretical estimates
of differential scattering cross sections into account;

Ð the effect of the induced magnetic field on the motion
of protons in the upper atmosphere. The strength of the
induced magnetic field on Mars was chosen in accordance
with the results of measurements made by the Mars Global
Surveyor spacecraft [113] and Mars Express spacecraft [114].

It was assumed in the numerical model that the main
component of the magnetic field is horizontal, and hence the
depth of proton penetration into the upper atmosphere is
limited by the value of the proton gyroradius. The most
important part of the model is the stochastic approach to the
playout of the scattering angle in the above-mentioned
collisions of high-energy protons and hydrogen atoms with
the main atmospheric species. The distribution scattering
angles in collisions of high-energy H=H� measured in
laboratory experiments exhibit extremely high peaks in the
small-angle region, a feature that largely determines both the
efficiency of absorption of proton energy by the atmosphere
in collisions and the rate of production of the (backward) flow
of protons and hydrogen atoms scattered by the atmosphere.
The calculations were done for the range of altitudes 80±
500 km, where the lower bound refers to the area of efficient
thermalization of high-energy H=H� particles in elastic
collisions with atmospheric atoms and molecules, and the
upper bound is in the region of virtually freemolecular flow of
H=H� and atmospheric particles.

Calculations of the upward flows of protons and hydro-
gen atoms in the upper atmosphere of Mars under the
conditions of minimum solar activity [95] were compared
with the results of measurements of those flows made by
ASPERA-3 aboard the Mars Express spacecraft. As a
boundary condition, the energy spectrum of high-energy
protons precipitating into the atmosphere of Mars was used;
it was measured at altitudes of 355±437 km in the energy
interval 700 eV to 20 keV. The precipitation spectrum is
shown in Fig. 8 with a dotted line. The spectrum of downward
moving protons used in the calculations corresponds to the
energy and particle flows 1:4� 10ÿ2 erg cmÿ2 sÿ1 and
3:0� 106 cmÿ2 sÿ1. It was found for the first time in
calculations that 22% of the particle flow and 12% of the
energy flow of the precipitating protons are scattered back
into the exosphere (Fig. 8a).

A critical role in transporting charged particles and hence
in determining the rate of absorption of solar-wind energy by
the upper atmosphere of Mars is played by the induced
magnetic field. Calculations have shown that if a horizontal
magnetic field with a strength of 20 nT is taken into account,
this value being typical according to measurements made by
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the Mars Global Surveyor spacecraft [112] andMars Express
[114], then up to 40±50% of the energy flux, depending on the
form of the energy spectra of precipitating particles, is
scattered back (Fig. 8b).

The upper atmospheres of Mars and Venus are strongly
affected by He2� alpha particles from the solar-wind plasma,
because charge exchange results in the production of helium
atoms and ions, i.e., in changing the helium balance in the
planet's atmosphere. To study this process, we developed a
Monte Carlo model [115] for solving the kinetic equitation
that describes the transport and kinetics of alpha particles and
helium ions and atoms (He=He�=He2�) with high energies
(E4 10 keV) in the upper atmospheres of terrestrial planets
taking the magnetic field induced by the effect of solar wind
into account. In the kinetic Boltzmann equations for the
kinetic energy distribution function of He=He�=He2�, a
source of alpha particles precipitating at exospheric altitudes
into the planetary atmosphere was taken into account; as the
source, we used the energy spectra and fluxes of downward-
moving alpha particles measured using ASPERA-3 and
ASPERA-4 aboard the Mars Express and Venus Express
spacecraft at altitudes of 400±500 km. An important
component of the numerical model is the stochastic
approach to playing out the scattering angle in the above-
mentioned collisions of high-energy He=He�=He2� particles
with the main atmospheric species. A database was created
that includes all available laboratory and theoretical data on
total and differential cross sections in collisions with main
atmospheric species of high-energy He=He�=He2� particles.
The calculations were done for a range of altitudes from 80 to
500 km, the lower bound corresponding to the region of
efficient thermalization of high-energy He=He�=He2� parti-
cles in elastic collisions with atmospheric atoms and mole-
cules, and the upper bound corresponding to the region of
virtually free molecular motion of He=He�=He2� and atmo-
spheric particles.

The calculations of the upward-directed flows of helium
atoms and ions in the upper atmosphere of Mars were made
for minimum solar activity [115]. As a boundary condition,

we used the energy spectrum of high-energy alpha particles
precipitating into the atmosphere of Mars, which was
measured by the ASPERA-3 instrument at altitudes lower
than 500 km in the energy interval from 70 eV to 20 keV. The
spectrum of downward moving alpha particles used in the
calculations corresponds to the energy and particle fluxes
9:5� 10ÿ3 erg cmÿ2 sÿ1 and 1:5� 106 cmÿ2 sÿ1. In those
calculations, it was found for the first time that in the absence
of an induced magnetic field, the precipitating flux of alpha
particles is not scattered back, i.e., the atoms are assimilated
by the atmosphere. If the horizontal magnetic field with a
strength of 20 nT is taken into account, up to 30±40% of the
energy flux of precipitating alpha particles are scattered back
into the planet's exosphere.

The ASPERA-4 device aboard the Venus Express space-
craft recorded only a few cases of precipitation of protons and
alpha particles in the atmosphere of Venus. The kinetic
Monte Carlo model adapted for Venus [95, 115] was used to
determine the fluxes of the particles scattered back by the
atmosphere of Venus. As the input parameters, the spectra of
protons (the spectrum of proton precipitation adopted in
calculations is shown in Fig. 9 with a dotted line) and alpha
particles measured by ASPERA-4 were used. The calcula-
tions in [116] showed that in the upper atmosphere of Venus
under conditions of minimum solar activity, only an insignif-
icant number of the protons (1.9% of the particle flux and
1.3% of the energy flux of precipitating particles) (Fig. 9a)
and alpha particles (< 0:01%, below the accuracy of calcula-
tions) are scattered back to the exosphere according to the
model that does not take the induced magnetic field into
account. The obtained results show that the denser atmo-
spheric gas of Venus, unlike the upper atmosphere of Mars,
virtually completely assimilates the flux of protons and alpha
particles precipitating from the solar wind. If the model takes
the horizontal magnetic field with the strength B � 20 nT
into account (a characteristic value according to measure-
ments by Venus Express), the flux scattered back by the
atmosphere significantly increases: up to 44% of the energy
flux in the case of precipitating protons (Fig. 9b) and up to
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64% for precipitating alpha particles [116]. For B � 40 nT,
the flow of backward-scattered energy increases to virtually
100% for both protons and alpha particles. Hence, also in the
case of Venus, the induced magnetic field plays a crucial role
in transporting charged particles and therefore determines the
rate of absorption of solar-wind energy by the upper atmo-
sphere, thus essentially restricting the effect of solar-wind
plasma on the planet's thermosphere and ionosphere.

We note that the obtained estimates of the energy flux of
precipitating protons scattered back by the atmosphere are
smaller than the values found by other authors [117]. This
difference in estimated values may be explained by the fact
that the Monte Carlo model that we use involves laboratory-
measured sets of cross sections and distributions of scattering
angles for each collision process, while in previous studies, the
hard-sphere approximation was used. It is well known that
the hard sphere approximation yields an isotropic distribu-
tion of scattering angles, which results in a higher rate of
collisional scattering of the precipitating flows of protons and
hydrogen atoms in the planetary atmosphere [83, 94, 104].

4.3 Contribution of suprathermal particles to nonthermal
dissipation of the extended coronas of Mars and Venus
The kinetic Monte Carlo model was used to study the rate of
escape of suprathermal C and O atoms from the present-day
Martian atmosphere under the conditions of low and high
solar activity [56, 84±86]. The model includes a number of
photo- and plasma-chemical sources of suprathermal C and
O atoms, such as dissociative recombination of O�2 , CO

�
2 ,

CO�, and NO� molecular ions, photo and electronic impact
dissociation of the main molecules, and exothermic photo-
chemical reactions. The motion of these particles through the
upper layers of the atmosphere was studied using the
stochastic simulation method [41]. The model included the
initial energy distribution of the produced suprathermal
atoms and elastic, inelastic, and superelastic (de-excitation)
collisions between suprathermal atoms and colder atmo-

spheric gas. Total and energy-dependent differential cross
sections were used to determine collision rates and distribu-
tions of scattering angles for the collisions listed above.

According to modern data on the neutral atmosphere of
Mars [104] adopted as initial parameters of the model, the
calculated exobase under the conditions of low and high
solar activity is located at the respective altitude of
approximately 220 and 260 km above the surface of Mars.
The computed functions of the kinetic energy distribution of
suprathermal H, C, and O atoms near the exobase (see
Section 4.1) were used to calculate nonthermal escape fluxes
and density profiles of suprathermal atoms in the exosphere
of Mars using kinetic Monte Carlo models [41, 83].

The calculated density profiles of suprathermal oxygen
atoms in the atmosphere of Mars, calculated using the
energy distribution functions of suprathermal oxygen
atoms near the exobase under the conditions of low and
high solar activity, are presented in Fig. 10. We can see that
for both levels of solar activity, the exosphere density is
primarily determined by dissociative recombination of O�2
and CO�2 molecular ions, resulting in the escape flux of
oxygen atoms from the present-day atmosphere of Mars of
about 3� 107 cmÿ2 sÿ1 and the total loss rate about
3� 1025 sÿ1. For comparison, the escape rate of oxygen
atoms owing to dissociative recombination of CO�2 ions
ranges from 1:0� 1025 sÿ1 to 0:9� 1025 sÿ1 for the same
levels of solar activity. We note that the contribution from
dissociative recombination of CO�2 ions was usually con-
sidered to be insignificant and, in most earlier studies of the
photochemical escape of oxygen atoms, it was not taken into
account, in disagreement with the actual situation. We also
note that using energy-dependent total and differential cross
sections in our study and taking the elastic, inelastic, and
super-elastic collisions at suprathermal energies into account
results in exospheric densities of oxygen atoms lower than in
studies by other authors (see a review of previous work
in [118]).
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The exospheric density profiles of suprathermal carbon
atoms for the considered sources of suprathermal carbon for
low and high solar activity are presented in Fig. 11. Calcula-
tions show that currently the main channel for losing atomic
carbon from the atmosphere of Mars is photo dissociation of
CO, in line with previous studies [48, 119]. The loss fluxes of
carbon atoms are about 0:9� 106 and 3:5� 106 cmÿ2 sÿ1,
and total losses of carbon are about 0:8� 1024 and
3:2� 1024 sÿ1 for the respective low and high levels of solar
activity. The values obtained are � 5 to 15 times larger than
the average rate of atmospheric sputtering of carbon atoms
[120] and � 35 times larger than the estimated loss rate of
molecular ion CO�2 that follow from the measurements made

by ASPERA-3 [121]. These results show that the escape of
suprathermal carbon atoms produced photochemically (by
photo and electronic impact dissociation of CO2 and CO) is
the most efficient process of losses of the CO2-dominant
Martian atmosphere at the present time. Thus, exothermic
reactions may have played an important role in the dissipa-
tion of the Martian atmosphere beginning from Mars's early
times. We note that the performed simulation of the
suprathermal fractions of C and O atoms and corresponding
losses of CO2 molecules from the atmosphere of Mars
depends on the complicated interactions among many
physical and chemical processes, for example, variations in
the solar radiation flux in the ranges of soft X-ray and
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extreme ultraviolet radiation and the corresponding response
of the upper neutral and ionized atmosphere. Therefore, the
present-day rates of atmosphere loss cannot be straightfor-
wardly extrapolated to earlier epochs in the planet's history.

One of the first unexpected results of the MAVEN space
mission was the observations, made by the SWIA (Solar
Wind Ion Analyzer) instrument, of a low-density population
of protons with energies close to the solar-wind energy but at
altitudes of the order of 150±250 km in the atmosphere of
Mars [122]. Although the penetration of solar wind protons to
smaller altitudes is no longer a fully unexpected result in view
of the earlier observations made by the Mars Express
spacecraft, the velocity of that population virtually corre-
sponds to the observed velocity of the solar wind. From
previous studies, it was known that some fractions of the solar
wind can interact with the extended corona of Mars. After
charge exchange with neutral particles in that corona, some of
the protons in the interacting solar wind can capture electrons
to become energetic neutral hydrogen atoms. Such neutral
particles easily penetrate through theMartianmagnetosphere
and get into collisional regions of the neutral atmosphere (see,
e.g., [95]).

In relation to this, we considered the production, kinetics,
and transport of suprathermal oxygen atoms in the transition
region (from the thermosphere to the exosphere) of the
Martian upper atmosphere in the process of precipitation of
high-energy protons and hydrogen atoms. As a source, we
used collisions (21) with the transfer of momentum and
energy from the flow of precipitating H=H� particles with
high kinetic energies to atomic oxygen:

QOh
: H��H��E � �Oth

! H��H��E 0 < E � �Osth�E 00 � Eÿ E 0� ;

meaning that these collisions are accompanied by the
production of suprathermal oxygen atoms Osth. This source
of suprathermal oxygen atoms was included into kinetic
Boltzmann equation (22), whose solution was obtained
using the kinetic Monte Carlo model [85, 95, 115]. This
approach enabled us to calculate the kinetic-energy distribu-
tion function of supra- and superthermal (ENAs) oxygen
atoms that are produced in the upper layers of the Martian
atmosphere as a result of precipitation of high-energy protons
and hydrogen atoms. As the input parameter, we used the
flows and energy spectra of precipitating protons that were
measured by the ASPERA-3 device under the conditions of a
quiet Sun. Those input parameters are described in detail
in [85]. The calculated distribution functions of suprathermal
hydrogen atoms produced in the precipitation of high-energy
protons are shown in Fig. 12.

The calculations showed that the energy distribution
functions of oxygen atoms have an essentially nonequili-
brium character compared to those of the thermal fraction
of the oxygen corona owing to the presence of a significant
fraction of oxygen atoms in the range of suprathermal
energies (> 0:4 eV). Those functions enable estimating the
rates of nonthermal escape of neutral oxygen from the upper
Martian atmosphere. Namely, based on studies [84±86], a
conclusion was made that the nonthermal escape flow of O
atoms due to exothermic photochemical reactions is in the
range �2:5ÿ3:1� � 107 cmÿ2 sÿ1, depending on the level of
solar activity. At the same time, the escape flux of O atoms
due to the precipitation of protons and hydrogen atoms from
the solar wind proved to be significantly smaller: it is in the
range �0:7ÿ3:0� � 105 cmÿ2 cÿ1 for the spectra of precipitat-
ing protons measured by the ASPERA-3 device aboard the
Mars Express spacecraft under the conditions of low solar
activity. However, preliminary results of the measurements
made by SWIA aboard the MAVEN spacecraft [122] show
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that in the case of high solar activity and especially solar
bursts, the spectra of the protons penetrating into the
atmosphere are more extended in the kinetic energy range,
and the values of the differential fluxes can be several orders
of magnitude higher than those measured by the ASPERA-3
instrument aboard the Mars Express spacecraft under the
conditions of low solar activity. This may explain the high-
energy population of protons according to [122].

The upper atmosphere of Mars is known to be subject to
not only a regular flux of solar-wind plasma but also an
intensive flux of hydrogen atoms with high kinetic energies
[123]. In the interaction of solar wind with the exosphere of
Mars, energetic hydrogen atoms are produced in a charge
exchange of solar wind processes and thermal hydrogen
atoms in the corona of Mars. In our calculations, we used
two spectra of the hydrogen-atom flux penetrating into the
Martian atmosphere at an altitude of 500 km as follows from
the results of a hybrid simulation of the interaction of solar-
wind plasma with the exosphere of Mars [124, 125]. We used
the stochastic model to calculate the kinetic energy distribu-
tions of suprathermal oxygen atoms and local fluxes of
suprathermal oxygen atoms in the transition region of the
upper atmosphere of Mars, shown in Fig. 13.

We found that the exosphere is populated with a
significant number of suprathermal oxygen atoms with
kinetic energies up to the escape energy, 2 eV, meaning that
a hot oxygen corona of Mars is under formation. The energy

transfer from the hydrogen atoms precipitating from the
solar-wind plasma to thermal oxygen atoms results in the
production of an additional nonthermal escape flux of atomic
oxygen from the atmosphere of Mars. The escape flux of
oxygen atoms induced by precipitation can become dominant
in extreme solar events, solar bursts, and coronal mass
ejections, as recent observations made by the MAVEN
spacecraft showed [126].

The results obtained are of significant importance because
the MAVEN spacecraft focusing on exploration of atmo-
spheric dissipation is currently in the atmosphere of Mars.
Apparently, the dissipation of the upper atmosphere of Mars
due to precipitation of fluxes of high-energy protons and
hydrogen atoms during solar bursts can become a dominant
process as Mars loses its atmosphere on a geological time
scale. Accordingly, it becomes possible to compare the
calculated rates of nonthermal losses of hydrogen, carbon,
and oxygen atoms from the Martian atmosphere with the
expected observational data on thermal and nonthermal
dissipation of the upper atmosphere of Mars and thus to
make important conclusions about the key processes that
govern the changes in the climate and atmosphere of Mars in
the course of its evolution.

5. Dissipation of the atmospheres of exoplanets

One of the most significant achievements in space studies
during the last decade is the discovery of exoplanets and
extrasolar planetary systems. Observations of such systems
using ground-based and space telescopes operating in the IR
and UV wave ranges enable obtaining first estimates of such
very important characteristics of the atmospheres of planets
in extrasolar planetary systems as the composition and
thermal state. Currently, the production, stability, and
evolution of the atmospheres of exoplanets are under active
exploration using both observations with ground-based and
space telescopes and mathematical simulation. A number of
important results regarding the nature of the exoplanets have
been obtained, and unique specific features were discovered in
the planetary systems of single and binary stars that contain
bodies substantially different from Solar System planets such
as hot Jupiters. In essence, a new area of astrophysics,
exoplanetology, that has drastically changed classic planetol-
ogy, has begun.

Unfortunately, there are no reliable results yet regarding
the role of atmospheric dissipation in the evolution of
exoplanets. Shortly after observations of the extended
hydrogen cloud surrounding a giant exoplanet, transit hot
Jupiter HD 209458b [127], several research teams indepen-
dently developed models [11, 12, 31, 128±132] to study escape
in the hydrodynamic regime from atmospheres of hot
Jupiters. Despite differences in the details, all of the models
satisfactorily agree with the observations of the gaseous
hydrogen envelop of the planet but did not allow studying
the history of a close-in exoplanet at large time intervals. The
problem is primarily related to significant uncertainties in the
factors involved in the models, such as the stellar energy flow
in the extreme UV range, efficiency of heating (conversion of
the absorbed energy of photons into heat), geometric factors
(areas of absorption of stellar photons by atmospheric gases),
the contribution of heavy elements, etc. Similarly to the
impossibility of using time reversal to study the evolution of
planets in the early Solar System, including dissipation of
atmospheres of terrestrial planets, it is not possible to find the
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sources of the formation of the atmosphere of a specific
exoplanet; however, we can compare specific features of
approximately similar planets that are at different stages of
evolution [4].

5.1 Losses of hydrogen-dominated atmospheres
A key factor that determines the state of an exoplanet
atmosphere is the heating of the atmosphere by radiation
from the star. It is of utmost importance for hot Jupiters, i.e.,
the giant planets orbiting close to the host star (< 0.1 a.u.).
After the discovery of the first planets of that type, it was
found that the atmospheres of some of those planets extend
beyond the Roche lobe, resulting in a strong gas-dynamic
outflow of matter from the atmosphere. The hydrogen-
dominated upper atmosphere is heated as a result of
absorption of the host star's XUV radiation in the range 1±
100 nm. This radiation is predominantly absorbed in
ionization of atomic hydrogen and helium and ionization,
dissociation, and dissociative ionization of molecular hydro-
gen. Consequently, the efficiency of heating is defined as a
ratio of the total rate of local heating of the atmospheric gas
and the rate of absorption of the stellar radiation energy. As
we have seen, this parameter plays an important role in
thermal dissociation of the upper atmospheres of Solar
System planets. It is of even greater importance for close-in
exoplanets that are subject to strong fluxes of stellar radiation
in the extreme UV and soft X-ray ranges. For example,
calculations of the heating efficiency in [36, 133] by extreme
UV stellar radiation of gas giant HD 209458b, whose upper
atmosphere consists primarily of atomic and molecular
hydrogen, yielded absorption rates of the energy of the
extreme UV radiation flux from the host star and the
accompanying flux of primary photoelectrons owing to
collisions in the transitional H2 ! H area of the upper
atmosphere of the planet.

In [36, 133, 134], changes were studied that occur in the
temperature distribution of the primordial atmosphere
enriched with molecular hydrogen under the effect of a
strong flux of solar/stellar XUV radiation. The high rates of
ionization and photochemical reactions are shown to even-
tually result in heating, subsequent expansion of the upper
layers of the atmosphere, and the production of suprathermal
atoms that can also affect the energy balance in the planet's
thermosphere (Fig. 14).

As follows from [36, 133], the efficiency of heating the
hydrogen-dominant upper atmosphere of a planet by extreme
UV radiation is not over 0.2 at thermosphere altitudes if the
effect of photoelectrons is taken into account. The heating-
efficiency profiles obtained for the solar spectrum with the
radiation flow enhanced by factors of 10 and 100 in the soft
X-ray range (1±10 nm) was shown to not differ significantly
fromtheefficiencyprofile for the standard solar spectrum [133].
Therefore, the calculated heating efficiency can also be used for
stars younger than the Sun after scaling the photon flux in the
soft X-ray and extreme UV ranges in accordance with the
observed stellar spectra. This observation opens the way to
obtaining estimated rates of atmosphere outflow for planets of
young stars whose spectra differ from that of the Sun.

Depending on the upper atmosphere composition and
heating efficiency, the hydrostatic regime of escape can be
replaced with the hydrodynamic one. To study this problem,
a 1D self-consistent model of the atmosphere of a hot Jupiter
was developed [134] that includes three main modules: Monte
Carlo, chemical kinetic, and gas-dynamic. The Monte Carlo

module uses the Boltzmann equation to calculate the rate of
heating of the atmosphere, rates of photoreactions (ioniza-
tion, dissociation, and dissociative ionization of atmospheric
species), and the rates of reactions induced by suprathermal
photoelectrons [99, 133]. The rates of photochemical reac-
tions found in the Monte Carlo module are used in the
chemical kinetics module to solve the system of chemical
kinetics equations [133] and calculate concentrations of
atmospheric species in each cell. In the gas-dynamic module,
profiles of macroscopic parameters of the atmosphere
(density, velocity, and temperature) are calculated. In the
atmosphere heating function, the contribution of photoelec-
trons is taken into account. Because a 1Dmodel was used, the
3D Roche potential had to be approximated by setting it
equal to the gravitational potential along the line that
connects the centers of the planet and the star.

We simulated the atmosphere of planet HD 209458b
taking the simplified Roche potential into consideration and
studied the effect of reactions that involve suprathermal
photoelectrons on the dynamics, change in chemical composi-
tions, and rate of outflow of the hydrogen±helium atmo-
sphere of hot Jupiter HD 209458b [135]. The calculations
were done for two models, with (M�) and without (Mÿ)
consideration of photoelectrons, and the results compared
with those obtained by other authors. The calculations show
that significant differences for models M� and Mÿ are
observed in density profiles. While the velocities of gas
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Figure 14. Intensity profile of heating the atmosphere of hot Jupiter HD
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beyond the Lagrange point L1 (4.5 planet radii) are virtually
the same for both models, the densities are significantly
different. This difference results in a difference in the
temperature of the atmospheric gas (Fig. 15) and hence in
the rate of its loss.

We note that in the models in [11, 136], the atmosphere-
heating efficiency was not calculated but was introduced as an
external fitting parameter of the model, set at a value above
0.4, which yielded substantially higher temperatures of the
upper atmosphere of the exoplanet under study. The calcula-
tions also yielded the atmospheric loss rate, which enabled
comparison with observational data and calculations by
other authors; namely: (a) the estimate � 1010 g sÿ1 [127]
obtained from the analysis of observations by the Hubble
space telescope (HST); (b) results of hydrodynamic models,
4� 1010 g sÿ1 [136], and, 7�1010 g sÿ1 [131]; and (c) our
calculations of the hydrodynamic-outflow rate of the atmo-
sphere: 4�1010 g sÿ1 in modelMÿ and 8� 109 g sÿ1 in model
M�. Despite differences in details (completeness of the
physical model, numerical solution methods, the main atmo-
spheric species assumed, and chemical complexity of the
environment), all of these models satisfactorily agree with
the observations of the hydrogen cloud surrounding hot
Jupiter HD 209458b. From the perspective of evolution, of
utmost interest is the fact that the model rates of hydrogen
losses coincide with each other up to a factor of the order of
unity.

It was shown recently in [137] that the regime and rate of
atmospheric outflow are determined not only by the state of
the exoplanet's atmosphere but also by stellar wind para-
meters. Therefore, the obtained parameters of the atmo-
sphere can be used as boundary conditions for 3D gas-
dynamic calculations that simulate the interaction of the
planet's atmosphere with the stellar wind. For example, an
interpretation of the HST [127] observation of the extended
hydrogen atmosphere of HD 209458b made using a 3D gas-
dynamic model of the stellar wind effect on the hydrogen
atmosphere [137] shows that, depending on the location of the
front collision point, all gas envelopes around hot Jupiters
can be divided into two classes:

(1) if the front-collision point is located inside the planet's
Roche lobe, the envelopes have an almost spherical form
specific to a classical atmosphere, somewhat distorted by the
effect of the star and interaction with the stellar wind gas;

(2) if the front-collision point is located outside the
planet's Roche lobe, outflow begins in the vicinity of
Lagrange points L1 and L2, and the envelope becomes either
closed or unclosed and significantly asymmetric (Fig. 16).

It follows that thermal and nonthermal escape can affect
the transition of the planetary upper atmospheres from a
hydrostatic regime to a hydrodynamic one. To see this, we
have to study the ratio of the incoming stellar XUV energy
and the rate of escape from the planet's atmosphere, which
determines the escape efficiency. Not only all energy flows
converted into a set of atmospheric chemistry processes but
also the energies transported within the thermosphere by
photoelectrons and secondary electrons must be full taken
into account. Consequently, the calculations of heating
efficiency, i.e., the ratio of the energy accumulated by the
background atmospheric gas in the form of heat to the
absorbed energy of stellar XUV photons, become even more
complicated [36, 64].

5.2 Contribution of suprathermal hydrogen atoms
As we have seen, owing to the closeness of hot Jupiters to the
host star their atmospheres are subject to the effect of
intensive flows of plasma and radiation from the star. This
results in high temperatures of the upper atmosphere and
significant chemical changes in its compositions, and has a
significant impact on the character of the planet evolution due
to high flows of hydrogen-atom escape from the atmosphere.
In the upper regions of the thermosphere, photoionization of
atomic hydrogen starts playing the dominant role. Hence, the
composition of the upper atmosphere varies with altitude as
H2 ! H! H�, to become an additional factor in forming an
extended atmosphere because such a change in the composi-
tion is accompanied by an increase in the characteristic scale,
the height of the uniform atmosphere. Processes such as
photo dissociation, electron impact dissociation, and disso-
ciative ionization are the main source of thermal and
suprathermal hydrogen atoms in the transitional H2 ! H
domain of the exoplanet's hydrogen-dominant atmosphere
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Figure 16. Gas envelope of planet HD 209458b becoming, according to

simulation results, essentially asymmetric under the effect of the star's

gravitational field and interaction with impinging stellar wind [137].
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[64, 99]. In earlier aeronomicmodels, these processes were not
studied in detail because it was assumed that rapid local
thermalization of suprathermal hydrogen atoms occurs in
elastic collisions with the background gas. The excessive
thermal energy of hydrogen atoms produced in the dissocia-
tion of molecular hydrogen is determined using experimental
and theoretical distributions. which contain fractions of
relatively low hydrogen atoms with kinetic energies in the
range 0±1 eV and a peak near the thermal energy and a
fraction of fast hydrogen atoms with kinetic energies 1±10 eV
and a peak near 4 eV. For suprathermal energies of hydrogen
atoms, the efficiency of energy transfer from suprathermal
atoms to thermal hydrogen atoms and molecules in elastic
collisions is determined by the phase functions of the
scattering angle distribution. As follows from experimental
and computational data, the phase functions usually have
peaks at small scattering angles and relatively large cross
sections of elastic scattering. Consequently, the energy
transfer efficiency strongly depends on the collision energy.
These specific features of the elastic scattering of suprather-
mal hydrogen atoms on thermal components of H2, He, and
H largely determine parameters of the suprathermal hydro-
gen fraction in the exoplanet's upper atmosphere.

In the kineticMonte Carlo model in [99], it was taken into
account that hydrogen atoms are produced in dissociation
processes with an excess of kinetic energy, and hence their
distribution in the transitional H2 ! H region of the exoplan-
et's upper atmosphere is found from the solution of the
Boltzmann kinetic equation with the photochemical source
of suprathermal hydrogen atoms given by dissociation of H2.
The functions of the source of suprathermal hydrogen atoms
were determined using the rate of the photolysis of atmo-
spheric gas by XUV radiation from the star and the
accompanying flow of electrons.

The numerical model in [99] includes photo processes of
absorption of hard XUV radiation from the star by the
exoplanet's atmospheric gas, which are accompanied by
excitation, dissociation, and ionization of atmospheric
species and the production of a flux of photoelectrons with
energies sufficient for subsequent excitation and ionization of
atomic and molecular hydrogen. To calculate the rates of the
photo processes, transport, and collisional kinetics of photo-
electrons in the exoplanet's upper atmosphere, the Monte
Carlo model from [98] was used, adapted to hydrogen
atmospheres. This implementation of the model relied on
experimental and computational data for the cross sections
and distributions of scattering angles in elastic, inelastic, and
ionization collisions of electrons with the main species: H2,
He, and H. The model in [99] for the first time allowed
estimating the production rate and energy spectrum of the
hydrogen atoms produced with an excessive kinetic energy in
the dissociation of H2 in the upper atmosphere of exoplanet
HD 209458b (Fig. 17).

The numerical statistical model of hot planetary corona
[4] adapted to the hydrogen atmospheres of close-in exoplan-
ets was used to perform a detailed study of the kinetics and
transport of suprathermal hydrogen atoms in the transitional
H2 ! H domain of the extended upper atmosphere of HD
209458b. Calculations of the distribution functions showed
[64, 99] that dissociation of molecular hydrogen is accom-
panied by the production and transport to the uppermost
layers of the transitional H2 ! H region of an ascending flux
of suprathermal hydrogen atoms with kinetic energies that
exceed the local escape energy. The estimated escape flux is

5:8� 1012 cmÿ2 sÿ1 for a moderate level of stellar activity in
the XUV range, which yields the rate of atmospheric losses
owing to dissociation of H2 equal to 5:8� 109 g sÿ1. These
estimates are close to the estimated � 1010 g sÿ1 rate of the
loss of the HD 209458b atmosphere that follows from
observations [127]. Hence, the calculated estimate of the rate
of atmospheric loss by this exoplanet can be regarded as a
lower bound because the calculations were made for XUV
radiation under the conditions of moderate stellar activity.
Naturally, in the case of high stellar activity, the contribution
of H2 dissociation by hard XUV radiation of the star and the
accompanying flux of photoelectrons in the production of the
flux of hydrogen atoms escaping from the atmosphere
becomes even more significant. Therefore, this source of
suprathermal hydrogen atoms, which is due to the dissocia-
tion of H2, is to be included unto modern aeronomic models
of physical and chemical processes in the upper atmospheres
of expolanets [64].

It can be expected that future observations will set
additional restrictions on the models of dissipation of the
exoplanet atmospheres under study to foster progress in
planetary aeronomy and a better understanding of the
evolution processes, including the formation of an atmo-
sphere and climate on Earth and terrestrial planets in the
Solar System.

6. Conclusions

This review, based primarily on studies that have been
conducted for many years by the authors, presents kinetic
Monte Carlo methods for studying the character and
estimating the distributions of suprathermal hydrogen and
oxygen atoms in the coronas of terrestrial planets. To describe
the rarefied gas of the upper atmosphere, the stochastic
method of direct Monte Carlo simulation, equivalent to
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solving the kinetic Boltzmann equation, was used, which
enables reflecting the dynamic and stochastic character of
the gas on the molecular level. The models take the most
important photochemical and plasma sources of suprather-
mal atoms into account.

Those models were used to study the rates of production
of suprathermal oxygen atoms owing to ion±molecular
chemistry reactions and dissociative recombination of mole-
cular ions, charge exchange, and radiative recombination of
the atomic oxygen ion in the day and night exospheres of
Venus and Mars. It was shown for the first time that under
conditions of high andmoderate solar activity, the concentra-
tions of suprathermal (hot) oxygen atoms in the night
exosphere of Venus are one to two orders of magnitude
lower than the values characteristic of day exosphere. For
the first time, the rates of production of suprathermal
hydrogen atoms that are due to the transport of excessive
energy from suprathermal oxygen atoms in collisions with the
thermal fraction of atomic hydrogen in the exosphere ofMars
were studied. Stationary nonequilibrium functions of the
distribution of hydrogen and oxygen atoms in the transition
region of the upper atmosphere of Mars were calculated, and
the escape rates of H and O atoms were estimated.

The developed models enabled estimating the escape rates
of suprathermal oxygen and carbon atoms from the present
Martian atmosphere under the conditions of low and high
levels of solar activity. The most comprehensive set of
possible photo and plasma chemistry sources of suprather-
mal C andO atomswas taken into account, and the stochastic
simulation method was used to study the motion of those
particles through the upper layers of the atmosphere.
Dissociative recombination of O�2 and CO�2 molecular ions
was shown to be the main source of suprathermal atoms,
yielding the rate of atmospheric loss of �2:5ÿ3:0� � 1025 sÿ1

oxygen atoms under conditions of low and high solar activity.
It was shown for the first time that the escape rate of oxygen
atoms due to dissociative recombination of CO�2 ions ranges
from 1:0� 1025 sÿ1 to 0:9� 1025 sÿ1 for the same levels of
solar activity. The nonthermal losses of atomic carbon were
shown primarily to be due to photo dissociation of CO with
respective rates �0:8ÿ3:2� � 1024 sÿ1 for low and high solar
activity. Depending on the solar activity level, the calculated
losses of suprathermal carbon atoms proved to be 35 times
higher than the losses of CO�2 ions, as follows from the recent
measurements performed by the ASPERA-3 device aboard
theMars Express spacecraft. The obtained estimated losses of
suprathermal carbon and oxygen atoms also exceed the losses
of the Martian atmosphere due to atmospheric sputtering by
solar-wind plasma and captured ionospheric ions.

The production, kinetics, and transport of suprathermal
and superthermal hydrogen and oxygen atoms in the
transition region from the thermosphere to the exosphere in
the Martian upper atmosphere in the course of sputtering
high-energy protons and hydrogen atoms were also studied.
The calculations show that the distribution functions of O
atoms feature an essentially nonequilibrium character com-
pared to the distribution function of the thermal fraction of
the oxygen corona in the range of suprathermal energies
(> 0:4 eV). The nonthermal escape flux of O atoms due to
exothermic photochemical reactions is known to be in the
range �2:5ÿ3:0� � 107 cmÿ2 sÿ1, depending on the solar
activity level, while the escape flux of O atoms due to
precipitation of protons and hydrogen atoms from the solar
wind is significantly smaller, �0:7ÿ28:0� � 105 cmÿ2 sÿ1, for

the spectra of precipitating protons under conditions of low
solar activity that were measured by ASPERA-3. However,
the preliminary data of measurements done by the SWIA
instrument aboard the MAVEN spacecraft show that in the
case of high solar activity, especially of solar bursts, the
kinetic-energy spectra are more extended and the differential
fluxes can be several orders of magnitude higher than those
measured by the ASPERA-3 instrument under the conditions
of low solar activity. Consequently, dissipation of the upper
atmosphere ofMars owing to precipitation of the flux of high-
energy protons and hydrogen atoms in solar bursts can
become the dominant process in the loss of the atmosphere
by Mars on a geological time scale.

Nonthermal processes onMars and Venus were shown to
be initiated by not only the effect of solar ultraviolet and soft
X-ray radiation but also the plasma of the impinging solar
wind accompanied by an intensive energy exchange between
different degrees of freedom of atmospheric particles and a
significant thermal effect of photochemical reactions that
occur in the interaction between the solar wind and the
quasimagnetosphere. In calculating the production of the
fraction of suprathermal oxygen atoms in collisions of
atmospheric oxygen atoms with the protons and hydrogen
atoms precipitating with high kinetic energies from the solar
wind plasma, the source of `fresh' suprathermal oxygen atoms
effective owing to precipitation was taken into account based
on the general methods of stochastic simulation of the
sources, kinetics, and dynamics of suprathermal particles in
planetary atmospheres. Those models were refined and
improved by comparing their results to the measurements of
UV luminosity of atomic hydrogen, carbon, and oxygen in
the upper atmospheres ofMars and Venus that were made on
the Mars Express, MAVEN, and Venus Express spacecraft.

Based on the developed kinetic Monte Carlo model, the
energy spectra of the flow of protons and hydrogen atoms
with suprathermal energies that are scattered back by the
atmosphere of Mars were obtained for the first time. As a
boundary condition, we used the energy spectrum of high-
energy protons penetrating into the atmosphere of Mars,
which were measured by the ASPERA-3 instrument aboard
the Mars Express spacecraft at altitudes of 355 to 437 km in
an energy interval from 700 eV to 20 keV. It was found that in
thee absence of an induced magnetic field, 22% of the particle
flow and 12% of the energy flux of precipitating protons are
scattered back into the exosphere. It was found for the first
time that if the horizontal component of the inducedmagnetic
field with a characteristic strength of 20 nT is taken into
account, up to 40±50% of the energy flux of the precipitating
protons is scattered back into space around Mars.

Similar calculations were done to study the kinetics
precipitation of solar-wind alpha particles (He2� ions) into
the upper atmospheres of Mars and Venus. The energy
spectra of the fluxes of suprathermal-energy alpha particles,
ions, and helium atoms scattered back by the atmosphere of
Mars were obtained for the first time. The calculations
showed that in the absence of an induced magnetic field, the
precipitating flux of alpha particles is not scattered back by
the atmosphere. The same results also showed that if the
horizontal magnetic field with a characteristic value
B � 20 nT is taken into account, up to 30±40% of the energy
flux of precipitating alpha particles is scattered back into the
planet's exosphere. Thus, it was confirmed that the induced
magnetic field plays a crucial role in the transport of charged
particles and hence determines the rate of solar-wind
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absorption by the upper atmosphere of Mars. In calculating
the precipitation of protons and alpha particles into the
neutral atmosphere of Venus, the fluxes of particles scattered
back by the atmosphere were also determined. It was found
that in the upper atmosphere of Venus in the absence of an
induced magnetic field and under conditions of minimum
solar activity, only a vanishingly small part of protons and
alpha particles is scattered back into the atmosphere.
Accounting for the induced field drastically changes the
situation: for values of the horizontal magnetic field
� 20 nT that are measured on Venus, the energy flow
scattered back by the atmosphere increases to 44% for
precipitating protons and 64% for precipitating alpha
particles. For a field up to 40 nT, the scattered-back energy
fluxes of protons and alpha particles increase to virtually
100%, i.e., the atmosphere proves to be fully protected
against penetration of solar-wind particles.

Studies of distributions of suprathermal hydrogen,
carbon, and oxygen atoms that are produced in the upper
atmospheres of Mars and Venus are an important basic
problem of comparative planetary aeronomy. Studies of
energy transfer in the solar-wind±ionosphere± neutral-atmo-
sphere systems of Mars that were conducted by the Mars
Express and MAVEN spacecraft confirm the simulation
results according to which a significant number of suprather-
mal (hot) hydrogen, carbon, and oxygen atoms are produced
in upper atmospheres of terrestrial planets. Indeed, the solar
effect on the upper atmospheres of those planets via
absorption of UV radiation and atmospheric sputtering by
solar plasma results in the production of a flow of solar-wind
plasma at exospheric altitudes that affects the long-period
evolution of the atmosphere itself. Hence, suprathermal H, C,
and O atoms are important species of the extended neutral
coronas, determining thermal and nonthermal dissipation of
the atmosphere and being a characteristic feature of space
surrounding the planet. Data on thermal and nonthermal
dissipation of the upper atmospheres of Mars and Venus
enable drawing far-reaching conclusions regarding key
processes in the evolution of the terrestrial planets close to
Earth and, in this way, possible unfavorable trends in Earth's
evolution.

Methods for studying the dissipation of neutral species of
the atmospheres of Solar System planets that were developed
by the authors of this review enabled using those approaches
for studying the production, stability, and evolution of gas
envelopes of extrasolar planets (exoplanets).

Of significant interest are model calculations of hydrogen
escape from the discovered extended hydrogen cloud sur-
rounding hot Jupiters that occurs in the hydrodynamic
regime, because the atmospheres of many of those planets
extend beyond the Roche lobe. A 1D self-consistent model of
the atmosphere of a hot Jupiter that includes theMonte Carlo
module, the chemical kinetics module, and the gas-dynamic
module was used to calculate the rate of heating of the
atmosphere by photochemical reactions and the profiles of
microscopic parameters of the atmosphere in the transition
from the hydrostatic flow regime to the hydrodynamic,
associated with thermal and nonthermal escape processes.
The atmosphere of hot Jupiter HD 209458b was simulated
taken theRoche potential into consideration, and the effect of
the reactions involving suprathermal photoelectrons on the
dynamics, changes in chemical composition, and the rate of
outflow of the hydrogen and helium envelope of HD 209458b
was determined. The results agree well with the estimates that

follow from observations by the Hubble space telescope and
the results of other hydrodynamic models. The obtained
parameters of the atmosphere can be used as boundary
conditions for 3D gas-dynamic calculations that model the
interaction of the planet with the stellar wind. The efficiencies
of the conversion of stellar radiation into heat in the soft
X-ray and extreme UV ranges, which plays an especially
important role in ionization, photo chemistry, and thermal
dissociation of upper atmospheres of planets subject to an
intensive flux of hard radiation, are estimated. It was found
that the calculated efficiencies of heating for the solar
spectrum can also be used for stars younger than the Sun if
the photon flux is scaled in the soft X-ray and extreme UV
ranges in accordance with observations of the spectra of stars.
This enables estimating the rate of atmospheric outflow for
planets of young stars, whose spectra differ from the Sun's
spectrum.

Photo ionization and dissociation of H2 (photo dissocia-
tion, electron impact dissociation, dissociative ionization,
etc.), the main sources of thermal and suprathermal hydro-
gen atoms in the upper atmospheres, first and foremost, of
hot Jupiters andNeptunes, whichwere not taken into account
in previous aeronomic models of those processes, have been
studied in detail. We showed that the efficiency of energy
transport highly depends on the energy of elastic collisions,
which is small at small scattering angles, and the specific
features of the elastic scattering of suprathermal hydrogen
atoms on thermal species of H2, He, and H largely determine,
the parameters of the suprathermal hydrogen fraction in the
exoplanet's upper atmosphere. In the developed stochastic
model, the distribution of hydrogen atoms in the transitional
H2 ! H region of the upper atmosphere is found from a
solution of the Boltzmann kinetic equation that includes a
photochemical source of suprathermal hydrogen atoms with
excessive kinetic energy produced in dissociation of H2, and
the source function of those atoms is determined from the
rates of photolysis of the atmospheric gas by UV radiation
from the star and the accompanying flux of photoelectrons.
The numerical model takes into account that the absorption
of the star's extreme UV radiation is accompanied by
excitation, dissociation, and ionization of atmospheric
species and the production of a flux of photoelectrons with
energies sufficient for subsequent excitation and ionization of
atomic and molecular hydrogen. To calculate the rates of the
photo processes, transport, and collisions kinetics of photo-
electrons, a Monte Carlo model adapted to hydrogen atmo-
spheres was used. The developed model enabled for the first
time determining the production rate and energy spectrum of
the hydrogen atoms produced with an excess of kinetic energy
in the dissociation ofH2 in the upper atmosphere of exoplanet
HD 209458b and showing that the source of suprathermal
hydrogen atoms that is due to dissociation of H2 is to be
included in modern models of physical and chemical
processes in the upper atmospheres of exoplanets.

Unfortunately, because of the uncertainty in energy and
geometric factors, the calculations failed to clarify the
problem of evolution of the exoplanet atmosphere subject to
the effect of intensive fluxes of plasma and electromagnetic
radiation for close-in exoplanets. Nevertheless, the models
enabled setting important bounds on the variety of photo-
chemical processes in planetary atmospheres and, at the same
time, creating a basis required for developing dedicated
programs of observations of exoplanets using ground-based
and space telescopes.
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Studies of extrasolar planets make an immense contribu-
tion to explaining dissipation of planet atmospheres and,
primarily, terrestrial planets in the early Solar System and
thus offering an approach to the reconstruction of their
formation history. We can expect that the expansion of the
research area far beyond the Solar System and further
improvement in mathematical models developed on the
basis of exoplanet aeronomy will facilitate better under-
standing of evolution processes and key problems of
planetary cosmogony.
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