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Abstract—For the first time, the calculations of the penetration of protons of the undisturbed solar wind into
the daytime atmosphere of Mars due to charge exchange in the extended hydrogen corona (Shematovich
et al., 2021) are used allowing us to determine self-consistently the sources of suprathermal oxygen atoms, as
well as their kinetics and transport. An additional source of hot oxygen atoms—collisions accompanied by the
momentum and energy transfer from the f lux of precipitating high-energy hydrogen atoms to atomic oxygen
in the upper atmosphere of Mars—was included in the Boltzmann kinetic equation, which was solved with
the Monte-Carlo kinetic model. As a result, the population of the hot oxygen corona of Mars has been esti-
mated; and it has been shown that the proton aurorae are accompanied by the atmospheric loss of atomic oxy-
gen, which is evaluated within a range of (3.5–5.8) × 107 cm–2 s–1. It has been shown that the exosphere
becomes populated with a substantial amount of suprathermal oxygen atoms with kinetic energies up to the
escape energy, 2 eV. The atomic oxygen loss rate caused by a sporadic source in the Martian atmosphere—the
precipitation of energetic neutral atoms of hydrogen (H-ENAs) during proton aurorae at Mars—was esti-
mated by the self-consistent calculations according to a set of the Monte-Carlo kinetic models. These values
turned out be comparable to the atomic oxygen loss supported by a regular source—the exothermic photo-
chemical reactions (Groeller et al., 2014; Jakosky et al., 2018). It is currently supposed that the atmospheric
loss of Mars due to the impact of the solar wind plasma and, in particular, the f luxes of precipitating high-
energy protons and hydrogen atoms during solar f lares and coronal mass ejections may play an important role
in the loss of the neutral atmosphere on astronomic time scales (Jakosky et al., 2018).
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INTRODUCTION

The Sun influences the upper layers of the Martian
atmosphere through both the radiation absorbed in
the soft X-ray and extreme UV ranges and the solar
wind plasma forcing, which results in the formation of
the extended neutral corona populated by suprather-
mal (hot) Н, С, N, and О atoms (see, e.g., Groeller
et al., 2014). One of the important results of the Mars
Atmosphere and Volatile Evolution (MAVEN) mis-
sion was that the Imaging UV Spectrograph (IUVS)
observations confirmed the presence of the extended
corona composed of hydrogen, carbon, and oxygen
atoms (Deighan et al., 2015). The hot corona, in turn,
is changed due to the solar wind plasma inflow and the
local f luxes of ions picked up from the ionosphere to
the planetary exosphere. This inflow leads to the for-
mation of suprathermal atoms (energetic neutral
atoms (ENAs)) escaping from the neutral atmosphere
of Mars because of the charge exchange with precipi-
tating high-energy ions.

Atomic oxygen escapes from the Martian corona
mainly due to the nonthermal processes (see, e.g., Lil-
lis et al., 2015; Shematovich, 2019), the foremost of
which are photochemical reactions induced by
absorption of solar UV photons in the Martian ther-
mosphere and accompanied by formation of hot
(suprathermal) neutral atoms. Suprathermal oxygen
atoms populate the so-called hot corona and may
escape from the exosphere to open space, if their
kinetic energy is high enough (see, e.g., Shematovich,
2019). The dominant photochemical source of supra-
thermal oxygen atoms is the dissociative recombina-
tion of  ions with ionospheric electrons. When the
recombination occurs in the thermosphere-to-exo-
sphere transition region, upward moving suprathermal
atoms will not apparently be scattered backward or
slowed down by further collisions to the level below
the escape energy and will most likely leave the atmo-
sphere (see, e.g., Fox and Hac, 2009; Lillis et al.,
2017). With the instruments onboard the MAVEN
spacecraft, the escaping f luxes of neutral oxygen
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atoms cannot be measured directly. Consequently, to
estimate the atmospheric losses when interpreting the
observations of planetary coronas, numerical models
should be used (Shematovich, 2019; Lillis et al., 2017).
For example, in the remote sensing of the hot oxygen
corona of Mars with the IUVS/MAVEN instrument,
the altitude profiles of the hot fraction of oxygen atoms
were inferred from the limb scans in the atomic oxygen
multiplets at 130.4 and 135.6 nm (Deighan et al.,
2015). To estimate the fraction of escaping oxygen
atoms, the values obtained for the content of suprath-
ermal oxygen atoms (Lillis et al., 2017) were compared
to the corona models. From this comparison, Jakosky
et al. (2018) estimated the loss rate of neutral oxygen as
(3.5–7.0) × 1025 atoms per second. Usually, the loss
rate of neutral oxygen due to photochemical sources is
specified by a representative value of 5 × 1025 atoms
per second, which is equivalent to the neutral oxygen
mass loss with a rate of 1.3 kg/s.

The planetary atmosphere may escape to open
space due to different thermal and nonthermal pro-
cesses (Shematovich, 2019). In our previous studies
(see, e.g., Shematovich and Kalinicheva, 2020; and
references therein), we analyzed an additional source
of the atomic oxygen escape from the upper atmo-
sphere of Mars induced by precipitation of high-
energy protons and hydrogen atoms of the solar wind.
This way of losing a neutral upper atmosphere was first
proposed in the studies of proton aurorae in the upper
terrestrial atmosphere (see, e.g., Shematovich, 2019;
and references therein). Though proton auroral events
are sporadic, they are indicative of enhanced solar
activity and accompanied by rather intense losses of
atomic oxygen from the atmosphere of the Earth.
Since proton aurorae were recently discovered in
observations of the enhanced Ly-α emission of atomic
hydrogen (Ritter et al., 2018; Deighan et al., 2018),
some researchers attempted to estimate the contribu-
tion of atmospheric sputtering during proton auroral
events at Mars to the atomic oxygen loss rate (see, e.g.,
Shematovich and Kalinicheva, 2020; and references
therein). These attempts have a particular importance,
because this process was ignored in the recent analysis
of the atmospheric loss of Mars based on the MAVEN
data (Jakosky et al., 2018).

In this paper, we study the processes of kinetics and
transport of hot oxygen atoms in the upper atmo-
sphere of Mars, which are during aurorae on Mars
caused by precipitation of hydrogen atoms from the
solar wind. Since the proton auroral events are
observed on the dayside of Mars (Hughes et al., 2019)
and induced by the f luxes of high-energy hydrogen
atoms penetrating into the atmosphere (Deighan
et al., 2018), to calculate the source function of supra-
thermal oxygen atoms, we use the Monte-Carlo
kinetic models (Shematovich et al., 2019) developed
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before. These models make it possible to analyze the
charge-exchange process for solar-wind protons in the
extended hydrogen corona of Mars and obtain the
spectra of hydrogen atoms penetrating into the atmo-
sphere through the boundary of the induced magneto-
sphere of Mars (Shematovich et al., 2021). Further,
these spectra of hydrogen atoms serve as an upper
boundary condition for the Monte-Carlo kinetic
model of precipitation of energetic hydrogen atoms
into the upper atmosphere (Shematovich et al., 2019),
which allows the characteristics of proton auroral
events on Mars to be modeled. Specifically, we obtain
the formation rate and energy spectra of suprathermal
oxygen atoms produced in elastic and inelastic colli-
sions between atmospheric oxygen atoms and hydro-
gen atoms penetrated into the atmosphere. And,
finally, these formation rates of suprathermal oxygen
atoms are used as a source for the Monte-Carlo kinetic
model (Shematovich and Kalinicheva, 2020) to study
the kinetics and transport of suprathermal oxygen
atoms in the upper atmosphere of the planet. As a
result, we derive the kinetic-energy distribution func-
tions for suprathermal oxygen atoms in the thermo-
sphere-to-exosphere transition region. It has been
found that the proton auroral events observed at the
dayside of Mars are accompanied by forming a sub-
stantial amount of suprathermal oxygen atoms with
kinetic energies up to the escape energy, 2 eV. In other
words, in addition to the photochemical sources, a hot
fraction of the oxygen corona of Mars is formed and an
additional nonthermal f lux of atomic oxygen escaping
from the Martian atmosphere is generated. In our pre-
vious studies (see, e.g., Shematovich and Kalinicheva,
2020; and references therein), we used only simplified
estimates of the f lux of hydrogen atoms penetrating
into the atmosphere and their approximated energy
spectra as an upper boundary condition. This paper is
the first one based on the calculation results for the
penetration of undisturbed solar-wind protons into
the illuminated atmosphere of Mars due to the charge
exchange in the extended hydrogen corona (Shema-
tovich et al., 2021). This allows us to determine self-
consistently the sources of suprathermal oxygen
atoms, as well as their kinetics and transport, and to
estimate the population of the hot oxygen corona of
Mars and the atmospheric losses of atomic oxygen
during proton auroral events. Though proton aurorae
are sporadic events, the recent MAVEN observations
showed that the precipitation-induced flux of escap-
ing hot oxygen atoms may become dominant under
conditions of extreme solar events—solar f lares and
coronal mass ejections (Deighan et al., 2015; Lee
et al., 2018; Jakosky et al., 2015, 2018). The analysis of
the atomic oxygen loss due to atmospheric sputtering
during proton aurorae on Mars should be taken into
account especially when studying the climate evolu-
tion of the planet on geological time scales.
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FORMATION OF HOT OXYGEN ATOMS 
DURING PROTON AURORAE

One of the interesting results of the MAVEN space
mission was that a small fraction of protons with ener-
gies close to the solar wind energy was observed with
the Solar Wind Ion Analyzer (SWIA) at altitudes of
roughly 150−250 km in the atmosphere of Mars
(Halekas et al., 2015). According to these measure-
ments, the velocity of this fraction almost coincides
with that of the solar wind observed. From the previ-
ous studies, it was known that some fraction of the
solar wind may interact with the extended corona of
Mars. After the charge exchange with hydrogen atoms
in this corona, a certain portion of protons of the
impacting solar wind may gain an electron and
become energetic neutral atoms of hydrogen
(H-ENAs). Since these particles are neutral, they eas-
ily penetrate through the induced magnetosphere
boundary (IMB) of Mars and get into denser regions
of the neutral atmosphere.

The extended hydrogen corona was observed more
than once in the Ly-α line of the scattered solar UV
radiation by the instruments onboard the Mars Express
spacecraft (Chaufray et al., 2008), the Hubble Space
Telescope (Clarke et al., 2014), and the MAVEN
spacecraft (Chaffin et al., 2018). These observations
revealed substantial seasonal changes of the atomic
hydrogen concentration along the view axis in the
Martian corona. The SWIA/MAVEN measurements,
which were carried out for a full Martian year, allow us
to say confidently that, in the Martian corona, the
atomic hydrogen column density may vary by an order
of magnitude (Halekas, 2017). The analysis of the
observed hydrogen density distributions suggests that
the escape of hydrogen cannot take place only at the
expense of molecular hydrogen. This notion is con-
firmed by the detection of water vapor at altitudes of 40–
100 km by the SPICAM/MEX instrument during
observations of the solar eclipse (Maltagliati et al.,
2013; Fedorova et al., 2018). These studies show that
water is not so effectively kept in the cold trap of the
mesosphere, as previously supposed. New data on the
vertical distribution of water vapor in the upper atmo-
sphere of Mars were obtained in observations of the
Atmospheric Chemistry Suite (ACS) onboard the
ExoMars Trace Gas Orbiter (Vandaele et al., 2019;
Fedorova et al., 2020). They detected considerable
rapid seasonal intrusions of water and ice particles into
the upper atmospheric layers, which resulted in an
increase in the water content in the corona. Depend-
ing on the abundance and altitude location of water
vapor and ice particles transported to the altitudes up
to 100 km (Vandaele et al., 2019; Fedorova et al.,
2020), this effect may induce seasonally variable
changes in the hydrogen column density in the Mar-
tian corona even by an order of magnitude (Chaffin
et al., 2017; Heavens et al., 2018).
With the Monte-Carlo kinetic model (thereafter,
MCKM-1), Shematovich et al. (2021) numerically
analyzed the influence of changes observed in the
density of the extended hydrogen corona of Mars on
the charge-exchange efficiency of undisturbed solar-
wind protons. They determined the parameters and
characteristics of the precipitation of H-ENAs, which
are formed in the charge exchange, into the illumi-
nated atmosphere of Mars. This made it possible to
study in detail the proton auroral events on Mars. It
was found that, for the observed variations in the
atomic hydrogen column density in the Martian
corona, the charge-exchange efficiency changes
within 4‒8%, while the energy spectrum of hydrogen
atoms penetrating through the IMB into the Martian
atmosphere is identical to that of undisturbed protons
of the solar wind.

Energetic atoms of hydrogen (H-ENAs), penetrat-
ing into the illuminated atmosphere, collide with the
main atmospheric components, which are accompa-
nied by the momentum and kinetic energy transfer in
elastic and inelastic collisions and the processes of
ionization and electron detachment (i.e., ionization of
an impacting hydrogen atom). Consequently, the
interaction of the precipitating H-ENA fluxes with the
main neutral components of the atmospheric gas
should be considered as a cascade process, which is
accompanied by the formation of an increasing
amount of translationally and internally excited parti-
cles of the ambient atmospheric gas. To analyze the
penetration of the f lux of high-energy H+/H particles
of the solar wind into the upper atmosphere of Mars,
we use a modified version of the Monte-Carlo kinetic
model (thereafter, MCKM-2) developed earlier for
the data analysis of the measurements carried out with
the Analyzer of Space Plasma and Energetic Atoms
(ASPERA-3) and SWIA instruments onboard the
Mars Express (MEX) and MAVEN spacecraft,
respectively (Shematovich et al., 2019, 2021).

For the analyzed case of proton aurorae at Mars,
the H-ENA precipitation process may be considered
as an additional source of suprathermal oxygen atoms
(Shematovich and Kalinicheva, 2020), which are
formed due to the atmospheric sputtering of the main
component of the upper atmosphere, atomic oxygen,
by H-ENAs. Consequently, one of the results of pen-
etration of the precipitating H-ENA flux from the
solar-wind into the upper atmospheric layers is the
formation of suprathermal oxygen atoms Oh by trans-
ferring the momentum in elastic and inelastic colli-
sions with atmospheric oxygen Oth:

(1)

Fresh suprathermal oxygen atoms lose the excess
energy in collisions with other particles in the atmo-
sphere and propagate into the thermosphere-to-exo-

+ ++ → +th hH (H) O H (H) O .
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sphere transition region (Shematovich and
Kalinicheva, 2020). Their kinetics and transport are
described by the Boltzmann kinetic equation for the
velocity distribution functions fOh(r, v) and fM(r, v) for
hot oxygen atoms and components of the ambient
atmospheric gas, respectively (see, e.g., Shematovich
and Kalinicheva, 2020; and references therein). It is
supposed that the atmospheric gas is characterized by
the velocity distribution described by the locally equi-
librium Maxwell function.

The Monte-Carlo kinetic method is an effective
tool to study complex kinetic systems in the stochastic
approximation (Shematovich, 2019). In the numerical
realization of the abovementioned model of the kinet-
ics and transport of the f lux of hydrogen atoms precip-
itating from the solar wind plasma (MCKM-2), the
statistics of collisions (Eq. (1)), which are accompa-
nied by the formation of suprathermal oxygen atoms,
is accumulated. Based on this statistics, the source
function QOh(E) is determined: H(E) + Oth → H+

(E ' < E) + Osth(E" = E – E'), where E and E′ are the
kinetic energies of Н particles before and after a colli-
sion. The function QOh(E) specifies the formation rate
of suprathermal oxygen atoms in precipitation of high-
energy Н particles, and it is used as input data for the
Monte-Carlo kinetic model of collisions and transport
of hot oxygen atoms in the transition region (MCKM-
3). The output data of the MCKM-2 are the volume
rates of collision-induced formation of suprathermal
atoms (Eq. (1)) and the distribution function of their
kinetic energy in the considered transition region of
the Martian atmosphere. This numerical model corre-
sponds to a microscopic level of the gas state descrip-
tion in the planetary corona (Shematovich, 2019); and
the local mean time and the local mean free path of
hot particles at the lower boundary of the transition
region, where the ambient atmospheric gas is denser,
are assumed as characteristic time and space scales.
Since we are mostly focused on calculating the popu-
lation of suprathermal oxygen atoms in the transition
region of the upper atmosphere of Mars, the lower
limit for the energy of suprathermal atoms is specified
in the model by a value of 0.08 eV, which corresponds
to a temperature of around 180−200 K in the exo-
sphere for a low level of solar activity.

The considered region of the Martian atmosphere
is bounded by altitudes of 80 and 500 km. As a lower
boundary, we consider the relatively dense thermo-
sphere, where hot particles quickly lose the excess
kinetic energy in collisions with thermal molecules of
carbon dioxide and oxygen. The upper boundary is
assumed to be above the exobase (~190 km), where
the gas f low becomes a free-molecular one. The con-
sidered region is divided into cells with a step of 5 km.
In each of the cells, the atmospheric gas, which is
composed of CO2 and N2 molecules and O atoms, is
SOLAR SYSTEM RESEARCH  Vol. 55  No. 4  2021
represented by model particles with the concentration
and temperature specified in accordance with the cal-
culation results by Fox and Hac (2009). According to
the physical model, in each of the cells, model parti-
cles, acting as sources of suprathermal oxygen atoms in
process (1), are born; they move in the gravitational
field of Mars and produce secondary suprathermal
particles in collisions with the atmospheric gas. Since
the simulations are performed at the molecular level,
the detailed statistics are accumulated for the spatial
distribution of suprathermal oxygen atoms by veloci-
ties (kinetic energies) and the energy spectra for the
fluxes of particles populating the hot oxygen corona,
as well as those escaping from the Martian atmo-
sphere.

MODEL RESULTS
We calculate the source function for suprathermal

oxygen atoms with the earlier developed Monte-Carlo
kinetic model (Shematovich et al., 2019). The latter
was used to study the charge-exchange process for
solar-wind protons in the extended hydrogen corona
of Mars and to obtain the spectra of hydrogen atoms
penetrating into the atmosphere through the IMB of
Mars (Shematovich et al., 2021). In the following, the
obtained spectra of hydrogen atoms are used as an
upper boundary condition for the MCKM-2 of the
precipitation of energetic hydrogen atoms into the
upper atmosphere, which allows the characteristics of
proton aurorae on Mars to be numerically estimated
(Shematovich et al., 2019). In particular, these simula-
tions yielded the formation rates and the energy spec-
tra of oxygen atoms with suprathermal energies caused
by elastic and inelastic collisions (1) between atmo-
spheric oxygen atoms and hydrogen atoms penetrating
into the atmosphere. Finally, the formation rates of
suprathermal oxygen atoms obtained in this way were
used as a source function for the MCKM-3 (Shema-
tovich and Kalinicheva, 2020) to study the kinetics
and transport of suprathermal oxygen atoms in the
upper atmosphere of the planet. The present study is
the first one, which is based on the calculation results
for the penetration of undisturbed solar-wind protons
into the illuminated atmosphere of Mars due to the
charge exchange in the extended hydrogen corona
(Shematovich et al., 2021). This allows us to calculate
self-consistently both the sources of suprathermal
oxygen atoms and their kinetics and transport.

To estimate the contribution of an additional
source of suprathermal oxygen atoms during proton
auroral events—collisions (1) with transferring the
excess energy from precipitating high-energy hydro-
gen atoms to thermal oxygen atoms—to the formation
of the extended hot corona of Mars, we use, analo-
gously to the paper by Shematovich et al. (2021), mod-
els A and B with the following calculation logistics.
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Fig. 1. (a) Altitude profiles for the concentration of atmospheric oxygen (black line) and suprathermal oxygen (brown line) cal-
culated with the MCKM-3. The blue line shows the formation rate of suprathermal oxygen atoms due to precipitation of energetic
hydrogen atoms. (b) Altitude profiles for the mean kinetic energy of atmospheric oxygen (black line) and suprathermal oxygen
(brown line) obtained in calculations. The blue line shows the mean kinetic energy of suprathermal oxygen atoms formed due to
the precipitation of hydrogen atoms induced by the charge exchange of solar-wind protons in the extended hydrogen corona of
Mars. The calculations were made for the basic model with the IMB at an altitude of 820 km. 
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– Model A is a basic one, within which the tem-
perature and density profiles of the main components
of the upper atmosphere, CO2, CO, and O, were taken
from the model by Fox and Hac (2009), that corre-
sponds to a low level of solar activity. The distribution
of hydrogen atoms in the extended hot corona of Mars
was specified by the Chamberlain model of the plane-
tary atmosphere. Its parameters were chosen as fol-
lows: the exobase altitude was hexo = 200 km and the
temperature and the density of atomic hydrogen were
T(hexo) = 179 K and nH(hexo) = 1.48 × 106 cm–3 in
accordance with the results by Chaffin et al. (2018).
Further, as a boundary condition at an altitude of 3000 km
for the MCKM-1 (Shematovich et al., 2021), we used
the energy f lux and the energy spectrum of protons
from the undisturbed solar wind, which was measured
by the SWIA/MAVEN instrument for MAVEN orbit
on February 27, 2015 (Halekas et al., 2015). The spec-
tra of hydrogen atoms calculated with the MCKM-1
were assumed as an upper boundary condition for the
MCKM-2 (Shematovich et al., 2019) that simulates
the precipitation of energetic hydrogen atoms into the
upper atmosphere through the IMB at an altitude of
820 km. This made it possible to calculate the altitude
profiles of the volume formation rate and the energy
spectra of oxygen atoms produced in collisions (1)
with suprathermal energies. These characteristics
served as source functions in the MCKM-3 (Shema-
tovich, 2019), with which the kinetics and transport of
suprathermal oxygen atoms in the upper atmosphere
of the planet were studied.

–With model B, the variation in the hydrogen col-
umn density in the Martian corona was taken into
account. Namely, under the same parameters of the
exobase, the concentration of hydrogen atoms nH(hexo)
increased twofold, which corresponds to the position
of the IMB at an altitude of 1260 km (for details, see
(Shematovich et al., 2021)). The other calculations of
the distribution of suprathermal oxygen atoms in the
upper atmosphere of Mars were performed in the same
way as for Model A.

The calculations were made for the zero zenith
angle of the Sun. The results of calculations according
to the above-described models A and B are shown in
Figs. 1−4. In numerical realizations of the Monte-
Carlo kinetic models, the statistics of distributions of
superthermal and suprathermal atoms of hydrogen
and oxygen by kinetic energy was accumulated in all
space cells. Namely, in the MCKM-1, it is the f lux and
the energy spectrum of hydrogen atoms penetrating
through the IMB into the upper atmosphere of Mars;
in the MCKM-2, it is the volume formation rates of
suprathermal oxygen atoms and their distribution by
kinetic energy; and in the MCKM-3, it is the station-
ary distribution of suprathermal oxygen atoms and the
SOLAR SYSTEM RESEARCH  Vol. 55  No. 4  2021
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Fig. 2. As in Fig. 1, but the calculations were made for the
model with the double hydrogen content in the extended
corona of Mars and, consequently, with the IMB at an alti-
tude of 1260 km. 
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energy spectrum of the escaping f lux in the thermo-
sphere-to-exosphere transition region of the Martian
atmosphere.

The altitude profiles of the formation rate and the
mean kinetic energy of suprathermal oxygen atoms
produced in collisions (1) are shown by blue lines in
Figs. 1 and 2 for models A and B, respectively. In the
same diagrams, the brown lines present the concentra-
tion of suprathermal oxygen atoms and their mean
kinetic energy calculated with the MCKM-3, while
the black lines present the altitude profiles for the con-
centration and the thermal energy of atmospheric oxy-
gen atoms according to the data by Fox and Hac
(2009). Panels (a) and (b) of Figs. 1 and 2 show the
concentration of different fractions of atomic oxygen
and the mean kinetic energy, respectively.

As is seen from Figs. 1 and 2, the formation rate of
suprathermal oxygen atoms is higher in model B,
which leads to a higher concentration of these atoms in
the Martian corona. However, the mean kinetic
energy of suprathermal atoms in model B is somewhat
lower than that in model A. This distribution by alti-
tude and energy of the source of suprathermal oxygen
atoms induced by the H-ENA precipitation is deter-
mined by the charge-exchange efficiency for solar-
wind protons, which is higher in the denser hydrogen
corona of Mars, corresponding to the model with a
double hydrogen content, than that in model A (for
details, see Shematovich et al. (2021)). We note that,
as is seen from the comparison of the altitude profiles
of hot oxygen atoms (brown lines in panels (a) of
Figs. 1 and 2) and the thermal ones (black lines in the
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same diagrams), the characteristic scale height for the
distribution of suprathermal oxygen atoms is signifi-
cantly higher than the same quantity for thermal
atoms. This is caused by the substantially higher mean
kinetic energy of suprathermal oxygen atoms.

In panels (a) of Figs. 3 and 4, we present the results
of the MCKM-2 calculations according to models A
and B for the kinetic-energy distribution (normalized
on unity) of oxygen atoms formed due to the precipi-
tation of hydrogen atoms induced by the charge
exchange of solar-wind protons in the extended hydro-
gen corona of Mars. In panels (b) of Figs. 3 and 4, we
present the results of the MCKM-3 calculations of the
stationary energy distribution function (EDF) of
suprathermal oxygen atoms for proton aurorae corre-
sponding to models A and B. The EDFs were calcu-
lated for an altitude of 140 km, which corresponds to
the highest formation rate of fresh suprathermal oxy-
gen atoms induced by precipitation of high-energy
hydrogen atoms.

In Figs. 3 and 4 the vertical line indicates the
energy of atomic oxygen escaping from the Martian
atmosphere, ~2 eV. The distribution of oxygen atoms
formed in collisions (1) due to precipitation of
H-ENAs shows that this source causes the emergence
of atoms with the kinetic energy up to 100 eV in the
atmosphere, while their distribution is extremely non-
equilibrium. From the calculation results for the sta-
tionary EDFs shown in panels (b) of Figs. 3 and 4, it is
seen that the suprathermal energy range below 2 eV is
substantially populated and formed due to elastic col-
lisions with thermal oxygen atoms, which are those
introducing the additional component (brown lines in
Figs. 1 and 2) to the photochemical fraction of the hot
corona of Mars (Groeller et al., 2014). The calcula-
tions revealed the essentially nonequilibrium behavior
of the EDFs of oxygen atoms as compared to those of
the thermal fraction of the oxygen corona. This is
caused by the presence of a substantial fraction of oxy-
gen atoms in the suprathermal energy range (>1.0 eV)
and the predominance of suprathermal oxygen atoms
at altitudes above the exobase (i.e., at 180−200 km) in
the hot corona, which were produced by reaction (1)
and transported there from the lower layers of the
thermosphere. The result is that the number of parti-
cles with energies exceeding the escape energy
becomes larger than the number of such particles at
altitudes below the exobase, where suprathermal par-
ticles effectively lose the excess kinetic energy in fre-
quent collisions with particles of the neutral atmo-
spheric gas—oxygen atoms and carbon dioxide mole-
cules. Moreover, the precipitation processes induce the
formation of extended tails in the distribution of oxygen
atoms in the suprathermal energy range (E > 10 eV), i.e.,
they serve as a source of energetic oxygen atoms
(O-ENAs) in the space around Mars. These particles
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Fig. 3. The kinetic-energy distribution functions normalized to unity (a) for oxygen atoms formed in collisions (1) induced by the pre-
cipitation of hydrogen atoms due to the charge exchange of solar-wind protons in the extended hydrogen corona of Mars and (b) for the
calculated steady-state fraction of suprathermal oxygen atoms. The calculations were made according to the basic model A with the IMB
at an altitude of 820 km; the results are shown for an altitude of 140 km, where the highest values of the formation rate of suprathermal
oxygen atoms due to precipitation of H-ENAs is observed. The vertical line marks the escape energy for the Martian atmosphere. 

(a)

Energy, eV
0.1 1001 10

10–1

10–2

10–3

10–4

100

10–5

10–6
F(

E
),

 eV
–

1

(b)

F(
E

),
 eV

–
1

Energy, eV
0.1 1001 10

10–1

10–2

10–3

10–4

100

10–5

10–6

Fig. 4. As in Fig. 3, but the curves present the results of cal-
culations according to model B for an altitude of 140 km,
where the highest values of the formation rate of suprath-
ermal oxygen atoms due to precipitation of H-ENAs is
observed. The vertical line marks the escape energy for the
Martian atmosphere. 
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were partially detected by the ASPERA-3 instrument
onboard the Mars Express spacecraft.

In Figs. 5 and 6, we present the results of the
MCKM-3 calculations of the upward (solid lines) and
downward (dashed lines) f luxes of suprathermal oxy-
gen atoms at altitudes of 140 and 220 km (in panels (a)
and (b), respectively) in the upper atmosphere of Mars
for models A and B, respectively. At the 140-km alti-
tude, the rate of forming suprathermal oxygen atoms
due to precipitation of H-ENAs is highest, while the
220-km level is in the Martian exosphere, from where
oxygen atoms with suprathermal energies escape. Fig-
ure 7 shows the altitude profiles of the energy-inte-
grated upward f lux of suprathermal oxygen atoms for
models A (black line) and B (brown line).

In fact, the upward f luxes of suprathermal oxygen
atoms, which are shown in panels (b) of Figs. 5 and 6,
make it possible to estimate the f luxes of atomic oxy-
gen escaping from the Martian atmosphere during
proton aurorae. For this, the upward f lux of oxygen
atoms should be integrated over energy starting from
the escape energy marked by a vertical line in the dia-
grams. As a result, the following estimates were
obtained for the escaping f luxes: 5.8 × 107 and 3.5 ×
107 cm–2 s–1 for models A and B, respectively. Thus,
collisions between thermal oxygen atoms and precipi-
SOLAR SYSTEM RESEARCH  Vol. 55  No. 4  2021
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Fig. 5. The upward (solid lines) and downward (dashed lines) f luxes of suprathermal oxygen atoms in the upper atmosphere of
Mars at altitudes of 140 km (a) and 220 km (b) calculated with the MCKM-3 for the basic model A. At the 140-km altitude, the
rate of forming suprathermal oxygen atoms due to precipitation of H-ENAs is highest, while the 220-km level is in the Martian
exosphere, from where oxygen atoms with suprathermal energies escape. The vertical line marks the escape energy for the Martian
atmosphere. 
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tating high-energy hydrogen atoms, i.e., QOh: H(E) +
Oth → H(E ' < E) + Osth(E" = E – E '), serves as an
additional source in proton aurorae and leads to the
loss of atomic oxygen from the Martian atmosphere,
the escaping f lux of which ranges within (3.5–5.8) ×
107 cm–2 s–1.

From our earlier studies (see, e.g., the paper by
Groeller et al. (2014) and references therein), it is
known that the nonthermal flux of oxygen, escaping due
to exothermic photochemistry, varies with the solar
activity level in an interval of (0.5–5.0) × 107 cm–2 s–1. At
the same time, in the previous studies of the contribu-
tion of precipitation into the atmospheric losses, the
following estimates were obtained: (i) the f lux of oxy-
gen atoms, escaping due to precipitation of protons
and hydrogen atoms from the solar wind, varies in an
interval of (0.7–28.0) × 105 cm–2 s–1 for the spectra of
SOLAR SYSTEM RESEARCH  Vol. 55  No. 4  2021
precipitating protons measured by the ASPERA-3/MEX
instrument under conditions of a low level of solar
activity and the spectra of precipitating hydrogen
atoms derived by the hybrid modeling of the interac-
tion between the solar wind plasma and the Martian
corona; (ii) the f lux of oxygen atoms escaping due to
precipitation of protons and hydrogen atoms from the
solar wind, which are presented by the energy spectra
measured locally with the MAVEN/SWIA instrument
(Halekas et al., 2015), varies in an interval of (0.31–
5.3) × 107 cm–2 s–1 (e.g., Shematovich and
Kalinicheva, 2020; and references therein). The esti-
mates obtained here for the atmospheric loss of atomic
oxygen during aurorae on Mars are close to those
derived by Shematovich and Kalinicheva (2020); how-
ever, the present calculations are the first ones that
were carried out self-consistently. Namely, we used
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Fig. 6. As in Fig. 5, but the results of calculations according to model B for the upward (solid lines) and downward (dashed lines)
fluxes of suprathermal oxygen atoms are presented. 
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only the energy spectra of solar-wind protons before
their interaction with the hydrogen corona, which
were measured by the MAVEN/SWIA instrument
(Halekas et al., 2015), while the main processes that
take place in proton aurorae—the charge exchange of
solar-wind protons in the extended hydrogen corona
of Mars, which is accompanied by precipitation of H-
ENAs into the neutral atmosphere and formation of a
flux of suprathermal oxygen atoms escaping from the
atmosphere—were calculated with a set of Monte-
Carlo kinetic models (Shematovich et al., 2019, 2021).
Consequently, this suggests that the precipitation-
induced flux of escaping oxygen atoms may be domi-
nant under conditions of extreme solar events—solar
flares and coronal mass ejections—when the energy
fluxes of precipitating protons and hydrogen atoms
may be several orders of magnitude higher than the
values typical of the low solar activity conditions
(Halekas et al., 2015; Jakosky et al., 2018).
CONCLUSIONS

In this paper, we considered the processes of for-
mation, kinetics, and transport of suprathermal oxy-
gen atoms in the thermosphere-to-exosphere transi-
tion region during proton aurorae in the illuminated
atmosphere of Mars, which are induced by precipita-
tion of energetic hydrogen atoms. An additional
source of hot oxygen atoms—collisions (1) accompa-
nied by the momentum and energy transfer from the
flux of precipitating high-energy particles Н/Н+ to
atomic oxygen in the upper atmosphere of Mars, i.e.,
QOh: H(E) + Oth → H(E′ < E) + Oh(E″ = E – E′)—was
included in the Boltzmann kinetic equation, which was
solved with the Monte-Carlo kinetic model (e.g., Shem-
atovich and Kalinicheva, 2020; and references therein).
As a result, the population of the hot oxygen corona of
Mars was estimated; and we showed that the proton
aurorae are accompanied by the atmospheric losses of
atomic oxygen ranging within (3.5–5.8) × 107 cm–2 s–1.
SOLAR SYSTEM RESEARCH  Vol. 55  No. 4  2021
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Fig. 7. The altitude profiles for the upward f lux of suprathermal oxygen atoms calculated for models A (black line) and B (brown
line). 

103

200

100

500

O Fns, сm–2 s–1

400

300

108107106105104 109

A
lti

tu
de

, k
m

It was shown that the exosphere is populated by a sub-
stantial amount of suprathermal oxygen atoms with
kinetic energies up to the escape energy, 2 eV, i.e., the
hot oxygen corona of Mars is in addition to the photo-
chemical sources. With the self-consistent calculations
according to a set of the Monte-Carlo kinetic models, we
estimated the atmospheric loss rate of atomic oxygen
caused by precipitation of H-ENAs during proton aurorae
on Mars. The obtained values, (3.5–5.8) × 107 cm–2 s–1,
are comparable to the atomic oxygen loss due to pho-
tochemical reactions (Groeller et al., 2014; Jakosky
et al., 2018). It is worth noting that, though proton
aurorae are sporadic events, the precipitation-induced
flux of escaping hot oxygen atoms, according to the
recent MAVEN observations (Deighan et al., 2015;
Lee et al., 2015; Jakosky et al., 2018), may become
dominant under conditions of extreme solar events—
solar f lares and coronal mass ejections. It is currently
supposed that the atmospheric neutral oxygen loss of
Mars due to the impact of the solar wind plasma and,
in particular, the precipitation of high-energy protons
and hydrogen atoms during solar f lares may play an
important role in the atmospheric loss on astronomic
time scales (Jakosky et al., 2018).
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