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Abstract A one-dimensional full-particle model of the Martian upper thermosphere-exosphere has been
developed, where the Direct Simulation Monte Carlo (DSMC) method is applied to both thermal and
nonthermal components. Our full-particle model can self-consistently solve the transition from collisional to
collisionless domains in the upper thermosphere, so that the energy deposition from nonthermal energetic
components to thermal components in the transition region is properly described. For the solar EUV
condition during the Viking 1 measurement (1 EUV case), computed density profiles are in good agreement
with those observed by Viking 1 and with the conventional model. For a solar EUV flux 6 times the Viking 1
condition (6 EUV case), the computed heating efficiency is essentially the same as the 1 EUV case but slightly
increases by about 10% below the exobase, and temperature deviates from the conventional model in and
above the transition region. This result suggests that the conventional heating efficiency of 0.18 is a good
approximation for low (1 EUV case) to moderately strong (6 EUV case) solar EUV conditions but would be
inappropriate for an extremely strong solar EUV (up to ~100 times stronger flux) environment. We also find
that applying different models of the CO2-O collisional energy transfer rate results in a difference in the
calculated exobase temperature by 150 K for the 6 EUV case.

1. Introduction

It has been proposed that atmospheric escape has played a significant role in the evolution of the Martian
atmosphere [e.g., Lammer et al., 2003]. Two types of atmospheric escape processes have been proposed:
thermal escape and nonthermal escape [see Shizgal and Arkos, 1996, and references therein]. Thermal escape
is loss of a planetary atmosphere driven by the local temperature, and is particularly effective for light mole-
cular species, like hydrogen. This escape process is called “Jeans escape” or “evaporative escape.” At the
present-day Martian exobase, the most energetic part of the Maxwell-Boltzmann velocity distribution of
hydrogen exceeds the escape velocity and thus Jeans escape operates [e.g., Chaufray et al., 2015]. On the
other hand, heavy molecular species, like oxygen, escape through nonthermal escape processes.
Nonthermal escape is the loss of energetic particles produced by exothermic chemical reactions (e.g., the dis-
sociative recombination of O2

+) [McElroy, 1972; Ip, 1988; Nagy and Cravens, 1988; Lammer and Bauer, 1991;
Fox, 1993; Zhang et al., 1993; Luhmann, 1997; Kim et al., 1998; Hodges, 2000; Lammer et al., 2000; Cipriani
et al., 2007; Chaufray et al., 2007; Kaneda et al., 2007, 2009; Valeille et al., 2009a, 2009b, 2010a, 2010b; Yagi
et al., 2012; Fox and Hać, 2010, 2014; Gröller et al., 2014; Lee et al., 2015], by collisions with incident energetic
particles, called “sputtering” [Luhmann and Kozyra, 1991; Luhmann et al., 1992; Leblanc and Johnson, 2001,
2002; Cipriani et al., 2007; Chaufray et al., 2007], by accelerations in the electromagnetic fields following
ionizations of neutral atmosphere, called “ion pickup”’ or “cold ion outflow” [Lundin et al., 1989, 2008;
Perez-de-Tejada, 1987, 1992; Modolo et al., 2005; Terada et al., 2009], and so on.

Simulation studies of the Martian thermosphere and exosphere under solar EUV fluxes of one, three, and six
times the present-day value, which correspond to the present time, ~2.7 Gyr ago, and ~3.6 Gyr ago,
respectively, have been conducted in order to estimate the evolution of the atmospheric outflow over the
Martian history [Zhang et al., 1993; Luhmann, 1997; Lammer et al., 2003; Valeille et al., 2009b, 2010b].
Conventionally, the escape of thermal and nonthermal components of the Martian thermosphere and exo-
sphere has been studied using different models. Thermal components are solved in a model that employs
a fluid approximation, and nonthermal components are solved with a two-stream model or a Monte Carlo
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particle model. Simulation studies of nonthermal components have demonstrated that the energetic O
atoms produced by the dissociative recombination of O2

+ at an altitude far below the exobase are not well
thermalized, and some of them escape to space [e.g., Fox and Hać, 2010]. The thermalization of nonthermal
components is an important heat source for the thermal components. Hot O created by the dissociative
recombination of O2

+ is thought to be the primary heating source in the upper thermosphere at the current
epoch [Fox and Dalgarno, 1979]. In the regions where nonthermal components are not thermalized immedi-
ately, “nonlocal” processes in the energy deposition from the nonthermal to thermal components can be
important, i.e., hot O atoms that were originally produced in lower altitude can deposit their energy into
thermal components in and above the transition region. In such a situation, a detailed study of the heating
process that takes into account the spatial variation of the velocity distributions of both thermal and nonther-
mal components is required. It is often inappropriate to use macroscopic parameters such as a heating
efficiency because they do not consider the nonlocal processes around the transition region. Therefore, it
is desirable that both thermal and nonthermal components be simultaneously solved in a particle model.

The Direct Simulation Monte Carlo (DSMC) method is a particle simulation technique for solving the
Boltzmann equation [e.g., Bird, 1994]. It is an effective approach for simulating the transition between
collisional and collisionless domains, where the momentum exchange in a collision between atmospheric
particles is still important and a nonthermal component is substantially present. Recently, the DSMC method
was used to solve nonthermal components in the Martian thermosphere-exosphere, but thermal compo-
nents were still described using a fluid approximation [Valeille et al., 2009a, 2009b, 2010a, 2010b; Lee et al.,
2014a, 2014b, 2015].

In this paper, we present a full-particle model of the Martian upper thermosphere and exosphere, where the
DSMC method is applied to both thermal and nonthermal components. It is a major feature of this DSMC
model that the primary heating source in the upper thermosphere of Mars, i.e., the dissociative recombina-
tion of O2

+, is self-consistently solved, while other minor heating sources such as quenching [Fox and
Dalgarno, 1979] are included using a macroscopic heating efficiency. Computed altitude profiles of densities
and temperatures of thermal components are compared to those measured by Viking 1 and to those calcu-
lated by amodel using the conventional heating efficiency of 0.18 [Zhang et al., 1993] for two cases: Solar EUV
fluxes equivalent to the Viking 1 condition (hereinafter referred to as the 1 EUV case) and 6 times the Viking 1
condition (hereinafter referred to as the 6 EUV case). Six times the solar EUV flux corresponds to the lumin-
osity of the Sun about 3.6 Gyr ago [Zahnle and Walker, 1982; Ribas et al., 2005].

2. Model Description

A one-dimensional full-particle model using the DSMC approach coupled with a photochemical equilibrium
ionosphere model is used for modeling the Martian dayside upper thermosphere and exosphere. The DSMC
model determines the number of production and the nascent positions and velocities of energetic O atoms
produced by the O2

+ dissociative recombination. The ionosphere model obtains the number densities of
major ions and electrons. A simultaneous coupling between the DSMC model and the ionosphere model is
achieved by passing the densities and temperatures of neutral molecules calculated from the DSMC model
as inputs to the ionosphere model to calculate the reaction rates in Table 1 (ion and electron temperatures
are obtained using neutral temperatures as explained below) and by passing the densities and temperatures

Table 1. Chemical Reaction Rates Used in the Ionosphere Model

Reaction Rate Coefficient (cm3 s�1) Reference

O+ + CO2→O2
+ + CO 1.10 × 10�9 Fox and Sung [2001]

O+ + N2→NO+ + N 1.20 × 10�12 (300/Ti)
0.45 Fox and Sung [2001]

O+ + H→H+ + O 6.40 × 10�10 Fox and Sung [2001]
CO2

+ + O→O2
+ + CO 1.64 × 10�10 Schunk and Nagy [1980]

CO2
+ + O→O+ + CO2 9.60 × 10�11 Schunk and Nagy [1980]

H+ + O→O+ + H 2.2 × 10�11Ti
0.5 Schunk and Nagy [1980]

H+ + CO2→ CHO+ + O 3.0 × 10�9 Schunk and Nagy [1980]
CO2

+ + e→O+ CO 3.5 × 10�7 (300/Te)
0.5 Fox and Sung [2001]

O2
+ + e→O+O 2.4 × 10�7 (300/Te)

0.7 Peverall et al. [2000]
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of O2
+ ions and electrons calculated from the ionosphere model as inputs to the DSMCmodel to calculate the

O2
+ dissociative recombination rate (see equation (10)). Brief descriptions of the models are given below.

3. DSMC Model

The lower boundary of the model is located at 130 km, where the Knudsen number is about 0.01 for the
Viking 1 condition, and the upper boundary is situated at 1000 km, where the Knudsen number is much lar-
ger than 10. Here the Knudsen number is defined as the ratio of the mean free path of a molecular species to
the scale height of the atmosphere.

The DSMC model simulates the positions and velocities of model particles under the influence of colli-
sions among themselves and the planets gravity field. The model particles represent four species: CO2

and O, the main species in the Martian upper thermosphere, and N2 and H, required to calculate the den-
sities of the major ion species in the ionosphere model (see chemical reactions in Table 1). Although CO
is also an important species for the thermalization of hot O [Lee et al., 2015] and Mars Atmosphere and
Volatile EvolutioN Mission (MAVEN) recently detected O2 and other minor species in the upper atmo-
sphere of Mars [Mahaffy et al., 2015], CO, O2, and other minor species are not included in the current
version of the model for simplicity. The strategy of the DSMC method is to decouple the convection
and collision calculations. This approach requires that a time step be shorter than the mean time
between collisions. In this model, the time step is set to 0.01 s, about a quarter of the minimum mean
time between collisions above 130 km altitude. The macroscopic quantities, such as number density (n),
flow velocity (v), and temperature (T), are obtained through statistical averaging over 100,000 s to reduce
statistical errors.

n ¼ wN
V

(1)

v ¼ 1
N

X
i

ci (2)

T ¼ m
3kBN

X
i

ci � vð Þ2 (3)

where w is the particle weight; N is the number of model particles in a cell; V is the volume of a cell; ci is the
velocity of a model particle i; m is the mass; kB is the Boltzmann constant. The particle weights are w[H]
= 1.7 × 1011, w[CO2] = 1.0 × 1015, w[N2] = 1.5 × 1014, w[thermal O] = 3.0 × 1014, and w[hot O] = 2.04 × 1010 (real
particles/a model particle). Here a “hot O” is defined as a particle produced by the O2

+ dissociative recombi-
nation and its kinetic energy is larger than 2.5kBTthermalO. When the energy of a hot O particle falls below the
threshold energy after collisions with the thermospheric species, it has a negligible contribution to the heat-
ing of the thermal component. A hot O particle is converted to a thermal O particle with a probability deter-
mined by the ratio of the particle weights (i.e., 100 ×w[hot O]/w[thermal O] percent) [cf. Nanbu and
Yonemura, 1998], if its energy becomes less than the threshold energy. A thermal O particle sometimes gains
enough energy to escape after colliding with a hot O particle. The secondary hot O contributes ~10–20% of
photochemical escape rate [Lee et al., 2015]. However, the current simple DSMCmodel is not able to estimate
the escape rate from the secondary hot O accurately, because the weight of the thermal O that gained
enough energy to become a hot O is too large.

In order to describe the molecular collisions in the model, we employ the variable sphere model [Matsumoto,
2002]. In this model, the total cross section (σt) and the deflection angle (χ0) are defined using diffusion and
viscosity cross sections.

σt ¼ σd
2σd � σv

σd; (4)

cosχo ¼
σv � σd

σd
; (5)

where σd and σv are the diffusion and viscosity cross sections, respectively. The collision model is simple and
efficient, and both diffusion and viscosity cross sections are consistent with the intermolecular potential and
calculated as described below.
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The diffusion and viscosity cross
sections of collisions between
molecules were computed by
molecular dynamics calculations
before running the DSMC simula-
tion. The Lennard-Jones (6–12)
potential is used to represent the
interaction between two mole-
cules. The Lennard-Jones (6–12)
potential parameters used in this

work are summarized in Table 2. Intermolecular potential parameters for heteromolecular systems are
derived using the combination laws described as [Chapman and Cowling, 1970; Hirschfelder et al., 1964]

σij ¼ σii þ σjj
2

; (6)

εij ¼ ffiffiffiffiffiffiffiffiffi
εii�εjjp

(7)

where σij and εij are the values of the intermolecular distance for which the potential is zero and the depth of
the potential well between molecules of species i and j, respectively. Polyatomic molecules are treated as
rigid units, assuming internal energy conservation in the intermolecular interaction.

The diffusion and viscosity cross sections are defined as functions of collision energy E. They are described as

σd Eð Þ ≡ 2π∫
∞

0 1� cosχ E; bð Þð Þbdb≈2π
X1:5�104

b¼0

1� cosχ E; bð Þð ÞbΔb; (8)

σv Eð Þ ≡ 2π∫
∞

0 1� cos2χ E; bð Þ� �
bdb≈2π

X1:5�104

b¼0

1� cos2χ E; bð Þ� �
bΔb; (9)

where χ is the deflection angle and b is the impact parameter. We computed the deflection angles for 120
collision energies up to 10 eV and 15,000 impact parameter values up to 1.5 nm. The interval of b is
1.0 × 10� 13 m. The yield diffusion and viscosity cross sections calculated using equations (8) and (9) are dis-
cretized with 120 collision energies and interpolated linearly when used in the DSMC simulation.

The heating and cooling mechanisms considered in the DSMC model are the dissociative recombination of
O2

+, other minor heating sources are quenching and chemical reactions [Fox and Dalgarno, 1979], CO2 15
μm cooling, and molecular conduction. The primary heat balance occurs between the EUV heating and
the molecular thermal conduction, with a little influence from the CO2 15 μm cooling [Bougher and
Dickinson, 1988; Bougher and Roble, 1991; Gonzalez-Galindo et al., 2009]. The heating by chemical reactions
accounts for about 75% of the total EUV heating in which the dissociative recombination of O2

+ accounts
for 70% [Fox and Dalgarno, 1979].

At every time step, the model particles representing the hot O population are added to the system. The num-
ber, position, and velocity of the newly produced particles are determined using the densities and tempera-
tures of O2

+ ions and electrons calculated by the photochemical ionosphere model. Below the exobase level,
more than 80% of O2

+ ions are found to be in the vibrational ground state [Fox and Hać, 2010]. Because most
of the hot O atoms that heat the ambient atmosphere or escape to space are produced below the exobase,
we assume that all the O2

+ ions are in v=0. Five exothermic channels are available for O2
+ (v= 0) in zero rela-

tive energy collisions with electrons:

O2
þ þ e→ O 3P

� � þ O 3P
� � þ 6:65 eV½ � 0:22ð Þ

→ O 3Pð Þ þ O 1Dð Þ þ 4:98 eV½ � 0:42ð Þ
→ O 1Dð Þ þ O 1Dð Þ þ 3:02 eV½ � 0:31ð Þ
→ O 3Pð Þ þ O 1Sð Þ þ 2:80 eV½ � 0:00ð Þ
→ O 1Dð Þ þ O 1Sð Þ þ 0:80 eV½ � 0:05ð Þ;

(10)

where the square and round brackets denote excess energies and branching ratios used in this study,
respectively. The values of the excess energies and the branching ratios are taken from Peverall et al. [2000]

Table 2. Parameters of the Lennard-Jones (6–12) Potential Used in the
Molecular Dynamics Calculationsa

Molecule σ (Å) ε/kB (K) Reference

H 2.708 37.0 Svehla [1962]
O 2.80 117.0 Capitelli et al. [2000]
N2 3.681 91.42 Capitelli et al. [2000]
CO2 3.769 245.3 Boushehri et al. [1987]

aσ is the value of the intermolecular distance for which the potential is
zero, and ε is the depth of the potential well.
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andKella et al. [1997], respectively. The excess energy is transferred into the kinetic energyof twoproducedhot
O atoms. The nascent velocities of produced hot O atoms are determined by the conservation of momentum,
assuming that these atoms are produced isotropically. The velocities of reactants, O2

+ ions and electrons, are
randomly selected from the Maxwell-Boltzmann distributions.

Our particle simulation model self-consistently includes the major heating and cooling sources, i.e., the dis-
sociative recombination of O2

+ and the energy transfer through collisions. Meanwhile, our rigid molecular
model cannot describe variations in the internal energy of a molecule. Therefore, minor heating and cooling
sources like quenching and the CO2 15 μm cooling are added using macroscopic quantities such as number
density, flow velocity, and temperature obtained from equations (1)–(3). For example, in our model the CO2

15μm cooling rate is calculated using the formula in equation (14) of Gordiets et al. [1982], which is a function
of the number densities of CO2, N2, O, and other major species and the temperature of CO2. The minor
heating or cooling rate is added or removed from the thermal energies of the corresponding molecular spe-
cies in each cell. The energy addition or removal is performed such that momentum is conserved on average:

ci
′ ¼ v þ a ci � vð Þ

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2Qdt

XN
i¼1

m ci � vð Þ2

vuuuut
; (11)

where ci′ is the velocity of a model particle i after the energy addition or removal; ci is the velocity of a model
particle i before the energy addition or removal; v is the flow velocity calculated from equation (2); Q is the
macroscopic heating rate (positive value) or macroscopic cooling rate (negative value); dt is the time step;
m is the mass; N is the number of model particles in a cell; a is the coefficient for velocity variation. Here
“macroscopic” heating or cooling rate means that it is a function of macroscopic quantities n, v, and T, and
does not consider the detail of the distribution in velocity space. The macroscopic heating rate is calculated
using the heating efficiency of 0.08, which is derived from the relative importance of the heating processes in
Figure 16 of Fox and Dalgarno [1979] and based on the hypothesis that the total heating efficiency including
the dissociative recombination of O2

+ is 0.18 for the present-day Martian upper thermosphere. This total
heating efficiency of 0.18 is the same as the value used in Zhang et al. [1993]. The macroscopic cooling rate
owing to the CO2 15 μm cooling is calculated using the formula in Gordiets et al. [1982] with the collisional
energy transfer rate of k(CO2-N2) = 4.4/3 × 10�15 T exp(�41/T1/3) cm3 s�1 and k(CO2-O) = 1.5 × 10�11 T exp
(�800/T) cm3 s�1. We omit CO2-O2 collisional relaxation for simplicity, although recent MAVEN observations
showed that O2 is not minor [Mahaffy et al., 2015], suggesting that contribution from the CO2-O2 collisional
relaxation can be comparable to that from CO2-N2 collisions.

At the lower boundary (130 km altitude) for the Viking 1 condition (1 EUV case), the number densities
are fixed with n[H] = 1.088 × 1011m�3, n[CO2] = 3.045 × 1016m�3, n[N2] = 8.402 × 1014m�3, and n[O]
= 3.447 × 1014m�3, and the temperature is fixed at 158 K. These values are based on the Viking measure-
ments [Nier and McElroy, 1977; Shinagawa and Cravens, 1989]. For the 6 EUV case, the number density of O
is fixed with 8.0 × 1014m�3, and the temperature is fixed at 280 K. These values are based on Zhang et al.
[1993]. The other parameters are the same as those for the 1 EUV case. An appropriate number of model
particles, with velocities selected from a Maxwell-Boltzmann distribution, flow in from the lower boundary
at every time step. The number flux of model particles that flow in from the lower boundary is described
as [Bird, 1994]

f in ¼ n
2

ffiffiffi
π

p
ffiffiffiffiffiffiffiffiffiffi
2kBT
m

r
: (12)

The flow velocity is assumed to be zero at the lower boundary. Model particles that cross the upper or lower
boundary stop being tracked. When a particle crosses the upper boundary with an energy lower than the
escape energy at that altitude, it is reflected without a time lag since we are interested in the system in a
(quasi-)steady state.

The initial condition of the system is a vacuum; i.e., the computational domain is empty at the beginning. The
simulation ends at t= 500,000 s for the 1 EUV case and t= 350,000 s for the 6 EUV case, when the system
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reaches a quasi-steady state.
Figure 1 shows the ratio of the
number of model particles to that
obtained in the previous time step.
After t= 250,000 s for the 1 EUV
case and t= 220,000 s for the 6
EUV case, variations in the
total number of model particles
are less than 0.01%, suggesting
that the system reaches a quasi-
steady state.

4. Ionosphere Model

To solve the hot O production due
to the O2

+ dissociative recombina-
tion in the DSMC simulation, a
photochemical equilibrium iono-
sphere model runs simultaneously.
Using the ionosphere model, the
following values are computed:
photoionization rates, chemical
production and loss rates, and
photochemical equilibrium densi-
ties of the major ionospheric
constituents, H+, O2

+, O+, CO2
+,

and electron.

Solar EUV flux is given for a 60° solar zenith angle. We calculate the EUV absorption using the solar EUV flux
model and photoionization and photoabsorption cross sections from the EUVAC model [Richards et al., 1994;
Schunk and Nagy, 2000] and the neutral densities computed by the DSMC model. In the EUVAC model, solar
activity variation is expressed by the following factor:

P ¼ F10:7 þ F10:7h ið Þ=2; (13)

where F10.7 is the 10.7 cm solar radio flux inWHz�1m�2, multiplied by 1022, and<F10.7> is the F10.7 flux aver-
aged over 81 days. P is set at 69 for the 1 EUV case, and the solar EUV flux is scaled to the Mars’ orbit by multi-

plying (1/1.524)2 to that at the
Earth’s orbit. For the 6 EUV case,
the solar EUV flux for the 1 EUV
case is multiplied by 6.

The chemical reaction coefficients
used in the ionosphere model are
summarized in Table 1. The neutral
temperature is computed in the
DSMC model. The ion and electron
temperatures are estimated follow-
ing the method used in Fox and
Hać [2010] for obtaining the ion
and electron temperatures at high
solar activity. More specifically, ion
and electron temperatures are
increased from the low solar activ-
ity temperatures by the difference
between the computed neutral
temperature and the low solar

Figure 1. Time variations in the ratio of the number of model particles to that
in the previous time step (a) for the 1 EUV case and (b) for the 6 EUV case.

Figure 2. Altitude profiles of the heating rate owing to the dissociative
recombination of O2

+ calculated by the DSMC model (red curve), the
total solar EUV energy absorbed by all species in the Martian upper
thermosphere-exosphere per second (black curve), and the exobase for hot
O atoms (blue dashed line) for the 1 EUV case.
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activity neutral temperature. The
low solar activity neutral, ion, and
electron temperatures are taken
from Shinagawa and Cravens
[1989], which are based on the
Viking 1 and 2 measurements.
Finally, assuming a photochemical
equilibrium, the densities of H+,
O2

+, O+, CO2
+, and electron

are obtained.

5. Results and Discussion
5.1. Viking 1 Condition
(1 EUV Case)

Figure 2 shows the altitude profiles
of the heating rate owing to the
O2

+ dissociative recombination
computed by the DSMCmodel and of the total solar EUV energy absorbed by all species in the Martian upper
thermosphere-exosphere per second for the 1 EUV case. The heating rate is calculated by averaging the
energy loss of hot O atoms in collisions with H, CO2, N2, and thermal O in the DSMC simulation. The total solar
EUV energy absorbed is calculated in the ionosphere model. Below the exobase for hot O (172 km altitude,
see discussion of Figure 3), the heating efficiency owing to the dissociative recombination of O2

+ is about
0.1, where the heating efficiency is defined as the ratio of the heating rate divided by the total solar EUV
energy absorbed by all species per second. Adding the other minor heating sources, the total heating effi-
ciency is 0.18, which is in good agreement with the conventional value [Fox and Dalgarno, 1979; Zhang
et al., 1993]. Above the exobase, the atmospheric heating is less effective because there are fewer molecules
to interact with for depositing the hot O energy.

Figure 3 shows the altitude profiles of the mean free path of hot O with energy of 2 eV and the scale height of
the atmosphere. Here the mean free path and the scale height are defined as themean distance traveled by a
molecule between collisions and the distance over which the total neutral density decreases by a factor of e,
respectively. The mean free path is computed by test particle simulations, which are separately carried out to
track trajectories and collisions of 200,000 hot O particles in the background atmosphere obtained by a DSMC
simulation (see Figure 4). The blue curve in Figure 3 shows the ratio of the energy loss of hot O integrated
over 1 s divided by the total energy of hot O existing at a given altitude, where the energy loss of hot O is
the same as the heating rate owing to hot O in Figure 2 when integrated over 1 s. At 130 km altitude, the
Knudsen number of hot O is 0.025, indicating that collisions are dominant there. At that altitude, the energy
loss rate of hot O is equal to 1, indicating that almost all the hot O produced by the O2

+ dissociative recom-
bination is thermalized immediately. The higher the altitude, the larger the Knudsen number, and the percen-
tage of the energy lost to the total energy of hot O decreases. At 172 km altitude, where the Knudsen number
is 1, i.e., the theoretical exobase for hot O, 15% of the total energy of hot O is deposited to the ambient atmo-
sphere. At 210 km altitude, the Knudsen number is 10, and only 1% of the total energy of hot O changes to
thermal energy. Above that altitude, the energy of hot O is hardly lost through collisions.

Figure 4 shows the altitude profiles of (a) densities, (b) vertical flow velocities, and (c) temperatures of H,
CO2, N2, and O computed by the DSMC model. We illustrate only the results within the altitude range
for which a cell contains a sufficient number of model particles (specifically, more than 30 particles in a cell
for each molecular species). The measured densities of CO2 and N2 by Viking 1 [Nier and McElroy, 1977] are
also shown in Figure 4a. The calculated densities of CO2 and N2 are in good agreement with the observed
densities. The O and H densities are consistent with those in Shinagawa and Cravens [1989] and Zhang
et al. [1993] that were estimated based on Viking and Mariner measurements, but the H density differs
by a factor of 5.7 from that in Fox and Hać [2009]. The reason for the discrepancy in the H density between
Fox and Hać [2009] and our model is mainly due to different lower boundary conditions for the H density
used in the models.

Figure 3. Altitude profiles of the mean free path of hot O with energy of 2 eV
(red curve), the scale height (black curve), and the ratio between the total
energy of hot O loss integrated over 1 s and the total energy of hot O existing
at a given altitude (blue curve) computed by the DSMC model for the 1 EUV
case. The Knudsen number is defined as the ratio of the mean free path to
the scale height.
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The altitude profiles of O2
+ and

CO2
+ computed by the ionosphere

model aswell as themeasured den-
sities of O2

+ and CO2
+ from Viking 1

and 2 [Hanson et al., 1977] are
shown in Figure 5. The calculated
density of O2

+, which is used to cal-
culate the dissociative recombina-
tion of O2

+, is in good agreement
with the observed densities.

We note a difference in the vertical
velocities between H and the
others (Figure 4b). Only H has an
upward flow; meanwhile, the
others have negligible flows. The
upward flow is caused by Jeans
escape. In the present model, only
H escapes to space by thermal
energy and a hydrostatic equili-
brium of H is not established [cf.
Tucker et al., 2013]. The exobase
temperature of H in Figure 4c is
about 2 K lower than that of the
others. This difference is caused
by the energy-dependent nature
of Jeans escape and discussed in
the next section.

Figure 6 shows the altitude pro-
files of the mean free path of each
species and the scale height. The
method for calculating the mean
free paths is the same as that in
Figure 3. In the test particle simu-
lations for each mean free path,
the distribution of the initial velo-
cities of the test particles is taken
from a Maxwell-Boltzmann distri-
bution. The mean free paths for
H, CO2, N2, and thermal O are dif-
ferent for different molecules
because the collision cross sec-
tions are different. The exobase
altitudes are defined as the alti-
tudes where the mean free paths
are equal to the density scale

height. The exobase altitudes for H, CO2, N2, and thermal O are 182 km, 202 km, 194 km, and 190 km,
respectively. The exobase temperatures are 210.5 K for CO2, N2, and O and 208 K for H. These are in good
agreement with the exobase temperature of 200 K estimated from the Viking 1 observation [Shinagawa
and Cravens, 1989; Fox and Hać, 2010].

We also performaDSMC simulation that does not calculate the energydeposition fromhotObut uses the con-
ventional total heating efficiency of 0.18 (hereinafter referred to as the conventional model). The total heating
efficiency of 0.18 is the same as that used in Zhang et al. [1993]. The results from the conventional model are

Figure 4. Altitude profiles of (a) densities, (b) vertical flow velocities, and
(c) temperatures of H (red curve), CO2 (blue curve), N2 (green curve), and O
(black curve) computed by the DSMC model for the 1 EUV case. The dashed
curves show the results from the conventional model. The open squares and
triangles in Figure 4a are the CO2 and N2 densities, respectively, measured by
Viking 1 [Nier and McElroy, 1977].
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also plotted with dashed curves in
Figure 4. In Figures 4a and 4b, the
blue, green, and black dashed
curves almost overlapwith the solid
curves of the same color, and only
the solid curves can be seen. The
computed exobase temperature is
210 K, which matches well the tem-
perature estimated by Zhang et al.
[1993]. The altitude profiles of den-
sities, flow velocities, and tempera-
tures computed by the DSMC
model that calculates the energy
deposition from hot O are in good
agreement with those computed
by the conventional model, sug-
gesting that the use of the conven-
tional heating efficiency is a good
approximation for the 1 EUV case.

5.2. Six Times the Solar EUV Flux of the Viking 1 Case (6 EUV Case)

Figure7showsthecomputedaltitudeprofilesof (a)densities, (b)verticalflowvelocities, and(c) temperatures for
the 6EUV case. The stronger EUVflux leads to an increase in the atmospheric temperature andexpansionof the
atmosphere. TheHdensity decreases, however, due to increases in the Jeans escape rate andupwardflowofH.

Above 200 km altitude, the temperature of H calculated using equation (3) decreases because of a decrease
in the high-energy part of the velocity distribution due to Jeans escape. In these altitudes, the computed
energy distribution of H is not consistent with a Maxwell-Boltzmann distribution. Figure 8a shows the com-
puted thermal energy distribution of H at 300 km altitude. We see a clear depletion in the computed distribu-
tion above the escape velocity of about 5 km/s because of its preferential escape to space. Figure 8b shows
that the low-energy part of the distribution, which is less affected by the Jeans escape, is in good agreement
with the Maxwell-Boltzmann distribution with a temperature of 357 K, which is deduced from a fit at the most
probable velocity.

The altitude variation of H temperatures deduced from a fit with a Maxwell-Boltzmann distribution at the
most probable velocity is plotted in Figure 7c. These temperatures are higher than the temperatures com-

puted using equation (3), but they
remain lower than the temperatures
of the other molecules. Above
200 km altitude, the Knudsen number
of H becomes greater than 0.1 and H
atoms have a global upward motion.
H is not well heated by hot O and
slightly cooled by heat advection.

For the 1 EUV case, there is less
discrepancy between the computed
distribution of H and a Maxwell-
Boltzmann distribution. The exobase
temperature of H deduced from a fit
with aMaxwell-Boltzmanndistribution
at themostprobablevelocity is 210.5 K.
It is about 2 K higher than the exobase
temperature (Figure 4c) calculated
usingequation (3)andequal totheexo-
base temperature of the other species.

Figure 6. Computed altitude profiles of the mean free paths of H (red
curve), CO2 (blue curve), N2 (green curve), and thermal O (yellow curve)
and the scale height (black curve) for the 1 EUV case. The dotted curves
represent 0.1 and 10 times the scale height, respectively.

Figure 5. Altitude profiles of densities of CO2
+ (blue curve) and O2

+ (black
curve) computed by the ionosphere model for the 1 EUV case. The open
squares and circles are the CO2

+ and O2
+ densities, respectively, measured

by Viking 1 and 2 [Hanson et al., 1977].
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Figure 9 shows the altitude profiles of the mean free path of each species and the scale height for the 6 EUV
case. The exobase altitudes of H, CO2, N2, and thermal O are 246 km, 306 km, 300 km, and 272 km, respec-
tively. The exobase temperatures of CO2, N2, and thermal O are about 360 K to 370 K. The temperature and
the mean free path of CO2 around the exobase altitude are not plotted because a statistical error is not neg-
ligible due to insufficient numbers of simulation particles for CO2 contained in the cells. Nonetheless, the
simulation model works properly because CO2 is a minor component at that altitude.

Figure 10a shows the computed altitude profile of the mean free path of hot O with energy of 2 eV and the
scale height for the 6 EUV case, and Figure 10b shows the heating efficiencies owing to the O2

+ dissociative
recombination for the 1 EUV case and the 6 EUV case. Below the exobase altitude, the heating efficiency

Figure 7. The same format as Figure 4 but for the 6 EUV case. The open squares in Figure 7c are the H temperatures
deduced from a fit with a Maxwell-Boltzmann distribution at the most probable velocity.
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owing to the dissociative recombination of O2
+ for the 6 EUV case is about 1.1 times larger than that for the 1

EUV case, which results in the temperatures obtained by the DSMC model slightly deviating from those by
the conventional model in and above the transition region (Figure 7c). Except for H atoms, the dashed curves
in Figures 7a and 7b almost overlap with the solid curves and indicate that the conventional model is a good
approximation also for the 6 EUV case.

Figure 9. Computed altitude profiles of the mean free paths of H (red curve), CO2 (blue curve), N2 (green curve), and
thermal O (yellow curve) and the scale height (black curve) for the 6 EUV case. The dotted curves represent 0.1 and 10
times the scale height, respectively.

Figure 8. (a) Computed thermal energy distributions of H at 300 km altitude for the 6 EUV case. The dashed curve repre-
sents the Maxwell-Boltzmann distribution with a temperature of 337 K, which is obtained from equation (3). (b) Adjusted
energy distribution of H at 300 km altitude, in which the height of the distribution is adjusted by taking into account the
loss of escaping H atoms. The dashed curve represents the Maxwell-Boltzmann distribution with a temperature of 357 K,
which is obtained from a fit at the most probable velocity.
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The more efficient heating at the 6 EUV case is due to two factors: enhanced photochemical reactions and
a thicker transition region. The photochemical reactions transform the absorbed solar EUV energy into the
energy of hot O produced by the dissociative recombination of O2

+ more efficiently, because there are
more O in the atmosphere for the 6 EUV case than for the1 EUV case. An increase in O density leads to
an increase in O2

+ density and hot O production rate due to the dissociative recombination of O2
+,

because O2
+ is produced through the chemical reaction between CO2

+ and O. Around the exobase level,
the heating efficiency is apparently large, because hot O atoms that were originally produced in lower alti-
tude deposit their energy into the ambient atmosphere. Note that in this study, only the dissociative
recombination of O2

+ is included as a kinetic heating source, and other photochemical reactions such
as dissociative recombination of CO2

+ [Gröller et al., 2014] should be included in future studies.

Figure 11 shows the computed energy distribution of hot O existing at the exobase and hot O produced
by the dissociative recombination of O2

+ over 1 s at the exobase for the1 EUV and the 6 EUV cases. More
hot O atoms that were originally produced in lower altitude populate at the exobase for the 6 EUV case
than for the 1 EUV case, because the width of the transition region for the 6 EUV case is thicker than that
for the 1 EUV case (Figures 3 and 10a). An increase in the atmospheric temperature leads to a thicker
transition region.

Under an extremely strong solar EUV flux environment, we would expect a much more efficient photochemi-
cal hot O production and a much thicker transition region. The heating efficiency owing to the dissociative
recombination during such an extremely strong EUV environment would be much larger than those for
the 1 EUV and the 6 EUV cases. A simulation study of early Mars about 4.5 Gyr ago [e.g., Terada et al.,
2009], where up to ~100 times stronger solar EUV flux than today is expected, would require careful consid-
eration of the appropriateness of applying the conventional model.

Figure 10. (a) Computed altitude profiles of the mean free path of hot O with energy of 2 eV (red curve) and the scale
height (black curve) for the 6 EUV case. The dotted curves represent 0.1 and 10 times the scale height, respectively.
(b) The heating efficiencies owing to the dissociative recombination of O2

+ at the altitude corresponding to a given
Knudsen number for the 6 EUV case (solid curve) and the 1 EUV case (dashed curve).
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The computed exobase temperatures of about 360 to 370 K for the 6 EUV case are much lower than the exo-
base temperature of 550 K estimated by Zhang et al. [1993], because the CO2-O collisional energy transfer
rate used in our model is different from that used in Zhang et al. [1993]. The CO2-O collisional energy transfer
rate of Gordiets et al. [1982] used in our model is a function of temperature and increases as temperature
increases, while the rate in Zhang et al. [1993] seems independent of temperature. The energy transfer rate
of Gordiets et al. [1982] for 200 K, which is the temperature of the upper thermosphere for the Viking 1 con-
dition, is 2.7 × 10� 13 cm3 s�1, and that for 550 K, which is the temperature of the upper thermosphere for the

Figure 12. Altitude profiles of the O temperature calculated by the DSMC model for the 6 EUV case with the CO2-O colli-
sional energy transfer rate inDickinson and Bougher [1986] (solid curve) andwith that inGordiets et al. [1982] (dashed curve).

Figure 11. Calculated energy distribution of hot O existing at the exobase (black curve) and hot O produced by the
dissociative recombination of O2

+ over 1 s at the exobase (red curve) (a) for the 1 EUV case and (b) for the 6 EUV case.
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6 EUV case estimated by Zhang et al. [1993], is 3.5 × 10� 12 cm3 s�1. As discussed in Bougher et al. [2015], the
importance of the CO2 15 μm cooling is still uncertain. There is a large difference between different models of
the CO2-O collisional energy transfer rate. For example, the energy transfer rate of Dickinson and Bougher
[1986] is 4.0 × 10� 13 cm3 s�1, and that often used in current Martian GCM models is 3.0 × 10� 12 cm3 s�1

[Gonzalez-Galindo et al., 2009; Bougher et al., 2015]. Figure 12 shows the calculated altitude profiles of O tem-
perature. The solid curve represents the result using the rate of Dickinson and Bougher [1986], and the dashed
curve represents the result using the rate of Gordiets et al. [1982]. The exobase temperature calculated using
the rate of Dickinson and Bougher [1986] is 520 K. It is about 150 K higher than that using the rate of Gordiets
et al. [1982] and in reasonable agreement with that of Zhang et al. [1993]. Under strong EUV flux environ-
ments, the CO2 15 μm cooling is expected to have a large effect on the temperature of the upper thermo-
sphere and exosphere.

6. Summary

Wedevelopeda full-particlemodelof theMartianupper thermosphereandexosphere.UnlikepreviousMartian
thermosphere-exosphere models, no fluid approximation is invoked in our model, and the DSMC method is
applied toboth thermalandnonthermal components. Themodel can self-consistently solve the transition from
collisional to collisionless domains in the upper thermosphere, so that the energy deposition fromnonthermal
hot components to thermal components in the transition region is properly described. Our model self-
consistently solves heating by the dissociative recombination of O2

+ and cooling by molecular conduction,
which are the primary sources of the atmospheric heating and cooling in the Martian upper thermosphere,
respectively, while other minor heating and cooling sources are included using macroscopic quantities.

For the solar EUV condition during the Viking 1 measurement (1 EUV case), the computed altitude profiles of
CO2 and N2 densities are in good agreement with those observed by Viking 1. We also performed a DSMC
simulation that does not calculate the energy deposition from hot O but uses a conventional heating
efficiency of 0.18 as that used in Zhang et al. [1993]. The altitude profiles of densities, flow velocities, and tem-
peratures computed by the DSMC model that calculates the energy deposition from hot O match well those
computed by the conventional model, suggesting that the use of the conventional heating efficiency is a
good approximation for the 1 EUV case.

For a solar EUV flux equivalent to 6 times the Viking 1 condition (6 EUV case), the heating efficiency computed
by the DSMC model that calculates the energy deposition from hot O is essentially the same as that for the 1
EUV case, but slightly increases to about 110% of that for the 1 EUV case below the exobase, and the calcu-
lated temperature deviates from the conventional model in and above the transition region. The stronger
EUV flux leads to a more efficient hot O production and a thicker transition region. These results suggest
that the conventional heating efficiency of 0.18 obtained based on the observation of present-day Mars is
a good approximation for low (1 EUV case) to moderately strong (6 EUV case) EUV conditions, but it would
be inappropriate to apply to an early, extremely strong EUV flux environment.

At the exobase, the computed velocity distribution of H is not consistent with a Maxwell-Boltzmann distribu-
tion due to the preferential escape of the high-energy part of the distribution in the Jeans escape process.
The difference between the computed distribution and the Maxwell-Boltzmann distribution is negligible
for the 1 EUV case, but is noticeable for the 6 EUV case.

We also find that the exobase temperature calculated using the CO2-O collisional energy transfer rate of
Gordiets et al. [1982] is 150 K lower than that calculated using the rate of Dickinson and Bougher [1986] for
the 6 EUV case. The latter is in reasonable agreement with the exobase temperature estimated by Zhang
et al. [1993]. Under strong EUV flux environments, the CO2 15 μm cooling is expected to have a large effect
on the temperature of the upper thermosphere and exosphere.
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