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A B S T R A C T

When the solar wind reaches the Mars obstacle, mass loading by plan-
etary ions slows down the solar wind and raises the bow shock. The
Martian atmosphere is undergoing the a scavenging by the solar wind
without the protection of a global magnetic field. Atmospheric escape
is an important process for the evolution of the Martian climate. For
present Mars, the dominant escape of atmospheric neutrals is through
four channels: Jeans escape, photochemical reactions, sputtering and
electron impact ionization. Ions above the exobase get accelerated by the
solar wind electric field and can escape.
We here apply a new method for estimating heavy ion (O+, O+

2 , and
CO+

2 ) escape rates at Mars, which combines a hybrid model and ob-
servations. We use observed upstream solar wind parameters as input
for a hybrid plasma model, where the total ion upflux at the exobase
is a free parameter. We then vary this ion upflux to find the best fit to
the observed bow shock location. This method gives us a self-consistent
description of the Mars-solar wind interaction, which can be used to
study other properties of the solar wind interaction besides escape.
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S A M M A N FAT T N I N G

När solvinden stöter på Mars så tyngs den ner av joner från planeten,
vilket bromsar solvinden och expanderar bogshocken. Mars atmosfär
eroderas av solvinden eftersom planeten saknar ett globalt magnet-
fält. Atmosfärsförlust är en viktig process i hur Mars klimat förändras.
För nuvarande Mars är det fyra dominerande processer för förlust av
neutrala atomer: Jeans förlust, fotokemiska reaktioner, sputtering och
elektronkollisionsjonisering. Joner ovan exobasen accelereras av solvin-
den och kan förloras.
Här använder vi en ny metod för att uppskatta förlusten av tunga joner
(O+, O+

2 , and CO+
2 ) vid Mars, som kombinerar en hybridmodell och

observationer. Vi använder observerade solvindsparametrar som indata
till en hybrid plasmamodell, där totalt jonuppflöde vid exobasen är en
fri parameter. Vi varierar sedan detta jonuppflöde för att hitta bästa
passningen till den observerade positionen för bogshocken. Metoden ger
en självkonsistent beskrivning av Mars växelverkan med solvinden, som
kan användas till att studera andra egenskaper av växelverkan, förutom
jonförlust.
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1I N T R O D U C T I O N

Mars is the forth terrestrial planet from the sun. The orange-red appear-
ance of Mars is due to the fact that its surface is covered with hematite.
Mars is about half the diameter of Earth, and has a similar tilt and rota-
tion period, but the sidereal period is as twice as Earth. The brightness
of Mars can be -2.9 magnitude, but it is still dimmer than Jupiter most of
the time. The thin and cold Martian atmosphere is dominated by carbon
dioxide (95.3%). The atmospheric pressure is too low to maintain liquid
water. The surface of Mars is full of impact craters, canyons, sand dunes,
and gravel. The south hemisphere is an ancient, crater-filled plateau,
while the north hemisphere is a younger, lowland plain. Mars does not
have a global magnetic field. Instead, there’s crustal magnetic fields in
the south hemisphere. Mars has two moons, Phobos and Deimos. Both
are irregularly shaped.
The in-situ exploration of Mars can be traced back to 1960s. More than 40

spacecrafts, including orbiters, landers and rovers, have been launched
to study the Martian surface, geology and climate. So far, Mars has 13

spacecrafts in operation, including eight in the orbit: 2001 Mars Odyssey,
Mars Express (MEX), Mars Reconnaissance Orbiter, Mars Atmosphere
and Volatile Evolution (MAVEN), ExoMars Trace Gas Orbiter, the Hope
orbiter, and the Tianwen-1 orbiter, and 5 on the surface: the Mars Sci-
ence Laboratory Curiosity rover, the Perseverance rover, the Ingenuity
helicopter, the Tianwen-1 lander, and the Zhurong rover.
Opportunity discovered the mineral jarosite on the surface of Mars
(Elwood Madden, Bodnar, and Rimstidt, 2004). This is only formed in
the presence of acidic water, suggesting that water was once present
on Mars. Later, the Spirit rover found concentrated deposits of silica
(Squyres et al., 2008), suggesting the wet weather in the past. If water has
existed in the past, it makes people wonder how the water disappeared
on Mars and how the climate evolved over time. Atmospheric escape is
considered to be an vital mechanism of altering the Mars environment
(Jakosky and Phillips, 2001; Jakosky et al., 2017; McKay and Stoker, 1989).
This study is focusing on the process of ion escape and the role of the
solar wind in the interaction with Mars.
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2T H E S O L A R W I N D I N T E R A C T I O N W I T H M A R S

When the solar wind reaches the Mars obstacle, it is slowed down
by the mass loading of the planetary ions, generating the bow shock,
decelerated from supersonic to subsonic. The shocked solar wind plasma
populates the hotter, denser and more turbulent magnetosheath. The
magnetic field is highly draped in the magnetic pileup region (MPR), or
induced magnetosphere (IM), where the planetary plasma is dominating
and the solar wind plasma is barely observed. The MPR extended to the
nightside and is connected to tail lobe region. The boundary between
the magnetosheath and the MPR is called the magnetic pileup boundary
(MPB), or induced magnetosphere boundary (IMB). Below the MPR, the
photoelectron boundary (PEB) separates the cold local ions from the
MPR. Inside the PEB planetary ions are abundant in the ionosphere.
In the tail behind Mars, the two lobes are separated by the currents
in the plasma sheet. The crustal fields in the south hemisphere makes
the topology of the ionosphere more intricate than for a completely
unmagnetized planet. Fig 2.1 depicts the structure created by the solar
wind interaction with Mars.

2.1 bow shock

The Martian bow shock has been identified by earlier Mars missions,
such as, Mariner 4 flyby (Smith et al., 1965), Mars 2, 3, 5 orbiters (Bog-
danov and Vaisberg, 1975; Dolginov, Yeroshenko, and Zhuzgov, 1976;
Gringauz et al., 1973) and the Phobos 2 orbiter (Riedler and al., 1989;
Schwingenschuh et al., 1990). Later the bow shock variability has been
studied by MGS (Vignes et al., 2002), MEX (Hall et al., 2016, 2019), and
MAVEN (Garnier et al., 2022b). The structure of a the bow shock in-
cludes a foot, ramp, and overshoot. The magnitude of the overshoots is
computed as A = (BM-B2)/B2 (shown in Fig 2.2). The thickness of the
overshoot (between the beginning of the shock foot and the minimum
of the first undershoot) in most cases is between 0.5 and 2.5 of the solar
wind proton gyroradius. Due to the small size of Mars and the weak
IMF, the solar wind proton gyroradius is approximately of the same
scale as the bow shock. In consequence, kinetic effects are important in
the collisionless Martian bow shock (Lembège and Savoini, 2002). The
location of the Martian bow shock at the subsolar point is at an altitude
of ∼ 0.58 RM (Mars radius) and ∼ 1.6 RM at the terminator (Brain, 2006).
The shape of the bow shock is asymmetric due to IMF direction, south
hemisphere crustal field and planetary ion outflow.
The bow shock location shows strong dependency on the upstream con-

3



4 the solar wind interaction with mars

Figure 2.1: Sketch of the global Martian solar wind interaction according to Brain,
2006.

ditions. Fig 2.3 displays that the bow shock terminator distance increases
as the solar EUV increases and the distance has the same tendency
with respect to the solar cycle. Vignes et al., 2002 illustrated that the
quasi-parallel shock is closer to the planet than the quasi-perpendicular
shock and the bow shock terminator distance is greater for larger cone
angles (the angle between the interplanetary magnetic field and the
direction of the solar wind velocity). Hall et al., 2016 found that the bow
shock terminator distance decreases as the solar wind dynamic pressure
increases. Garnier et al., 2022a explained the significant influence of the
crustal fields on the bow shock location and found that this influence
varies with season.

2.2 magnetosheath

In the magnetosheath region, at the beginning, protons are suddenly
heated. Then the proton density and velocity drop and is gradually
cooled down. Planetary ions start to arise and get accelerated. Since the
magnetosheath region is only on the order of the solar wind proton
gyroradius, there’s not enough space for the solar wind plasma to get
thermalized (Dubinin et al., 1993). The magnetic field is highly oscillating
in the magnetosheath region. Ultra low frequency waves are abundant in
this area, appearing 48% of the time (Bertucci et al., 2004). Mirror mode
waves are generated from the temperature anisotropy in the particle
distribution function in a high beta plasma (Hasegawa, 2012). These
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Figure 2.2: Magnetic field profiles of three bow shock crossing cases of Phobos
2 according to Tatrallyay et al., 1997. Continuous line, measured
total field; dotted line, simulated values using MHD model. BM

is the maximum field value at the overshoot, B2 is the calculated
downstream field at the shock, and D is the apparent thickness of the
overshoot along the spacecraft trajectory.

Figure 2.3: Bow shock variation with solar EUV and solar cycle according to Hall
et al., 2019.
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waves are found to be anticorrelated with the superthermal electron
density.

2.3 mpb (imb) and mpr (im) boundaries

The magnetic pileup boundary (or induced magnetosphere boundary)
is formed and stop solar wind ions penetrating into the planet while
the electrons carrying the magnetic field can go through it. MPB as the
inner boundary for solar wind ions works similar to the magnetopause
on Earth. The MPB is the result from the shocked solar wind interaction
with planetary heavy ions. The main features of MPB are summarized
as follows (Bertucci et al., 2011):

1. Magnetic field: sharp enhancement of the magnetic field draping,
sharp increase in the magnetic field strength by a factor of 2–3, a
drop in the magnetic field fluctuations.

2. Ion composition: decrease in the solar wind ion density accompa-
nied by an increase of planetary ion density.

3. Electron: a sharp increase of the electron density, a drop in the
electron temperature

Fig 2.4 shows an example of MPB boundary identification. At tha MPB,
there’s big jump in magnetic field strength (from ∼ 10 nT to ∼ 35 nT) and
one order of magnitude drop in superthermal electron flux in less than
1 minute (or less than ∼ 100 km). After the MPB, in the magnetic pileup
region (or induced magnetosphere), θ (the elevation angle over Mars’
orbital plane) is getting smooth and magnetic field is less oscillating.
Fig 2.5 depicts the measurements of two boundary crossings by MEX
(Edberg et al., 2009a) and fittings by MGS (Edberg et al., 2008). The
location of the Martian MPB at the subsolar point is at an altitude of ∼
0.33 RM (Mars radius) and ∼ 0.45 RM at the terminator. Edberg et al.,
2009a has done a parameter study of the MPB boundary variation. They
found that the MPB and bow shock don’t respond to upstream solar
wind conditions or planetary condition in the same way. MPB terminator
distance to the planet is negatively correlated to solar wind dynamic
pressure and magnetic pressure. The stronger solar EUV flux causes the
terminator MPB to move inward. The area with crustal field increases
the MPB terminator distance compared to the area without.
The MPR has prominent drapping effects. The magnetic field is expected
to be predominately horizontal (in the plane of the IMF). Fig 2.6 displays
the correlation between Bx

′ component and Br component. In the mag-
netosheath region, the direction of the magnetic field is highly variable.
Bx

′ and Br are not correlated. While in the MPR, the magnetic field
becomes regular. Bx

′ and Br are roughly linearly related. This feature
can be used to identify the MPR. In the MPR, the planetary plasma is
dominant. It’s also the primary region where the energy and momentum
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Figure 2.4: An example of MPB and bow shock crossing detected by MAG/ER
for an orbit near the terminator plane in MSO coordinate according to
Bertucci et al., 2003. θ is the elevation angle over Mars’ orbital plane,
ϕ is the azimuth (0◦ = sunward).

transfer happens from solar wind to Martian ions. On the dayside, the
MPR is only a few hundred km thick (Bertucci et al., 2011). β (thermal
pressure over magnetic pressure) is decreased in the MPR due to the
high magnetic pressure and low thermal pressure from the cold plane-
tary ions. Therefore the mirror mode is replaced by fast magnetosonic
waves (Bertucci et al., 2004). In the magnetotail, the MPR is composed of
two lobes separated by the plasma sheet.

2.4 peb and ionosphere

Below the MPR, there’s one more boundary separating the cold iono-
sphere from the highly-draped induced magnetosphere. In this bound-
ary, the solar wind electrons are replaced by photoelectrons released by
the neutral atmosphere absorbing solar EUV. This boundary is called the
photoelectron boundary. Fig 2.7 shows the increased electron flux, but of
decreased energy, after the PEB. Photoelectrons has also been observed
in the MPR by vertical transport. Photoelectrons also can travel along
the draped field lines to the nightside (Cui et al., 2015). The topology of
the PEB is strongly affected by crustal fields (Brain et al., 2003).
The dayside ionosphere is maintained by photochemical reactions, form-



8 the solar wind interaction with mars

Figure 2.5: The position of the bow shock (red dots) and MPB (green dots) cross-
ings by MEX according to Edberg et al., 2009a. The dashed lines are
the boundaries fitting to MGS measurements according to Edberg
et al., 2008.

Figure 2.6: B
x
′ versus Br in the Martian magnetosheath (left panel), and in the

MPR (right panel) of one MGS orbit according to Bertucci et al., 2003.
Br is the radial cylindrical component of B in y-z plane.
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Figure 2.7: Electron energy spectrogram by MEX according to Edberg et al., 2009b.

ing a permanent structure. The distribution of the dayside ionosphere
is following Chapman theory. The peak of the ionosphere is ∼ 125 km
(Nagy et al., 2004). While the nightside ionosphere is mostly from im-
pact ionization by precipitating solar wind electrons (Safaeinili et al.,
2007) and day-night transport of ions (Cui et al., 2015). 2.8 displays the
morphology of the topside Martian ionosphere both on the dayside and
nightside from MAVEN observations. O+ and O+

2 are the primary ion
species in the ionosphere. The ion density appears to decline exponen-
tially with increasing altitude. The electron density equals the total ion
density.

2.5 crustal fields

Mars does not have a global magnetic field. Instead there are many
pockets of strong magnetism locked up in its crust, called crustal fields.
The crustal fields has been discovered by the low periapsis of MGS. The
magnitude of the strong crustal field in the south hemisphere is up to
1600 nT at ∼ 100 km altitude, much higher than the strength of magnetic
pile-up region (∼ 30 nT). The reason for crustal field formation is still
under investigation. One possible explanation is the sea-floor spreading
in the presence of a reversing dynamo in the early era of plate tectonics
(Connerney et al., 2005).
The structure of the magnetic field lines close to Mars is rather compli-
cated. Three morphologies have been assumed: closed field lines with
both feet ending in Mars, open field lines with one foot connecting
to Mars and another foot connecting to IMF, and unconnected field
lines both ending in IMF. Brain et al., 2003 found that reconnection
between the solar wind and crustal fields takes place above 7% of the
Martian surface. Fan et al., 2019 noticed that the planetary ions tend to
be trapped in the crustal field region and this reduced global escape flux
by nearly 35%. The nightside suprathermal electrons are found to be
depleted strongly in the crustal field region beyond 170 km (Steckiewicz
et al., 2017), meaning the crustal field prevents the solar wind electrons
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Figure 2.8: The profile of the main ion species on the dayside and nightside
Martian ionosphere at an altitude of at 180–500 km according to Wu
et al., 2019. The value in brackets represent the scale height of each
ion specie.
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from precipitating. Crustal fields also has a significant influence on the
boundaries distance in a positive way (Vignes et al., 2000).





3AT M O S P H E R I C E S C A P E F R O M M A R S

The atmosphere of unmagnetized planets are exposed to the solar wind
environment and lose particles by interacting directly with the solar
wind mainly through two ways (Luhmann and Kozyra, 1991): heated
by solar extreme ultraviolet (EUV), mostly the neutral atmosphere, and
picked-up by solar wind flow, mostly the ions. Atmospheric escape is
one of the consequences of the solar wind interaction with Mars.

3.1 neutral escape

3.1.1 Jeans escape

Jeans (or thermal) escape is likely the primary mechanism for hydro-
gen loss at Mars. In the upper atmosphere, H2O undergoes photo-
dissociation and produces H2. H2 is then further dissociated and gen-
erates atomic hydrogen. The escape energy of H at the exobase (∼ 200

km) is only ∼ 0.1 eV. In the tail of the Maxwell-Boltzmann distribution,
the energy is high enough for the light H atoms to overcome the gravity
and escape to space.
The most common means of measuring H loss is by observing Lyman
alpha light scattered H atoms in the thermosphere and corona (Chaffin
et al., 2018). H escape is found to be 1-10 ·10

26 s−1 (Bhattacharyya
et al., 2015; Chaffin et al., 2018, 2014), depending on the assumed model
temperature and season variation. High temperatures allow water vapor
to be carried up to higher altitudes. During the Mars southern-summer
season, the increased atmospheric dust is cooling down the atmosphere
by absorbing the visible wavelength sunlight.

3.1.2 Photochemical escape

In general, the atomic O escape flux, Fesc, referred to the surface of
Mars is determined by

Fesc =
1

R2M

∫
(Z+ RM)2Phot(Z)ϵesc(Z)dZ, (3.1)

where z is the altitude, RM is the solid-body radius of Mars, Phot is
the hot O production rate, and ϵesc is the escape probability. When not
stated explicitly, all flux values mentioned below refer to the surface.
The most extensively studied hot O production mechanism is O+

2 Disso-
ciative Recombination (DR) (Lillis et al., 2017), which may occur in two
channels with the amount of kinetic energy release carried by O above

13



14 atmospheric escape from mars

its local escape energy of 1.98 eV at an exobase altitude of 200 km (Fox
and Hać, 2009) These two DR channels are

O+
2 + e → O(3P) +O(3P) + 6.99eV , (a)

→ O(1D) +O(3P) + 5.02eV , (b)
(3.2)

where e denotes a thermal electron and the respective exothermicities are
also provided. Here the hot O production rate could be calculated using
the O+

2 DR coefficient of Peverall et al., 2001 that depends on the thermal
electron temperature, along with a branching ratio of 26.5% for channel
(a) and 47.3% for channel (b), both assuming O+

2 in the vibrational
ground state (Petrignani et al., 2005). With MAVEN measurements and
multiple escape probability models, they yield O atom loss estimates
around 5·10

25 s−1 (Cravens et al., 2017; Lillis et al., 2017; Rahmati et al.,
2017).

3.1.3 Sputtering escape

The planetary heavy ions picked up by the solar wind can precipitate
and transfer energy to neutral oxygen in the upper atmosphere via
elastic collisions. This process is called sputtering. It’s efficient enough
to accelerate a certain amount of atomic oxygen to escape (Luhmann,
Johnson, and Zhang, 1992; Luhmann and Kozyra, 1991). The solar wind
protons or alpha particles has less chance to contribute to sputtering
escape due to the requirements for such light ions to sputter are very
restrictive: the solar wind particles need to be above 1 keV near the
exobase (Watson, Haff, and Tombrello, 1980), which is normally impos-
sible. Since the sputtering is driven by the precipitating ions, it highly
depends on the solar wind conditions.
The sputtering can not be detected directly. However the precipitating
ion flux is possible to measure. Thereafter, models are used to simu-
late the collision process and estimate the escape caused by sputtering.
Combing MAVEN ion flux observation and Exospheric General Model,
Leblanc et al., 2018 gave an evaluation of sputtering escape rate on Mars
as 4·10

23 s−1 and found that sputtering is the main O escape mechanism
on the nightside.

3.1.4 Electron impact escape

CO2 electron impact is recognized as a viable mechanism of neutral
heating in the Martian upper atmosphere (Fox and Dalgarno, 1979) due
to the abundant CO2 source. These electron impact (EI) processes are
capable of producing hot O atoms via the predissociation of CO2 and
CO+

2 in electronically excited states (Zhang et al., 2020),

CO2 + e∗ → O+CO+ + 2e∗, (3.3)
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where e* denotes an energetic electron, either impacting or secondary.
Energetic electrons are present in the Martian upper atmosphere due to
solar EUV/X-ray ionization on the dayside or SW precipitation on the
nightside. For such a process, a portion of the kinetic energy released
is carried away by the neutral and ion fragments through ionization
and excitation. An evaluation with the aid of the combined data sets
accumulated by several instruments on board MAVEN reveals that CO2

electron impact makes a non-negligible contribution to total atomic O
escape on Mars, with a median escape rate of ∼10

24 s−1 on the dayside
and ∼10

22 s−1 on the nightside (Zhang et al., 2020).

3.2 ion escape

The nascent Martian ions are too cold to escape gravity. They however
get energized by the local electromagnetic field via different processes,
including the movement of the solar wind (−V × B), the magnetic shear
stresses of the draped field lines (J × B), plasma pressure gradients in
the ionosphere (∇pe) and plasma shear with the magnetic anomalies or
plasma waves (C).

E = −V × B +
1

nee
J × B −

1

nee
∇pe +C (3.4)

From measurements, Lundin et al., 1989 observed O+ loss rate as
3·10

25 s−1 near solar maximum with Phobos 2. Barabash et al., 2007

derived ions escape rate for three species: O+ as 1.6·10
23 s−1, O+

2
as 1.5·10

23 s−1 and CO+
2 as 8·10

22 s−1 using ASPERA-3/Ion Mass
Analyser data on MEX mission in the energy range of 30 eV to 30

keV. Dong et al., 2017 studied MAVEN Surpathermal and Thermal Ion
Composition (STATIC) data and found >6 eV O+ loss rate is 2·10

24

s−1 in the low EUV case and 3·10
24 s−1 in the high EUV case. With

more than one solar cycle MEX data, Nilsson et al., 2021 interpolated
the flux of lower energy ions and acquired heavy ions outflow at 1·10

25

s−1 in solar maximum and 2·10
24 s−1 in solar minimum. On the other

hand, Ma and Nagy, 2007 calculated escape rate of three ion species
(O+, O+

2 , and CO+
2 ) and found a variation from 2.7·10

23 s−1 to 2.4·10
24

s−1 depending on the upstream and planetary conditions, found with
a multi-species MHD model. Ledvina et al., 2017 gave the value of
ion loss rate at 1.2·10

25 s−1 with a hybrid model. Regoli et al., 2018

approximated a heavy ions total escape flux of 1.1·10
25 s−1 with a

multi-fluid MHD model.
At Mars the escaping ionospheric ions usually form two major outflow
channels: A cold fluid-like outflow in the tail behind the planet, and a
more energetic outflow in the direction of solar wind convective electric
field (Holmström and Wang, 2015). The escaping ions accelerated by
the convective electric field −VSW × B, is usually called the ion plume
at Mars. The Martian ion plume has been observed by MAVEN (Dong



16 atmospheric escape from mars

et al., 2017, 2015; Dubinin et al., 2017) and MEX (Nilsson et al., 2021),
and modeled by multifluid MHD (Dong et al., 2014; Ma et al., 2019;
Regoli et al., 2018) and hybrid codes (Brecht, Ledvina, and Jakosky, 2017;
Holmström and Wang, 2015). It is a matter of definition how to separate
tail and plume fluxes, in observations and models. Dong et al., 2017

separated plume and tail flux by energy (>1 keV ions belong to the
plume) and found that plume escape contributes 30% to total escape
in low EUV conditions and 20% in high EUV conditions. Nilsson et al.,
2021 defined the escape morphology using a geometric box and called
the outflow perpendicular to the X-axis "radial escape". They found that
the radial escape does not depend on the solar cycle, but that the highest
radial escape occurs at high solar wind dynamic pressure conditions,
and that the radial escape is around 20% to 40% of the total escape.

3.3 atmospheric evolution

Mars is thought to be a warm and humid planet with thicker atmosphere
∼ 3.5 billion years ago during the Noachian epoch (Jakosky and Phillips,
2001; Jakosky et al., 2017; McKay and Stoker, 1989) and is potentially able
to host the life in the past. A few meters to a km scale ocean was likely
existing (Boesswetter et al., 2010). The Martian atmospheric pressure
at that period is estimated to be ∼ 0.1 bar while it is ∼ 6 mbar in the
present. The atmospheric escape plays a significant role in the evolution
of the previous thick to the current thin Mars atmosphere. The evolution
of the sun of course affect the planetary escape process. To extrapolate
earlier Mars loss process, it’s necessary to reproduce earlier solar wind
environment. The early sun has slower rotation rate (Newkirk Jr, 1980),
accompanied by weaker IMF and stronger solar EUV flux and solar
wind intensity. Several different models have been applied to evaluate
the earlier Mars atmosphere escape rate (Chassefière et al., 2013; Dong
et al., 2018; Lillis et al., 2017; Luhmann, Johnson, and Zhang, 1992;
Ramstad et al., 2018). At present neutral escape is dominant. While in
the past, ion escape is as vital as neutral escape, even more (Chassefière
et al., 2013; Dong et al., 2018). Fig 3.1 shows the extrapolation result
of photochemical O escape and ion escape over ancient time. It reveals
4 billion years ago, atmospheric escape is approximately 2-3 orders of
magnitude larger than now.

The Martian dynamo is found to be shut down ∼ 4 billion years ago
(Lillis et al., 2013). In addition to the evolution of the sun, the change
from the past global intrinsic magnetic field to current local crustal
field possibly plays a part in the Martian atmosphere evolution. Sakai
et al., 2018 introduced a weak global dipole magnetic field in a Mars
MHD model and found 25% enhancement in the total ion escape rate
compared to the magnetic anomalies case.
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Figure 3.1: Martian atmosphere loss over time according to Dong et al., 2018.





4M O D E L L I N G T H E S O L A R W I N D I N T E R A C T I O N W I T H
M A R S

Models are applied to simulate the global Mars plasma environment and
the interaction with solar wind, from earlier gasdynamic models (Dryer
and Heckman, 1967; Spreiter, Summers, and Rizzi, 1970) to present
hybrid models (Brecht, Ledvina, and Jakosky, 2017; Holmström, 2010;
Kallio et al., 2008; Modolo et al., 2016) and MHD models (Dong et al.,
2014; Harnett and Winglee, 2006; Ma and Nagy, 2007; Regoli et al., 2018).
In this study, a hybrid model is used to investigate the ion escape from
the Martian atmosphere.

4.1 hybrid model

In a hybrid model, electrons are treated as a massless fluid and ions are
treated as individual particles accelerated by the Lorentz force. Given
the initial position ri and velocity vi, the trajectories of the ions NI are
computed by,

d
dt

= vi,
dvi
dt

=
qi
mi

(E + vi × B), i = 1, 2, ...,NI (4.1)

where qi is the ion charge [C] and mi is the ion mass [kg]. By spatial
averaging, we define the ion charge density ρI [Cm−3] and average
velocity uI [m/s]. The ion current density JI = ρIuI [Cm−2s−1]. A
Hybrid model is charge neutral, ρI + ρe = 0, electron charge density ρe
= −ρI. The total current J = JI + Je is computed by Ampère’s law, from
B,

J = µ−1
0 ∇× B (4.2)

µ0 is the vacuum permeability. The electric field is derived from Ohm’s
law,

E =
1

ρI
(−JI × B + µ−1

0 (∇× B)× B −∇pe) +
η

µ0
∇× B, (4.3)

where pe is the electron pressure and η is the resistivity, respectively.
The magnetic field is advanced in time by Faraday’s law,

∂B
∂t

= −∇× E (4.4)

The electric field can be basically divided into four terms: motional field,
Hall field, ambipolar field and resistivity. Motional field (−JI × B)/ρI,
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that is to say, −vI × B, describes the electric field generated by the
movement of the ions in the magnetic field. Hall field, (−J × B)/ρI,
describes the electric field generated by the current. Ambipolar field
comes from that the lighter electrons diffuse faster than ions and an
electric field is generated in the direction against the density gradient.
The ambipolar field in our model is derived from the negative gradient
of the electron pressure, pe = nekTe.

4.2 mars model

In the study, we use Mars Solar Orbital (MSO) coordinates, where the
origin is at the center of the planet, the XMSO-axis is directed to the sun,
the YMSO-axis is in the orbital plane, perpendicular to the XMSO-axis,
and opposite to Mars’ motion. Then ZMSO-axis completes the right-
handed coordinate system. The cell size in the simulation is h =350

km. We have a spherical obstacle centered at the origin with a radius
of 3550 km, representing the exobase. All ions inside the obstacle are
removed from the simulation. The resistivity is 7·10

5 Ωm in a sphere
of radius 3380 km representing the solid planet. Outside the planet
the resistivity is 5·10

4 Ωm, in the ionosphere and the surrounding
plasma. The vacuum regions are defined as the regions with a plasma
density less than 1% of solar wind density and the resistivity in vacuum
regions is 10

6 Ωm. The number of macro particles per cell at the inflow
boundary (the +XMSO side of the simulation box) is 8 for protons, and
2 for alpha particles. The weight (number of real particles represented
by one macro particle) of the ionospheric ion macro particles are set
to the same weight as for protons. An exobase upflux is composed of
54% O+, 39% O+

2 and 7% CO+
2 . The heavy ions are produced on the

dayside, drawn from a Maxwellian distribution with a temperature of
200 K. The exobase ion upflux decays from the the subsolar point to the
terminator by the cosine of solar zenith angle (Holmström and Wang,
2015). Each produced heavy ion is then moved radially outward by a
distance randomly drawn from [0,h]. We run the model until a steady
state is reached, after approximately 500 seconds of simulation time
(when the number of heavy ions in the simulation domain remains on
average constant). We do not include any neutral corona in the model.
We can however note that in our method, additional mass loading from
photoionization of neutrals in the exosphere will be compensated for
by larger heavy ion upflux at the exobase, to achieve the observed bow
shock location.

4.3 model algorithm

Both measurements and models have been applied to study the escape of
ionospheric ions, but each approach has limitations. For the detection by
instruments on spacecrafts, it’s difficult to cover all energies, especially
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Figure 4.1: The sketch of algorithm according to Holmström, 2022.

low energies, and the full 4π sr field of view. Furthermore, an in-situ
observation is only at a certain place and time. To cover all of the
interaction region, we need to accumulate data for a long time and rely
on statistics. Therefore, observing the complete interaction region at a
specific time is impossible with a single spacecraft. Using simulations,
we can get a full three-dimensional picture at any instance. Nevertheless,
the ionosphere and atmosphere are highly dynamic and it’s impossible
to include all relevant physics in the models. Therefore, we here use a
new method to take advantage of both measurements and models, by
combing hybrid model and observations, to get a global coverage of
data and to enable detailed studies of physical processes.
We use the amount of mass-loading of the solar wind as a free parameter
to combine the model and observations. Mass-loading of the solar wind
flow occurs wherever thermal ions are inserted into the flow. Mass
loading by planetary ions slows down the solar wind and raises the bow
shock (Alexander and Russell, 1985; Hall et al., 2016; Mazelle et al., 2004;
Vignes et al., 2002). Given similar upstream conditions, the standoff
distance of the bow shock from the planet will depend on the degree of
mass-loading, which is dependent on the ion densities in the upper parts
of the ionosphere. At Mars, heavy ions at the top of the ionosphere will
provide the mass-loading, and wave-particle interactions will generate a
bow shock in the colissionless solar wind plasma upstream of the planet
(Szegö et al., 2000). We use observed upstream solar wind parameters
as input for a hybrid plasma model, where the total ion upflux at the
exobase is a free parameter. We then vary this ion upflux to find the
best fit for the observed bow shock location. A motivation for having
such a simplified ionosphere, represented by only one free parameter, is
that the ionosphere is highly variable in time and space (Chaufray et al.,
2015; Fowler et al., 2022; Leelavathi, Rao, and Rao, 2023), making the
construction of an accurate ionospheric model difficult.

The algorithm is shown in Fig 4.1 :

1. We apply observed upstream solar wind parameters (solar wind
density (with 5% of alpha particles), velocity, ion and electron
temperatures, and magnetic field) at the inflow boundary. To



22 modelling the solar wind interaction with mars

derive these parameters, we calculated their median values in the
undisturbed solar wind with MAVEN Key Parameters file outside
the nominal bow shock (Vignes et al., 2000).

2. Then we run several simulations with different heavy ion upflux
rates at the exobase.

3. Next, we compare the simulation results with observations in
magnetic field and the proton density, to find the simulation run
that best fits the observed bow shock location. The space resolution
of these observations is higher than for the model (the model cell
size).

4. We can then derive an escape rate estimate from this best fit run.
The total escape rate is computed by averaging the outflow in the
region XMSO < −1.5Rm after reaching a steady state.

4.4 model example

Here we give an example. We apply our method to one MAVEN orbit
#811 occurring during 13:00 to 15:00 UTC on 1 March 2015. Table 4.1
displays the upstream solar wind conditions for this orbit from MAVEN
observations. We run three simulations with three different total exobase
upflux rates listed in Table 4.2. All the runs are with the same input
upstream conditions listed in Table 4.1. The simulation results are then
compared with MAVEN measurements of magnetic field, solar wind
velocity and proton density in Fig 4.2.
By visual inspection, the Upflux 2 simulation fits the observation best.
Upflux 1 gives a bow shock too close to the planet, since the upflux
is too small, while Upflux 3 gives a bow shock too far away from the
planet. We see a good agreement between the model and observations
in the magnetosheath region (the grey area in Fig 4.2). Closer to the
planet, below the Induced Magnetosphere Boundary (IMB), the model
magnetic field is not increasing dramatically as the observation, where
we do not expect the perfect fit due to the simplified ionosphere we use,
and the lack of crustal magnetic fields in our model. We also verify the
fit for the Upflux 2 simulation using MEX Electron Spectrometer (ELS)
observations of bow shock crossings in Fig 4.3. This supports that Upflux
2 is the best fitting simulation run. We use the result of this simulation
as the escape rate of orbit #811.
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Table 4.1: Upstream solar wind parameters in MSO coordinates on 1 March 2015

estimated from MAVEN observations

Density [cm−3] 2.4

Velocity [km/s] (-350, 45, 12)

Proton temperature [K] 1.2×10
5

Electron temperature [K] 1.7×10
5

Interplanetary magnetic field [nT] (-1, -2.7, -1)

Table 4.2: The total exobase ion upflux and resulting total escape rates for the
three simulations

Case O+ [s−1] O+
2 [s−1] CO+

2 [s−1] Escape rate [s−1]

Upflux 1 4.6×10
24

3.2×10
24

6.1×10
23

5.08×10
24

Upflux 2 5.0×10
24

3.6×10
24

6.7×10
23

6.78×10
24

Upflux 3 5.5×10
24

3.9×10
24

7.3×10
23

8.94×10
24

Figure 4.2: Model results compared to MAVEN measurements (blue lines). Or-
ange, red and green lines are the simulation results for three different
productions in Table 4.2, respectively. The plot shows a comparison
for the magnetic field magnitude and the proton density. The bow
shock location is identified by the change in magnetic field and solar
wind density. The grey areas indicate the magnetosheath regions.
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Figure 4.3: Model results of Table 4.2 compared to MEX measurements. Blue lines
are bow shock crossing times from MEX ELS observations.



5D I S C U S S I O N O F R E S U LT S

We have applied the recent-proposed method (described in Section
4.3) to one MAVEN orbit (described in Section 4.4), to investigate the
effects on ion escape estimates of assumed heavy ion composition in
the ionosphere, alpha particles in the solar wind, solar wind velocity
aberration and electron temperature. We find that the ion compositions
at the exobase with larger mass leads to a smaller estimate of the escape
rate. The escape estimate is inversely proportional to the square root
of the atomic mass of the escaping ion specie. We also find that the
assumed fraction, and temperature, of alpha particles in the upstream
solar wind, have a positive effect on escape estimates. The effect of solar
wind aberration on escape rate of that orbit is found to be 7% and it’s
basically from the change in the convective electric field. In addition, we
notice that the escape rate is sensitive to the assumed upstream electron
temperature and increases with it.
We thereafter investigate some parameters and how they have an effect
on Martian ion escape withe same model described in Section 4.3. First
we looked at the upstream conditions. The model results show that
the escape rate is higher in high EUV. The total escape rate in solar
maximum is 2-4 times of solar minimum. This is because more ions
produced during solar maximum resulting in the larger escape. We find
that the solar wind dynamic pressure has positive effect on ion escape.
One hypothesis is the energy transfer is more efficient in higher solar
wind dynamic pressure case. Another hypothesis is that the tail flux is
energized by the compression of the magnetic tail current in stronger
dynamic pressure. Moreover, the heavy ion loss is reducing when the
IMF strength is increasing. Larger IMF strength drives stronger magnetic
pile-up in front of the planet and generates a thicker and stronger
induced magnetosphere, which protects the atmosphere from escaping.
We also find that when solar wind velocity is parallel to the IMF, the
escape rate is highest. When they are perpendicular, the escape rate is
lowest. Finally and counterintuitively, our result indicates the plume
escape is decreasing as the solar wind convective field is increasing.
In the future, we will study the other type of factors that are potentially
affecting the ion loss on Mars, planetary condition, like dust storms and
the crustal magnetic fields. Also it will be of interest to study extreme
upstream condition cases, such as, Coronal Mass Ejection (CME) events
and radial cases (when the solar wind is parallel to IMF).
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paper i

Zhang, Q., M. Holmström and X.D. Wang (2023). Effects of ion com-
position on escape and morphology at Mars. Submitted to Annales
Geophysicae

In this paper, we refine a recently presented method to estimate ion
escape from non-magnetized planets and apply it to Mars. The method
combines in-situ observations and a hybrid plasma model (ions as
particles, electrons as a fluid). We use measurements from the Mars
Atmosphere and Volatile Evolution Mission and Mars Express for one
orbit on 2015-03-01. Observed upstream solar wind conditions are used
as input to the model. We then vary the total ionospheric ion upflux until
the solution fits the observed bow shock location. We find that estimates
of total heavy ion escape are not very sensitive to the composition of
the heavy ions, or the amount and temperature of the solar wind alpha
particles. We also find that velocity aberration has a minor influence on
escape, but that it is sensitive to the solar wind electron temperature. The
plume escape is found to contribute 29% of the total heavy ion escape,
in agreement with observations. Heavier ions have a larger fraction of
escape in the plume compared to the tail. We also find that the escape
estimates scales inversely with the square root of the atomic mass of the
escaping ion specie.

paper ii

Zhang, Q., M. Holmström, X.D. Wang, H. Nilsson and S. Barabash (2023).
The influence of solar irradiation and solar wind conditions on heavy
ion escape at Mars. Draft

This paper is based on the method developed in the first paper and
further discusses about how upstream conditions, including solar Ex-
treme Ultraviolet (EUV), solar wind dynamic pressure, Interplanetary
Magnetic Field (IMF) strength and cone angle, affect the heavy ions loss
on Mars. The results indicate that the heavy ions escape rate is higher in
high EUV. The ion escape rate increases as solar wind dynamic pressure
increases. The ion escape rate decreases as solar wind IMF strength
increases. The ion escape rate is highest when the solar wind is parallel
to the IMF while lowest when the solar wind is perpendicular to the
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IMF. The plume escape is decreasing when the convective electric field
is increasing.
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