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ABSTRACT

Context. The escape of oxygen ions from Mars has played a crucial role in the planet’s long-term atmospheric evolution and habitabil-
ity. The crustal magnetic fields influence ion escape, but the exact role remains debated. Previous studies have presented contrasting
conclusions, suggesting that the crustal fields may either suppress or enhance oxygen ion escape. To date, the extent and mechanisms
of this influence remain insufficiently understood.

Aims. This study aims to investigate the influence of the Martian crustal magnetic fields on the oxygen ion escape at Mars.

Methods. Several groups of 3D global hybrid simulations of Mars-solar wind interaction were performed, with the escaping oxygen
ion trajectories traced. The results from the simulations with or without the crustal fields and under different interplanetary magnetic
field conditions were then compared.

Results. The simulation results show that the presence of crustal fields enhances the ionospheric oxygen ion escape, while the exo-
spheric oxygen ion escape rate remains largely unaffected. The crustal magnetic fields alter the local electric and magnetic environments
and, subsequently, modify the local oxygen ion density and flow direction in the ionosphere. First, the steep magnetic inclination and
large magnetic strength in crustal field regions increase the density of low-altitude ionospheric oxygen ions and facilitate their outward
transport, thereby promoting ion escape. Second, the crustal fields modify the local electric field structure, which also affects ion
acceleration and escape. When strong crustal fields are located on the dayside, their obstruction of the upstream plasma flow weak-
ens the dayside radial electric field at low altitudes in the southern hemisphere. The weakened electric field tends to assist or reduce
ion escape, depending on whether it points toward or away from Mars, respectively. In any case, the influence of the magnetic field
topology change (the steep magnetic inclination and large magnetic strength) in crustal field regions dominates the effect of weakened
electric field, resulting in a higher escape rate than that without the crustal fields. Additionally, when strong crustal fields are on the
nightside, the dayside moderate crustal fields still enhance the local density and outward transport of ionospheric oxygen ions, while
their impact on the local electric field remains limited. The net effect is enhanced ion escape over the +E hemisphere where the solar

wind motional electric field points away from Mars.
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1. Introduction

Atmospheric escape plays a critical role in shaping planetary cli-
mate and habitability throughout the Solar System’s history. In
particular, the escape of heavy ions such as oxygen ions (O*,
O3) under solar wind interaction is considered a key mecha-
nism responsible for atmospheric loss and planetary evolution
(Jakosky et al. 2018). Earth possesses a strong global dipole mag-
netic field, while Mars lacks a global intrinsic magnetic field,
resulting in fundamental differences in their atmospheric escape
environments. Earth’s strong dipole field effectively shields its
atmosphere from solar wind erosion, whereas Mars experiences
direct solar wind interaction with its upper atmosphere, leading
to substantial ion loss.

Although the Martian dynamo ceased approximately four
billion years ago, localized crustal magnetic fields remain

* Corresponding author: 1iukj@sustech.edu.cn

embedded in the surface rocks, primarily distributed in the
southern hemisphere (Acufia et al. 1999). These crustal fields
complicate Mars-solar wind interactions by altering the structure
of the induced magnetosphere. Previous studies have shown that
the crustal fields regulate the location of the bow shock, shape
the magnetosphere, trigger magnetic reconnection and auroral
emissions, and affect atmospheric escape processes (Dong et al.
2015; Dubinin et al. 2023a; Garnier et al. 2022; Hara et al. 2022;
Harada et al. 2015; Wang et al. 2022; DiBraccio et al. 2022; Zhou
et al. 2024).

The role of crustal magnetic fields in modulating the Mar-
tian oxygen ion escape has been under active investigation, with
studies presenting varying conclusions (Nilsson et al. 2011; Fang
et al. 2015, 2017; Romanelli et al. 2018; Weber et al. 2021).
While strong global magnetic fields are generally believed to
inhibit atmospheric loss, localized or weak crustal fields can
either suppress or enhance ion escape depending on their spatial
configuration (Wei et al. 2014). Dubinin et al. (2023b) proposed
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that the Martian crustal fields may function analogously to a
weak planetary dipole. Kallio & Barabash (2012) demonstrated
through hybrid simulations that a weak dipole intrinsic mag-
netic field can enhance oxygen ion escape, with the escape rate
reaching a maximum when the dipole field strength is 10 nT at
the magnetic equator on the Martian surface. This enhancement
effect of a weak dipole field on the heavy ion escape is later
confirmed by the magnetohydrodynamic (MHD) simulations of
Sakata et al. (2022). On the other hand, global hybrid simulations
suggest that increasing the dipole field further inhibits heavy ion
escape (Egan et al. 2019). The Mars Atmosphere and Volatile
EvolutioN (MAVEN) observations also indicate that the crustal
fields may partially suppress ion escape (Fan et al. 2019), a result
further supported by the MHD modeling by Li et al. (2020).

The overall effect of crustal fields on the Martian oxygen ion
escape rate is nontrivial. The observational study by Ramstad
et al. (2016) and the MHD simulation results in Ma & Nagy
(2007) showed that although the crustal fields shield portions
of the ionosphere from direct solar wind impact, they simul-
taneously cause ionospheric expansion, which may offset the
shielding effect. Dubinin et al. (2020) analyzed MAVEN obser-
vations and showed that heavy ion escape rates vary with the
solar zenith angle due to Mars’ rotation, highlighting the role
of local crustal field structures in introducing significant spa-
tial variability of ion escape. Li et al. (2023) further reported
that strong dayside crustal fields substantially affect the tailward
transport of oxygen ions, and Wang et al. (2024) identified con-
ditions under which these fields enhance the oxygen ion escape
rate.

Structural alterations in the magnetosphere associated with
the crustal fields further affect ion escape processes. Zhang et al.
(2021) and Xu et al. (2023) reported plasma clouds and mass
ejection phenomena linked to crustal field magnetic reconnec-
tion. Brain et al. (2010a) concluded that reconnection between
the crustal fields and the interplanetary magnetic field (IMF)
can drive intermittent, large-scale atmospheric outflow. More
recently, Man et al. (2025) showed that oxygen ion densities
within crustal field regions can increase by two orders of mag-
nitude compared to surrounding areas, with velocity distribution
functions indicating field-aligned ion transport from the dayside
to the nightside.

To date, despite extensive observational and modeling
efforts, the influence of Martian crustal magnetic fields on oxy-
gen ion escape remains insufficiently examined. A key gap lies in
identifying the exact origin and fate of individual oxygen ions in
relation to crustal field structures. Satellite observations provide
only limited spatial coverage, capturing high-altitude oxygen
ions with uncertain source regions and low-altitude ions without
definitive information on escape outcomes. To address this chal-
lenge, the present study employs self-consistent 3D global hybrid
simulations of Mars-solar wind interactions, with the escaping
oxygen ion trajectories traced. The approach emphasizes statis-
tical identification of the source locations of escaping ions. This
enables a comprehensive and quantitative assessment of the reg-
ulatory effect of the crustal fields on oxygen ion escape. In the
rest of the paper, Section 2 describes the simulation model, con-
figuration, and calculation method of the ion escape flux at the
ion source region. Section 3 presents the simulation results for
the oxygen ion escape rate and escape flux distribution under
different IMF orientations and crustal field locations. Section 4
discusses the mechanisms by which the crustal fields influence
the ionospheric oxygen ion escape. Section 5 finally provides a
summary of the main findings.
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Table 1. Setups for the three groups of simulations.

Run label Run name IMF Crustal field

condition? location?

Al +By, No +By No

A2 —By, No —-By No

B1 +By, Dayside +By Dayside

B2 —By, Dayside —By Dayside

Cl +By, Nightside +By Nightside

Cc2 —By, Nightside -By Nightside

Notes. ¢ “+By” and “—By” represent +By IMF and +By IMF con-
ditions, as described in text. * “No” denotes crustal magnetic fields
excluded from the simulation. Other terms indicate the local time of
the strongest crustal fields region.

2. Methodology
2.1. Simulation model and setups

The simulations in the present study were performed using
the RHybrid simulation platform. The code represents plasma
by implementing a macroscopic particle cloud (macro-particle)
description for ions of solar wind and planetary origin and
a massless, charge-neutralizing fluid description for electrons.
Additional details about the simulation model can be found in
Jarvinen et al. (2018, 2022), and about the numerical algorithm
in Kallio & Janhunen (2002, 2003). These 3D simulations use
the planet-centered Mars Solar Orbital (MSO) coordinate sys-
tem. In the MSO coordinates, the X-axis points toward the Sun
from Mars, whereas in the simulation the undisturbed solar wind
lies along the —X direction (i.e., the small aberration caused
by the Mars orbital motion is neglected). Moreover, the Z-axis
points to the Martian ecliptic north, and the Y-axis completes
the right-handed Cartesian set.

As listed in Table 1, three groups of simulations were car-
ried out to explore the influence of the crustal magnetic fields
(and the IMF orientation) on the Martian oxygen ion escape. The
simulations in Group A do not include the crustal fields, while
simulations in Groups B and C take into account the crustal
fields, based on the 110th-order spherical harmonic model of
Gao et al. (2021). In Group B, the region of the strongest crustal
fields is located on the dayside (at noon), whereas in Group C,
it is positioned on the nightside (at midnight). There are two
simulations in each group, corresponding to two typical IMF
configurations adopted from the MAVEN data (Liu et al. 2021):
(-1.6, 2.5, 0) nT and ( 1.6, -2.5, 0) nT. Hereafter, they are
referred to as +By IMF and —By IMF conditions, respectively.
Note that the IMF has a fixed magnitude of 3 nT and lies within
the XY plane in both configurations.

In each simulation, the simulation domain extends from —4
Ry to 4 Ry along each axis, where Ry represents Mars’s radius.
The whole domain is partitioned into uniform cubic cells with
110 grids in each dimension, yielding a grid size of approxi-
mately 0.07 Ry (~240 km). This resolution cannot resolve some
of the higher-order components in the 110th-order spherical har-
monic model of the crustal fields, but it still captures the key
crustal field topology. The simulation timestep is 10 ms. The
upstream solar wind is characterized by a number density of
4cm3a temperature of 1 X 10° K, and a bulk speed of 380 km/s.
In addition, the simulations contain planetary ions, including
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O" and Oj outflowing from the ionosphere (as an inner bound-
ary) and H* and O* photoions from the exosphere. On average,
the number of simulation particles per cell is roughly 200, 80,
100, 20, and 50 for the solar wind ions (all H* for simplicity),
ionospheric O*, ionospheric OF, exospheric H*, and exospheric
O™, respectively (when the simulations reach the quasi-steady
phase).

The simulations do not contain a self-consistent description
of the Martian ionosphere. Instead, the outflowing ions of iono-
spheric origin were modeled by emitting ions from a spherical
inner boundary at a distance of 400 km above the Martian sur-
face. Such a treatment of the ionospheric contribution, although
simple, can reproduce many observational features of induced
magnetospheres and the associated ion escape (e.g., Kallio et al.
2006, 2008; Jarvinen et al. 2009). In the present study, the
ionospheric ions emitted have outward, random initial velocities
satisfying a Maxwellian velocity distribution with a temperature
of 6000 K. This value might be higher than the ionospheric ion
temperatures observed, as the median O; temperature inferred
from MAVEN observations ranges from about 1000 K to 4000 K
at an altitude of 400 km (Hanley et al. 2022). However, the
average ion kinetic energies associated with these temperature
values are much lower than those acquired by escaping ions. As
a result, the choice of this temperature has a negligible effect on
global ion escape in the simulations, provided it remains within
a reasonable range (test simulations at 2000 K do not demon-
strate any noteworthy difference). The emission rate exhibits a
cosine dependence on the solar zenith angle on the dayside and
remains constant on the nightside. It peaks at noon and gradu-
ally decreases to just 10% of its noon-time peak intensity at the
terminator. The global production rates of ionospheric ions were
set to 8 X 10%* s7! for O* and 1 x 10% s7! for 0j. These val-
ues are comparable with those used in Kallio et al. (2010) and
Zhou et al. (2024). They were adopted to make the global ion
escape rates in the simulations consistent with observations (e.g.,
Nilsson et al. 2011; Jakosky et al. 2018). The exospheric ions
were generated by photoionization at random locations based
on exospheric neutral density profiles, with a constant ioniza-
tion rate above the inner boundary but none within the planetary
shadow. The exospheric neutral density profiles used come from
“Run B (solar minimum, with exosphere)” of the “Intercompari-
son of Global Models and Measurements of the Martian Plasma
Environment” International Space Science Institute team’s sec-
ond meeting (Brain et al. 2010b; Jarvinen et al. 2022). The global
production rates of exospheric ions were set to 1 x 10** s7!
for H* and 2 x 10** s~! for O*. Finally, a spherical absorption
inner boundary lies 200 km above the Martian surface. Particles
reaching this boundary were removed from the system.

2.2. Calculating the ion escape flux at the source region

To understand how the crustal magnetic fields modulate the
escape of ionospheric oxygen ions (including both O* and O3),
the initial source region of escaping ions was identified by back-
tracing their trajectories in the simulations. The ion escape flux
was then calculated at this source region. Our analysis focuses
exclusively on ionospheric oxygen ions, since exospheric oxygen
ions originate at higher altitudes, are more broadly distributed,
and are not significantly affected by low-altitude crustal fields
(see Section 3 for further discussion). The spherical shell located
400 km above the Martian surface was first divided into small
surface patches with a 3° resolution in both longitude and lat-
itude. Ionospheric ions escaping from the simulation box (i.e.,
escaping ions) during a time interval were traced back to their

24
2.5 10
B Exo
Il Tono
2F  [EMIono (D) 1
[lono (N)
=
& ]
o 1
5
a4
2
< |
2
m
0
Al/A2 Bl B2 C1 C2
+/-By, No +By, Dayside fo, Dayside +By. Nightside —By, Nightside

Simulation Run

Fig. 1. Histograms of oxygen ion escape rates in different simula-
tion runs. The dark-purple and dark-cyan bars in each run refer to the
escape rates of exospheric and ionospheric oxygen ions, respectively.
The cadet-blue and sky-blue bars in each run denote the ionospheric
oxygen ion escape rates originating from the dayside (“D”) and night-
side (“N”) ionospheric source regions, respectively.

originating patches. The number of escaping oxygen ions from
the patch with latitudinal bounds ¢; and ¢;,; and longitudinal
bounds A jand A ;;; (in radians) was counted as N; ;. The escape
flux from that source patch was then calculated as

Nap/S i

A7 ey

Qi) =
where the surface area of this patch (S ; ;) was calculated as

i+1 + i
S0 = Koo (A ju1 = AW — i) cos (L2, )
Here, Riono = Rm + 400 km denotes the radial distance of the

source patch from the center of Mars.

3. Simulation results

Figure 1 compares the oxygen ion escape rates among different
simulation runs. As the legend shows, the color bars represent
the ion escape rates of various origins. The dark-purple and dark-
cyan bars present the exospheric and ionospheric oxygen ion
escape rates, and the contributions from dayside and nightside
ionospheric source regions are further separated by the cadet-
blue and sky-blue bars, respectively. Here, the escape rates are
calculated by dividing the numbers of escaping oxygen ions of
different origins during a certain time interval by the time inter-
val length. Note that, although the escape rates generally vary
with time, the present study focuses on the simulation results at
the simulation time of 400 s. This is after the simulations have
all reached the quasi-steady phase and the simulation results no
longer change significantly.

To better visualize the oxygen ion escape paths, Figure 2
illustrates the distribution of the oxygen ion flux in the XZ plane,
averaged over —1.6 Ry; < Y < 1.6 Ry, for the different simulation
runs as labeled. The overlaid white arrows indicate the direction
of the ionospheric oxygen ion flux, with arrow lengths propor-
tional to the flux magnitude. To identify exact regions where
the crustal fields influence the ionospheric oxygen ion escape,

A156, page 3 of 8
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Fig. 2. Oxygen ion flux distributions in the XZ plane for different sim-
ulation runs, averaged over —1.6 Ry < Y < 1.6 Ry. In each panel, the
black circle represents Mars, the vertical yellow arrow on the left indi-
cates the direction of the solar wind motional electric field (Egw), and
the white arrows indicate the direction of the ionospheric oxygen ion
flux, with arrow lengths proportional to the flux magnitude.

Figure 3 presents the distribution of the oxygen escape fluxes at
the source region, calculated using Equation (1) as described in
Section 2.2. While the first row in Figure 3 shows the absolute
escape fluxes in the two Group A simulations (no crustal fields),
the second and third rows illustrate the relative fluxes for the sim-
ulations in Groups B and C, defined as the flux difference with
respect to the corresponding simulation in Group A under the
same IMF condition.

It should be clarified that the escape rates in the two Group A
simulations are identical, so only one set of bars is shown for
Runs A1l and A2 in Figure 1. The two Group A simulations have
no crustal fields and are under +By IMF and —By IMF con-
ditions, respectively. Subsequently, the motional electric field
in the solar wind has equal magnitudes but opposite directions
in the two simulations, yielding ion escape patterns symmetric
about the Z = 0 plane, as seen in Figures 2a and b. Furthermore,
nearly all escaping ions in the Group A simulations originate
from the dayside ionosphere (Figure 1) and escape through
the ion plume over the +E hemisphere, where the solar wind
motional electric field points away from Mars (Figures 2a and
b) — consistent with the top row in Figure 3.

Comparing the oxygen ion escape rates of the Group B and
C simulations with those of Group A (Figure 1), it is clear that
the presence of crustal fields enhances the escape rate of iono-
spheric oxygen ions, particularly under the + By IMF condition.
The total escape rates of ionospheric oxygen ions increase by
8.5 x 107 s7! (+63%), 5.9 x 10% 57! (+40%), 9.2 x 10% s~
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(+65%), and 5.1 x 10** s7! (+39%) in Runs B1, B2, C1, and
C2, respectively, relative to those in Group A. Moreover, this
enhancement is predominantly contributed by ions from the
dayside ionosphere, although the contribution of ions from the
nightside ionosphere is also substantial. Specifically, the dayside
ionospheric oxygen ion escape rates increase by 6.3 x 10> 5!
(+56%), 3.3 x 10?* s7! (+30%), 6.0 x 10?* s~ (+54%), and
3.4 x 10% s7! (+31%), while the corresponding nightside rates
increase by 1.9 x 102 s7! (+85%), 2.5 x 10% s7! (+113%),
2.4 %107 57! (+109%), and 1.6 x 10?* s7! (+72%) for Runs B1,
B2, C1, and C2, respectively. These can be clearly seen in Fig-
ure 3 as well. On the other hand, the escape rate of exospheric
oxygen ions remains largely unchanged across all runs, implying
that the influence of crustal fields is mostly confined to low alti-
tudes. As mentioned in Section 2, exospheric ions are produced
via photoionization over an extended altitude range, reducing
their sensitivity to relatively localized crustal field structures at
low altitudes.

Further comparison between Runs B1 and B2 in Figure 1
reveals a higher ionospheric oxygen ion escape rate in Run B1,
despite both simulations having the strongest crustal fields on the
dayside. On the other hand, Run B2 yields a higher ionospheric
oxygen ion escape rate than Run C2, which shares the same
IMF condition as Run B2 but has nightside crustal fields. These
results suggest that the impact of crustal fields on ion escape is
not only determined by the crustal field location but also modu-
lated by the IMF orientation. Moreover, the higher ionospheric
oxygen ion escape rate in Run B1 (with respect to Run B2) arises
mainly from dayside ions, whereas the lower ionospheric oxygen
ion escape rate in Run C2 (in comparison with Run B2) relates
mostly to nightside ions. Thus, the dayside and nightside iono-
spheric ion escapes respond differently to the crustal fields and
IMF orientation.

Different crustal fields induce different regional enhance-
ments in the dayside ionospheric oxygen ion escape. Figures 3c
and d demonstrate that strong crustal fields on the dayside in the
Group B simulations significantly enhance dayside ion escape
from the southern hemisphere. Notably, in Run B1, we observe a
pronounced transport of dayside ionospheric oxygen ions toward
the nightside, forming a tailward escape pathway (Figure 2c) —
consistent with the studies by Dong et al. (2017) and Inui et al.
(2019). This escape pathway is absent in Run Al without the
crustal fields, where little ion escape occurs from the south-
ern hemisphere. In Run B2, the oxygen ion escape is enhanced
in regions already exhibiting significant ion escape in Run A2
(without crustal fields). While moderate crustal fields on the
dayside in the Group C simulations also enhance ion escape
substantially, the enhancement is concentrated over the +E hemi-
sphere, as seen in Figures 3e and f. Interestingly, regions of
enhanced oxygen ion escape flux appear on two sides of the sub-
solar longitude (at noon) and extend toward the equator in Runs
C1 and C2, consistent with the finding in Ramstad et al. (2016).

4. Discussion

To elucidate the mechanisms by which the crustal fields enhance
the ionospheric oxygen ion escape, Figures 4 and 5 present the
distributions of the oxygen ion number density and radial com-
ponent of the bulk velocity (v;) — the two key factors determining
the ion escape flux — at an altitude of 450 km, for different simu-
lation runs as labeled. This altitude, 50 km above the ionospheric
source region, was chosen to characterize the ion properties
after initial acceleration, thereby enabling a proper assessment
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of the crustal fields’ influence on the early-stage transport of
ionospheric oxygen ions. It is worth mentioning that the results
remain qualitatively unchanged at higher altitudes, provided the
altitude does not differ dramatically from 450 km. It can be seen
from Figure 4 that the ion density increases in regions coinciding
with the crustal fields on the dayside in the simulations of Groups
B and C in comparison with Runs Al and A2. Based on the
quasi-neutrality condition, this result is consistent with MAVEN
observations of a 25-30% enhancement in electron density in
the same regions (Flynn et al. 2017). On the other hand, the out-
ward v, also show significant enhancements within the crustal
field regions in the Group B and Group C simulations compared
to Group A (Figure 5). These enhancements result in increased
escape fluxes (Figure 3) and higher escape rates (Figure 1) in
the Group B and Group C simulations. They can be attributed
to modifications of local electric and magnetic field structures
induced by the crustal fields, as oxygen ion transport is gov-
erned by both magnetic and electric fields. Subsequent analysis

(d) Run B2: —BY, Dayside
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10 £
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=1}
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95 &

Fig. 3. Distributions of the ionospheric oxygen ion
escape fluxes in (a) Run Al, (b) Run A2, and the rela-
tive escape fluxes in (c) Run B1, (d) Run B2, (¢) Run Cl1,
9 and (f) Run C2 at the source region 400 km above the

Martian surface. The solid white curves in each panel

are contour lines of the crustal magnetic fields with a
8.5 magnitude of 40 nT at the same altitude, and the ver-
tical blue vector on the left shows the direction of the
solar wind motional electric field (Esw).

— 20
118
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114
12
0§
z
8
6 Fig. 4. Number density of ionospheric oxygen ions in
(a) Run Al, (b) Run A2, (¢) Run B1, (d) Run B2, (e)
4 Run C1, and (f) Run C2 at an altitude of 450 km. The
solid white curves in each panel are contour lines of
2 the crustal magnetic fields with a magnitude of 40 nT
at 400 km, and the vertical blue vector on the left indi-
0 cates the direction of the solar wind motional electric
field (Esw).

investigates how crustal fields modulate the ion escape rate
by altering the number density and v;, with emphasis on the
role of dayside crustal fields in facilitating ion escape from the
ionospheric source region.

4.1. Influence of magnetic field topology

The crustal fields directly modify the magnetic field topology,
thereby influencing ion trajectories. Figure 6 shows the inclina-
tion angle value of the magnetic fields in Runs Al, B1, and C1
at an altitude of 450 km. Since Runs A2, B2, and C2 exhibit
similar patterns as Runs A1, B1, and C1 in their respective sim-
ulation groups, they are not shown for brevity. The 0° and 90°
angles indicate that the magnetic field line is tangential and nor-
mal to the Martian surface, respectively. In the absence of the
crustal fields (Group A), the induced magnetosphere is shaped
by the draped IMF and exhibits small dayside magnetic inclina-
tion angles, indicating that magnetic field lines lie nearly parallel
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Fig. 6. Inclination angle of the magnetic field at an altitude of 450 km in (a) Run A1, (b) Run B1, and (c) Run C1. The solid white curves in each
panel are contour lines of the crustal magnetic fields with a magnitude of 40 nT at an altitude of 400 km.

to the Martian surface. With the inclusion of the crustal fields,
magnetic inclination angles in the crustal field regions increase
significantly, consistent with Li et al. (2022). This implies that
at low altitudes, the magnetic configuration in the crustal field
regions is predominantly governed by the crustal fields them-
selves rather than the draped IMF. The enhanced magnetic
inclination and increased field strength reduce the oxygen ion
gyroradius and promote field-aligned ion motion. Consequently,
a higher fraction of ions are transported outward along magnetic
field lines rather than being absorbed by the inner boundary.
This leads to localized enhancements in oxygen ion density
and outward v, (Figures 4 and 5), in agreement with MAVEN
observations (Figure 1 of Fan et al. 2020) and previous simula-
tions (Figure 1 of Li et al. 2022). Therefore, the crustal fields
effectively facilitate the outward field-aligned transport of iono-
spheric oxygen ions, providing an enhanced source population
for ion escape.

4.2. Electric field effect

The dayside crustal fields also modulate the local electric field
environment through their interaction with the solar wind, fur-
ther influencing oxygen ion dynamics. Figure 7 displays the
distribution of the radial electric field (E;) at a 450 km altitude
for each run. It is worth clarifying again that the RHybrid simu-
lation platform does not contain a self-consistent description of
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the ionosphere, and the electric field analyzed here is in the top-
side ionosphere above the inner boundary at a 400 km altitude
where the ionospheric ions are injected. In the Group B simula-
tions, the magnetic pressure of the crustal fields on the dayside
causes the bow shock to stand off at higher altitudes than in the
Group A simulations without crustal fields (not shown). This
leads to greater plasma deceleration and a reduction in the low-
altitude E; magnitude in the strong crustal field region (encircled
by the solid black curves on the dayside in Figures 7c and d).
In Run B1, although E; points inward within the strong crustal
field region, its magnitude is reduced, allowing more ionospheric
oxygen ion escape there than in Run Al (see Figures 3a and c).
This effect adds to the crustal field’s influence on the magnetic
field topology (as discussed in Section 4.1), causing the most
significant increase in oxygen ion escape rate in Run B1. In Run
B2, E; points outward and is also weakened within the strong
dayside crustal field region (Figure 7d) compared to Run A2
(Figure 7b). This should lead to reduced outward ion transport.
However, the dayside ionospheric ion escape rate is much higher
in Run B2 than in Run A2, indicating that the magnetic field
topology change discussed in Section 4.1 overcomes the weak-
ened E; effect. Finally, in the Group C simulations, the reduction
of E; by the moderate crustal fields on the dayside is not as pro-
nounced as that in the Group B simulations. Consequently, the
magnetic field topology change (i.e., increased magnetic incli-
nation and magnitude) in dayside crustal field regions causes
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the locally enhanced oxygen ion density (Figures 4e and f) and
outward v, (Figures Se and 5f), thus increasing ion escape over
the +E hemisphere (Figures 2 and 3).

5. Conclusions

This study employs the 3D global hybrid model RHybrid, com-
bined with escaping ion trajectory tracing to investigate the
influence of the crustal magnetic fields on the escape of Mar-
tian ionospheric oxygen ions. The results demonstrate that the
crustal magnetic fields increase the total oxygen ion escape rate
compared to cases without the crustal fields. This enhancement
is primarily associated with ionospheric oxygen ions, whereas
the escape rate of exospheric oxygen ions remains relatively
unaffected by the presence (and location) of the crustal fields,
highlighting the altitude-limited influence of the crustal fields
on oxygen ion escape. The crustal magnetic fields change the
ionospheric oxygen ion escape by modifying the local electric
and magnetic field structures. First, they increase the local mag-
netic inclination and strength, thereby enhancing ion density and
outward transport. Second, they reduce the radial component
of the local electric field, which further affects ion accelera-
tion and escape. The local magnetic field topology change (the
steep magnetic inclination and large magnetic strength) con-
stantly enhances the ionospheric oxygen ion escape, whereas the
effect of the local electric field reduction varies, depending on
the IMF condition. When strong crustal fields are on the day-
side, the radial electric field in that region points downward
and upward in the southern hemisphere under +By IMF and
—By IMF conditions, respectively. Thus, electric field reduction
facilitates and suppresses the ion escape, respectively. However,
since the magnetic field topology change dominates electric field
reduction, the ion escape is enhanced under both IMF condi-
tions, even though the escape rate is higher for +By IMF. In
particular, under the +By IMF condition, these effects combine
to enable an efficient dayside-to-nightside ion transport, forming
an extended tailward escape pathway. When strong crustal fields
are on the nightside, moderate crustal fields on the dayside only
weakly reduce the local electric field. Ion escape enhancement

r

(=)
E (V/m)

Fig. 7. Radial component of the electric field (E;) in
(a) Run Al, (b) Run A2, (¢) Run BI, (d) Run B2,

2 (e) Run Cl1, and (f) Run C2 at a 450 km altitude. The
solid black curves in each panel are contour lines of
the crustal magnetic fields with a magnitude of 40 nT
at a 400 km altitude, and the vertical blue vector on the

-3 left indicates the direction of the solar wind motional
electric field (Esw).

then arises mainly from changes in the magnetic field topology
over the +E hemisphere.
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