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The plasma transport process is important for the ionosphere of Mars, which
controls the structure of the ionosphere above an altitude of 200 km. Plasma
transport from the dayside ionosphere is crucial for producing the nightside
ionosphere on Mars. The alteration in dayside plasma transport in the presence
of crustal fields may influence the distribution of Martian ionospheric plasma and
plasma escape in the magnetotail. This study employed a three-dimensional
multispecies magnetohydrodynamic (MHD) model to simulate Mars-solar wind
interactions. We show themagnetic field distribution and plasma velocity variation
on the Martian day-side. The results indicate that the ion transport from low- to
high-solar-zenith-angle areas in the south is inhibited by crustal fields, leading to a
reduction in the ion number density and a thinner ionosphere near the southern
terminator. Many heavy ions remain in the southern dayside ionosphere rather
than moving to the nightside. In addition, the maximum reduction in the tailward
flux of the planetary ions calculated by theMHD simulation ismore than 50% at the
southern terminator, indicating an inhibitory effect of the crustal fields on day-to-
night transport. These effects may lead to a reduction in ion number density in the
southern nightside ionosphere. Finally, we demonstrate a decrease in the global
heavy-ion loss rate.
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1 Introduction

Mars is an unmagnetized planet; thus, the coupling processes of the magnetosphere-
ionosphere system on Mars and Earth are different (Nagy et al., 2004; Yao et al., 2017).
The solar wind directly interacts with the ionosphere and upper atmosphere of Mars,
partly magnetizing the ionosphere and picking up exospheric particles under the
variable interplanetary magnetic field (IMF) orientation (Liu et al., 2020; Liu et al.,
2021). On the other hand, there are complex local crustal magnetic fields on the surface
of Mars, which are primarily distributed in the southern hemisphere (Acuña et al., 1998;
Connerney et al., 2005; Connerney et al., 2015). Therefore, a complicated and dynamic
magnetic system occurs during the interactions between Mars and solar winds (Weber
et al., 2017; Weber at al., 2020; Xu et al., 2017; Xu et al., 2019; Zhang et al., 2022). This
magnetic system controls the transport of mass, energy, and momentum between Mars
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and solar winds (Xu et al., 2018; Weber et al., 2020), including
reconnection, magnetospheric boundary formation, energetic
electron precipitation, and low-energy ion outflow and pick-
up, which leads to alterations in the plasma boundary
locations (Brain et al., 2005; Edberg et al., 2008; Edberg et al.,
2009; Xu et al., 2016; Fang et al., 2017; Garnier et al., 2022),
heating (Cui et al., 2018), and exerting inhibiting or promoting
effects on the plasma transport process (Brain et al., 2006; Lundin
et al., 2006; Lundin et al., 2011; Fang et al., 2015).

The structure of the dayside magnetosphere is directly
controlled by magnetized solar winds and local crustal sources
(Ulusen et al., 2016; Luhmann et al., 2017; Weber et al., 2019;
Weber et al., 2020). Different magnetic topologies exist in the
dayside of the magnetosphere. Recent observational study
reported seven magnetic topologies in the Martian plasma
environment, with three types mainly existing on the dayside:
closed (connected only to Mars), open (connected to both Mars
and solar winds), and draped (connected only to solar winds)
(Weber et al., 2017; Xu et al., 2017; Xu et al., 2019). As strong
crustal field sources are primarily distributed in the Southern
Hemisphere, the distribution of the magnetic topology presents
an obvious north-south asymmetry. On the day, different
magnetic field lines control the horizontal or radial plasma
transport, altering the planetary ion escape rates and the
location of the plasma boundaries (Matta et al., 2015; Dubinin
et al., 2019; Li et al., 2022a). The plasma transport process is
important in the ionosphere of Mars. It controls the structure of
the ionosphere above an altitude of 200 km, as well as the location
of the dayside ionopause. Plasma transport from the dayside
ionosphere is an important source for the nightside ionosphere
(Cui et al., 2015; Girazian et al., 2017; Adams et al., 2018; Cao
et al., 2019). Observational studies have reported an upward
spread of the ionosphere and an increase in the O+

flux in the
southern hemisphere (Lundin et al., 2011; Dubinin et al., 2019).
Moreover, the tailward transport of heavy ions from the southern
hemisphere strongly deviates near the terminator rather than
flowing to the magnetotail (Lundin et al., 2011; Cao et al., 2019),
resulting in decreased heavy ion loss rates in the magnetotail
(Fang et al., 2015; Ma et al., 2015). Previous studies have
summarized the above influences as a shielding effect of the
crustal fields on the dayside ionosphere, which protects the
plasma from penetrating the solar wind and IMF (Brain et al.,
2010; Nilsson et al., 2011; Inui et al., 2021). However, the
mechanism of this shielding effect is not completely
understood. Based on published observations by the Mars
Global Surveyor, Mars Express, and Mars Atmosphere and
Volatile Evolution missions, a detailed quantitative description
of heavy-ion transport in the dayside ionosphere is required.

In this study, a multispecies magnetohydrodynamic (MHD)
numerical model was adopted to simulate the solar-wind
interaction with Mars. The 110° spherical harmonic model
developed by Gao et al. (2021) was used to describe the
crustal fields. We describe the vertical and horizontal plasma
motion around the quasi-spherical ionosphere and calculate the
distribution of planetary ions and the tailward ion flux across the
terminator plane. These results are conducive to understanding
the role of crustal fields in day-to-night plasma transport.

2 Method

We employed a three-dimensional multispecies MHD model to
simulate Mars-solar-wind interaction. The model includes a set of
four continuity equations for the ion species (H+, O2

+, O+, and
CO2

+), with the highest contributions in the Martian ionosphere. A
set of eight-wave MHD equations were used in the model,
augmented with a series of ionospheric chemical reactions,
including photoionization, ion-neutral reactions, and dissociative
recombination. The model was based on the formalism proposed by
Ma et al. (2004), which integrated the MHD equations with the mass
conservation equation for individual ion species. In our model, the
mass equations for the four ion species are decoupled from the main
MHD equations to facilitate the implementation of the calculation
(Li et al., 2021). The decoupled MHD equations, as well as the details
of the model setup, refer to the model of Li et al. (2021), which has
been shown to roughly describe the plasma environment in the
Mars-solar wind interaction without crustal fields. In our model, the
total number of cells in the whole simulation domain was 960000,
with the highest radial resolution reaching 10 km near the inner
boundary (100 km) to accurately calculate the structure of the
ionosphere (Ma et al., 2004; Fang et al., 2015). The resolutions of
the Mars Solar Orbital (MSO) longitude and latitude were 3.6° and
4.5°, respectively. The program was parallelized to improve the
computing speed. Moreover, the photoionization effect was
included by adopting the Chapman function method (Huestis,
2001), which has been shown to significantly improve agreement
with plasma density observations (Withers, 2009). Our calculations
were performed in the Mars Solar Orbital coordinate system, with
the x-axis pointing from Mars toward the Sun, the z-axis
perpendicular to the x-axis and parallel to the northward normal
of the orbital plane of Mars, and the y-axis completing the right-
handed coordinate system. The simulation domain was
within—24 RM ≤ x ≤ 8 RM and—16 RM ≤ y, z ≤ 16 RM, where
RM is the radius of Mars (3,396 km). The inner boundary of the grid
was set 100 km above the Martian surface. The density and speed of
the upstream solar wind were 4−3 cm and 400 km/s, respectively.
The IMF is assumed to be along the nominal Parker spiral, as
specified by |B| = 3 nT and (BX, BY, BZ) = (−1.6, 2.5, 0) nT.

FIGURE 1
Distributions of the crustal field strength at the altitude of 100 km
calculated by the 110° spherical harmonic model developed by Gao
et al. (2021).
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In this study, the 110° spherical harmonic model developed by
Gao et al. (2021) was included, as it has been demonstrated in detail
to describe the crustal magnetic fields of Mars. Figure 1 presents the
distributions of the crustal field strength at the altitude of 100 km. As
shown in Figure 1, all the strong crustal field sources, with a
magnetic field strength of > 103 nT on the inner boundary of the
model, are located predominantly in the southern hemisphere. The
strongest source is located near 45°S and 180°W. However, the
crustal field sources in the north are weak, with a magnetic field
strength < 200 nT near the inner boundary of the model. A case
without a crustal field was also used as a control group to clearly
demonstrate the effects of crustal fields. Finally, the subsolar location
was set at 180°W and 0°N.

3 Results

Figure 2A shows the distribution of the plasma velocity (|V|) in
the X-Y and X-Z planes. In Figure 2A, the location where the
impacting solar winds suddenly decelerate in front of Mars
represents the location of the bow shock (BS). The solar wind
plasma flow is deflected, crosses the terminator, and then flows
downstream. The plasma velocity in the near-Mars region is
significantly lower than that outside the BS. The shapes of the
velocity isocontours show that the low-velocity region increases
from the subsolar point to the terminator and nightside. Figures 2B,
C show the distribution of the calculated magnetic field (|B|) in the
x-y and x-z planes. Magnetic field B was obtained from the vector

FIGURE 2
(A) Distributions of the plasma velocity in the x-y and x-z plane. The blue spherical surface is the inner boundary of the model. The white lines with
labels are the isocontours of |V| = 10–60 km; (B, C) Distributions of the magnetic field in the x-z (B) and x-y (C) plane. White and black solid quasi-
parabolas represent the mean locations of MPB and BS from Vignes et al. (2000), respectively. The black curves with arrows in (C) is the magnetic field
lines.
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sum of the induced and crustal magnetic fields. On the dayside, the
magnetic field jumps from a low background value (3 nT, blue area
in the Figure) to approximately 10 nT (green area), representing the
location of the BS. The magnetic pile-up region can be characterized
by areas colored yellow and red. Owing to the existence of crustal
fields, the southern magnetosphere expands in the middle SZA area.
At night, the draped and extended field lines form an induced
magnetotail with a double-lobe structure. The magnetic field and
velocity are self-consistently calculated and concur with previous
investigations (Nagy et al., 2004; Li et al., 2021).

Owing to the significant north-south asymmetry in the magnetic
field strength distribution, the plasma motion pattern may be
different in the northern and southern hemispheres. Figure 3
shows the variations in Vr, Vθ, and Vφ at altitudes of 350, 600,
and 850 km and MSO longitudes of 180°W. In this study, Vr is the
radial velocity with the positive direction pointing away from Mars.
The positive direction of Vθ is along the tangent of any longitudinal
line and points to the south, and the positive direction of Vφ is
obtained by the right-hand rule based on the positive directions ofVr

and Vθ. The altitude of 350 km is close to the average ionopause
height reported by Chu et al. (2019) and Sánchez-Cano et al. (2020).
In most cases, the altitude of 600 km is higher than the ionopause
height in most of the cases (Duru et al., 2020). An altitude of 850 km
is close to the average height of the magnetic pileup boundary (MPB)
above the subsolar point (Li et al., 2020; Li et al., 2021). As shown in
Figure 3, the mean magnitude and peak values of Vθ are higher than
Vr and Vφ. In the near-terminator region, owing to the extension of
the low-velocity region (as shown in Figure 1A), the value of Vθ

significantly decreases. This result indicates that the high-speed
plasma flow is farther away from the Mars in the near-
terminator region than on the dayside. The southern Vθ peaks
represented by solid lines (with crustal fields) were significantly
lower than those represented by dashed lines (without crustal fields)
by 60%, 66.7%, and 72.1%, respectively. Additionally, the northern
peak value of the red lines is 5% lower than that of the blue lines.
However, the magnitude variations in Vr and Vφ above the strong
crustal sources in the southern hemisphere are not obvious. Owing
to the reduction in Vθ and local increases and decreases in both Vr

and Vφ, the moving directions of the plasma flow in the southern

hemisphere are more complex, and day-to-night plasma transport is
inhibited. Lundin et al. (2011) reported that in the presence of
crustal fields, the moving directions of the unit flow vectors near
180°W are disordered in the southern hemisphere, whereas those in
the northern hemisphere move directly toward the nightside along
the meridional direction. The similar conclusions between Lundin
et al. (2011) and our study indicates an important controlling effect
of crustal fields on plasma motion.

Figure 3 indicates that in the southern hemisphere, many heavy
ions remain in the low- and middle-solar-zenith-angle (SZA) areas
rather than reaching the terminator. This effect may result in
upward expansion of the ionosphere in these SZA areas. Figure 4
shows the distribution of the logarithmic number densities of O2

+,
O+, and CO2

+ in the SZA-altitude coordinate system. The data used
in Figure 4 is extracted from the x-z plane of the model results. In the
case of crustal fields, the distribution areas of planetary ions extend
to higher altitudes in the SZA range of 0°–60°. However, in the SZA
range of 60°–90°, the green areas (the number density of O+ is more
than 101, or the number density of O2

+ and CO2
+ is more than 102),

as shown in Figures 4D–F. This result indicates that the alteration in
ion number density near the terminator may be opposite to that
occurring in the low- and middle-SZA areas. To clarify the variation
in the number density distributions of O2

+, O+, and CO2
+ in the

southern and northern hemispheres. Figure 5 shows the
distributions of the logarithmic number densities of O2

+, O+, and
CO2

+ in the x-z plane. In the presence of crustal fields, the extension
of the distribution area of planetary ions mainly occurs in the low-
and middle-SZA areas of the southern hemisphere. This result
indicates that the ionosphere expands above strong crustal
sources (Duru et al., 2006; Duru et al., 2020; Sánchez-Cano et al.,
2020). Shrinking of the high-number-density regions of the
planetary ions is observed near the southern terminator. Figure 5
indicates that the variation in the number density distribution in
Figure 4 mainly occurs in the southern hemisphere.

To verify the change in the ion number density near the
southern terminator, isocontours of the logarithmic planetary ion
number density on the x-z plane and the southern terminator are
shown in Figure 6. From inside to outside, the four isocontours
represent the locations ntotal = 103, 102, 101, 10°, respectively. In the

FIGURE 3
Vr, Vθ, and Vφ along the 180°W MSO longitude line at different altitudes. (A) 350 km; (B) 600 km; (C) 850 km. Solid/Dashed lines represent the case
with/without the crustal fields.
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presence of crustal fields, the altitudes of the isocontours (red lines)
in Figure 6A increase in the low- andmiddle-SZA areas and decrease
in the high-SZA area. Figure 6B shows that on the terminator, the
ionosphere shrinks in most SZA areas. These results indicate a
reduction in the ion number density transported from the low- and
middle-SZA areas to the high-SZA areas under the influence of
crustal fields. The variation in the ion number density in Figures 4–6
mainly occurs at altitudes of 600–1000 km (about 1.2–1.35 RM). At
higher altitudes, variations in ion number density were not obvious.

Owing to the decrease in Vθ in the southern hemisphere and the
reduction in the ion number density near the southern terminator,

day-to-night transport across the southern terminator is inhibited.
Figure 7 shows the flux-altitude distribution of the tailward
planetary ion flux (QX) at all grid points on the terminator. The
points in the cases with and without crustal fields are colored in red
and blue, respectively. In the northern hemisphere (Figure 7A), the
tailward flux distribution of planetary ions is similar in the two cases.
However, in the southern hemisphere (Figure 7B), the tailward
fluxes shown by the red points are lower above an altitude of 300 km.
As the altitude increases, the reduction in the tailward flux of
planetary ions is more than 14% above 300 km altitude and
reaches 50% above 800 km altitude. This effect may result in a

FIGURE 4
The distributions of the logarithmic number density of O2

+ (A, D), O+ (B, E), and CO2
+ (c. f) in the SZA-Altitude coordinate system, in the case without

(A–C) and with (D–F) crustal fields.

FIGURE 5
The dayside distributions of the logarithmic number density of O2

+ (A, B), O+ (C, D), and CO2
+ (e. f) in the x-z plane, in the case without (A, C, E) and

with (B, D, F) crustal fields.
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thinner nightside ionosphere in the southern hemisphere, which
consequently leads to a decrease in the loss rate of planetary ions
from the southern magnetotail. Finally, Table 1 lists the calculated

global loss rates of O2
+, O+, and CO2

+ at 6 RM. In the presence of
crustal fields, reductions in the global loss rates of O2

+, O+, and CO2
+

were 25%, 9.7%, and 21.3%, respectively. Although the open

FIGURE 6
The isocontours of the logarithmic planetary ion number density on the southern x-z plane (A) and southern terminator (B). Red/blue line represents
the case with/without crustal fields.

FIGURE 7
Variations in the tailward ion flux escaping through the grid points in the northern (A) and southern (B) hemisphere with the altitude. Red/Blue points
represent the case with/without the crustal fields.

TABLE 1 The global loss rates of O2
+, O+, and CO2

+ in cases with and without crustal fields.

Ion species With crustal fields (s-1) Without crustal fields (s-1)

O2
+ 8.17×1021 1.09×1022

O+ 1.49×1023 1.65×1023

CO2
+ 4.06×1021 5.16×1021
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magnetic field lines on the dayside may promote upward plasma
motion and increase the ion loss rate (Li et al., 2022a), Table 1
indicates that the reduction in the global loss rate is strongly related
to the reduction in the tailward flux.

4 Summary and discussion

This study investigated the influence of the Martian crustal
magnetic field on dayside and day-to-night plasma transport and its
potential influence on the tailward escape processes of heavy ions.
The latest 110° spherical harmonic model developed by Gao et al.
(2021) was used to calculate crustal fields. Our simulation results
concur with those of previous investigations, indicating that our
model can self-consistently calculate plasma and field environments
during interactions between Mars and solar winds. In this study,
spherical coordinate velocity components were adopted to describe
plasma motion in the dayside ionosphere more appropriately. Our
results indicate the dominance of the meridional velocity Vθ in the
dayside plasma motion and showed a significant decrease under the
influence of crustal fields. Finally, we show the reduction in the ion
number density and tailward flux near the southern terminator, as
well as the reduction in the global ion loss rates in the presence of
crustal fields.

The mechanism by which crustal fields affect- the solar wind
interaction is still an important issue. This study provides a new
aspect of the mechanism of the shielding effect, relating the altered
ionosphere structure and reduced tailward plasma escape to
meridional plasma transport on the dayside. In this study, the tilt
of the rotational axis (approximately 25°) is ignored. When an
oblique rotational axis of Mars is considered, the subsolar point
is located in the northern and southern hemispheres in different
seasons, and the relevant location between the strongest crustal
source and solar wind inflow changes. When the subsolar point is
located in the northern hemisphere, the strongest crustal source
approaches the southern end. Therefore, the shielding effect is
weaker, and the tailward plasma escape is enhanced (Ma et al.,
2014; Fang et al., 2017). On the other hand, when the subsolar point
is located in the southern hemisphere, the strongest crustal source
approaches the subsolar point, and the north-south asymmetry in
plasma transport is not obvious. Consequently, to reveal an apparent
north-south asymmetry in plasma transport, the strongest crustal
source was set to face the Sun.

Furthermore, Mars-solar wind interactions are dynamic and
influenced by the rotation of crustal fields with Mars, which was
ignored in this study (Ma et al., 2014; Li et al., 2021; Liu et al., 2021).
Time-dependent MHD simulations have indicated that the response
of the variation in the ion loss rate to the rotation of crustal fields has
a 3-h delay (Fang et al., 2015). When the strongest crustal source
faces the Sun, the inhibitory effect is the most obvious. However, the
crustal source near the terminator leads to an escape-fostering effect
and increases the ion loss rate (Fang et al., 2017). Therefore, the
static model may underestimate the ion loss. The crustal fields also
result in a twisting effect on the structure of the current sheet in the
magnetotail (DiBraccio et al., 2018; DiBraccio et al., 2022). The
influence of the twist structure on tailward ion escape is not fully
understood. The conclusions of this study are conducive to
understanding the north-south asymmetry of heavy-ion escape

under the influence of crustal fields. Based on the results of the
velocity and ion distributions, this study will contribute to
understanding the mechanism by which the complex distributed
crustal fields alter the plasma environment of Mars.

5 Conclusion

Owing to the north-south asymmetry in the distribution of
crustal fields on Mars, the magnetic structures also differ
significantly between north and south. In the presence of strong
crustal sources, enhanced closed and open fields occur in the
southern hemisphere, which exert an influence even at high
altitudes, controlling plasma motion and altering the position of
the plasma boundary (Fang et al., 2017; Li et al., 2022a; Li et al.,
2022b). In contrast, because of the lack of strong crustal fields in the
northern hemisphere, the plasma environments are similar to those
on unmagnetized planets, with the magnetic structure and plasma
motion primarily controlled by the draped IMF. Consequently, the
patterns of plasma motion are more complex in the south.

Although crustal fields exert both shielding and promoting
effects on plasma escape, the shielding effect is dominant when
the subsolar point is located at (180°W, 0°N) (Ma et al., 2014).
Published studies have indicated that strong crustal field sources
provide enhanced magnetic pressure on the dayside ionosphere,
counterbalancing the forces exerted by the solar wind plasma and
protecting planetary ions from the solar wind (Crider and Dana.,
2002; Bertucci et al., 2003; Fang et al., 2015). Previous studies have
discussed the variation in dayside radial transport under the
influence of crustal fields and the influence on plasma escape
(Matta et al., 2015; Li et al., 2022a; Li et al., 2022b). This study
demonstrates that when the strongest crustal source faces the Sun,
the shielding effect forces the planetary ions to remain in themiddle-
SZA areas (Lundin et al., 2011; Dubinin et al., 2019; Fowler et al.,
2022). In the presence of crustal fields, plasma transport from the
low- to high-SZA areas is inhibited owing to the reduced meridional
velocity in the southern hemisphere, resulting in a reduction in the
ion number density and a reduction in the ionosphere in the
southern high-SZA area. The reduction in the tailward flux of
planetary ions indicates the inhibition of day-to-night transport.
This effect leads to a reduction in the ion number density in the
southern nightside ionosphere (Cao et al., 2019), and eventually
inhibits planetary ion escape on the southern magnetotail.
Consequently, the north-south asymmetrical ionosphere structure
and plasma tailward flux are significantly associated with controlled
plasma motion by complex distributed crustal fields.
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