g~ W N -

© o N O

10

11
12

13
14
15
16
17

18

19
20

21
22

23

24
25

manuscript submitted to Journal of Geophysical Research: Space Physics

Effects of solar wind density and velocity variations on the Martian ionosphere and
plasma transport—a MHD model study

Yihui Song*, Haoyu Lu?", Jinbin Cao*?, Xiaoshu Wu?, Yang Liu®, Shibang Li', Siqi
Wang*, James A. Wild®, Chenling Zhou?, Jianxuan Wang®*, Nihan Chen'

!School of Space and Environment, Beihang University, Beijing, 100191, China

?Key Laboratory of Space Environment Monitoring and Information Processing, Ministry of
Industry and Information Technology, Beijing, 100191, China

®School of Atmospheric Sciences, Sun Yat-Sen University, Zhuhai, China

“School of Nuclear Science and Engineering, North China Electric Power University, Beijing,
102206, China

*Department of Physics, Lancaster University, Lancaster, UK

tCorrespondence to H. Y. Lu at Ivhy@buaa.edu.cn

Key Points:

e For constant solar wind pressure, the Martian ionosphere compresses as the solar wind
velocity increases.

e For constant dynamic pressure, higher solar wind density leads to higher horizontal ion
velocity, facilitating day-to-night transport.

e Strong remnant fields in the southern hemisphere uplift the Martian ionosphere and
hinder horizontal ion transport.
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Abstract

Solar wind dynamic pressure, consisting solar wind density ng,, and velocity V,,, is an important
external driver that controls Martian plasma environment. In this study, a 3D
magnetohydrodynamic model is applied to investigate the separate influences of solar wind
density and velocity on the Martian ionosphere. The spatial distributions of ions in the dayside
and near nightside ionosphere under different ng,, and V;,, are analyzed, as well as the ion
transport process. We find that for the same dynamic pressure condition, the ionosphere extends
to higher altitudes under higher solar wind density, indicating that a solar wind velocity
enhancement event is more efficient at compressing the Martian ionosphere. A higher V,,, will
result in a stronger induced magnetic field, shielding the Martian ionosphere, preventing the
penetration of solar wind particles. For the same dynamic pressure, increasing ng,, (decreasing
V) leads to a higher horizontal ion velocity, facilitating day-to-night plasma transport. As a
result, the ionosphere extends farther into the nightside. Also, the ion outflow flux is larger for
high ng,,, which may lead to a higher escape rate. Moreover, the strong crustal fields in the
southern hemisphere also cause significant effect to the ionosphere, hindering horizontal ion
transport. An additional outflow channel is also provided by the crustal field on the southern
dayside, causing different responses of flow pattern between local and global scale while the
solar wind condition is varied.

Plain Language Summary

Solar wind dynamic pressure is one of the main factors that influence Martian space
environment. Variation in solar wind velocity and density can cause different effects to the
magnetic field and plasma environment in Martian space. By using time dependent 3D multifluid
MHD model, we studied the influence of individual solar wind velocity and density on the
Martian ionosphere and plasma flow. We found that a higher solar wind density can cause an
expansion of ionosphere and a higher outward flow of ions, while a higher solar wind velocity
can decrease the horizontal ion velocity and day-to-night transport by enhancing the strength of
induced magnetic field, thus the ionosphere extends farther into the nightside under low solar
wind velocity condition. The remnant fields of Mars also cause an apparent north-south
asymmetry in the ionosphere, since strong crustal fields can deflect plasma flow, hindering
horizontal plasma transport while providing an additional vertical outflow channel.

1 Introduction

Mars do not possess an Earth-like global dipole magnetic field. The upstream solar wind
interacts directly with the Martian atmosphere/ionosphere, inducing electric currents in the
ionosphere, leading to the formation of an induced magnetosphere (e.g., Intriligator, D. S., &
Smith, E. J., 1979; Ramstad et al., 2020). The existence of remnant crustal magnetic field located
mostly in the southern hemisphere also complicates the interaction process (e.g., Acufia et al.,
1998, 1999; Connerney et al., 2015), causing asymmetric structures and plasma flows in the
Martian plasma environment (e.g., Fang et al., 2017; Garnier et al., 2022; Harnett & Winglee,
2003, 2005; Li et al., 2020; Li et al., 2023; Stergiopoulou et al., 2022; Wu et al., 2019).
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Solar wind dynamic pressure (Pg,,,), Which consists of solar wind density ng,, and
velocity V,,, is one of the most important external drivers that controls the variation of Martian
space environment (e.g., Edberg et al., 2009; Nagy et al., 2004). Previous studies have proved
that an enhancement of the solar wind dynamic pressure can compress the plasma boundaries to
lower altitudes, alter the global magnetic topology, and increase the magnitude of magnetic
forces and ion escape rates (e.g., Chu et al., 2021; Dong et al., 2015; Duru et al., 2020; Garnier et
al., 2017; Ma et al., 2014; Song et al., 2023; Weber et al., 2019; Xu et al., 2018). However, the
relative influences of solar wind velocity and density variations on the Martian plasma
environment have seldomly been discussed separately, and the differences between the impacts
caused by the solar wind density and velocity variation on the Martian plasma environment still
need to be studied systematically. The simulation study of Wang et al. (2021) shows that for
constant Py,,,, a lower ng,, can increase the subsolar distance of the Martian magnetic pileup
boundary (MPB) and decrease that of the bow shock (BS), while Ramstad et al. (2017) and
Wang et al. (2020) reported that the location of BS and MPB are controlled by P, rather than
individual solar wind velocity/density. Ramstad et al. (2015) also found that for the same solar
wind velocity, a lower solar wind density (lower Pg,,,,) may increase the ion escape rate, which is
contradictory to the conclusion of numerous literatures (e.g., Dong et al., 2015; Edberg et al.,
2010; Kaneda et al., 2007; Ma et al., 2014, 2017). In addition, previous studies have focused on
the influences of individual solar wind velocity/density variation on Martian boundary layers and
ion escape, leaving the response of Martian ionosphere undiscussed.

The primary source of plasma in the dayside ionosphere of Mars is the photoionization
process (Withers et al., 2009). However, on the nightside, despite lack of the solar radiation, a
weak and sporadic ionosphere is produced there, mainly through trans-terminator plasma
transport and electron precipitation (Zhang et al., 1990). The impact of solar radiation on the
Martian ionosphere does not vanish until the solar zenith angle (SZA) is approximately 105°,
thus the nightside ionosphere can be divided into the near-terminator region (90° < SZA <
105°) and the dark ionosphere (SZA > 105°). The plasma day-to-night transport, which is
strongly influenced by the dayside ionosphere, functions as a main source in the regions with
SZA < 115° in the nightside(Cao et al., 2019; Cui et al., 2015; Withers et al., 2012(a)), while
electron precipitation controls the regions with SZA > 115° (e.g., Cui et al., 2019; Girazian et
al., 2017). In addition, Némec et al. (2010) reported that the influence of plasma transport on the
nightside ionosphere does not terminate until SZA = 125°, since the occurrence rate of nightside
ionosphere identified in ionograms decreases with increasing SZA up to SZA = 125°.The main
peaks in nightside ionospheric plasma density are observed between 120 and 180 km, with the
peak electron density roughly 1-2 orders of magnitude lower than that on the dayside (e.g.,
Fowler et al., 2015; Girazian et al., 2017; Lillis et al., 2009).

Both the dayside and nightside Martian ionosphere can be compressed and experience
much heavier erosion under high solar wind dynamic pressure conditions (e.g., Dubinin et al.,
2018; Girazian et al., 2019; Ma et al., 2014). Previous observations have shown that during solar
wind enhancement events, the nightside ionosphere will be significantly enhanced at lower
altitudes, with the peak electron densities increased by enhanced electron impact ionization
(Harada et al., 2018). Dieval et al. (2014) found that the nightside ionospheric peak densities
increase for enhanced upstream dynamic pressures, similar to the dependency shown on Venus
(Zhang et al., 1990). Nevertheless, Girazian et al. (2019) and Dubinin et al., (2019) shows that
the topside nightside ionosphere experienced a stronger erosion at all SZAs and all altitudes
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under high solar wind dynamic pressure conditions, indicating the reduction of plasma transport
or impact ionization or both. However, none of these studies analyzed how solar wind dynamic
pressure variation systematically affects the nightside ionosphere through plasma transport
process. Moreover, the dominant driver of day-to-night ion transport remains unclear. Chaufray
et al. (2014) reported a distinct difference of trans-terminator ion velocity between thermospheric
model results and observations, suggesting that the solar wind could be the main driver of trans-
terminator flow, while Hamil et al. (2019) revealed that magnetic pressure gradient dominates
day-to-night flow.

Since the in-situ observations are intrinsically limited by temporal and spatial sampling
coverage, the global ionospheric structures reveal by observational data are usually averaged
across long time intervals, during which multiple external parameters such as the solar wind
condition and interplanetary magnetic field may change dramatically. The mixture of multiple
parameters complicates the interaction between solar wind and Mars, which makes it challenging
to distinguish consequences caused by the variation of individual solar wind density and velocity
parameters. Therefore, in order to investigate the impact of solar wind density/velocity variation
on the Martian plasma environment thoroughly, studies based on global simulation models and
ideal solar wind condition inputs are necessary. Numerous numerical models have been used to
study solar system plasma, including magnetohydrodynamic model (MHD), test-particle model
and hybrid model (Ledvina et al., 2008). The MHD model commonly used in the simulation of
Martian plasma environment can also be divided into single-fluid MHD model, which assumes
that all the ion species have the same velocity and temperature (Ma et al., 2014), and multi-fluid
MHD model, which solves mass, momentum and energy equations separately for each ion
species (Najib et al., 2011).

In this study, we study six simulation cases with the ideal solar wind parameter setting to
investigate the influence of ng,, and V%, respectively, on the Martian nightside ionosphere. By
using 3D multi-fluid MHD model, we first compared the nightside electron density profile under
constant Py, conditions but with differing n,, and V,, inputs, then the possible mechanisms are
discussed by analyzing ion transport flows. The rest of the paper is organized as follows: a
detailed model description is presented in Section 2, simulation results are shown in Section 3,
while Section 4 provides the conclusion of our study.

2 Model description

In this study, a 3D multi-fluid MHD model that has been used and validated in several
previous studies (e.g., Li et al., 2022a; 2022b, Song et al., 2023) is applied to simulate the
interaction between solar wind and the Martian ionosphere/induced magnetosphere. Four major
ion species in Martian ionosphere, i.e., H*, 05, 0%, and COJ, are included in the model. The ion
species are self-consistently generated through ionospheric chemical reactions including
photoionization, charge exchange and recombination reactions (Ma et al., 2004; Najib et al.,
2011). The chemical reactions used in the model are presented in Table 1, with the reaction rates
for solar maximum conditions derived from Ma et al. (2004). The three main neutral components
in the Martian atmosphere are considered in the model, with the 1-D neutral density profile used
in Li et al. (2022a). The Chapman function is used instead of the cosine function of solar zenith
angle to derive the optical depth effect, which can describe the M2 layer more precisely (Withers
et al. 2009). The MHD equations used in the model consist of the continuity, momentum and
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energy equations as well as a magnetic induction equation in which the Hall term and thermal
pressure gradient term are considered. The source terms considered in the MHD equations
include inelastic collisions (charge exchange, recombination and photoionization) and elastic
collisions (ion-neutral and ion-ion collisions). A detailed description of the MHD model can be
found in Song et al. (2023)

Table 1. Chemical reactions and rates considered in the model.

Reaction Rate Coefficient

CO, + hv - CO} + e k, =73 x 10751
O+hv-O0t+e k, =273 x1077s7?!
H+hv->H"+e ks = 8.59 x 1078571

C0; +0 - 03 +CO k, =1.64 X 1071%cm3s~?

CO% + 0 > 0* + €O, ks = 9.6 X 10~ 1T cm3s 1

0* + €0, - 0% + €O ke = 1.1 x 10~2(800/T;)*3%cm3s 1
Ot+H->H'"+0 k, = 6.4 x 1071%cm3s~1
H*+0- 0"+ H kg = 5.08 X 1071°cm3s~?

0}+e—->0+0 ko = 7.38 X 1078(1200/T,)%¢cm3s 1

CO% +e— CO+0 k;o = 3.1 x 10~7(300/T;)*35cm3s "

The simulation was performed under the Mars-centered Solar Orbital (MSO) coordinate
system. The X-axis points from Mars toward the Sun, the Z-axis points toward the north pole of
Mars and is normal to the Martian orbital plane, while the Y-axis completes the right-handed
coordinate system. The computational domain is defined as —24R,; < X <8Ry, —16Ry, <Y
and Z < 16R,,, where R,, represents the average radius of Mars (R, = 3396 km). The mesh
used in the model consists 56 blocks and 100 x 120 x 80 = 960,000 computational cells, with
the smallest grid size set to be 10 km at the inner boundary (100 km above the Martian surface).
The density and velocity of H* at the inner boundary is set to be 0.3 of the solar wind density
and zero (derived from Dong et al. (2014)), respectively, while the ion densities are assumed as
the photochemical equilibrium. A 110° spherical harmonic crustal field model proposed by Gao
et al. (2021) was adopted in our model to simulate the Martian remnant magnetic field, with the
most intense magnetic field locates at —53° latitude. The subsolar point is set to be 180°
longitude at equatorial plane, meaning that the strongest crustal field regions are located on the
dayside.

The upstream solar wind conditions in the 6 cases-studies considered in this work are
shown in Table 2. In this way, the effects of solar wind dynamic pressure with different solar
wind velocity and density on the nightside ionosphere were studied. We utilize two sets of
dynamic pressure conditions Py,,, = 1.07 and 4.28 nPa and three sets of solar wind density
conditions n = 2, 4, 8 cm™3 for each Py,,, set, enabling the comparison of the influence of
individual ng,, and V4, variation for two different P,,,,, conditions. The interplanetary magnetic
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field (IMF) is set to be a 56° Parker spiral in the X-Y plane, meaning that the IMF vector is
(Bx, By, B;) = (—1.6,2.5,0) nT in MSO coordinate system. The upstream solar wind velocity is
purely in the -X direction, with V,, and V; set to be zero.

Table 2. Upstream solar wind condition settings of simulation cases.

Vy(km/s) n(em™®) Py (mPa) |Bl(T) T, (K

Case 1 566 2 1.07 3 3.5 x 10°
Case 2 400 4 1.07 3 3.5 x 10°
Case 3 283 8 1.07 3 3.5 x 10°
Case 4 1131 2 4.28 3 3.5 x 10°
Case 5 800 4 4.28 3 3.5 x 10°
Case 6 566 8 4.28 3 3.5 x 10°

3 Simulation results

We first compare the density distributions of the dayside and near nightside ionosphere
under different solar wind conditions. The mean ionospheric electron density (n,) profiles at
different SZA ranges are shown in Figure 1. Here we choose to present SZA ranges from 80° to
120°, since at regions with SZA < 115°, day-to-night plasma transport is the dominant plasma
source of the nightside ionosphere, while at higher solar zenith angles, electron precipitation
becomes the main source (Cui et al., 2015; Qin et al., 2022a; Withers et al., 2012a).

From Figure 1, it can be seen that the peak electron densities decrease with increasing
SZA for all cases (see Figure 1(c)-1(d) for a clear comparison). Under low Pg,,,, conditions (see

Figure 1(a)), the peak electron densities decrease from around 10*> e~ /cm? at SZA region

80° — 90° to around 103 e~ /cm3 at SZA region 110° — 120°, varying by more than an order of
magnitude. The magnitude of peak electron densities does not show a clear north-south
asymmetry. Nevertheless, at altitudes above 300 km, the density profiles in the southern
hemisphere are slightly uplifted for SZA range 80° — 100°, compared to that of the northern
hemisphere, indicating an expansion of the southern ionosphere in the terminator region. The
expansion of the ionosphere in the southern hemisphere may be caused by the shielding effect of
strong crustal fields. As for SZA range 100° — 120°, the density profiles are uplifted in the
northern hemisphere than that in the south, which may be caused by the differences of plasma
transport between the northern and southern hemisphere. In addition, previous studies have
shown that convection electric field can also cause a distinct asymmetry of the Martian upper
ionosphere, causing the expansion of ionosphere in the hemisphere that is opposite to the
direction of motional electric field (E~ hemisphere) (Dubinin et al., 2018). In our model the
MSE coordinate system is the same as the MSO coordinate system, thus the E* direction, which
is the direction of motional electric field, is parallel to the Z axis in MSO coordinate system.
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Therefore, the convection electric field also contributes to the south-north asymmetry shown in
the model results.

While the Pg,,, condition remains the same, the mean electron densities at all altitudes
and all SZA ranges increase with increasing ng,, (decreasing V,,). For SZA range 80° — 100°,
the inflation of electron density profiles only appears at higher altitudes, while for SZA range
100° — 120°, the difference occurs at all altitude above 110 km. Thus, it can be concluded that
the decrease of peak densities with increasing SZA is less significant for higher ng,, conditions,
indicating that the high ng,, cases may be associated with more efficient day-to-night plasma
transport. For high Py,,,, conditions, as shown in Figure 1(b), the density peaks of SZA 100° —
120° ranges migrate to lower altitudes, and the magnitudes of the density peaks are slightly
enhanced. Comparing to low Py,,, conditions, the averaged electron density at altitudes 200 —
400 km experienced an apparent depletion for all SZAs, consistent with previous findings of
Girazian et al. (2019).

Mean electron density profiles for different SZAs (low Pdm) (b) Mean electron density profiles for different SZAs (high P, )
T T T T T T T 600 T AR T T

dyn
T

T
PR
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Figure 1. The mean electron density profiles for different SZA range in the terminator region.
Panels a and b show the averaged electron density profiles under low P,,,,, conditions and high
P4, conditions. The solid, dashed and dotted line represent profiles of n = 2 cm™3 cases,

n = 4 cm™3 cases, n = 8 cm™3 cases, respectively. The profiles are shifted on the x-axis by the

amounts marked in the figure. Panels ¢ and d show the averaged electron density profiles of case
2 and case 5, with solid and dashed line represents profiles of northern and southern hemisphere.

To illustrate how solar wind conditions and crustal field affect the expansion and
shrinking of dayside and near nightside ionosphere, Figure 2 and 3 present the mean electron
density and the upper boundary of ionosphere for low and high solar wind dynamic pressure
conditions respectively. These figures correspond to the SZA range between 0° — 120° with a
bin-size of 5° and to the altitude range 120-600 km with a bin-size of 20 km. The isoelectron-
density lines for n, = 100 cm™3 are highlighted by white lines in panel a and c, representing the
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ionospheric upper boundary locations (Ma et al., 2014). The upper boundaries of ionosphere in
panel b and d are derived in the same way as in panel a and c. Note that the ionospheric upper
boundary defined here is not the ionopause, which is generally identified by the sudden decrease
of the ionospheric electron density with increasing altitude or pressure balance criterion
(Sanchez-Cano et al., 2020), but an indication of approximately how far the ionosphere extends.
Here we use a defined ionospheric upper boundary instead of the ionopause, partly because the
Martian ionopause is sporadic and not always been observed (Chu et al., 2019; Duru et al., 2009;
2020; Vogt et al., 2015).

For low Pg,,,, condition cases (see Figure 2), the ionosphere on the dayside and near
terminator region (SZA range 0° — 100°) in the southern hemisphere extends to higher altitudes
compared to the ionosphere in the northern hemisphere, consistent with the results reported in
previous studies that the Martian ionosphere is uplifted over strong crtustal field regions (e.g.,
Andrews et al., 2023; Dubinin et al., 2019; Flynn et al., 2017; Withers et al., 2019). However, at
SZA ~120°, significant differences in the altitude of the ionospheric upper boundary between
the northern and southern hemisphere are not evident. The upper boundary of ionosphere on the
dayside locates at 400-600km, which is in the altitude range of observed average ionopause
location (300-600 km) (Withers et al., 2012b; Duru et al., 2020), and coincide with the upper
ionospheric boundary predicted by Ma et al. (2014) using the same criterion. For both the
northern and southern hemispheres, the upper boundary of the ionosphere reaches the highest
point near the terminator, then decreases sharply with the increasing SZA on the nightside, fitting
well with the distribution of ionospheric ions shown by Dubinin et al. (2019) and Andrews et al.
(2023).

Comparing the different scenarios, it can be clearly seen that for constant Pg,,,,, the upper
boundary of ionosphere extends to higher altitudes with increasing ns,, (see Figure 2(b) and
2(d)) in both the dayside and near nightside regions. Since the plasma transport process does not
generate new particles on a global scale, the uplifting of the ionosphere in SZA range 0° — 120°
may be caused by a more intense impact ionization process. Under high solar wind density
conditions, more solar wind particles enter the Martian ionosphere, interacting with ionospheric
plasmas and neutral components, leading to a higher production rate of ionospheric ions. The
expansion of nightside ionosphere in high ng,, case may also be partly caused by the difference
of day to night plasma transport for different solar wind conditions, since the near nightside
region is dominated by transportation instead of precipitation processes.
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(a) Mean electron density for n=2 cm™ case (b) Upper boundary in the northern hemisphere (low de")
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Figure 2. Panels a and ¢ show the mean electron density of Martian ionosphere for an SZA range
of 0° — 120° and an altitude range of 120-600 km for low P;,,,, condition cases, divided into the
northern (panel a) and southern (panel ¢) hemisphere. The white line in each panel marks the
altitudes that the electron density n, is equal to 100 cm™3. Panels b and d show the ionospheric
upper boundary in the northern (panel b) and southern (panel d) hemispheres separately, with the
solid, dashed and dotted line represent the boundary of n = 2 cm™3 case, n = 4 cm™3 case,

n = 8 cm™3 case, respectively.

Under enhanced Py,,,, conditions (see Figure 3), the ionosphere in all three cases
experienced an apparent compression at dayside and near terminator region. However, in regions
with SZA ~120°, the locations of ionospheric upper boundary seldomly move compared to that
for low P,,,, condition cases, indicating that the depletion effect of high P,,,,, in the Martian
ionosphere is weak at regions with SZA > 120°. In the high P,,,,, condition cases, the ionosphere
also expands to higher altitudes with increasing n,,, same as in the low P;,,, condition cases. By
comparing case 1 (Figure 2(b) and 2 (d)), case 4 and case 6 (Figure 3(b) and 3(d)), it can also be
concluded that the enhancement of solar wind velocity compresses the Martian ionosphere to
lower altitudes more effectively than the enhancement of solar wind density. The nightside upper
boundary of ionosphere even expands in case 6 compared to case 1, indicating that the expansion
effect caused by the higher solar wind density condition and the stronger day-to-night transport
surpasses the compression effect caused by the enhanced Pg,,,, in this region. Therefore, it can be
concluded that the solar wind velocity enhancement event is more efficient at compressing
dayside ionosphere compared to solar wind density enhancement event, but in nightside region
the scenario is much more complicated, for the variation of solar wind conditions also influences
plasma transport processes.
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(a) Mean electron density for n=2 . (b) Upper boundary in the northern hemisphere (high den)
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Figure 3. Panels a and ¢ show the mean electron density of the Martian ionosphere for an SZA
range of 0° — 120° and an altitude range of 120-600 km for high P,,,,, condition cases, divided
into the northern (panel a) and southern (panel ¢) hemispheres. The white line in each panel
marks the altitudes that the electron density 7, is equal to 100 cm™3. Panels b and d show the
ionospheric upper boundary in the northern (panel b) and southern (panel d) hemispheres
separately, with the solid, dashed and dotted line represent the boundary of n = 2 cm™3 case,
n = 4 cm™3 case, n = 8 cm™3 case, respectively.

To illustrate how solar wind density/velocity influence the day-to-night transport process,
we show the “1/e profile” of heavy ion and electron density in Figure 4, with respect to altitude
range 100-600 km. The 1/e edge (with e being the base of natural logarithms) is defined as where
the ion/electron density declines to 1/e of that at SZA=90°, characterizing the depletion of
nightside ionosphere (Cao et al., 2019). It should be noted that the 1/e edge values in Figure 4
and the iso electron-density lines in Figure 2 and 3 are obtained from the interpolation method.

In Figure 4, the 1/e edge profiles of the southern/northern hemisphere under different
solar wind condition settings are compared, showing the influence of solar wind velocity/density
and the crustal fields upon ion depletion in the nightside ionosphere. In the altitude range 150-
250 km, the 1/e edge of 05 and COJ typically appears in the SZA range 95° — 105°, similar to
the observational results of Cao et al. (2019). Under 200 km, the 1/e edge profiles of different
cases and hemispheres do not show clear differences, since the transport process becomes
important at altitudes above 200 km. The 1/e edge of O* extends to much larger SZA range than
that of 0 and CO5, indicating that the ion distribution of 0" is more extended into nightside as
compared to other heavy ion species. As ion depletion in the nightside ionosphere is influenced
by the ion chemical loss process, such a phenomenon can be interpreted by the relatively lower
reaction rate of the chemical loss reaction of O* considered in our model. Such discrepancy may
also be caused by the difference of ion speed, a higher velocity can transport ions to the regions
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325  with larger SZA. However, we do not compare the efficiency of day-to-night transport for
326  different heavy ions here, as this is beyond the scope of the current study.

327 By comparing 1/e edge profiles of the northern/southern hemisphere under different solar
328  wind conditions, two distinctive features can be seen. Compared to the southern hemisphere, the
329  1/e edges of the northern hemisphere are extend further into the nightside for all four ion species
330  and cases analyzed here, similar to the results reported by Cao et al. (2019). Since in our model
331  the strongest region of crustal field is fixed on the dayside, this phenomenon may be mainly

332 caused by the ion transport process instead of the protection effect of strong crustal fields on the
333 nightside ionosphere. The 1/e profiles also show apparent distinctions for different solar wind
334 | conditions. With the increase of ng,, and the decrease of 1;,,, the ion distribution in both

335  hemispheres extends into regions with higher SZA, coinciding with the uplifted nightside

336 | ionospheric upper boundary shown in Figure 2-3. It is reasonable to deduce that a higher ng,,,
337 condition can facilitate ion transport to the nightside ionosphere, while the strong remnant fields
338  retard this process.

339
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341 | Figure 4. The 1/e edge profile of density with respect to altitude and SZA of 05 (panel a), 0*
342 | (panel b), CO; (panel ¢) and e~ (panel d) for low Py, condition. The 1/e edge is defined as the
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SZA where the ion/electron density declines to 1/e of the magnitude at the terminator
(SZA=90°). Red and blue line show the profiles of the northern and the southern hemisphere,
respectively, while solid, dashed and dotted line represent n = 2 cm™3 case, n = 4 cm™3 case
and n = 8 cm™3 cases, respectively.

Profiles of the mean trans-terminator velocity of 05 ions along x-axis (V) with respect to
altitude are presented in Figure 5, with the positive direction in this figure corresponding to the -
X direction. For both low P,,,, and high P;,,, conditions, the trans-terminator velocity in the
northern hemisphere is significantly higher as compared to that in the southern hemisphere,
showing that the suppression effect of the dayside strong crustal fields on plasma transport can
influence the ion velocity at the terminator region, leading to north-south asymmetry of the trans-
terminator plasma flow. For low Py,,,, conditions, the average Vy at 400 km in the southern
hemisphere is 450-700 m/s, while in the northern hemisphere the magnitude is 900-1200 m/s.

Under low P,,,, condition (see Figure 5(a)), the magnitude of Vy is significantly larger
for the high ng,, case, indicating that higher solar wind density condition can facilitate day-to-
night plasma transport. Considering that the plasma density near terminator region is also denser
for higher ng,, condition, it is reasonable to deduce that the trans-terminator ion flux for high ng,,,
condition case is also greater than that of the low n,,, condition case. Thus, we conclude that the
higher electron density and more expanded ionosphere in near nightside for high ng,, condition is
partly caused by the stronger trans-terminator plasma flow. In addition, it can be clearly seen that
the discrepancy of Vy for different cases is more significant in the southern hemisphere as
compared to that in the northern hemisphere, which may be caused by the shielding effect of the
crustal fields.

For high P4, conditions, the magnitude of Vy experiences a significant enhancement at
all altitudes. At 400 km, the average Vy in the southern hemisphere reaches 2000 m/s, about four
times greater than that for low P,,,,, condition, while in the northern hemisphere the magnitude
of that reaches 4000 m/s. The velocity profiles of high P,,,,, cases do not show clear differences
in the northern hemisphere. In the southern hemisphere, the magnitude of Vy is larger for high
ng,, condition at altitude range 200-400 km, however, above 400 km this trend is gradually
reversed. The inverse correlation between Vy and n,,/V;,, above 400 km maybe caused by the
discrepancy of the ionospheric topside boundaries in different cases. The upper ionospheric
boundary is located at 450 km for case 4, but extends to above 500 km for cases 5 and 6. Thus, in
the case with low ng,, condition, the ionospheric plasma is obviously experiencing a stronger
impact from the solar wind as compared to other two cases, resulting in a higher ion transport
velocity above 450 km. Nevertheless, since plasma density near the terminator region is still
larger for high n,,, condition case, the trans-terminator flux should also be larger even though
the magnitude of velocity term is approximately the same for each case. Also, as plasma density
is much lower above 450 km compared to that at 200-450 km, the total trans-terminator ion flux
in the ionosphere should still be higher for high n,,, case in general.

As the discrepancy of Vy for different ng,, and V;,,, conditions remains in low altitude of
the southern hemisphere, but completely disappears in all altitudes of the norther hemisphere, we
suspect that this correlation is not caused by the direct interaction of solar wind plasma and
ionospheric ions, but result from more complex energy transfer processes. The study by Wang et
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386 | al. (2021) indicates that for constant P,,,,, condition, a higher V;,, (lower ng,,) results in a
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stronger magnetic pileup region and a higher MPB altitude. In this way, the shielding effect of
the induced magnetosphere is stronger, suppressing the energy transfer between solar wind
particles and ionospheric ions, which then lead to the smaller flow velocity shown in our results.
Under high Pg,,, conditions, the solar wind penetrates into lower altitude, thus the discrepancy of
ion velocities in the northern hemisphere are eliminated, but remains in low altitude of the
southern hemisphere where the strong crustal fields provide additional shielding for the
ionosphere. However, since the main driver of the trans-terminator flow remains unclear (Cui et
al., 2015; Hamil et al., 2019), the investigation of energy transfer mechanisms responsible for the
difference of ion velocity at the terminator region is far beyond the scope of this research.

(b) Mean |V | profiles for O; (high P dyn)

500 o 500

450 - 450 |-

400 - 400 -

w

a

S
T

w

9

)
T

northern hemisphere

southern hemisphere

Altitude [km]
w
S
Altitude [km]
g

~
n
S
T
~
n
S

solid for n=2 cm™ case

w
=3
S

dashed for n=4 cm™ case] 200

dotted for n=8 cm> case

150 + 150 |

100

0 500 1000 1500 2000 0 500 1000 1500 2000 2500 3000 3500 4000
Mean velocity [m/s] Mean velocity [m/s]

Figure 5. Mean velocity profiles along -X direction for 05 with respect to altitude at XZ plane,
divided into the northern (red lines) and the southern (blue lines) hemispheres. Panel a shows
cases for low P,,,, condition and panel b shows cases for high P,,,, condition, with solid, dashed

and dotted line represent n = 2 cm™3 case, n = 4 cm™3 case and n = 8 cm™3 case, respectively.

To investigate how solar wind density and velocity influences ion transport more
specifically, we analyze the contour plots of plasma speed and ion flux at different iso-surfaces
of altitude. Figure 6 depicts the horizontal velocity for 05 in the 350 km altitude plane,
presenting color plots of the northward velocity component Vy and the eastward velocity
component V,, for case 2, with velocity vectors showing the direction of horizontal velocity, as
well as the horizontal ion speed for four different cases. On the dayside, the northward velocity
Vp in the northern hemisphere is significantly higher than V,, as well as the velocity components
in the southern hemisphere, similar to the simulation result of Li et al. (2023). Thus, on the
northern dayside the horizontal ion flow is generally northward, transporting dayside ionospheric
plasma to the nightside ionosphere. The flow pattern in the southern dayside is also less regular
as compared to that in the north, indicating that the plasma flow is deflected by the strong crustal
fields. This suggests that the southern strong crustal fields cause deceleration and deflection of
the horizontal plasma flow in the Martian ionosphere, as reported in previous studies (Li et al.,
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2022Db; Li et al., 2023). In the terminator and near-nightside regions, plasma is flowing towards
the nightside, but the magnitude of the velocity is much smaller as compared to that on the
northern dayside. Moreover, since the effects of planetary rotation and the Martian wind field are
not considered in our model, the horizontal ion flow is generally eastward at dusk and westward
at dawn due to the effects of the solar wind and crustal fields. In a more complex model
considering rotation and neutral wind, a dawn-dusk asymmetry will be expected to show in the
horizontal flow pattern.

In the dayside and terminator region, it is apparent that the magnitude of horizontal
velocity Vy is also significantly larger in the northern hemisphere as compared to that in the
southern hemisphere, with the highest velocities located on the northern dayside. Therefore, the
crustal field hinders both dayside plasma transport and trans-terminator flow, leading to a south-
north asymmetry in the flow pattern that influences the nightside ionosphere. The distribution of
horizontal velocity also varies significantly for different solar wind condition cases (Figure 6(c)-
6(f)). For constant P,,,,, the magnitude of V7 in the near terminator region in high ny,, cases is
larger than that in low ng,, cases. On the dayside, the horizontal velocity in the southern
hemisphere is slightly lower in high ng,, cases than that in low ng,, cases, while on the northern
dayside the difference is not significant. Comparing the cases of low Pg,,,, and high Py,
conditions, it is obvious that the horizontal velocity is increased significantly with the
enhancement of Py,,,. Therefore, we deduce that the enhancement of solar wind density is more
efficient at accelerating trans-terminator plasma flow as compared to the enhancement of solar
wind velocity. Thus, it can be concluded that different solar wind velocity/density conditions
influence near-nightside ionosphere by affecting ion velocity and density in the near terminator
region.
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Figure 6. Contour plots of horizontal velocity for 05 at 350 km altitude. Panels a and b show the
Vo, V,, component for case 2, overlapped with the uniformly presented ion velocity vector (black
anchor). Panel c, d, e and f show the horizontal velocity Vy, for case 1, case 3, case 4 and case 6,
respectively.

The vertical flux of 05 is analyzed to investigate the influence of solar wind density and
velocity variation on vertical plasma transport. For low Pg,,,, condition, at 300-350 km altitude,
the ion flux is generally flowing inward (downward) at the dayside and near-nightside region,
with an outflow (upward) channel being preserved at southern crustal field region. At higher
altitudes (400-500 km) outward flow appears in the northern hemisphere. By comparing two of
the low Py,,, cases presented in Figure 7, it is apparent that high ng,, (low V;,,) condition result
in a higher outward flux and lower inward flux with altitude range 350-500 km, as compared that
with low ny,, (high V;,,) condition, indicating that with constant Py,,, condition, decreasing Vs,
and increasing ng,, can promote the ion escape process, leading to a higher escape rate for
planetary ions, since a higher V%, will cause a stronger induced magnetic field shielding the
ionosphere. Moreover, the stronger inward ion flow in low ng,, (high V,,) case drives the ions
toward the ground, which leads to the compression of the ionospheric upper boundary presented
in Figure 2 and 3. In addition, the outward flow at the southern strong field region is weaker in
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case 3 as compared to case 1, indicating that for same P,,,, condition, increasing ng,, while

decreasing V,,, has suppression effect to the vertical ion outflow channel resulted by crustal field
in southern hemisphere.

For high Pg,,, condition, the outflow flux at the strong crustal field region in the southern
hemisphere becomes sporadic as compared to that for low Py,,, cases, indicating that the outflow
transport channel is partly suppressed in this region. This outflow channel may be mainly
provided by the ion escape through vertical magnetic field lines, driven by the ambipolar electric
field (Collinson et al., 2019; Li et al., 2022a). Previous studies have shown that the southern
hemisphere possesses many vertical field lines to transport heavy ions upward, providing
additional ion escape channel (Li et al., 2022a; Weber et al., 2021). Thus, it is reasonable to
assume that the outward ion transport channel in the strong crustal field region (shown in Figure
7) is caused by vertical field lines of closed and open magnetic field. High solar wind dynamic
pressure compresses the magnetic field structure on the dayside, with lines of draped fields
extending to lower altitudes, which will then decrease the presence of closed and open fields at
the dayside, and increase the presence of draped fields, resulting in much more horizontal
magnetic field morphology (Weber et al., 2019; Xu et al., 2018). Therefore, the outflow channel
in this region is partly suppressed under by the enhanced dynamic pressure.

However, except for the region with strong crustal fields, the outward ion flux is
significantly enhanced as compared to that of low Py,,,, cases, contributing to the higher ion
escape rate under high P,,,,, and the inward flow also decreases at all altitudes, presenting a
much more intense depletion effect. Since the ion density in altitude range 300-500 km is
decreased for the enhanced P,,,, conditions (see Figure 1-3), it can be deduced that the vertical
ion velocity experienced an increase along outward direction. As the solar wind penetrates to
lower altitudes, the energy transfer from solar wind particles to ionospheric plasma is
significantly enhanced, producing more energetic ionospheric ions, which then increases the
outflow ion velocity. In this way, the outflow ion flux at topside ionosphere is enhanced greatly.

In addition, the vertical ion flux in the SZA > 120° region is close to zero at all altitudes
and for all solar wind condition cases, indicating that the contribution of deep nightside (SZA =
125° — 180°, defined by Lillis et al. (2009)) ionospheric ion escape to the global escape rate is
quite small. Thus, the ion escape flux in the tail region may primarily come from the near-
nightside and dayside ionosphere. While investigating how solar wind velocity and density
influence ion escape flux, the contribution of deep nightside can be neglected.
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Figure 7. The distribution 05 ion vertical flux with respect to longitude and latitude for multiple
altitude slices. Panel a, b, ¢ and d show the result of case 1, case 3, case 4 and case 6,
respectively.

4 Discussion and conclusion

In this study, the effects of solar wind density and velocity on the Martian dayside and
near-nightside ionosphere, including ion transport at ionospheric altitude, are investigated using
3D multi-fluid MHD simulation models. Our results show that for a given dynamic pressure,
different solar wind density and velocity conditions can indeed result in differences within the
dayside and near nightside ionosphere, as well as ion transport. The presence of crustal field
complicates this process. Comparing our findings to previous observational results (e.g., Fan et
al. (2020)), it can be seen that our model results produce the observed ionospheric flow pattern
successfully, with the plasma flow being deflected in horizontal direction and enhanced in
vertical direction in the southern strong field region.

For constant P, conditions, higher n,, can increase the interaction rate between solar

wind particles and ionospheric ions and neutrals, leading to an uplifted ionosphere in both the
dayside and near-nightside regions. This indicates that a solar wind velocity enhancement event
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can compress the ionosphere to lower altitude as compared to a solar wind density enhancement
event leading to an equivelant rise in the overall dynamic pressure. Through ion transport
processes, the nightside ionosphere is also significantly influenced by differing of ng,, and V,,
conditions. The ion density of the near-nightside ionosphere is much higher for high ng,
condition, and the nightside ionospheric ion distribution extends farther into the nightside in this
case, indicating stronger day-to-night ion transport. The ion transport velocity also shows
apparent distinction under different ng,, and V,, condition, accompanied with the differences of
ion density distribution to influence ion escape flux. A higher V;,,, will result in a stronger
induced magnetic field through the enhancement of the motional electric field, leading to a
stronger shielding of the Martian ionosphere. Thus, the trans-terminator ion velocity and
horizontal velocity at ionospheric altitude are higher for low V,,,, (high ng,,) case, since with
weaker shielding effect the solar wind particles can penetrate to lower altitude, facilitating
energy transfer between solar wind and planetary ions. Moreover, the vertical ion outflow flux is
also enhanced for the low 1, (high n,,,) case, indicating a higher ion escape rate.

In addition to solar wind velocity and density, our model results also reveal a significant
north-south discrepancy for ionospheric structure and plasma transport processes. The
ionosphere in the southern hemisphere extends to higher altitudes as compared to that in the
northern hemisphere, which can be attributed to the shielding effect of the crustal field and the
asymmetry caused by the convention electric field of the solar wind. The trans-terminator flow
speed is significantly higher in the northern hemisphere than that in the southern hemisphere,
since the strong crustal fields in the southern hemisphere can hinder horizontal ion transport. As
a result, in comparison the nightside ionosphere in the northern hemisphere also tends to be more
extended into the darkness. The outflow ion flux at topside ionosphere is largely increased on
global scale by the enhanced solar wind dynamic pressure, for the compression of the crustal
field under high dynamic pressure enhances the depletion effect of solar wind, which then
increases the upward ion velocity. Nevertheless, in localized regions, such as those in the vicinity
of strong remnant crustal fields, the enhanced solar wind can also suppresses ion outflow by
decreasing the presence of vertical magnetic field lines, for ion transport through vertical field
lines driven by ambipolar electric field is the main cause of the outflow flux in this region. Thus,
the presence of the crustal field also results in an apparent asymmetry of ion outflow.

It should be noted that the MHD model used in this study is an ideal model adopting 1-D
neutral density profile. Mechanisms such as neutral wind and dust storm are not included in this
model, which may then influence the accuracy of the model at low altitudes. The influences of
the asymmetric distributed neutral densities on the Martian plasma environment are excluded.
Bougher et al.(2001) indicated that the Martian dayside ionospheric peak is sensitive to the state
of the underlying atmosphere, where dust storm can change the 0* and CO5 density at
ionospheric altitude (Qin et al., 2022b). In the absence of these atmospheric processes, the crustal
field is the main endogenous source of north-south asymmetry. Therefore, the plasma transport
process in the simulation results are significantly simplified compared to the Martian ionosphere
which in reality includes atmosphere-thermosphere coupling (e.g., the dawn-dusk asymmetry
caused by the rotation of Mars and neutral wind are not shown in our model). In addition, as our
model contains only four main species in the Martian ionosphere, some ion species and the
correlated chemical reactions that may be important on the nightside are neglected (e.g., NO*
and HCO* (Wu et al., 2019)), which may then increase the discrepancy between the ideal model
and the real Martian ionosphere.
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