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Abstract

We investigate sunward planetary ions in the Martian magnetotail that potentially reduce the amount of escaping ions. The

global properties of sunward flows in the Martian magnetotail are characterized, based on over 13-years of ion data (May 2007–

December 2020) collected by the ASPERA-3 instrument on Mars Express. We find that sunward flows mainly occur in the

vicinity of the crustal fields, implying that crustal fields may play a key role in producing such flows. The occurrence rate and

sunward flux are higher during solar maximum rather than solar minimum. However, we identify a relatively low occurrence

rate of sunward flows and low sunward flux, suggesting that sunward flows have negligible influence on total ion escape at Mars.

This is different from those at Venus, where sunward flows can significantly decrease the total escape rates of ions.
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Key Points:

• Sunward ion flows in the tail occur more frequently and with a higher flow
flux during solar maximum

• Sunward flows do not significantly reduce the total heavy ion escape at
Mars

• A strong correlation between crustal fields and sunward flow is identified

Abstract

We investigate sunward planetary ions in the Martian magnetotail that poten-
tially reduce the amount of escaping ions. The global properties of sunward
flows in the Martian magnetotail are characterized, based on over 13-years of
ion data (May 2007–December 2020) collected by the ASPERA-3 instrument on
Mars Express. We find that sunward flows mainly occur in the vicinity of the
crustal fields, implying that crustal fields may play a key role in producing such
flows. The occurrence rate and sunward flux are higher during solar maximum
rather than solar minimum. However, we identify a relatively low occurrence
rate of sunward flows and low sunward flux, suggesting that sunward flows have
negligible influence on total ion escape at Mars. This is different from those at
Venus, where sunward flows can significantly decrease the total escape rates of
ions.

Plain Language Summary

Without the protection of an intrinsic magnetic field, solar wind can interact
directly with the Martian atmosphere and drive ion escape, which plays a vital
role in the evolution of the planetary atmosphere. It was shown that, on average,
all Martian ions accelerated by the solar wind flow downstream and escape
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to interplanetary space. However, some planetary ions can flow sunward or
planetward, possibly reducing total ion escape. The mechanism and role of
these sunward ions remain unclear. Here, we present a statistical analysis that
reveals the global properties of sunward flows at Mars based on over 13 years
of Mars Express data. Our results suggest that crustal fields may play a role
in driving sunward flows. We also show that sunward flows cannot significantly
reduce the escaping flux of Martian atmospheric ions to space regardless of solar
activity. This finding can help us understand ion escape and tail dynamics at
Mars.

1 Introduction

It is widely accepted that solar wind interaction with Mars is a critical factor
in atmosphere removal. The lack of global intrinsic magnetic fields allows so-
lar wind to directly interact with the Martian atmosphere and scavenge the
planetary ions to escape away [e.g., Lundin et al., 1989; Barabash et al., 2007;
Dong et al., 2014, 2015]. As it approaches Mars, the solar wind flow, which
carries a “frozen-in” interplanetary magnetic field (IMF), will decelerate upon
interaction with the Martian ionosphere, resulting in an induced magnetosphere
[e.g., Futaana et al., 2017; Luhmann et al., 2004; Ma et al., 2002; Zhang et al.,
2022]. Correspondingly, the solar wind accelerates planetary ions via the Lorenz
force, which is exerted by the electromagnetic fields, such as motional electric
fields [Barabash et al. 1991; Dong et al. 2015; Fang et al., 2008], Hall electric
fields [Dubinin et al. 2011; Lundin, 2011], and ambipolar electric fields [e.g.
Collinson et al. 2019; Xu et al. 2021; Ma et al., 2019]. In addition, localized in-
tense crustal fields complexify the Martian magnetosphere and affect ion escape
[e.g., Connerney et al., 2005; Fang et al., 2010; Ramstad et al., 2016; Zhang et
al., 2021].

The motion of Martian ions show that they are accelerated by solar wind, on
average, will flow downstream or tailward and eventually escape into interplane-
tary space [Nilsson et al., 2012; Fränz et al., 2015]. Nonetheless, not all planetary
ions flow downstream.

For Venus, which also possesses an induced magnetosphere owing to the inter-
action between solar wind and its ionosphere, previous studies have reported
on the presence of sunward ions in the induced magnetotail, which probably
reduce ion escape [e.g., Dubinin et al., 2012, 2013; Lundin, 2011; Kollmann et
al., 2016; Persson et al., 2018, 2020]. In these studies, sunward flows are also
referred to as “planetward flows” or “return flows”. Furthermore, Kollmann et
al. [2016], Persson et al. [2018] and Masunaga et al. [2019] found that the
occurrence rate of sunward flows and the total sunward flux seems to increase
from solar minimum to solar maximum, leading to a decrease in the total net
escape rate of heavy ions at solar maximum. This indicates that sunward flows
can significantly impact the ion escape at Venus and its atmospheric evolution
[Persson et al., 2020].

For Mars, the sunward ions (or planetward flows) in the Martian current sheet
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were observed and can be explained by magnetic reconnection [Harada et al.,
2015a, 2015b, 2017, 2020]. However, these studies only concern the planetward
flux or flow in the current sheet. Therefore, the global properties of sunward
flows in the Martian magnetotail are still not completely understood. The key
question is whether sunward flows significantly reduce ion escape at Mars as they
do at Venus. The relationship between sunward flows, solar wind conditions, and
crustal fields are still unclear. Targeting these problems, we utilize a dataset of
long period ions data measured by Mars Express (MEX) to reveal the global
properties of sunward flows, their effects on ion escape, their variation in the
solar cycle, and their comparison to Venusian sunward flows. Studying these
flows is beneficial to understanding the tail dynamics and the evolution of the
Martian atmosphere.

2 Datasets and Coordinates

In this study, we used the dataset of long period of ion data (2007.5–2020.12)
as measured by the Ion Mass Analyzer (IMA), which is part of the Analyzer of
Space Plasma and Energetic Atoms (ASPERA-3) instrument package on Mars
Express (MEX) [Barabash et al., 2006]. The intrinsic elevation-azimuth field of
view (FOV) of IMA is 4.5∘ ×360∘. By stepping the deflection voltage for 16 steps
in the entrance deflection system, IMA expands the elevation to ±45° and the
FOV to 90∘ × 360∘, obtaining a partial three-dimensional particle distribution.
After passing through the entrance deflection system, the ions enter the top hat
electrostatic energy analyzer (ESA), which measures 96 different energy levels
in 12s increments with a 7% energy resolution. Therefore, a full elevation sweep
of 16 steps takes 192s (16 steps × 12s). Before May 2007, the energy range was
30 eV to 32 keV. From May 2007 to November 2009, the range was 10 eV to 25
keV. After November 2009, the energy range was 1 eV to 15 keV.

Ions of different masses can be separated in the magnetic deflection system due
to the mass-per-charge (M/q) -dependent gyroradius. Detection of particles
is made by micro-channel plates (MCPs) with anodes divided into 32 radial
positions, corresponding to 32 mass channels. In addition, the MCPs are also
divided into 16 sectors of 22.5∘, which records the azimuthal direction of ions.
Therefore, a full ion distribution consists of 32 mass channels × 96 energy steps
× 16 azimuthal directions× 16 elevation directions.

We use Mars Solar Orbital (MSO) coordinates here, where ⃗⃗⃗ ⃗⃗ ⃗⃗𝑋MSO points from
Mars to the Sun, ⃗⃗⃗ ⃗⃗ ⃗𝑌MSO points opposite to Mars’ orbital velocity, and ⃗⃗ ⃗⃗ ⃗⃗𝑍MSO
completes the right-handed system.

3 Method

3.1 Moment Calculation

To study sunward flows, we mainly use moment data based on the 3D velocity
distribution of ions. It is necessary to remove the noise before the moment cal-
culation, the first of which is the “proton ghost.” Part of the H+ deflected by
the magnetic field of the mass determination will hit the surface of magnets and
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subsequently scatter and cause a signal on a broad range of mass channels, a
signal which is referred to as “ghost” and which can affect the moment calcula-
tion for heavy ions [e.g., Fedorov et al., 2011]. In addition to this “ghost,” solar
ultraviolet (UV), and the Mars Advanced Radar for Subsurface and Ionosphere
Sounding (MARSIS) which was onboard the Mars Express, affect ion measure-
ments [Voshchepynets et al., 2018]. In this study, we have removed all known
types of “ghost” and other noise contaminations by following the same method
in Nilsson et al. [2010, 2011, 2012, 2021].

After this, we apply the multispecies fitting technique to separate the distribu-
tion of different species (e.g., H+, He2+, O+, and O2

+). This method, based
on fitting a Gaussian distribution function for each species, was discussed and
successfully applied for IMA data [Rojas-Castillo et al., 2018]. Figure 3 in Rojas-
Castillo et al. [2018] shows how it can be used to separate different species.

Each ion detected by IMA can be represented in a distribution function in phase
space, 𝑓( ⃗⃗⃗ ⃗⃗ ⃗𝑉 ), where ⃗⃗⃗ ⃗⃗ ⃗𝑉 = (𝑉𝑥, 𝑉𝑦, 𝑉𝑧) represents the particle’s velocity. 𝑓( ⃗⃗⃗ ⃗⃗ ⃗𝑉 )
can be written in terms of the measured differential particle flux and energy:

(1)

where m is the particle’s mass, E is particle’s energy, and the differential number
flux (J) is a function of energy and the solid angle [e.g., Fränz et al., 2007]. We
can then calculate the density and velocity through the plasma moments, defined
as:

(2)

Therefore, the density, 0th moment (k=0) can be written as:

(3)

In the spherical coordinates of IMA, it can be rewritten as:

(4)

where 𝜃, 𝜙 are the elevation and azimuth angles, respectively. The elevation
angle corresponds to an angle between the particle’s velocity and XYIMA plane;
for example, 𝜃 = 90(−90)∘ is the +⃗⃗⃗⃗⃗⃗𝑍IMA (−⃗⃗⃗⃗⃗⃗𝑍IMA), while 𝜃 = 0∘ represents
the XYIMA plane. The azimuth angle 𝜙 is in the XYIMA plane, opening from
+ ⃗⃗⃗⃗⃗ ⃗⃗𝑋IMA with a positive right-hand rotation at +⃗⃗⃗⃗⃗⃗𝑍IMA. 𝑉𝑚 represents the ion’s
speed, calculated by 𝑉𝑚 = √2𝐸𝑚/𝑚 .

Similarly, we can find the flux of each direction from 1st moment:

(5)

Therefore, the velocity of particles in IMA frame can be obtained:

(6)

Finally, we convert the velocity into an MSO frame and correct for spacecraft
velocity.
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In order to obtain a reliable velocity, we calculate moments based on ions with
energy higher than 50 eV. The first reason for this is that low-energy ions (E<50
eV) might be influenced by spacecraft potential. Both the ions’ energy and the
viewing direction will be changed and distorted when the ion energy is less than
twice the spacecraft potential [Bergman et al., 2020]. The typical potential of
MEX is lower than 10 V [Fränz et al., 2006], which indicates that our moment
data of ions with an E>50eV is reliable. The second reason is that the entrance
deflection system voltage is set to as close to zero deflection as possible for low-
energy ions (E<50eV), resulting in a narrow field-of-view (FOV); and since only
two-dimensional distribution is measured for low-energy ions, the ion moment
calculation is incomplete. Using measurements above 50 eV results in moments
that are incomplete in energy, but in a well-defined and predictable manner. A
similar study using the lower energy (E<50 eV) data is reserved for a further
study.

3.2 Selecting Criteria of the Sunward Flows

We set the following selection criteria to find the sunward flows events:

1. The spatial region we survey is the magnetotail, that is, XMSO<0 and
𝑅MSO = √𝑌 2

MSO + 𝑍2
MSO < 𝑅MPB, where (XMSO, YMSO, ZMSO) represent

the position of MEX. RMPB represents the radial position of the magnetic
pile-up boundary (MPB) from the model of Trotignon et al. [2006].

2. To guarantee that the ions are well resolved by IMA, particularly in
the Sun and tail direction (which are important for evaluating the sun-
ward flows), we only include the data when the elevation angle of the
Sun and anti-Sun directions are within the FOV of IMA frame, meaning
|𝜃Sun| < 45∘, |𝜃𝑎𝑛𝑡𝑖−𝑆𝑢𝑛| < 45∘, where 𝜃Sun represents the elevation angle
of Sunward direction while 𝜃𝑎𝑛𝑡𝑖−𝑠𝑢𝑛 represents the elevation angle of anti-
Sunward direction in IMA frame. This step helps us at least to obtain a
reliable estimate of the Vx component of ions.

3. We select sunward flow events from our dataset, which means that the
bulk velocity of O+ or O2

+ is sunward, that is, Vx>0.

4. Due to the spacecraft blockage in the FOV of the IMA, we visually in-
spected the FOV of each event that fulfilled the above criteria and selected
the reliable cases.

4. Case Study

We briefly examine a typical sunward flow case that occurred during 06:20–08:00
on February 11, 2016.

Figure 1 shows an overview of the event. Figure 1a and 1b show the trajectory
of MEX projected onto the XRMSO plane and the YZMSO plane (red line),
where RMSO is calculated by 𝑅MSO = √(𝑌 2

MSO + 𝑍2
MSO). As shown in the

energy-time spectrogram of electrons (Figure 1c) and H+ (Figure 1d), MEX
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first detected the upstream solar wind and subsequently crossed the bow shock
(BS) at ~06:15 into the magnetosheath, which was identified by the appearance
of heated electrons. MEX then crossed the magnetic pile-up boundary (MPB)
and entered the magnetosphere at ~06:58, characterized by a decrease in heated
electrons (Figure 1c) and proton flux (Figure 1d). After about 30 minutes, MEX
crossed the outbound MPB at 07:22. We indicate these boundary crossings with
black vertical lines in Figure 1. The outbound BS crossing, however, is hard to
identify from the spectrum of electrons due to strong wave activity.

This event occurred during 07:02:56–07:06:08, when MEX was lo-
cated at (–0.8, 0.77, 0.15) Rm (Rm=3396km, Mars radius) with an
altitude of 395 km (see the red-shaded region in Figure 1c–1h), which
was within the Martian magnetotail. During this period, MEX mea-
sured heated heavy ions (Figure 1e, 1f) with an energy range from 10
eV to 200 eV. The bulk velocity of both O+ and O2

+ were sunward
(Figure 1g), implying that they were returning towards Mars.

We plotted the angular distribution of O+, O2
+ in IMA frame to

check the reliability of the bulk velocity and studied the ions’ motion
in more detail (see Figure 1i, 1j). The shaded region is the FOV of
the IMA during this event. We found that the main populations of
O+ and O2

+ are within the FOV, implying that the ion distribution
was resolved. Therefore, this event meets all criteria in Section 3.2
and can be regarded as a sunward flow event.

Through inspection of the angular distribution, we find that O+ con-
sists of two populations, one sunward-moving and the other tailward-
moving. The flux of the sunward population is higher than the tail-
ward part, leading to a net sunward bulk velocity of O+. Meanwhile,
O2

+ shows a similar distribution to O+, but counts of the tailward
part are fewer than O+. The bulk velocity of O+ and O2

+ are basi-
cally identical, suggesting ions of both species were moving together
(Figure 1g).

Of particular interest here is that this event occurred around crustal
fields, which have enhanced magnetic field strength, as calculated by
the Martian crustal fields model (Figure 1h) [Gao et al., 2021]. This
suggests that crustal fields might play a key role in driving sunward
flow, a possibility we consider in Section 5.2.
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Figure 1. Overview of the typical sunward flow events that occurred during
06:20–08:00 on February 11, 2016. (a–b) MEX orbital trajectory during this
event (red lines). Views are shown (a) in the XR plane, and (b) in the YZ plane.
The black curves in (a) denote the nominal BS and MPB using the model in
Trotignon et al. [2006]. The blue arrow is the bulk velocity direction of sunward
O+. The energy spectrum of electrons is shown in (c), for H+ in (d), O+ in
(e), and O2

+ in (f). (g) shows the Vx of O+ and O2
+. (h) is the horizontal

(red line), radial (blue line), the magnitude of magnetic fields calculated by
the crustal fields model [Gao et al., 2021]. The black vertical lines denote the
crossing of BS or MPB. (i) and (j) display the angular distribution of O+ and
O2

+ in the IMA frame respectively. The red dashed lines in (i) and (j) represent
the boundary that separates sunward and tailward flow.

For this event, the net sunward flux of O+ and O2
+ is about 6.4×105 cm-2s-1

and 4.8×105 cm-2s-1 respectively, which is about one order of magnitude lower
than the average observed escape flux in the magnetotail (on the order of 106

cm-2s-1) [e.g. Nilsson et al., 2011, 2021; Brain et al., 2015; Inui et al., 2019].

1. Statistical Results

To draw a global picture that surveys the properties of Martian sunward flows,
we conducted a statistical analysis of sunward flow events based on over 13
years of IMA data, measured from May 2007 to December 2020. We found 98
events of sunward O+ and 134 events of sunward O2

+ based on the criteria
listed in section 3.2. The period of each event was less than 6 minutes, and
only one data point of bulk velocity that corresponded to each event could be
derived. Note that sunward flows are different from the nightside heavy ions
precipitations studied by Diéval et al. [2013] and Hara et al. [2018], in which
only the sunward flux in low-altitude ionosphere (<350km) was considered.

1. Spatial Distribution in MSO Frame

Figures 2a and 2b show maps of the total number of data points with a de-
termined bulk velocity of O+ and O2

+ respectively in each bin with a size of
0.2Rm×0.2Rm. A major part of the data for both O+ and O2

+ is located in the
terminator region, due to a bias in the selection criteria, where the IMA attitude
should provide the Sunward and anti-Sunward directions inside the FOV (see
Section 3.2), and is therefore more probable in the terminator region. Still, we
have significant coverage of the entire tail up to 2.5 RM downstream from the
tail.
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Figure 2. (a) and (b) show the total number of the data points with determined
bulk velocity of O+ and O2

+ in XRMSO plane. (c) and (d) display the projection
of the bulk velocity of 98 events of sunward O+ and 134 events of sunward O2

+

respectively. (e) and (f) show the spatial occurrence rate of sunward O+ and
O2

+ respectively. In all panels, black lines indicate the MPB, as found in the
model of Trotignon et al. [2006], while black half-circles represent Mars.

We project the bulk velocity for 98 events of sunward O+ and 134 events of
sunward O2

+ respectively onto the XRMSO plane (Figures 2c and 2d). We find
that the velocity of these events is mostly directed towards Mars, which confirms
that the heavy ions are moving towards Mars; this suggests our selection criteria
are valid.

Figures 2e and 2f show the spatial occurrence rate of sunward O+ and O2
+

respectively. This rate is calculated by 𝑁events
𝑁total

, where 𝑁events represents the total
sunward events and 𝑁total the total number of data points in each spatial bin.
The gaps or white region represent zero sunward flow events in that bin. Clearly,
the spatial occurrence rate is higher near Mars (RMSO<0.5Rm and XMSO>–
1.5Rm), whereas sunward flows disappear beyond XMSO<–2Rm. Furthermore,
the spatial occurrence rate is generally very low, with the largest value of 0.13
(Figure 2e–2f). This suggests that the appearance of sunward flows is scarce in
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the Martian tail but more frequent in the Venusian tail [Persson et al., 2018].

1. Influence of Crustal Fields

In the case study discussed in Section 4, sunward flows occurred above the
crustal fields, which might indicate that the flows are associated with crustal
field. Here, we survey the spatial distribution of sunward flow events in Planeto-
centric coordinates to investigation the possible correlation with crustal fields.

Figure 3. (a) and (b) show the map of total number of data points with deter-
mined bulk velocity of O+ and O2

+ respectively in Planetocentric coordinates.
(c) and (d) display the locations of 98 events of sunward O+ and 134 events
of sunward O2

+ respectively, which are represented by red dots overlapping a
crustal fields model [Gao et al., 2021]. (e) and (f) show the spatial occurrence
rate of sunward O+ and O2

+ respectively. (g) and (h) show the occurrence rate
of sunward flows versus crustal magnetic fields strength respectively.

Figures 3a and 3b map the total number of data points with a determined bulk
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velocity of O+ and O2
+ in each bin with a size of 20°×20° in Planetocentric

coordinates. There are more observations near the equator region due to the bias
of orbit coverage and the IMA’s attitude. Figures 3c and 3d show the location
of events of sunward O+ and O2

+ in Planetocentric coordinates that overlap
with crustal fields at 160 km, which was obtained from a crustal fields model
[Gao et al., 2021], respectively. Figure 3c–3f shows that most events for both
O+ and O2

+ occurred above magnetic anomalies, especially in the strongest
crustal fields region (Latitude~–50, Longitude~180).

Figure 3g–3h shows in greater detail the dependence between the occurrence
frequency of sunward flows and the crustal fields’ strength. Calculating the
strength for each data point using the model of Gao et al. [2021], we find a
clear correlation between crustal field strength and sunward O+ and O2

+. In
the rightmost bin (80–90nT), the likelihood of sunward flow is nearly 2 to 3
times the planetary average (0.0077, 0.0107 for O+, O2

+).

These results strongly suggest that crustal fields play a key role in driving sun-
ward flows. We also surveyed the relationship between these flows and the
elevation angle of the crustal fields, but found no clear dependence (details not
shown here). However, the low time resolution (192 s) of the IMA cannot resolve
the fine structures of magnetic anomalies, which might affect this result.

1. Influence of Solar Activity

Kollmann et al. [2016] found that there is a correlation between Venusian sun-
ward flows and solar activity. Our dataset covers over 13 years, corresponding
to more than one solar cycle (one solar minimum to the next solar minimum),
which provides an opportunity to investigate the relationship between sunward
flows and solar activity at Mars.

Following the variations of the F10.7 index as shown in Figure 4a, we divide
the data into three segments, which correspond to two solar minimum periods
(green regions) and one solar maximum period (yellow region). Note that our
results will not significantly be affected although the F10.7 index is measured
at Earth.

From Figure 4b, we see that the temporal occurrence rate of both sunward
O+ and O2

+ is higher during solar maximum, indicating a correlation with
solar activity. This is similar to the case at Venus and implies that sunward
flows might become more significant during solar maximum. However, the low
temporal occurrence rate (on the order of 10–3 or 10–4) of sunward flows indicates
they do not dominate on Mars, regardless of the solar activity, while for Venus
they can reach an occurrence rate as high as 0.8 [Kollmann et al., 2016].

To obtain the global response of sunward and tailward flux and its dependence
on the solar activity, we follow Ramstad et al. [2015, 2018] and reconstruct
the average ion distributions in the MSO frame for the period of each segment,
where we re-binned the data into an average ion distribution by using an angular
discretization step of 22.5∘ × 22.5∘ and an energy table that is the same as the
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post-2009 IMA one.

Based on the averaged ion distribution for the period of each segment, we can
calculate the sunward flux, the tailward flux and the net flux for both O+

and O2
+ (Figures 4c–4e). Figures 4c and 4d show that the sunward flux is

approximately two orders of magnitude lower than the tailward flux for the
whole time, suggesting that tailward-escaping ions were dominating regardless
of solar activity. Furthermore, although the sunward flux reaches higher levels
during solar maximum (Figure 4c), the more enhanced tailward flux (Figure 4d)
leads to an increased net escape of ions (Figure 4e), which is different to the case
at Venus where the net escape is reduced during solar maximum. Our results
are also consistent with previous studies that positively correlate net escape and
solar activity at Mars [e.g., Ramstad et al., 2015; Dubinin et al., 2017; Dong et
al., 2017; Nilsson et al., 2021].

Figure 4. (a) F10.7 index; (b) temporal occurrence rate of sunward O+ (red)
and O2

+ (blue); (c), (d), and (e) show the sunward, tailward and net flux of
O+ and O2

+, respectively. The green (yellow) shadow regions above this figure
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represent the time interval of solar minimum (solar maximum).

1. Discussion and Conclusion

Using over 13 years of ion data that was measured by the IMA onboard Mars
Express, we performed a statistical survey on sunward flows of heavy ions (O+

and O2
+) in the Martian magnetotail. Our study provides a global picture of

such sunward flows, which could help us understand plasma dynamics and ion
escape at Mars. The main results can be summarized as follows:

1. Both the sunward O+ and O2
+ mainly occur around crustal fields and are

associated with strong crustal fields, indicating that they play a key role
in generating sunward flows.

2. During solar maximum, as opposed to solar minimum, the temporal oc-
currence rate of sunward flows increases and the sunward flux is higher.
However, more enhanced tailward flux still leads to greater ion removal
during solar maximum.

3. The temporal occurrence rate of sunward flows (on the order of 10–3 to
10–4) are low regardless of solar activity. Furthermore, the sunward flux
is about two orders of magnitude lower than the tailward flux, indicating
that most of the heavy ions were escaping to interplanetary space rather
than returning to Mars. This result suggests that sunward flows will not
reduce the ion escape significantly at Mars during any solar activities,
which is different in the case at Venus.

In terms of the space environment, there are three major differences between
Venus and Mars. The first is that plasma dynamics on Mars are more kinetic
than those on Venus due to the small radius of Mars. Compared with the signif-
icant presence of sunward flows at Venus, our results might suggest that kinetic
effects (e.g., the finite gyroradius effect) inhibit the generation of these flows.
The second is that the plasma density of the Martian ionosphere is far more
tenuous than that of the Venusian ionosphere. Thus, the draped field lines
in the Martian tail could move faster due to a weaker mass-loading effect of
the ionosphere; this could inhibit magnetic energy storage and the triggering of
magnetic reconnections in the tail. As a result, sunward flows triggered by such
reconnection would be seldom observed. However, during solar maximum, the
ionosphere becomes denser and broader and forms a more Venus-like environ-
ment, which could increase the occurrence rate of sunward flows [e.g., Yamauchi
et al., 2015; Liemohn et al., 2017].

The third difference is that Mars possess localized intense crustal fields. The
crustal fields can trap tailward heavy ions, forming the sunward flows that even
return to Mars. In addition, non-gyrotropic distribution of ions driven by the
crustal fields could sometimes manifest as a sunward flow. For example, when
the ions gyrate downward into strong crustal fields, on the assumption they
are below the altitude of spacecraft, these ions cannot move back towards the
spacecraft’s location due to a significant decrease of gyroradius ( mV

Bq ): that is,
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they are trapped by crustal fields below spacecraft altitude. This may lead
to the sunward flows that we observed. This might explain the correlation
between crustal fields and sunward flows, as well as there being no dependence
on the local elevation angle of crustal fields (since strong ones are below the
altitude of spacecraft). However, this mechanism is only valid for sunward flows
that occurred at a distance between crustal fields and locations shorter than
2×gyroradius.

For sunward flows that occurred at a high altitude, we suggest that they are
a results of tail reconnection and sunward J×B force [e.g., Zhang et al., 2012;
Gao et al., 2021; Harada et al., 2015b, 2017, 2020; Zhang et al., 2022]. There-
fore, a combination of several mechanisms might drive sunward flows at Mars.
We also find that sunward flows only occur in the near-tail (XMSO>-2Rm). If
reconnection could drive sunward flows, our results imply that magnetic recon-
nection cannot occur in the distant tail (XMSO<-2Rm). This is consistent with
the study of Harada et al. [2017, 2020].

Data Availability Statement
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[Zhang, 2022]. The F10.7 index was retrieved through the OMNI data service
at https://omniweb.gsfc.nasa.gov.
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