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Abstract. = We present the effects of the local magnetic field configura-
tions on ions precipitating into the upper atmosphere of Mars using MAVEN
observations. Precipitating pickup planetary heavy ions (O*, OF, and CO3)
are of particular interest in the Martian plasma environment because they
potentially enhance the sputtering loss of ambient neutral particles. In ad-
dition; solar wind protons (and H" pickup ions) penetrate into the dayside
atmosphere due to the direct interaction with the Martian obstacle. We present
a statistical study showing that precipitating ion fluxes are typically enhanced
by a factor of 2-3 under radial field configurations. We also show that the
crustal fields have a shielding effect; the precipitating fluxes are significantly
reduced by ~50 % under the strong crustal fields (2 100 nT), where the lo-
cal magnetic field is oriented with a more horizontal component to the sur-
face. These trends are seen consistently regardless of ion species, as well as
the observed locations including dayside/nightside, subsolar longitudes, and

+ E hemispheres in the Mars-centered Solar Electric (MSE) coordinates. In
particular, the local magnetic field configurations control precipitating ions

with energies lower than a few keV, while precipitating high-energy ion fluxes
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are likely independent of the local magnetic field configurations. Precipitat-
ing ion fluxes are known to vary by at least an order of magnitude depend-
ing on the upstream solar wind. Therefore, the local magnetic field config-
urations turn out to be the secondary factor in modulating precipitating ion
fluxes at Mars.

Keypoints:

e Investigated the effects of the local crustal field configurations on pre-
cipitating ion fluxes into Mars

e Precipitating ion fluxes increase by a factor of 2-3 with the radial crustal
fields, while decrease by half with horizontal crustal fields

e _The local crustal fields consistently control precipitating ion fluxes re-

gardless of their species and the observed location
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1. Introduction

Since Mars does not possess a global intrinsic magnetic field, the solar wind can directly
interact with the Martian upper atmosphere. Planetary ions (mainly O*, OF, CO;, and
H*) ‘at Mars can easily gain sufficient energy to escape to space in this scenario with
the solar wind. When neutral particles in the Martian upper atmosphere are ionized by
solar photons, charge exchange with penetrating solar wind, or solar wind electron impact
le.g., Shizgal and Arkos, 1996; Curry et al., 2013], these new-born ions are accelerated by
the upstream solar wind electric field. This accelerated process is widely known as “ion
pickup”. While some ions gain enough energy to escape, other pickup ions precipitate back
into the upper atmosphere of Mars. These precipitating heavy ions play an important role
in atmospheric loss at Mars because they can transfer enough momentum and energy to
the ambient neutral particles sufficient to enable their escape from the planet. This neutral
escape process is referred to as “sputtering”. Numerical simulations have predicted that
the atmospheric loss rate due to sputtering caused by pickup heavy ions is much smaller
than other atmospheric escape processes in the present epoch [e.g., Luhmann et al., 1992;
Chaufray et al., 2007]. However, sputtering could have been a major atmospheric escape
channel from Mars in a past epoch due to the extreme solar EUV and solar wind conditions
[e.g., Luhmann et al., 1992].

Although no direct measurements of neutral sputtered particles are currently available,
Mars Atmosphere and Volatile EvolutioN (MAVEN) mission can observe the catalyst for
sputtering by making measurements of precipitating ions. Previous studies have sug-

gested that precipitating ion fluxes are highly variable by at least an order of magnitude
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depending on the upstream solar wind conditions [e.g., Hara et al., 2011]. Furthermore,
global maps of precipitating ions show an asymmetric pattern with respect to the up-
stream solar wind electric field direction, where precipitating heavy ion fluxes observed
in the —FE hemisphere (where the solar wind electric field is pointed toward Mars) are
typically stronger than those in the +FE hemisphere. Numerical simulations have pre-
dicted this hemispheric asymmetry of precipitating ions along the solar wind electric field
[e.g., Luhmann and Kozyra, 1991; Chaufray et al., 2007; Fang et al., 2013; Curry et al.,
2015]. Recently, such a hemispheric asymmetry of precipitating ion fluxes with respect to
the direction of the upstream solar wind electric field was observationally confirmed by
MAVEN [e.g., Brain et al., 2015; Hara et al., 2017a; Masunaga et al., 2017].

In addition to the precipitating pickup ion fluxes, the solar wind protons are known to
penetrate into the dayside atmosphere [e.g., Dival et al., 2012, 2013; Halekas et al., 2015a,
2017; Halekas, 2017]. While they do not generally contribute to the sputtering loss, they
can deposit potentially significant energy fluxes, leading to proton aurorae, similar to those
occurring in the Earth magnetospheric cusp region. The amount and spatial distribution
of these penetrating protons clearly depend on the magnetic field morphologies at the solar
wind boundary, as well as the altitude where charge exchange neutralizes the protons.

The statistical study by Hara et al. [2017a] revealed that precipitating ion fluxes ob-
served by MAVEN with an altitude between 200 and 350 km vary at least by an order
of magnitude depending on either the upstream solar wind conditions (e.g., the dynamic
ram pressure and strength of the interplanetary magnetic field (IMF)), or the observed

locations (dayside/nightside). They conclude that gyro radii of pickup ions determined
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by upstream solar wind conditions are one of the most important factors in controlling
the global ion precipitation map along the upstream solar wind electric field.

In addition to the upstream solar wind conditions and solar wind electric field, the
local magnetic field configurations at Mars are another significant factor in controlling
the behavior of precipitating ions of all species and energies. Mars possesses local, strong
crustal magnetic fields with a strength larger than at least a few hundreds nT at ~400 km,
which are primarily distributed in the southern hemisphere with a geographic longitude
of ~180° [e.g., Acua et al., 1998, 1999]. Thus far, a variety of plasma (or magnetospheric)
dynamics have been reported in the vicinity of the Martian crustal magnetic fields, such
as auroral electrons precipitation [e.g., Brain et al., 2006a; Dubinin et al., 2008; Soobiah
etal.,12013; Xu et al., 2014; Grard et al., 2015] leading to UV emissions [e.g., Bertauxet
al., 2005; Leblanc et al., 2008, the inverted-V signatures presumably associated with en-
hancements of ion outflows [e.g., Lundin et al., 2006a,b], flux rope formations [e.g., Brain
et al., 2010; Morgan et al., 2011; Beharrell and Wild, 2012; Soobiah et al., 2014; Hara
et al., 2014, 2017b] presumably in consequence of magnetic reconnection [e.g., Eastwood
et al., 2008; Halekas et al., 2009; Harada et al., 2015, 2017], energy-time dispersed elec-
tron signatures [Harada et al., 2016], and mini-magnetosphere [e.g., Lundin et al., 2011,
Brain and Halekas, 2012, and references therein]. Previous study has shown examples
of ion precipitation in crustal magnetic field regions during different electron energy flux
intensification signatures on ~9% of Mars Express (MEX) orbits over 18 months of data
[Soobiah et al., 2014]. However, the effects of local crustal magnetic field configurations
on precipitating ion fluxes onto Mars have not been investigated on the basis of compre-

hensive plasma and magnetic field observations yet. Previous numerical simulations have
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suggested that the crustal field can increase precipitating O™ ion fluxes substantially lead-
ing to the enhancement of sputtering by a factor of ~2 [Li et al., 2011]. Those numerical
simulations also predict that the crustal magnetic fields can vary the O™ ion precipitation
rates within a factor of 2, meanwhile the variation due to the upstream solar wind condi-
tions is larger than that due to crustal magnetic fields [Wang et al., 2014, 2015]. The main
goal for this study is to present observations of the dependence of precipitating ion fluxes
on the local crustal magnetic field configurations using larger data sets accumulated by
MAVEN than Hara et al. [2017a].

In this study, we adopt two different coordinate systems, including the Mars-centered
Solar Orbital (MSO) coordinate, and the Mars-centered Solar Electric field (MSE) co-
ordinate. The MSO coordinate system is defined with X toward the Sun, the Z axis
perpendicular to the ecliptic pointing to the northern hemisphere, and the Y axis com-
pleting the right-hand system. The MSE coordinate system is defined with the X axis
toward the Sun, the Z axis along the upstream solar wind electric field, and the Y axis
also completing the right-hand system. Moreover, we set two magnetic field angles in
order to easily infer the local magnetic field topology: the magnetic field elevation (= By)
is defined as the angle relative to the local horizontal plane, i.e., 0° means the magnetic
field is oriented purely horizontal to the Martian surface, while +90° (—90°) means the
magnetic field is oriented radially upward (downward). The magnetic field azimuth (=
B,) is defined as the angle in the local horizontal plane with 0° in the local eastward
direction and 90° in the local northward direction. These local magnetic field angles were

previously utilized in Brainet al. [2006b].
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2. MAVEN Observations Example

In this section, we present an example of ions precipitating into the Martian atmosphere
in the vicinity of the strong crustal magnetic field observed by the Solar Wind Ion Analyzer
(SWIA) and magnetometer (MAG) experiments onboard MAVEN on 1 November 2015
(Orbit #2120). SWIA is a cylindrically symmetric electrostatic analyzer with deflection
optics; allowing the sampling of high-cadence ion velocity distributions with energies from
~25 eV to ~25 keV as fast as every 4 s with high-energy resolution (7.5%) and angular
resolution (4.5° x 3.75° in the sunward direction, 22.5° x 22.5° elsewhere). The total field
of view (FOV) is 360° x 90° [Halekas et al., 2015b, 2017]. MAG is a tri-axial fluxgate
magnetometer to sample vector magnetic fields as fast as 32 Hz [Connerneyet al., 2015].

Precipitating ion fluxes are calculated by SWIA through integration over any ions de-
tected in the SWIA angular bins whose field of views (FOVs) are within a cone angle of
75° along the positive radial direction relative to the center of Mars. This methodology
is identical to the previous studies [Leblanc et al., 2015; Hara et al., 2017a]. During this
event, MAVEN traveled from north to south in the dayside induced magnetosphere and
ionosphere. When MAVEN was located at altitudes < 500 km, the magnetic field strength
(—B-—) in Figure le was much stronger than 100 nT; therefore, MAVEN crossed over a
significant strong crustal magnetic field region (see also, Figures 1i). Blue dashed lines in
Figures le-1g demonstrate that the crustal field model reproduced by Morschhauser et al.
[2014] are in good agreement with the MAVEN magnetic field measurements, especially
between 12:02 and 12:16 with altitudes lower than ~350 km.

One remarkable feature observed in this period is that SWIA intermittently recorded

enhancements of precipitating ion fluxes (of all species as SWIA does not distinguish
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composition) with energies up to a few keV around e.g., 12:01, 12:12, and 12:14, when
the spacecraft was in the altitudes between 200 and 350 km (between pairs of magenta
vertical dashed lines). Figure 1d shows that the total precipitating ion fluxes are enhanced
by a factor of ~8, and ~4 relative to the average total precipitating ion fluxes during
individual inbound and outbound segments (red horizontal dashed lines in Figure 1c).
Interestingly, these enhancements are coincident with the amplitude of the magnetic field
elevation (|Byl|) reaching at least ~45° and above in Figure 1f, i.e., the local magnetic
field is oriented radial. Smaller enhancements of precipitating ion fluxes associated with
the radial local magnetic field are also present in the lower altitude region, such as around
12:04 and 12:09. Figure 1b presents the SWIA FOV coverage, defined as the total solid
angles summed over the SWIA angular bins used in calculations for precipitating ions,
divided by the solid angle of a cone with apex angle 75°, i.e., 27 (1 — cos(75°)) ~ 4.66 str.
Note that the SWIA FOV coverage is entirely larger than ~0.7, indicating that SWIA is
capable of widely detecting ions precipitating into the Martian upper atmosphere.

Pink curves in Figures 1i and 1j are traced model crustal field lines in the vicinity of
the spacecraft trajectory based on Morschhauser et al. [2014]. These field line tracings
were performed until they reached the surface or the empirical induced magnetosphere
boundary from Trotignon et al. [2006]. Figures 1i and 1j visually show that precipitating
ion fluxes tend to be enhanced along the radial crustal field lines, i.e., in the magnetic
“cusp” region, while their fluxes are significantly reduced under the closed crustal magnetic
field loops due to the magnetic “shielding” effect.

The STATIC experiment adopts a similar toroidal electrostatic analyzer with a 360° x

90° FOV and is capable identifying ion species through a time-of-flight (TOF) velocity
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analyzing system [McFadden et al., 2015]. STATIC detects ions with energies from ~0.1
eV up to ~30 keV as fast as also every 4 sec with energy resolution (~15 %) and angular
resolution (22.5° x 6°). STATIC’s FOV and energy range are highly variable according
to the spacecraft altitude and/or attitude during every orbit. Hence, unfortunately, the
FOV of STATIC was not suitable for capturing precipitating ion populations during this
orbital crossing because of the spacecraft attitude. Nevertheless, STATIC measurements
during enhancements of precipitating ion fluxes indicate that high-mass planetary ion
species make up most of the lower energy populations (< 100 eV) while low-mass ions
(i.e., protons) comprise most of the higher energy populations (not shown here). Thus
most of which is analyzed in this study is interpreted as planetary heavy ions mainly
composed of OF, the dominant species of these altitudes. Note that Soobiah et al. [2018;
MAVEN case studies of plasma dynamics in low altitude crustal magnetic field at Mars 1:
Dayside ion intensifications associated with radial crustal magnetic field, in preparation
to submit to J. Geophys. Res. Space Physics| investigates the detailed plasma dynamics
associated with such precipitating ion phenomena in the vicinity of the dayside crustal

magnetic fields.

3. Statistical Results

Asmentioned above, precipitating ion fluxes into the Martian atmosphere are highly
variable by at least an order of magnitude depending on the upstream solar wind con-
ditions and/or the observed locations from dayside to nightside [e.g., Hara et al., 2011,
2017a]. Similar to the previous approach [Leblanc et al., 2015; Hara et al., 2017al, we focus
on the behaviors of ions precipitating into the Martian ionosphere observed by MAVEN at
an altitude between 200 and 350 km, which is approximately close to the Martian exobase
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[e.g., Yagi et al., 2012]. In order to examine the effects of the local crustal magnetic field
topology on the precipitating ion fluxes, we analyzed precipitating ion fluxes integrated
over the whole SWIA energy range, which are normalized by the average values between
200 and 350 km during individual MAVEN orbital inbound/outbound segments, namely,
we statistically used the results as shown in Figure 1d. The surveyed time interval is from
1 December 2014 until 28 February 2017; that is approximately more than one Martian
year. »In this study, we only used the SWIA data, whose FOV coverage is larger than
0.7 (see, Figure 1b), in order to widely capture ion populations precipitating toward the
Martian ionosphere in the same way to Hara et al. [2017a).

Figure 2 presents the statistical distributions with respect to the normalized precipitat-
ing ion fluxes as a function of the absolute value of the observed local magnetic elevation
angle (|By|) and the total magnetic strength (|B]). Hence, |By| = 0° means that the local
magnetic field is oriented to the local horizontal plane, indicating closed field lines, while
| Bo| = 90° means that the local magnetic field is oriented radially, indicating potentially
opened field lines, likely in the magnetic cusp region. In this study, we simply define the
observed region as dayside (nightside) with the solar zenith angle smaller (larger) than
90°. Figure 2 illustrates that some features are similar regardless of the effects due to the
dayside (Figure 2a) or nightside (Figure 2b). Under the horizontal (closed) magnetic field
configurations (|By| < 30°) with a strength stronger than ~50 nT (dayside; Figure 2a)
and ~30 nT (nightside; Figure 2b), the normalized precipitating ion fluxes are gradually
decreasing from the average precipitation values as the local crustal field strength gets
stronger. This is in agreement with previous simulations of the increased deflection of

incoming solar wind protons into the Martian ionosphere, under an increasingly strong
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horizontal induced magnetic field [Shematovich et al., 2011]. In particular, the normalized
precipitating ion fluxes reduce by approximately half to the average values when the local
field strength exceeds ~100 nT. This flux decreasing trend is likely more obvious on the
nightside (Figure 2b) rather than on the dayside (Figure 2a). On the other hand, under
the radial magnetic field configurations (|By| 2 60°), the normalized precipitating ion
fluxes are gradually increasing up to by a factor of 2-3 relative to the average precipita-
tion values, as the local crustal field strength gets stronger. This flux increasing trend is
conversely more obvious on the dayside (Figure 2a) rather than on the nightside (Figure
2b). Although there are some data gaps, the normalized precipitating ion fluxes might be
slightly increasing by a several tens of % for magnetic field strength weaker than ~10 nT
due to the weak shielding effects, due to larger ion gyro radii being less deflected under
low magnetic field strength conditions. It should be noted here that there are a few bins
that have a large standard error as shown in Figure S1 in the supporting information;
however, Figure S1 obviously shows that the tendencies of the normalized precipitating
ion fluxes with respect to the local magnetic field configurations mentioned above are
sufficiently valid.

Figure 2c is a difference plot, which is obtained by simply subtracting Figure 2b1 from
Figure 2al. It is clearly shown that a lot of bins are colored by gray, indicating that
these differences between dayside and nightside are not statistically significant. However,
interestingly, the normalized precipitating ion fluxes observed in the dayside tend to be
relatively enhanced those observed in the nightside under the local magnetic field above
~10nT, while this trend tend to be opposite under the local magnetic field smaller than

~10nT.
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Here we also divide Figure 2 according to the observed subsolar longitude (Figure 3) in
order to investigate global effects on crustal field locations with respect to the observed
local time. As mentioned in section 1, the Martian strongest crustal magnetic fields are
primarily distributed on the southern hemisphere with a geographic longitude of ~180°
le.g., Acua et al., 1998, 1999]; therefore, Figure 3 shows the statistical distributions of
the normalized precipitating ion fluxes as a function of the local magnetic field configura-
tions under the strongest crustal magnetic field located on (a) duskside, (b) dayside, (c)
dawnside, and (d) nightside, respectively. Regardless of the subsolar longitude, Figure 3
has similar dependences associated with the local magnetic field configurations on pre-
cipitating ion fluxes mentioned above. Note that the normalized precipitating ion fluxes
are remarkably enhanced under the radial magnetic field configuration with an amplitude
stronger than ~100 nT, when the strongest crustal magnetic fields are located on the
dayside (Figure 3b1l). While Figure 2 divides the MAVEN observations into the dayside
and nightside, Figure 3 accumulates both dayside and nightside observations to get better
data statistics. However, note also that we can still measure similar dependences associ-
ated with the local magnetic field configurations on precipitating ion fluxes, even though
we again separate Figure 3 into the dayside and nightside.

Figure 4 compares these statistical distributions of precipitating ion fluxes with respect
to the local crustal magnetic field configurations between the +F and —F hemispheres.
Since Figure 4 only uses MAVEN data when the direct measurements of the upstream
solar wind and the Martian ionosphere are available within a single MAVEN orbit, the
total number of data points for SWIA measurements in Figures 4a2-4d2 is significantly

smaller than those in Figures 2a2-2b2, especially for the dayside because of the MAVEN
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orbital configuration. Moreover, in the same manner as Hara et al. [2017a], an additional
data selection criterion is imposed with the standard deviation of the clock angle of the
interplanetary magnetic field (IMF) between individual orbital inbound and outbound
crossings must be smaller than 45°, in order to precisely transform the SWIA measure-
ments to the MSE coordinates. Figure 4 clearly shows that the global distributions are
mostly similar to Figure 2. Although, previous studies have shown that precipitating
heavy ion fluxes observed in the —FE hemisphere are generally stronger than those ob-
served in the +F hemisphere [e.g., Luhmann and Kozyra, 1991; Chaufray et al., 2007;
Fang et al., 2013; Curry et al., 2015; Hara et al., 2017a], we can not measure an obvi-
ous difference with respect to the dependence of local magnetic field configurations on
the normalized precipitating ion fluxes between +F hemispheres. We also made the dif-
ference plots shown as Figure 2c for Figures 3 and 4 (not shown here); however, these
differences are smaller than these standard errors for many bins. We thus conclude that
the local crustal magnetic configurations consistently play a role in controlling ion fluxes

precipitating into Mars.

4. Discussion

4.1. Heavy Ions/Protons Dependence

The previous section focuses on SWIA observations of precipitating ion fluxes observed
in the altitude between 200 and 350 km, which is approximately close to the Martian
exobase; such that ion species like planetary heavy ions (e.g., O, OF) or solar wind
origin protons (H') moving towards Mars have a large probability to impact the Martian
upper atmosphere. In this section, here we perform comparable analyses by using the

STATIC observations.
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As described in Hara et al. [2017a], there are certain observational constrains when an-
alyzing STATIC data. First, STATIC usually operates in the “Conic” mode with energies
between ~0.1 and 500 eV at altitudes between 200 and 350 km; therefore, the Conic mode
cannot capture precipitating pick up ion populations accelerated up to the high-energy
range (at least a few keV and above). So in this study we used the STATIC data only
when it operates in the “Protect” mode, allowing detection of ions with energies between
~30 eV and ~30 keV. Second, in principle we should use the high-dimensional STATIC
(so-called “D0” and “D1”) data products including energy (E), angular (deflection D, az-
imuth A), mass (M) arrays, in order to compute precipitating ion fluxes; however, these
higher dimensional STATIC data products are only available every 4-128 s, depending on
its energy modes and telemetry rates. This means that the volume of the STATIC data
used in this study is significantly smaller than that of the SWIA data. In order to aug-
ment the data statistics as much as possible, we employ the STATIC “D4” data product
(4D x 16A x 2M). While the STATIC D4 data product has no energy (E) information,
it is always available under the Protect mode as fast as every 4 s and it is sufficient to
compute at least the energy-integrated precipitating ion fluxes for both heavy ions and
protons, allowing us to make analogous distributions to those shown in Figures 2 and 4.

Figure 5 uses similar statistical distributions to Figures 2 and 4; however, the STATIC
data is derived from the STATIC D4 data product for both heavy ions (1: top) and protons
(2: center) during the Protect mode. Figure 5 has some similar tendencies of precipitating
ion fluxes with respect to the local magnetic field configurations consistent with those seen
in Figure 2, regardless of the ion species. For example, the normalized precipitating ion

fluxes gradually decreases where the local magnetic fields are horizontal with the elevation
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angle (|By|) smaller than ~30° as the local field strength (|B]) increases, whereas they
are enhanced by a factor of approximately 2-3 under the radial magnetic field fields (| By
2 60°). It should be mentioned here again that we also made the difference plot shown as
Figure 2c for Figures 5 (not shown here); however, these differences are also smaller than
these standard errors for many bins. Given that the local crustal magnetic field is strong
with a strength of 100 nT, the gyro radii of the planetary O™ ions (solar wind protons) are
calculated to be ~58 (14) km with energy of 100 eV, and ~183 (46) km with energy of 1
keV. These spatial scales are approximately comparable or sufficiently smaller than those
of the Martian crustal fields. It indicates that both ions tend to be magnetized, making
both heavy ions and protons motions likely controlled by the field structure. It thus
might be a possible explanation of why we could not measure the remarkable differences
associated with the local magnetic field configurations between heavy ions and protons
precipitating toward the Martian upper atmosphere from the current data sets of the

STATIC measurements.

4.2. Precipitating Ion Energy Spectra

So far, we have only discussed precipitating ion fluxes integrated over the whole SWIA
(or STATIC) energy range. But it is also important to understand the characteristics of the
energy spectra with respect to precipitating ion fluxes among a variety of local magnetic
field configurations as shown in Figure 6. Indeed, precipitating ion fluxes observed on
the dayside are significantly larger than those on the nightside (see, e.g, black solid and
dashed lines in Figure 6a). In addition, precipitating ion fluxes observed in the —FE
hemisphere are also slightly larger than those in the +E hemisphere (see, e.g., black solid

and dashed lines in Figures 6e and 6f). It should be noticed that regardless of the observed
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locations including dayside/nightside, and +E hemispheres, it is likely that the crustal
magnetic fields significantly shield ions, especially with energies lower than a few keV, from
precipitating toward the Martian upper atmosphere under strong and horizontal crustal
field configurations (seen as the flux decrease at energies < a few keV in the blue lines).
However, under the radial crustal field configurations (red lines), ions in a similar energy
range are easily allowed to precipitate toward the Martian upper atmosphere. At energies
higher than a few keV, precipitating ion fluxes tend to be approximately comparable
to the average energy spectra (black solid lines). This indicates that crustal magnetic
fields play a significant role in controlling precipitating low-energy ions, while high-energy
ions are able to penetrate into the Martian upper atmosphere regardless of the crustal
magnetic fields. It is because small gyro radii ions are more effectively shielded compared
to large gyro radii ions. These high-energy ions have been predicted to be a significant
driver for sputtering [e.g., Leblanc and Johnson, 2001, 2002; Wang et al., 2014]. Note
that the standard errors for individual energy spectra are negligibly small, because the

total number of data points used here are at least greater than 10000.

4.3. Magnetic Topologies Deduced from the SWEA Electrons Measurements

MAVEN is also capable of measuring both suprathermal solar wind electrons and iono-
spheric photoelectrons in the Martian plasma environment by the Solar Wind Electron
Analyzer (SWEA) [Mitchell et al., 2016]. SWEA is a symmetric electrostatic analyzer
designed to measure suprathermal electrons energy and angular distributions of 3 eV to
4.6 keV every 2 sec. The instantaneous FOV is 360° x 7°; however, an overall FOV is
360° x 120° through deflection sweep by +60°. These SWEA electron measurements are

also a powerful tool to deduce local magnetic topologies, because electrons are typically
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magnetized and their guiding center motions are strictly controlled along the direction
of the local magnetic field. Interestingly, the SWEA shape parameter (not shown here
but-explained briefly later) during our example shown in Figure 1 indicates that the lo-
cal magnetic field is open during the enhancement of precipitating ion fluxes observed
in the inbound segment around 12:01. But then, it remains closed for those observed in
the outbound segment around 12:12 and 12:14, nevertheless, the local magnetic fields are
likely to be radial. Indeed, some MHD models also predict that the radial magnetic field
around the Martian exobase is not always open field lines [e.g., Luhmann et al., 2015].
So we classify our statistical SWIA dataset used in Figure 2 into the local magnetic field
topologies deduced from the SWEA measurements.

In order to systematically estimate if the observed field lines are open or closed, we
employ the shape parameter characterized from the Martian ionospheric photoelectron
peaks recorded in the SWEA pitch angle resolved electron energy spectra (see, in detail
Xu et al. [2017]). Since the Martian photoelectron signatures are essential to determine
the shape parameter, in this study, we divided our statistical SWIA data set in computing
precipitating ion fluxes only observed in the dayside by using the SWEA electron shape
parameter. A closed field is determined by photoelectrons measured in both parallel and
antiparallel directions to the local magnetic field line, resulting in the shape parameter
smaller than unity (< 1) in both directions. On the other hand, an open field is determined
by photoelectrons measured in one direction and solar wind electrons measured in the
opposite direction, resulting in the shape parameter smaller than unity (< 1) in one

direction and larger than unity (> 1) in the opposite direction [Xu et al., 2017].
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As shown in Xu et al. [2017], the SWEA electron shape parameters suggest that the
closed field line configuration is the most common in the dayside at altitudes between 200
and 350 km with an occurrence rate higher than 80 %, relative to our statistical data
set, while the occurrence rate of open field line configuration is lower than 10 %. Figure
7 shows the energy spectra of precipitating ion fluxes observed on the dayside between
closed:(blue) and open (red) field line configurations deduced by the SWEA electron shape
parameter. One interesting feature is that observed precipitating ion fluxes under the open
field line configurations (red solid line) are larger than the average spectra (black solid line
in Figure 7, which is identical to the black solid line in Figure 6a) for the all energy regime,
while those flux enhancements are only seen in precipitating ions with energies lower than
a‘few keV in Figure 6. The total precipitating ion fluxes integrated over the whole SWIA
energy range (Fi.) under the open field line configurations are approximately 68 % larger
than those observed in all the dayside regardless of the local magnetic field configurations.
On the other hand, the Fi,; under the closed field line configurations is slightly smaller
by approximately 16 % than the average value.

Even only among the closed field line configurations (blue solid, dotted, dashed lines
in Figure 7), ions populations with energies lower than a few keV are easily precipitating
under the radial magnetic field configurations (blue dashed line), while their fluxes are
significantly reduced under the horizontal magnetic field configurations with a strength
larger than 100 nT (blue dotted line). Compared with the average precipitating ion fluxes
integrated over the SWIA energy range observed in the dayside, the Fi,; under the radial
closed field line configurations (blue dashed line) is larger by ~38 %, while the Fi.; under

the horizontal closed field line configurations with a strength larger than 100 nT (blue
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dotted line) is smaller by ~49 %. Therefore, we are still able to measure the tendencies
as seen in Figure 6 from the closed field line configurations deduced from the SWEA
shape parameter. The possible interpretation to understand these tendencies is that the
loop tops of the radial closed field lines can be located at higher altitude and have a
field strength significantly weaker than those of the horizontal closed field lines located
at lower altitude. It allows ion populations to easily penetrate toward the Martian upper
atmosphere, leading to the enhancement of precipitating ion fluxes even under the closed

radial field line configurations.

5. Concluding Remarks

In this paper, we have statistically investigated the influence of local crustal magnetic
field configurations on precipitating ion fluxes into the upper atmosphere of Mars based
on the MAVEN observations from 1 December 2014 through 28 February 2017. As sta-
tistically demonstrated by Hara et al. [2017a], precipitating ion fluxes into the Martian
upper atmosphere can vary by at least an order of magnitude depending on the upstream
solarwind conditions, +FE hemispheres, and dayside/nightside hemispheres. An enhance-
ment of this factor is significant enough to hide the effects of the local magnetic field
configurations on precipitating ion fluxes toward the Martian upper atmosphere. In order
to extract this effect associated with the local magnetic field configurations, we computed
the precipitating ion fluxes from every SWIA (or STATIC) three-dimensional distribution
funetions recorded in the altitudes between 200 and 350 km, and normalized their fluxes
by the averaged values observed in these altitude ranges for individual MAVEN orbital
inbound/outbound segments (see Figures 1c and 1d). Here are summarized the main
conclusions discussed in this paper (see also Figure 8):
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1. The precipitating ion fluxes integrated over the whole SWIA energy range are typ-
ically enhanced by a factor of 2-3 under radial magnetic field configuration (—By— 2

60°) as clearly presented in Figure 2.

2. The precipitating ion fluxes are significantly reduced by approximately a factor of
two under the horizontal (closed) magnetic field configurations (| By| < 30°) with strength

larger'than approximately 100 nT due to the magnetic shielding effect.

3. The influence of the local magnetic field configuration on the precipitating ion fluxes
are consistently seen regardless of the observed locations (i.e., dayside/nightside; Figure
2), the subsolar longitude (Figure 3), and the +F hemispheres in the MSE coordinates

as indicated by Figure 4.

4. We also measured the influence of the local magnetic field configuration on the
precipitating ion fluxes for both heavy ions and protons; however, significant differences
between ion species could not be found from the current MAVEN /STATIC data sets as

shown in Figure 5.

5. Figure 6 indicates that precipitating ions with energies lower than a few keV are
especially controlled by the local magnetic field configuration, while precipitating high-

energy ion fluxes are likely independent of the local magnetic field configuration.

6. According to the magnetic topologies deduced from the SWEA shape parameter, we
could identify the influence of the local magnetic field configuration on the precipitating
ion fluxes also for closed field line configurations (see Figure 7). It implies that the loop
tops-of the radial closed field lines can be found at significantly high altitude for ions
to penetrate toward the Martian upper atmosphere, resulting in the enhancements of

precipitating ion fluxes even under the radial closed field configurations.

(©2018 American Geophysical Union. All Rights Reserved.



As mentioned above, precipitating ion fluxes can vary with the local magnetic field
configurations by a factor of 2-3. This variation scale due to the local magnetic field
configurations is thus typically comparable to the numerical predictions [Li et al., 2011;
Wang et al., 2014, 2015]; however, the influence of the crustal fields is still smaller than
other factors, such as the upstream solar wind conditions, +F, and dayside/nightside
hemispheres, because they can be varied by at least an order of magnitude [Hara et al.,
2017a]. Therefore, our results suggest that the local crustal field configurations can be
regarded as a secondary and unique contributor in controlling the precipitating ion fluxes

into the Martian upper atmosphere.
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Figure 1. Overview of MAVEN measurements at altitudes lower than 800 km on 1 November
2015 (Orbit #2120): Figures la-1d show the SWIA measurements of (a) the precipitating ion
energy spectra in units of differential number flux (“Diff. Flux”), (b) the field of view (FOV)
coverage, (c) the total precipitating ion fluxes (“Int. Flux”) integrated over the whole SWIA
energy range. The horizontal red dashed lines are the averaged precipitating ion flux levels when
the spacecraft located at an altitude between 200 and 350 km for both inbound and outbound
segments. Figure 1d is the normalized precipitating ion fluxes, which are derived from the black
curve divided by the horizontal red dashed lines in Figure lc. Figures le-1g show the MAG
measurements of the local magnetic field (e) strength, (f) elevation and (g) azimuth angles. The
blue dashed curves are the modeled crustal fields predicted at MAVEN position by Morschhauser
et al. [2014]. Figure 1h displays the spacecraft altitude. Figures 1i and 1j illustrate the three-
dimensional orbital trajectory viewed from the local time (LT) of 09:00 (i) and 14:00 (j) with the
MSO latitude of -40°. The background blue-red contour is the radial component of the crustal
field model ranging from -20 nT to 420 nT at 400 km [Morschhauser et al., 2014], projected
onto the globe surface. Blue, green, and red solid lines are the projected Xyso, Ymso, and
Zvso axes, respectively. The orbital trajectory is color-coded according to the SWIA integrated

precipitating ion fluxes, which is same to y-axis range in Figure 1c.
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Figure 2. Statistical distributions of (1) the normalized precipitating ion fluxes integrated over
the whole SWIA energy range and (2) the total SWIA data, as a function of the absolute value
of the local magnetic elevation angle (|By|) and the total magnetic field strength (|B]) observed
by MAG on (a) dayside and (b) nightside. The individual observed precipitating ion fluxes
are normalized by the averaged values with altitudes between 200 and 350 km for individual
orbital inbound and outbound segments. Statistical distributions of the standard error of Figure
2 are shown in Figure S1 in the supporting information. Figure 2c is a difference plot, which
is obtained by subtracting Figure 2b1 from Figure 2al. The gray colored bins indicate that no
data is available for either Figure 2al or Figure 2bl, or these differences are smaller than the

standard error shown in Figure S1.

(©2018 American Geophysical Union. All Rights Reserved.



45° <ELON < 135° 135° < ELON < 225° 225° < ELON < 315° 315° <ELON, ELON < 45°

(a1) “Duskside” (b1) “Dayside” (c1) “Dawnside” (d1) “Nightside”
10° T T ns 10° T T ns 10 T T ns 10 T T ns
k] k] ] ]
I I i [t
c c < <
10? 2 10? 2 10° 2 10° 2
22 22 2g 22
= £ £ £ g £ g
£ o' § £ 10 § £ 10 § £ 10 §
£ e = e = £ = 2
= T = = [ o
10° ‘E 10° ‘E 10° ‘E 10° 1§
E E g g
10" Uo 10" 0 10" 0 10" Uo
0 30 60 90 0 30 60 0 0 30 60 0 0 30 60 90
|Bg| [deg] |Bg| [deg] |By| [deg] |Bg| [deg]
(a2) Total Data Points: 67727 (b2) Total Data Points: 67680 (c2) Total Data Points: 68528 (d2) Total Data Points: 68591
10% T T n 10° T T n 10° T T n 10° T T n
= = B B
10005 10005 100085 100035
10 < 10? <10 > 10? >
= oF oF aF o
E o 100 CE 4o 100 S5 o 100 CE 4o 100 9
2 8% 8= 8= 8
5 5 5 5
10° 10 g 100 10 g 10° 10 g 10° 10 g
H H H H
107 1 107 1 10" 1 10" 1

% % %0 %0

30 60 30 60 30 60 30 60
By| [deg] By| [deg] By| [deg] 1By| [deg]

Figure 3. Statistical distributions of (1) the normalized precipitating ion fluxes integrated over
the whole SWIA energy range and (2) the total SWIA data, as a function of the absolute value
of the local magnetic elevation angle (|By|) and the total magnetic field strength (|B|) under the
subsolar east longitude (ELON) of (a) 45° < ELON < 135°, (b) 135° < ELON < 225°, (c) 225°
< ELON < 315°, and (d) 315° < ELON, ELON < 45° respectively. Statistical distributions of

the standard error of Figure 3 are shown in Figure S2 in the supporting information.
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Figure 4. Statistical distributions of (1) the normalized precipitating ion fluxes integrated over
the whole SWIA energy range and (2) the total SWIA data, as a function of the absolute value
of the local magnetic elevation angle (|By|) and the total magnetic field strength (|B]) observed
on~(a) dayside +F, (b) nightside +F, (c) dayside —F, and (b) nightside —FE hemisphere,
respectively. Statistical distributions of the standard error of Figure 4 are shown in Figure S3 in

the supporting information.
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STATIC D4 (4Dx16Ax2M): 2014-12-01 - 2017-02-28;
Protect Mode: 30 eV < E < 30 keV
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Figure 5. Statistical distributions of the normalized precipitating fluxes for (1: top) heavy ions
and (2: center) protons, and of (3: bottom) the total number of the STATIC D4 data product,
as a function of the absolute value of the local magnetic elevation angle (|By|) and the total
magnetic field strength (|B]) observed on (a) the dayside and (b) nightside, respectively. Total
data points are shown at the top of Figures 5a3 and 5b3. Statistical distributions of the standard

error of Figure 5 are shown in Figure S4 in the supporting information.
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Figure 6. . Average energy spectra (black solid lines) with respect to ions precipitating to-

ward the Martian upper atmosphere in (a) the dayside, (b) the nightside, (c) the dayside +FE
hemisphere; (d) the nightside +FE hemisphere, (e) the dayside —E hemisphere, (f) the nightside
— FE hemisphere, respectively. Blue solid spectra are those observed under the horizontal crustal
magnetic field configurations (| By| < 30°) with strength stronger than 100 nT. Red solid spectra
are those observed under the radial crustal magnetic field configurations (|By| > 60°) regardless
of its field strength. Gray dotted spectra denotes the equivalent instrument one-count level. For
comparisons, black dashed lines are energy spectra with respect to differential precipitating ion
fluxes observed on (a) the nightside, (b) the dayside, (¢) the dayside —FE hemisphere, (d) the
nightside —F hemisphere, (e) the dayside +FE hemisphere, (f) the nightside +FE hemisphere,

respectively.
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Figure 7. The energy spectra with respect to ions precipitating toward the Martian upper
atmosphere in the dayside (black solid line), which is identical to the black solid line in Figure
6a. The blue (red) solid lines are that observed in the closed (open) field lines based on the
SWEA electron shape parameter. The blue dotted and dashed lines are also those observed in
the closed field lines; however, the local magnetic field is horizontal (|By| < 30°) with strength
larger than 100 nT, and radial (|Bg| > 60°) regardless of its strength, respectively. The gray

dotted line denotes the equivalent instrument one-count level.
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(not to scale)
Figure 8. Schematic illustration of ions precipitating in the vicinity of the Martian crustal
magnetic field. Black solid curves are crustal magnetic field lines. Black dashed arrow describes
the spacecraft trajectory. Blue and red arrows are trajectories of low- and high- energy ions

precipitating toward the Martian upper atmosphere.
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