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Abstract In this work, we study the influence of the September 2017 solar event on the precipitating
heavy ion fluxes toward Mars' atmosphere as seen by Mars Atmosphere and Volatile EvolutioN/Solar
Wind Ion Analyzer, an energy and angular ion spectrometer and by Mars Atmosphere and Volatile
EvolutioN/Suprathermal and Thermal Ion Composition instrument, an energy, mass, and angular ion
spectrometer. After a careful reconstruction of the background induced by the Solar Energetic Particle
event in the Mars Atmosphere and Volatile EvolutioN/Solar Wind Ion Analyzer spectrometer, we
investigate the precipitating ion flux responses to the space weather events that took place in September
2017. This period is a unique opportunity to analyze the respective role of various possible drivers of
heavy ion precipitation into Mars' atmosphere with a wide range of different space weather events
occurring during the same month. This study shows an increase in the precipitation flux by more than
1 order of magnitude during the arrival of the September Interplanetary Coronal Mass Ejection
compared to the average flux during quiet solar conditions. We also showed that among the possible
solar drivers, the solar wind dynamic pressure is the most significant during September 2017.

1. Introduction

Since September 2014, the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission has been dedicated
to the study and the characterization of Mars' present atmospheric escape (Jakosky et al., 2015). To fulfill
such objectives, MAVEN is composed of several instruments that allow us to characterize the different phy-
sical processes leading to Mars' current atmospheric escape (Lillis et al., 2015).

Atmospheric sputtering by planetary pickup ions is among the processes which may have contributed signif-
icantly to Mars' atmospheric evolution. Indeed, new ions created by the ionization of planetary neutral par-
ticles in the exosphere can be accelerated by the motional solar wind convective electric field. Depending on
their location with respect to both Mars and the electric field direction, these pickup ions can impact Mars'
atmosphere. Some of the energy from these ions can then be transferred by collisions to the atmospheric
particles, leading to their ejection from the exosphere and the erosion of Mars' atmosphere (Johnson,
1994; Luhmann & Kozyra, 1991).

Heavy planetary ion (which we define as having mass larger or equal to the mass of carbon atom) precipita-
tion is the primary driver of atmospheric sputtering. The first evidence of heavy ion precipitation during
quiet solar wind conditions has been reported by Leblanc et al. (2015), suggesting that atmospheric sputter-
ing must occur almost continuously at Mars. In addition, Hara, Luhmann, Leblanc, Curry, Seki, et al. (2017)
showed that the precipitating flux can be organized with respect to the orientation of the solar wind convec-
tive electric field. Lillis et al. (2015) and Edberg et al. (2009) also suggested that the precipitating flux should
be dependent on other upstream solar wind conditions, such as the solar UV/EUV and the Solar Energetic
Particle (SEP) flux, and the dynamic pressure. According to these articles, the EUV and SEP flux can heat
and ionize the Martian upper atmosphere, potentially increasing the supply of ion that may precipitate.
Moreover, the dynamic pressure compresses Mars' magnetosphere and favors the acceleration and
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precipitation of the planetary picked up ions. Also, the presence of crustal magnetic fields (e.g., Acuiia et al.,
1999) can also influence locally the precipitating flux as shown by Hara, Luhmann, Leblanc, Curry, Halekas,
et al. (2017).

Although atmospheric sputtering is a minor contributor to the atmospheric escape today, it is thought
to have been much more important four billion years ago (Chassefiere & Leblanc, 2004; Chaufray
et al.,, 2007; Luhmann et al., 1992). The early Sun is thought to have been a much stronger emitter
of both EUV and solar wind fluxes than today leading to much more intense heavy ion precipitation
(Leblanc & Johnson, 2001; Leblanc & Johnson, 2002). Moreover, the early Sun is also expected to have
been much more active, with generally more intense solar energetic events interacting with Mars much
more frequently than today. In this context, the series of solar events that took place in September 2017
(Guo et al., 2018; Lee et al., 2018; Ma et al., 2018; Romanelli et al., 2018; Xu et al., 2018) is a unique
opportunity to observe the effects on the heavy precipitating ion flux of an unusually high EUV flux
(during the strong flare event on the 11 September as an example), but also of an Interplanetary
Coronal Mass Ejection (ICME; during the 13 September encounter) and of a Corotating Interaction
Region (CIR) or of a Stream Interaction Region (SIR; during the 21 September encounter).

In the present work, we describe the potential influence of the September solar events on the precipi-
tating ion flux. In section 2, we first describe the different instruments used in this study as well as
the method used to estimate and remove the background on Solar Wind Ion Analyzer (SWIA) measure-
ments induced by the Solar Energetic Particle (SEP) events, as well as the method used to estimate the
solar wind parameters. In section 3, we present the temporal variability of the precipitating ion flux
during September 2017 solar events. We compare these results with those obtained during quiet solar
conditions period and discuss on the possible dependency of this precipitation with respect to solar con-
ditions. In section 3, we conclude with a discussion and a summary of the main results of this study.

2. Data and Method

2.1. Instruments and Data

In this study, we used data from two ion spectrometers aboard the MAVEN spacecraft, namely, the
Suprathermal and Thermal Ion Composition instrument (STATIC; McFadden et al., 2015) and the
Solar Wind Ion Analyzer (SWIA; Halekas et al., 2015). STATIC is an energy, mass, and angular ion
spectrometer operating in the range of 0.1 eV/q-30 keV/q, with a field of view (FOV) of 360° x 90°
and a mass range from 1 to 70 amu/q. For this study, we used exclusively the product d1 of STATIC
measurements with 4-s time resolution corresponding to 32 bins in energy, 4 bins along the polar direc-
tion, 16 bins in azimuth, and 8 bins in mass. Unfortunately, during September 2017 period, STATIC was
in an ionospheric mode below 500 km in altitude, and did not perform measurements above 650 eV.
SWIA is an energy and angular ion spectrometer covering an energy range between 5 eV/q and
25 keV/q with 48 logarithmically spaced energy steps and a FOV of 360° X 90° on 64 anodes.

In order to reconstruct the precipitating flux, we used the method developed by Leblanc et al. (2015)
and Leblanc et al. (2017, 2018). We focused on a range in altitude between 200 and 350 km, close
enough to the Martian exobase so that any ion within this range of altitude with velocity at least than
75° with direction respect to the local nadir direction has a very large probability to impact Mars’ atmo-
sphere. We therefore summed all measurements performed within this range of altitude if this measure-
ment corresponded to an anode which FOV was at less than 75° from the local zenith direction. In
order to exclude from our analysis reconstructed precipitating flux with a poor coverage, we kept only
measurements during which the average FOV covered by each instrument was more than 65% of the
75° solid angle cone centered on the zenith direction.

Additionally, in order to characterize the solar wind and solar UV/EUV flux conditions (main sources of
variabilities of the precipitating ion flux), this study used measurements of three other instruments: the
Magnetometer (MAG) instrument (Connerney et al., 2015), the EUV monitor (Eparvier et al., 2015)
which measures the solar irradiance in three bands from the soft X-ray to the extreme ultraviolet range
(in three spectral bands 0.1-7, 17-22, and 121-122 nm) with a temporal resolution of 1 s, and the Solar
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Energetic Particle (SEP) instrument (Larson et al., 2015) which measures electrons and ions with high
energies (between 30 and 1,000 keV and 30 and 12,000 keV, respectively).

2.2. Methodology of Background Reconstruction for SWIA Data

High-energy particles (>~2-MeV electrons and ~20-MeV protons) can induce false counts on ion and
electron spectrometers (Frahm et al., 2013) equivalent to an energy-independent signal (Delory et al.,
2012). During the solar event between 11 and 23 September 2017, SEPs induced a significant back-
ground in SWIA measurements for several days with a count rate peak of 1.3701x10? count/s (equiva-
lent to an energy differential flux of 3.0722x10° eV/(cm? s eV sr)) which occurred on 12 September. In
comparison, at the beginning and the end of September, the SEP background was estimated as being
equal to 2.2104 count/s (equivalent to an energy differential flux of 6.57]2x10% eV/(cm?s eV sr)).
Compared to MAVEN/SWIA, MAVEN/STATIC is less sensitive to SEPs because its measurements tech-
nique is based on double coincidence (McFadden et al., 2015). Moreover, in case of intense SEP events,
STATIC measurements with poor quality were flagged and excluded from our analysis.

To reconstruct the precipitating flux during the September 2017 solar events, a systematic estimate of
the SEP induced background in SWIA measurements was therefore needed. As already written, the
SEP-induced background is characterized by a flat spectrum of the count rate (in count/s). Because at
energy larger than 5 keV, the expected ion count rate is very unlikely flat, we chose to use this energy
range to estimate the SEP-induced background intensity. We defined three energy ranges: [25, 100] eV,
[100, 5,000] eV, and [5,000, 25,000] eV (10, 26, and 11 energy bins, respectively) and followed four steps:

1. Reconstruction of the count rate measured by each anode of SWIA on 10-min interval (144 intervals per
day). For each time interval and each anode, if the count rate above 5 keV is constant and its intensity is
significantly below the count rate measured within the two other energy ranges, we considered this flux
as essentially induced by SEPs. In order to determinate if the count rate spectrum is constant, we first per-
formed a linear fit of the energy flux in the [5-25]-keV energy range. We then calculated the minimum
and maximum count rate from the fitted function on the 25 eV-25-keV range. If the ratio between the
maximum and minimum count rates is larger than two, we considered that the measured count rate
within this energy range cannot be considered as constant. We added a second criteria to check the qual-
ity of the linear fit by calculating the root-mean-square (RMS) between the fitted function and the mea-
surements. If the RMS was larger than 0.1 (a value empirically determined), we then considered that the
quality of the fit was not good enough to be used and excluded the measurements from our analysis.

2. For each 10-min interval ¢;, we averaged all the values of reconstructed background derived from the 64
anodes in a parameter BKG[t;] and estimated its standard deviation.

3. The set of reconstructed average background values 40 min before and after MAVEN path between 200
and 350 km in altitude was then used to estimate the background, BKG¢] for each time step ¢ within this
altitude range following the equation:

Y ai[t*BKGt]
Yl

where t; is the mean time of each 10-min interval, ¢ is the time of MAVEN's path between 200 and 350 km in
altitude, N is the number of reconstructed average background values (less than 9), and ¢;[¢] is the weight of
each reconstructed background BKG|t;], which is equal to ﬁ = ¢;[t]. This quadratic dependency was cho-
sen to favor the time interval close to t.

BKG[t] = 1)

4. For each time step ¢ within 200 and 350 km in altitude, we then subtracted the value of BKG[¢] from the
SWIA data and converted the corrected count rate into particle flux.

Figure 1 displays the reconstructed background during September 2017 period. As shown, such background
is very significant between 11 and 15 September, that is, during the period when MAVEN/SEP instrument
measured an important flux above 100 keV for ions and electrons. We can also note two secondary peaks on
17 and 21 September (which is visible with another data set where we displayed the median value of back-
ground per day) which correspond to two CIR/SIR encounters with SEP electron and ion fluxes significantly
higher than during nominal periods.
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2.3. Reconstruction of the Solar Conditions During MAVEN
Periapsis Path

Unfortunately, during September 2017, the MAVEN orbit was entirely
inside the Martian magnetosphere, and therefore, no direct measure-
ments of the upstream solar wind conditions were available. Ma et al.
(2018) therefore developed a method to derive the upstream solar wind
conditions based on MAVEN measurements in the magnetosheath.
These authors considered the following approaches and assumptions:
the upstream IMF MSO B, component was assumed equal to zero and

08/30

09/03

. ,
09/07 09/11

wNs 0818 08/23  08/27 the solar wind flow to be only along the X direction (that is along the

Figure 1. SWIA background estimate (with 1-sigma uncertainty) in count ~ Sun-Mars axis). Ma et al. (2018) simulated Mars' electromagnetic plasma

rate between 200 and 350 km in altitude.
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environment for nominal solar wind and radiation conditions using a
multispecies single MHD model. Then, they compared the simulated

plasma parameters (the solar wind speed 7, the interplanetary magnectic field F, the solar wind density
n , and the solar wind temperature T) along MAVEN's trajectory in the magnetosheath with MAVEN mea-
surements. For each of these solar wind parameters, Ma et al. (2018) calculated the corresponding scaling
factor defined as the ratio between the simulated variables and the measured ones, and applied these scaling
factors to the upstream solar wind parameters.

This method still cannot provide an estimate of the solar wind parameters when MAVEN was in the
Martian-induced magnetosphere, that is, during periods when we reconstructed the precipitating ion
flux. We therefore interpolated the solar wind parameters from their reconstructed values when
MAVEN was inside the magnetosheath before and after MAVEN's periapsis. We assume that the evolu-
tion of the solar wind parameters changed linearly between these two times (typically separated by
90 min or more):

1. Each time, MAVEN was in the magnetosheath, we made an average of
—
the reconstructed ion density n, the IMF B =(Bx, By, Bz), the solar

a wind speed V= (Vx,Vy,Vz),and the temperature T, over 10-min
interval. In the following, Var is the average solar parameter at a time
to before the periapsis and Var, is the average solar parameters at a

* ; time t; after the periapsis.

. We then linearly interpolated the reconstructed solar wind parameters

x from Var, and Var to the time ¢ when we reconstructed the precipitat-

* o
e
L
\S)

ing ion flux (as in section 2.2) using the following relation:

o
L

il I AT T

t—to
ti—to

Var = W@ + (Wl —Wo)* (2)

X %

In order to estimate an uncertainty for these reconstructed solar wind
parameters, we considered the dispersion of the reconstructed solar wind

values at ty and t;. To verify the validity of our methods, we also compared

these results with Mars Express measurements of the density and speed of
the solar wind using ASPERA-3 (Barabash et al., 2006; Ramstad et al.,
2018). In Figure 2, we displayed our interpolated solar wind parameters
(in orange) and the Mars Express measured values (in blue): the solar
wind density (Figure 2a) and the solar wind speed (Figure 2b). This com-
parison shows that our interpolation method provides a satisfying good

09/03

00/07 0o/11

/15 09/19 09/23 09/27 reconstruction of these two solar wind parameters.

Figure 2. Comparison between the reconstructed solar wind parameters In the following, we will calculate the norm of the solar wind convective
used in this paper (orange stars) and the solar wind parameters measured electric field, the dynamic solar pressure, and the coordinate of MAVEN
by MEX ASPERA3 (blue stars) during September 2017 period. (a) Solarwind  jpy the Mars Solar Electric (MSE) frame when MAVEN was between 200

density. (b) Solar wind speed. (c) Reconstructed magnetic interplanetary
field (IMF) components. Red stars: By (set to zero by assumption). Green
stars: By. Blue stars: B,.

and 350 km in altitudes from the reconstructed upstream solar wind para-

— —
meters n, B,and V.
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Figure 3. Measured SWIA integrated precipitating ion flux and few poten-
tial drivers of the precipitating ion flux during September 2017 period.
Integrated precipitating ion flux within (a) 30- and 650-eV energy range and
(b) 650-eV and 25-keV energy range. Green squares: STATIC d1 8-99-amu
mass range. Blue stars: SWIA cs (coarse survey) product. The horizontal
black (green) thick dashed line corresponds to the average value of SWIA
(STATIC d1) precipitating ion flux during the two periods encompassing
September 2017 event (in dark gray; see text for further explanation). The
thin dashed horizontal line corresponds to the average value plus 3 times the
corresponding standard deviation. Errors bars in (a) and (b) correspond to 1-
sigma deviation of the reconstructed background. (c) Values of the EUV
photon flux as measured by MAVEN/EUV instrument, blje 1_1'1)16: 17-22-nm
range and black line 0.1-7-nm range. (d) Magnitude of |V xB ’ calculated
from the reconstructed solar wind parameters when the penetrating ion flux
was measured (see section 2.3). (e) Dynamic pressure calculated from the
reconstructed solar wind parameters when the penetrating ion flux was
measured (see section 2.3). Errors bars in (d) and (e) correspond to the dis-
persion of the corresponding interpolated value. (f) Ion flux measured by
MAVEN/SEP F1 detector between 20 keV and 70 MeV. (g) Electron flux
measured by MAVEN/SEP F1 detector between 20 and 300 keV.

3. Results

In Figure 3a, we show the precipitating ion flux at low energy (30-
650 eV) using both SWIA and STATIC measurements (for masses lar-
ger than 8 amu in the case of STATIC measurement) and high energy
(650 eV-25 keV) using only SWIA measurements in Figure 3b, as well
as the EUV flux measured by the MAVEN/EUV instrument in

Figure 3c, the ‘7x§’ from the reconstructed solar wind parameters

(Figure 3d), the dynamic pressure of the solar wind from the recon-
structed solar wind parameters (Figure 3e), and the SEP flux in
Figure 3f (ion flux) and Figure 3g (electron flux) as measured by the
MAVEN/SEP instrument. The choice of the energy ranges was moti-
vated by MAVEN/STATIC energy range during September 2017 mea-
surements, namely, 0.1-650 eV. Moreover, MAVEN/SWIA did not
perform measurements below 25 eV. We therefore define the low-
energy interval in order to compare the MAVEN/STATIC measure-
ments with those of MAVEN/SWIA. For the high-energy range, we
were limited by MAVEN/SWIA because it did not perform measure-
ments above 25 keV.

According to Leblanc et al. (2017), the precipitating ion flux is highly
dependent on the solar zenith angle, on the position of the most
intense crustal magnetic field structures, and on the orientation of
the convective electric field. Indeed, Hara, Luhmann, Leblanc, Curry,
Seki, et al. (2017) showed that the intensity of the precipitating ion flux
peaked on the hemisphere toward which the Egw field pointed (the
—Egw hemisphere). In order to restrict the range of solar zenith angle
covered by our sampling, we therefore chose to show only recon-
structed precipitating ion flux obtained close to the MSO equator,
between —10° and 15° in latitude, that is, corresponding to time inter-
vals when MAVEN is located between 200 and 350 km in altitude dur-
ing the inbound part of its orbit. The solar zenith angle range covered
by the selected set of measurements is between 49.0° and 78.5° the
MSO longitude range between 48° and 78° which corresponds to the
local time varying between 15.2 and 17.2 hr. We also checked that
MAVEN was far from any major crustal field structures during these
time intervals. We will also discuss the potential role of MAVEN
MSE position.

In addition, we selected two periods before and after September 2017
solar events during which the solar wind and radiation were nominal
(Nominal 0 and Nominal 6). During Nominal Period 0 and Nominal
Period 6 (see Table 1), the measured solar parameters (EUV and SEP
fluxes, as well as the reconstructed proxy of the solar wind parameters)
suggested that the solar wind condition was “quiet” (dark gray bands
in Figure 3). During these two periods, the average precipitating ion
energy flux (based on 20 measurements) was 9.5 + 16.4 x 10° eV/
(cm? s sr) for the low-energy range and 7.2 + 4.2 X 10’ eV/(cm? s sr)
for the high-energy range.

Based on this nominal precipitating ion flux and its 1-sigma dispersion,
we focused on periods during which the measured precipitating ion flux
exceeded by more than 3-sigma (gray and green dashed line in
Figures 3a and 3b) this nominal precipitating flux on both low- and
high-energy ranges. We identified five periods in September 2017 as
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Table 1

Time Interval of Each September 2017 Period

Period

Date Begin

Date End

Nominal period 0
Period 1
Period 2
Period 3
Period 4
Period 5
Nominal period 6

30/08 02 hr 09 m 09 s
01/09 02 hr 56 m 44 s
10/09 17 hr 33 m 33 s
13/09 03 hr 11 m 56 s
17/09 00 hr 18 m 49 s
21/09 01 hr 56 m 07 s
25/09 03 hr 33 m 00 s

31/08 22 hr 34 m 45 s
06/09 20 hr 30 m 24 s
11/09 20 hr 13 m 49 s
15/0921 hr45m 54 s
20/0921 hr34m15s
24/09 00 hr 59 m 33 s
26/09 15 hr 07 m 40 s

displayed in Figure 3 and in Table 1. In Figure 4, we display the average
differential energy spectrum of the precipitating ion flux, measured by
MAVEN/SWIA, for each selected period (in color) with the ion flux mea-
sured during the nominal period in black. The shape of the flux is very
similar from one period to another one. The flux is usually maximum at
low energy (below few keV) then displays a plateau up to 1 to 3 keV and
then decrease down to 10 keV (with the exception of the second and third
periods where the plateau extends up to almost 10 keV). The typical dis-
persion of each period is rather large because MAVEN sampling is stable

in MSO during these periods but not in Mars Solar Electric (MSE) frame
(its position with respect to the —Egw hemisphere). The nominal period
flux is at all energies clearly below the flux measured during these five periods.

3.1. Period 1—Large Solar Wind Dynamic Pressure and Slow Increase of the 0.1-7-Nm EUV Flux

In Figure 5, we display, from 1 to 7 September, the precipitating ion flux at low energy (30-650 eV) using
both SWIA and STATIC measurements (for masses larger than 8 amu), in Figure 5a, and high energy
(650 eV-25 keV) using only SWIA measurements, in Figure 5b, energy as well as the EUV flux in

Figure 5c,

sure (Figure 5e), and the SEP flux in Figure 5f (electron flux) and the MSE longitude and latitude of MAVEN
when MAVEN was between 200 and 350 km in altitudes (Figure 5g). In Figure 5, we can see that this first
period corresponds to a significant increase of the proxies of the convective electric field and dynamic pres-
sure (Figures 5d and 5e) and to a gradual increase of the EUV flux in the 0.1-7-nm range with a flare occur-
ring at the end of 2 September (Figure 5c) with some weak SEP fluxes of electron measured during this
period (Figure 5f). The fifth orbit of 1 September is not displayed because it did not fulfill the FOV threshold
(see section 2.1). During this period, the average precipitating ion energy fluxes (based on 31 measurements)
is equal to 3.7 + 4.4 x 10" eV/(cm” s sr) at low energy and 2.9 + 2.4 x 10°® eV/(cm? s sr) at high energy, which
are approximately 4 times larger than during the nominal period.

7x§‘ calculated from the reconstructed solar wind parameters (Figure 5d), the dynamic pres-

A gradual increase of the low-energy precipitating flux (Figure 5a) occurred from 5 to 6 September in an
apparent de-correlation with the increase of the 0.1-7-nm flux. The high-energy flux (Figure 5b) displayed
a plateau from 4 September noon up to the end of this period. It is not clearly correlated with either a plateau
of the convective electric field or of the dynamic pressure. Moreover, the end of 2 and 7 September corre-
spond to very low precipitating ion flux, whereas the 0.1-7-nm EUV flux increased significantly.
According to Figure 5g, these low fluxes cannot be explained by the MAVEN MSE position. According to
Edberg et al. (2009), an increase of the EUV flux might lead to push the Induced Magnetospheric
Boundary (IMB) away from the planet. The simultaneous decrease of the dynamic pressure and increase
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Figure 5. Measured SWIA integrated precipitating ion flux and few potential dri-
vers of the precipitating ion flux between 1 and 7 September (period 1). Integrated
precipitating ion flux within (a) 30- and 650-eV energy range and (b) 650-eV and
25-keV energy range. Green squares: STATIC d1 8-99-amu mass range. Blue
stars: SWIA cs (coarse survey) product. The horizontal black (green) thick dashed
line corresponds to the average value of SWIA (STATIC d1) precipitating ion flux
during the two periods encompassing September 2017 event (see text for further
explanation). The thin dashed horizontal line corresponds to the average value
plus 3 times the corresponding standard deviation. Errors bars in (a) and (b)
correspond to 1-sigma deviation of the reconstructed background. (c) Values of
the EUV photon flux as measured by MAVEN/EUV instrumegt, b_l)ue line: 17-22-
nm range and black line 0.1-7-nm range. (d) Magnitude of ‘VXB ‘ calculated
from the reconstructed solar wind parameters when the penetrating ion flux was
measured (see section 2.3). () Dynamic pressure calculated from the recon-
structed solar wind parameters when the penetrating ion flux was measured.
Errors bars in (d) and (e) correspond to the dispersion of the corresponding
interpolated value (see section 2.3). (f) Electron flux measured by MAVEN/SEP
F1 detector between 20 and 300 keV. (g) Estimated MSE latitude (green) and
longitude (blue) position of MAVEN when the penetrating ion flux was mea-
sured. Errors bars on (g) correspond to the dispersion of the corresponding
interpolated value (see section 2.3).

of the EUV flux from 6 September could induce an IMB further from
the planet. Such change of position of the IMB would push away from
the atmosphere the region where picked up ions are accelerated lead-
ing potentially to a decrease of the precipitating ion flux also consis-
tent with the much lower flux at high energy. What seems to
control the precipitating flux on 1 and 2 September is actually the
association of several solar drivers, the peak of precipitating occur-
ring when both proxies of the convective electric field and dynamic
pressure reached significant large intensity. However, the very large
high energy fluxes measured between 5 and 7 September are difficult
to associate with any significant variation of the solar wind para-
meters displayed in Figure 5 beside a relatively moderate increase
of the solar wind dynamic pressure and of the SEP electron flux.

3.2. Period 2—X-Flare, SEP Event, and Increase of the Solar
Wind Convective Electric Field and Dynamic Pressure

The second period of September 2017 that shows a significant
increase of the precipitating ion flux corresponds to a combination
of a X-flare occurring on 10 September at 15 hr45 (Figure 3c), of an
ion and electron SEP event starting on 10 September at 19 hr00
(Figures 3f and 3g) and a significant increase of the solar wind con-
vective electric field and dynamic pressure as suggested by the recon-
structed proxy in Figures 3d and 3e. As explained in section 1, the
association between a peak in EUV flux leading to an increase of ioni-
zation with a peak of convective electric field and dynamic pressure
are expected to be very favorable to the production, acceleration,
and precipitation of planetary ions. The increase of the precipitating
ion flux at low energies seems to follow closely the X-flare occur-
rence, whereas the high energy flux increases significantly few hours
later when the solar electric field increased. In fact, the SEP ion flux
increase displayed in Figure 3f seems correlated with the late increase
of the precipitating ion flux at high energy (that is, slightly delayed
with respect to the X-flare), suggesting that the ions observed by the
SEP instrument are partly planetary heavy picked up ion accelerated
during this solar event. The average differential energy flux during
the second period is displayed in yellow in Figure 4. We can clearly
see that the precipitating ion flux displays a peak around
12-15 keV, strongly suggesting that the measured precipitating ion
flux is mainly composed of heavy ions and most probably of O*
(Rahmati et al., 2015, 2017). The sharp increase of the electron SEP
flux at the beginning of period 2 might have also contributed to
increase the ionization rate and by consequence the precipitating
flux. However, SEP electron flux appears not to be a key driver
despite its continuous increase up to 13 September, because the
high-energy precipitating flux seems not to follow the SEP electron
flux variation (contrary to the low-energy precipitating flux).
Actually, the high-energy precipitating flux seems rather to follow
the variation of the electric field and dynamic pressure displayed in
Figures 3d and 3e. According to Lee et al. (2018), such brief but signif-
icant increase of the electric field (Figure 3d) and dynamic pressure
(Figure 3e) on 11 September is a consequence of a SIR encounter.
The evolution of the precipitating ion flux is consistent at low energy
with the simulations of Wang et al. (2015), which simulated the spec-
tra of the precipitating O™ ion flux for maximum and minimum solar
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Figure 6. Measured SWIA integrated precipitating ion flux and few potential
drivers of the precipitating ion flux between 13 and 15 September (period 3).
Integrated precipitating ion flux within (a) 30- and 650-eV energy range and

(b) 650-eV and 25-keV energy range. Green squares: STATIC d1 8-99-amu mass
range. Blue stars: SWIA cs (coarse survey) product. The horizontal black (green)
thick dashed line corresponds to the average value of SWIA (STATIC d1)
precipitating ion flux during the two periods encompassing September 2017 event
(see text for further explanation). The thin dashed horizontal line corresponds
to the average value plus 3 times the corresponding standard deviation. Errors
bars in (a) and (b) correspond to 1-sigma deviation of the reconstructed
background. (c) Magnitude of ‘VX B | calculated from the reconstructed solar
wind parameters when the penetrating ion flux was measured (see section 2.3).
(d) Dynamic pressure calculated from the reconstructed solar wind parameters
when the penetrating ion flux was measured (see section 2.3). (¢) The MSE
angle of MAVEN when the precipitating ion flux was measured. The horizontal
black lines correspond to 90°, 180°, and 270° values. (f) Estimated MSE

latitude (green) and longitude (blue) position of MAVEN when the penetrating
ion flux was measured. Errors bars in (c), (d), and (f) correspond to the dispersion
of the corresponding interpolated value (see section 2.3).

conditions as well as for quiet and active conditions. Our nominal
period can be compared to their dayside modeling of the minimum
solar activity. Differences between our measured energy distribution
and the ones simulated by Wang et al. (2015) at high energy and for
the case of a ICME are probably partially due to our limited spatial
sampling. Fang et al. (2013) showed that the precipitating flux could
vary by an order of magnitude depending on the position in MSO.

3.3. Period 3—ICME Arrival, Large SEP Fluxes, and Slow
Decay of the EUV Flux

Period 3 is characterized by the ICME arrival on 13 September at
02 hr50 (according to MSL/RAD; Guo et al., 2018), which was respon-
sible for the strong increase in the solar wind dynamic pressure,
shown in Figures 3e and 6d. This increase took place from the end
of 12 up to 14 September, leading to a significant compression of
Mars' magnetosphere and favoring the acceleration and precipitation
of planetary picked up ions (Romanelli et al., 2018), a phenomenon
also observed during Mars encounter with an ICME on 8 March
2015 (Curry et al., 2015). The responses of the Martian magneto-
sphere to the ICME on 13 September 2017 are described by
Romanelli et al. (2018) using MAVEN data and the multispecies
Latmos Hybrid Simulation model (LatHyS) described in Modolo
et al. (2016). This study was carried out by analyzing the ICME pas-
sage by means of three stationary simulations (before the passage,
during the impact, after the impact) and comparing the predicted
responses and evolution of the magnetosphere with MAVEN mag-
netic field and plasma data along its trajectory. In Romanelli et al.
(2018), the ICME encounter was characterized by an increase in
dynamic pressure causing a compression of the magnetosheath and
of the bow shock, followed few hours later by a change in direction
of the IMF, also suggested in Ma et al. (2018).

In Figure 6, we provided a zoom into period 3 with the low-energy
range precipitating flux (Figure 6a) and the high-energy flux
(Figure 6b), with the proxy of the convective electric field when
the penetrating ion flux was measured (Figure 6c), the proxy of
the dynamic pressure when the penetrating flux was measured
(Figure 6d), the MSE angle (Figure 6e), and the MSE longitude
and latitude position of MAVEN when the penetrating flux was
measured (Figure 6f). The MSE angle corresponds to the counter-
clockwise angle between the vector formed by the latitude and the
longitude in MSE of MAVEN during its measurements of the pre-
cipitating ion flux and the East MSE direction (MSE longitude
equal to +180° and latitude equal to 0°). According to Hara,
Luhmann, Leblanc, Curry, Seki, et al. (2017), the precipitating
ion flux should reach a maximum around a MSE angle of 270°
(ax -E). Indeed, planetary picked up ions should precipitate
toward the southern hemisphere (—E) because of the acceleration
of the electric field of convection toward this hemisphere. Extreme
solar events can significantly increase precipitation flux in the

northern hemisphere. It is the case for this period where the solar is disturbed by the ICME impact.

As shown in Figure 6, during the fifth orbit after the arrival of the ICME (on 13 September at 21 hr), the mea-
sured precipitating ion flux at low energy is particularly small with respect to the nominal. The very signifi-
cant difference between STATIC and SWIA fluxes at the beginning of the period can be explained by the
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Figure 7. Measured SWIA integrated precipitating ion flux and few poten-
tial drivers of the precipitating ion flux between 17 and 20 September (per-
iod 4). Integrated precipitating ion flux within (a) 30- and 650-eV energy
range and (b) 650-eV and 25-keV energy range. Green squares: STATIC d1
8-99-amu mass range. Blue stars: SWIA cs (coarse survey) product. The
horizontal black (green) thick dashed line corresponds to the average value
of SWIA (STATIC d1) precipitating ion flux during the two periods encom-
passing September 2017 event (see text for further explanation). The thin
dashed horizontal line corresponds to the average value plus 3 times the
corresponding standard deviation. Errors bars in (a) and (b) correspond to 1-
sigma deviation of the reconstructed background. (c) Values of the EUV
photon flux as measured by MAVEN/EUV instrument, bl_}ue E{le: 17-22-nm
range and black line 0.1-7-nm range. (d) Magnitude of |V xB ‘ calculated
from the reconstructed solar wind parameters when the penetrating ion flux
was measured (see section 2.3). (¢) Dynamic pressure calculated from the
reconstructed solar wind parameters when the penetrating ion flux was
measured (see section 2.3). (f) Estimated MSE latitude (green) and longitude
(blue) position of MAVEN when the penetrating ion flux was measured.
Errors bars in (d)-(f) correspond to the dispersion of the corresponding

interpolated value (see section 2.3).

important SEP flux inducing a significant background on SWIA data. The
remaining SWIA flux is therefore not known with a signal/noise ratio lar-
ger than 1. We can see a relationship between the increase of the dynamic
pressure and the sharp increase of the precipitating ion flux at low energy
(Figure 6a) and in SWIA measurements at high energy (Figure 6b). The
average precipitating energy fluxes (based on 16 measurements, respec-
tively) at low energy are 5.1 + 7.9 x 10’ eV/(cm” s sr) and at high energy
6.5+ 9.7 x 10® eV/(cm? s sr), which are approximately 5 and 9 times more
important than during the nominal period.

The precipitating ion flux decreases just after the arrival of the ICME but
remains significantly larger during more than 48 hr after this time. The
minimum of the high energetic flux at noon on 13 September seems to
be associated to a significant change of MAVEN in the MSE frame as illu-
strated in Figure 6e. As displayed in Figure 4, the average differential
energy flux during this period displayed a peak around 10 keV that is
probably due to planetary picked up ions (Rahmati et al., 2015). As sug-
gested by STATIC d1 measurements at low energy (Figure 6a), the passage
of the ICME also causes a strong increase of the planetary heavy pickup
ions at low-energy range. After the middle of 14 September, the measured
precipitating ion fluxes at low and high energies do not display significant
intensity with the exception of the beginning of 15 September which cor-
responds to a minimum in MSE latitude (Figure 6f).

3.4. Period 4—Flare Event, Large SEP Flux, and Large Solar Wind
Dynamic Pressure

Figure 7 is a zoom of period 4 displaying the precipitating ion flux at low-
(Figure 7a) and high-energy (Figure 7b) with the values of the EUV
photon flux as measured by MAVEN/EUV instrument (Figure 7c), the
proxy of the convective electric field when the penetrating ion flux was
measured (Figure 7d), the reconstructed dynamic pressure when the
penetrating ion flux was measured (Figure 7e), and the MSE longitude
and latitude position of MAVEN when the penetrating ion flux was mea-
sured (Figure 7f). Period 4 is characterized by the occurrence of a M-flare
17 September (Figure 7c). During this period, the SEP flux was decreasing
with respect to periods 2 and 3 (Figures 3f and 3g) but remained signifi-
cantly higher than the SEP flux during the nominal period. We also notice
a moderate increase of the dynamic pressure at the beginning of 18
September (Figure 7e) with respect to the third period but still signifi-
cantly higher than the dynamic pressure during the nominal period.

The average precipitating ion energy fluxes (based on 22 measurements)
at low energy are 9.2 + 26.3 x 10’ eV/(cm® s sr) and at high energy
2.7 + 3.2 x 10® eV/(cm? s sr), which are almost 10 and 4 times larger than
the fluxes measured during the nominal period. As shown in Figure 4, this
is the largest average precipitating ion flux of the five September periods,
in particular at low energy. Actually, this large flux at low energy is domi-
nated by 18 September flux and is associated with the peak of solar
dynamic pressure and the decay of the flare. As displayed in Figure 4,
the average differential energy flux during this period displayed a peak
around 1-3 keV that is probably due to planetary picked up ions, as sug-
gested by STATIC d1 measurements at low energy (Figure 7a).

From the fifth orbit of the period, there is a gradual increase in dynamic pressure until the beginning of 18
September. The dynamic pressure then decreased until 19 September. During this decrease, the evolution of
the precipitating ion flux seems to follow this trend, but is also influenced, at high energy, by the variation of
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Figure 8. Measured SWIA integrated precipitating ion flux and few poten-
tial drivers of the precipitating ion flux between 21 and 24 September (per-
iod 5). Integrated precipitating ion flux within (a) 30- and 650-eV energy
range and (b) 650-eV and 25-keV energy range. Green squares: STATIC d1
8-99-amu mass range. Blue stars: SWIA cs (coarse survey) product. The
horizontal black (green) thick dashed line corresponds to the average value
of SWIA (STATIC d1) precipitating ion flux during the two periods encom-
passing September 2017 event (see text for further explanation). The thin
dashed horizontal line corresponds to the average value plus 3 times the
corresponding standard deviation. Errors bars in (a) and (b) corresponii> t(g—
sigma deviation of the reconstructed background. (c) Magnitude of ‘V xXB ‘
calculated from the reconstructed solar wind parameters when the pene-
trating ion flux was measured (see section 2.3). (d) Dynamic pressure cal-
culated from the reconstructed solar wind parameters when the penetrating
ion flux was measured (see section 2.3). (e) Estimated MSE latitude (green)
and longitude (blue) position of MAVEN when the penetrating ion flux was
measured. Errors bars in (c)-(e) correspond to the dispersion of the corre-
sponding interpolated value (see section 2.3).

the intensity of the electric field. We found a linear correlation coefficient
of 0.69 on 21 SWIA measurements and 0.72 on 19 STATIC d1 measure-
ments at low energy between the precipitating ion flux and the
dynamic pressure.

3.5. Period 5—Large Electric Field Intensity and Solar Wind
Dynamic Pressure

The last significant increase of the precipitating ion flux during
September 2017 occurred from 21 up to 24 September with an average
flux (based on 17 measurements) of 2.4 + 2.8 X 10’ eV/(cm? s sr) for
the low energy range and 4.0 + 3.4 X 10° eV/(cm?® s sr) for the high-
energy range. This period corresponds very probably to the encounter
of Mars with a CIR or a SIR. This CIR/SIR induced an increase of
the dynamic pressure and an increase of the energetic particles (Lee
et al., 2018, 2017), which can be seen in Figures 3f and 3g, a phenom-
enon also observed in several other CIR/SIR encounters (Hara et al.,
2011; Lee et al., 2017). The measured increase of the SEP ions seems
to be associated with the arrival of this solar wind perturbation, and
therefore, most probably energetic picked up ions are accelerated by
the intense convective electric field (see Figure 3e). Figure 3c shows
that the EUV flux decreased and was smaller than during the
other periods.

Figure 8 is a zoom of the fifth period displaying the precipitating ion
flux at low (Figure 8a) and high energy (Figure 8b) with the proxy
of the convective electric field at MAVEN periapsis (Figure 8c), the
reconstructed dynamic pressure at MAVEN periapsis (Figure 8d), and
the MSE longitude and latitude position of MAVEN when the pene-
trating ion flux was measured (Figure 8e). With Figure 8e, it is notice-
able that we observe a dichotomy of the intensity of the precipitating
ion flux at high energy between the hemisphere +E and the hemi-
sphere -E, with an intensity of precipitating ion flux stronger in the
hemisphere -E than the hemisphere +E, which is a behavior that
has been suggested in Hara, Luhmann, Leblanc, Curry, Seki, et al.
(2017). We compared the average precipitating ion flux from 21 to 24
September in the northern (+E) and southern (—E) hemispheres with,
on the high-energy range, 1.8 + 3.0 x 10® eV/(cm” s sr;9 measure-
ments) and 3.6 + 1.9 x 10°® eV/(cm? s sr;7 measurements), respectively.
The precipitating ion flux is twice as high in the southern hemisphere
with respect to the flux in the northern hemisphere, but due to the
relatively limited number of point, this difference remains within the
dispersion. Over the whole period, we also note that the evolution of
the precipitating ion flux at low and high energy (Figures 8a and 8b)
is similar, except for the third and fourth orbits.

During the third orbit, there is a significant precipitating ion flux at high energy. This coincides with
the increase of the dynamic pressure few hours before the measurement of the precipitating flux.
During the fourth orbit, an important precipitating ion flux at low energy is observed (Figure 8a) but
not at high energy which can be explained by the low intensity of the convective electric field. As we
can be seen in Figure 8e, the precipitating ion flux is generally greater in the southern hemisphere than
in the northern hemisphere. The evolution of the precipitating ion flux during 23 and 24 September (in
particular at high energy) can be explained by the solar wind dynamic pressure and the electric field
peaking beginning of 24 September. After the first orbit of 24 September, the EUV flux, the SEP ion
flux, the solar wind dynamic pressure, and electric field became nominal in association with the preci-

pitating ion flux.
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4. Discussion and Conclusion

On 13 September 2017, the most intense solar event observed by MAVEN propagated past Mars (Lee
et al., 2018). Such an encounter was a unique opportunity to study the influence of various potential
solar drivers on the heavy ion precipitation. As a matter of fact, the whole month of September 2017
displayed interesting and dynamic changes in the solar wind. In this study, we therefore focused on five
periods in September 2017, during which the solar conditions significantly changed, as well as the pre-
cipitating ion flux intensity.

In a first step, we developed a reconstruction method of the background induced by the SEP event on
MAVEN/SWIA spectrometer (Halekas et al., 2015) and used the solar wind proxies constructed by Ma
et al. (2018) to estimate the solar wind conditions. Such developments allowed us to investigate the pre-
cipitating ion flux responses to the solar energetic events of September 2017. For each period, during
which the precipitating ion flux significantly increased, we discussed the different solar drivers that
might explain the observed variations of the intensity of the precipitating flux.

We found a clear correlation between the arrival of a CIR/SIR or ICME and the increase of the preci-
pitating ion flux. An increase of the solar wind dynamic pressure seems to lead to an increase of the
precipitating ion flux. This result is consistent with studies modeling precipitating ion flux as a function
of solar wind parameters (Fang et al., 2013; Wang et al., 2015). However, we also observed periods of
low dynamic pressure associated with strong precipitating ion flux (on 6 September, as an example).
As a matter of fact, there is no systematic correlation between the intensity of the dynamic pressure
and the intensity of the measured precipitating ion flux for this month of observations. Actually, each
period described in this work is influenced by various solar parameters (Chaufray et al., 2007, Edberg
et al., 2009; Lillis et al., 2015) and most of the time by the concomitant variations of few of them.
During one of these periods, we found a significant linear correlation (correlation coefficient of 0.69)
between the dynamic pressure and the precipitating ion flux based on 21 measurements, from 17 to
20 September. But, clearly, solar dynamic pressure is not the only driver for ion precipitation during
most of September 2017. As discussed in this paper, the measured precipitating ion flux seems also to
be correlated with the orientation of the convective electric field (as an example during the period of
21 to 24 September and also shown in Hara, Luhmann, Leblanc, Curry, Seki, et al. (2017)). Another
potential solar driver is the SEP flux which seems to favor the increase of the precipitating ion flux.
According to Lillis et al. (2015) and Edberg et al. (2009), the EUV and SEP flux can heat and ionize
the Martian upper atmosphere, potentially increasing the precipitating ion flux. But it is also necessary
to distinguish the high-energy ion planetary and the ion and electron SEPs. For instance, from 21 to 24
September, the measured increase of the ion and electron SEP fluxes is a consequence of the SIR arrival
which must have caused a significant acceleration of the planetary picked up ions.

At last, between 7 and 10 September, the EUV flux in the 0.1-7-nm range was from 2 to 3 times higher
than the EUV flux during the nominal period, whereas the measured precipitating ion flux did not
show any significant increase. During this period, the solar dynamic pressure and convective electric
field were also essentially nominal. Therefore, the EUV flux seems not to be a key driver for the pre-
cipitating ion flux during this particular period. This conclusion is not in agreement with several past
studies (Chaufray et al., 2007; Edberg et al., 2009; Lillis et al., 2015). As an example, according to
Chaufray et al. (2007), ion precipitation should be favored by the solar EUV/UV flux. However, this
work also highlighted that a higher EUV/UV flux might lead to a higher ionization rate in the
Martian corona leading to a higher mass loading of the solar wind acting as a more efficient shielding
of the Martian atmosphere. This conclusion regarding the possible role of the EUV flux on the precipi-
tating flux should however be considered with cautious, the one-month sample used in this study being
far from statistically significant.
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