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Abstract

Mars thermosphere is responsive to solar activities. Previous studies have not examined the neutral density responses to the
solar flares thoroughly due to lack of observations. In this paper, Martian thermospheric mass density responses to the February
and March 2017 C4.1 and B3.3 solar flare-induced Extreme Ultraviolet (EUV)-enhancement are studied using Mars Atmosphere
and Volatile EvolutioN (MAVEN) accelerometer (ACC)-derived observations. We focus on analyzing the relationship between
the reactions of density and the solar flare indexes. Firstly, the density experiences 2 to 5 times increases during the event,
which is equivalent to a temperature increment of 150 to 250 K. Secondly, both nightside and dayside density rise with the EUV-
enhancement, which is coupled with the solar flares at all the observed latitudes. Thirdly, the Martian Crustal Magnetic Field
(CMF) could alter the thermospheric background thermal structure, which might also have influence on the heating-process
caused by the EUV-enhancement. The nightside density inflation during the February event is due to day-night atmospheric
transport, while the dayside density expansion is heated by EUV (17-22 nm)-enhancement during the March event directly.
The region with an intensive CMF magnitude could restrain the precipitating ions,resulting in cooling of the atmosphere in
that area. The thermal structure perturbations caused by these flares-induced EUV-enhancement might trigger considerable
augmentation of the Jeans Escape rates of some light volatiles, such as atomic Hydrogen (H) or even short-term hydrodynamic

escape in some extreme cases.
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Key Points:

e Both nightside and dayside density have strong responses to the solar
flares

o The density increases 2 to 5 times (150-250 K in temperature) than back-
ground values at altitudes above 170 km

e The Mars crustal magnetic field can influence the background thermo-
spheric thermal structure.

Abstract

Mars thermosphere is responsive to solar activities. Previous studies have not
examined the neutral density responses to the solar flares thoroughly due to lack
of observations. In this paper, Martian thermospheric mass density responses
to the February and March 2017 C4.1 and B3.3 solar flare-induced Extreme Ul-
traviolet (EUV)-enhancement are studied using Mars Atmosphere and Volatile
EvolutioN (MAVEN) accelerometer (ACC)-derived observations. We focus on
analyzing the relationship between the reactions of density and the solar flare
indexes. Firstly, the density experiences 2 to 5 times increases during the event,
which is equivalent to a temperature increment of 150 to 250 K. Secondly, both
nightside and dayside density rise with the EUV-enhancement, which is coupled
with the solar flares at all the observed latitudes. Thirdly, the Martian Crustal
Magnetic Field (CMF) could alter the thermospheric background thermal struc-
ture, which might also have influence on the heating-process caused by the
EUV-enhancement. The nightside density inflation during the February event
is due to day-night atmospheric transport, while the dayside density expansion
is heated by EUV (17-22 nm)-enhancement during the March event directly.
The region with an intensive CMF magnitude could restrain the precipitating
ions,resulting in cooling of the atmosphere in that area. The thermal structure
perturbations caused by these flares-induced EUV-enhancement might trigger
considerable augmentation of the Jeans Escape rates of some light volatiles,
such as atomic Hydrogen (H) or even short-term hydrodynamic escape in some
extreme cases.

Plain Language Summary



Solar flares are sudden increased flash on the Sun surface (accurately, from the
region called solar corona). The process is always coupled with massive en-
ergy release that can impacts the electromagnetic circumstances of the upper
atmosphere in a planet such as Earth and Mars. In this paper, we study two
moderate solar flare cases’ impacts on the Mars thermospheric density using
the observations from the MAVEN spacecraft. The density increases 2-5 times
than the average values during the cases, which is caused by the enhancements
of X-ray and EUV irradiations induced by the flares. We find that the irradi-
ations can heat the dayside atmosphere, and the heating can be transmitted
to the nightside thus causes a sudden increase of density nearby the day-night
terminator. Another interesting thing is that the Mars Crustal Magnetic Field
(CMF, Mars lacks magnetic dipole field) could alter the global density distri-
butions by restrain the ions precipitating (also can heat the atmosphere then
results in density increases) in the upper atmospheric system. Therefore, the
CMF might also have influence on the flare-induced heating process.

1 Introduction

Solar events, which are mostly driven by active solar flares, can affect the up-
per structure of the solar-system terrestrial planets such as Mars (Cravens et al.,
2017). The solar flare activities have a huge impact on the Martian upper layers,
which leads to massive atmospheric loss (e.g., Jakosky et al., 2015; Thiemann
et al., 2015; Elrod et al., 2018; Jain et al., 2018). Both long-term (e.g., 11-yr so-
lar cycles) and temporary solar Extreme Ultraviolet (EUV) radiation variations
could drive significant atmospheric responses in the Mars upper layers by ion-
izing, disassociating, and heating the volatiles through various photochemical
processes (Cravens et al., 2017; Jakosky et al., 2018; Martinez et al., 2019).

However, the Martian thermospheric density responses to the solar flare event
are not well understood in term of in-situ observations. The mass spectrometer
such as Neutral Gas and Ion Mass Spectrometer (NGIMS) on Mars Atmosphere
and Volatile Evolution Mission (MAVEN) is always turned off to avoid damage
caused by the dramatic changes of the electromagnetic circumstance during the
event (Stone et al., 2018). Additionally, aerobraking to retrieve mass density
from accelerometer does not take place either during those intense solar activities
such as M5.8 and X8.2 events (Zurek et al., 2017; Elrod et al., 2018; Fang et
al., 2019), which has been well studied by previous work (Jakosky et al., 2015).
Moreover, moderate solar flares’ (i.e., B and C class) impacts on the Mars upper
atmosphere have been not yet fully studied due to lack of observations, especially
the density-thermal responses to the coupling EUV enhancement during the
event.

Currently, vital progress has been made in studying M and X-class solar flares’
effects on the Martian upper atmosphere by both MAVEN observations and
MHD simulations (Curry et al., 2015; Fallows, et al., 2015; Ma et al, 2004,
2014). Mars dayside upper atmospheric species abundance increases and van-
ishes rapidly during the M and X-class flares (Elrod et al., 2018; Thiemann et
al., 2015). Thermospheric temperatures increased by ~270-310 K during the



X-class flare on 10" September 2017 and the flare-induced heating is limited to
the low and middle latitudes (Jain et al., 2018). The density of CO,, CO and
O, 7 inflates at altitudes higher than 100 km during the period of intense solar
activities (Lollo et al.,2012; Fallows et al.,;2015). The Interplanetary Coronal
Mass Ejection (ICME) coupled with the March 2015 M5.8 solar flare causes
changes in bow shock and generates widespread diffuse aurora (Jakosky et al.,
2015). A Magnetohydrodynamical (MHD) simulation using the September 2019
X8.2 solar flare scenario shows that such X-class event can trigger massive loss
of the Martian upper atmosphere (Fang et al., 2019). However, the moderate
flares’ impacts on the Mars upper atmosphere are rarely considered by current
investigations.

In this paper, we investigate two moderate solar flares with EUV enhancements
to study their impacts on Martian thermospheric density. The paper is orga-
nized as follows: The in-situ observations made by MAVEN and other data used
in this article during the two flares’ periods are introduced in Section 2 and 3.
The density responses to the flares as well as the role of magnetic crustal filed
during these interactions are shown in Section 4. A short discussion is listed in
Section 5. A detailed summary is made in Section 6.

2 Materials and Methods
2.1 MAVEN instruments to observe solar flares

This study uses comprehensive in-situ MAVEN observations to analyze the
accelerometer-derived density’s responses to the moderate C4.1 and B3.3 of
February and March 2017 solar flares (Figure 1). The coupling enhancements
of the solar fluxes in 0.1-7 nm (soft X-rays) and 17-22 nm (EUV) bands are ob-
served (Figure 2). The Martian Crustal Magnetic Field (CMF) effects on such
events have also been evaluated. The density data is derived from MAVEN
accelerometer (ACC)-measured atmospheric force during the aerobraking phase
(Zurek et al.,2015, 2017). The electromagnetic and plasmatic disturbances pro-
duced by solar flares are recorded by the Solar Wind Electron Analyzer (SWEA),
Solar Energetic Particle (SEP), Extreme Ultraviolet (EUV) monitor and Mag-
netometer (MAG), respectively (Figure 2).



Figure 1. LASCO (the Large Angle and Spectrometric Coronagraph) photos
recorded by C2 telescopes on-board the SOHO (Solar and Heliospheric Obser-
vatory) satellite are shown during the two events in this paper. The changes of
the coronal streamers are shown during the (a) February and (b) March event.
The white arrows point to the corona where the solar flares eject out during the
periods.The data is available on https://lasco-www.nrl.navy.mil/daily _mpg/.

The instruments have been widely used to evaluate the intensity of the solar
activities (e.g., Curry et al., 2015; Fang et al.2019; Martinez et al., 2019;
Romanelli et al., 2018, 2019). The SWEA, SEP and MAG monitor are all
the parts of the Particles and Fields (PF) Package (Connerney et al., 2015).
The SWEA deduces magneto-plasma topology in and above the Martian iono-
sphere based on electron spectra and pitch angle distributions and measures



atmospheric electron impact ionization effects. SEP instrument determines the
impact of SEPs on the upper atmosphere. The MAG measures interplanetary
and ionospheric magnetic fields. The EUV monitor is a part of the Langmuir
Probe and Waves (LPW) instrument and measures solar EUV input, variability,
and wave heating of the Martian upper atmosphere (Andersson et al., 2015).
All the data can be downloaded from the MAVEN Science Data Center
(https://lasp.colorado.edu/maven/sdc/public/pages/datasets/) and the key pa-
rameter data page (https://lasp.colorado.edu/maven/sdc/public/pages/plots/kp/kp.html).
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Figure 2. The February (left column) and March (right column) solar flare
events are shown as captured by MAVEN observations. We choose the related
detectors to represent the intensity of solar event including SWP (a, h), SWEA
(b, i), EUV (c, j), SEP (d, k) and MAG (f, m). The orbit data (e, 1) illustrate
the orbital change effect. The Infrared Column Dust Optical Depth, IR-CDOD
(g, n) represents the intensity of surface dust storms (Montabone et al., 2019).

2.2 Observational implementation of the EUV monitor

The LPW instrument onboard the MAVEN integrates the solar EUV monitor,
which provides in- situ EUV observations in three bands (Andersson et al., 2015;
Jakosky et al., 2015) .The three bands is to characterize EUV resources from



significantly different regions of the solar atmosphere (Thiemann et al., 2017):
The 0.1-7 nm band (soft X-rays) represents the irradiance from hot coronal
sources and solar flares, while the 17-22 nm band measures from the relatively
cooler non-flaring corona. The 121.6 nm measures the bright H I Lyman
line, which is originated from the neutral H of solar chromosphere and the
interplaneatary transition region (Cravens et al., 2017).

Different bands of EUV radiation behaves in different fashion during various lev-
els of solar events (Figure 2). Current studies on Martian atmospheric responses
to solar flares are highly relied on the MHD simulations due to the shutdown
of instruments during the events (Ma et al, 2004, 2014; Curry et al., 2015; Fal-
lows, et al., 2015; Jakosky et al., 2015). Therefore, we choose the moderate
events, i.e, February and March 2017 solar flares rated for C4.1 and B3.3 with
EUV enhancement, to study the interaction between the solar inputs and the
Martian upper atmosphere. The class of the solar flares can be obtained from
https://www.spaceweatherlive.com/en/archive.html.

3 Accelerometer-derived density and dust storms IR-CDOD index
3.1 Accelerometer-derived density

Thermospheric mass density can be derived from ACC-observed along-track
drag forces during aerobraking phase (Zurek et al., 2015), which has been used
by early Martian exploration program (Withers and Paul, 2006). Unlike mass
spectrometer, the ACC is rarely influenced by the dramatic electromagnetic
changes during the moderate solar flare events (Figure 3). Therefore, the ACC-
derived density is suitable for investigating the structure responses of the Mar-
tian upper layers to the solar flares.
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Figure 3. ACC-derived density profiles nearby the MAVEN orbital periapsis.
(a) and (b) represent the 1-second samples and 99-seconds average density on
February 15, 2017, respectively. (c) and (d) represent the density during the first
day of the February solar flare event (February 22°¢, 2017). (e) shows the spatial
distribution of the density at different altitudes. The CMF and topographic
contour are drawn in the (e) with purple and black line, respectively.

We use MAVEN ACC-derived density to study the responses of the Martian
upper atmosphere to the February and March 2017 solar flares (Figure 1 and
2). All the ACC data is available on the NASA Planetary Data System (PDS)
(https://atmos.nmsu.edu/PDS/data/PDS4/MAVEN /acc__bundle/13). The ac-
curacy of the measurement at different altitudes is shown in former research
(Zurek et al., 2015, 2017; Liu et al., 2019). The density at altitudes of 160 to
190 km has good global coverage and appropriate accuracy. The ACC-derived
density is processed using LMD-MCD (Laboratoire de Météorologie Dynamique
Mars Climate Database V5.3) to get the altitude-normalized observations so we
can analyze the influence at a specific altitude (Liu et al., 2019; Li et al., 2021).

3.2 Dust storms by IR-CDOD index

As mentioned above, dust storm exists as an important factor affecting the struc-



ture of the atmosphere. To prove that these density changes are not due to dust
storms, we also use the Infrared Column Dust Optical Depth (IR-CDOD) to il-
lustrate the corresponding dust storm activities. Figure 2 illustrates the related
dust storm activities. The IR-CDOD dataset can be found at http://www-
mars.lmd.jussieu.fr/mars/dust_ climatology /index.html from MY24 to MY33
(Montabone et al., 2019). The IR-CDOD is below 0.25 Pa/Pa in Figure 2,
which implies the activities of the surface dust storm are inactive.

4 Results
4.1 Long-term variations driven by the seasonal variables

The Martian upper atmosphere experiences a strong seasonal cycle due to the
relatively larger eccentricity of Mars evolution orbit around the Sun, the oblig-
uity of its rotation axis (similar with Earth), and the close of the apsides with
the solstices (Forget et al.,2009; Zurek et al., 2017; Liu et al., 2019). At a given
altitude or horizontally, the seasonal upper atmospheric density varies as follows
(Liu et al., 2019):

Inp=oay+ % +azlR_CDOD,, (1)

sm

Where In p is the natural logarithm of density p. cosSZA, cosine of Solar Zenith
Angle. r2,, square of the Sun-Mars distance. IR_CDOD,,, is the dust storm
index (Montabone et al., 2019). o to ay are parameters. Fitting has been made
to show this long-term trend. The results are illustrated in Figure 4 (gray dots)

and the parameters are listed in Table 1.

Table 1. Model Fitting Coefficients of ACC Data at Different Altitudes by
Equation (1)

Coefficients o o 0 fa
Altitude(km)

The background density of Mars upper layer is governed by equation (1) horizon-
tally and fulfills Hydrostatic Equilibrium (HE) vertically, i.e., density decreases
with altitude exponentially (Figure 4). Except these two background drivers
cause long-term trends (gray point in Figure 4b and 4c), there are other vari-
ations such as gravity waves caused by couple of factors existing during Mars
evolution. These variations have complex longitudinal-latitudinal structures as
described by former research (Liu et al., 2019; Li et al., 2021). To highlight the
density changes during the solar flare events, we use brown color to tag out the
observations in that period (Figure 4).



As illustrated in Figure 4a and 4d, the density follows the HE vertically. Horizon-
tally, the mechanism implied by equation (1) dominates the density variations
at a given altitude below 170 km (Figure 4b and 4c¢). The density amplitudes
approximate the same as in common situations at these lower altitudes. The
density increases during the events are not obvious.

However, the density is obviously higher than the average (seasonal trend) when
the altitude is greater than 180 km. It is shown that the atmosphere is indeed
heated during these events. Additionally, the derived errors of the density show
sharp increases synchronously as seen in Figure 5. It is well worth noting that
the observation made during the first event (Figure 4b) is in the nightside (SZA
>90°), while densities during the second event (Figure 4c) lies on the dayside
(SZA < 90°).
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Figure 4. The vertical and horizontal profiles of the density are shown during
the two events: (a) vertical and (b) horizontal density profiles during the Febru-
ary event. (c) and (d) is the same as (b) and (a) but for the March. The blue
points represent the background densities and the brown dots are the densities
when the two events happened. The gray spots show the fitting results based
on equation (1). The fitting parameter SZA (inbound and outbound) and 2,
are also drawn on the bottom panels.
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Figure 5. same as Figure 4 but for derived errors.
4.2 Density responses to the 22"4 February 2017 C4.1 Solar Flare

The hot solar flare, which starts at ~14:14 20" February 2017 as shown in Table
2, triggers a solar flare series from B3.0 to C4.1 during the next few days (Table
2). The sensors on the MAVEN spacecraft capture the flickering of these flares
as shown in Figure 2. The EUV enhancement on 22"¢ February is triggered by
a flaring hot solar corona as shown in Figure 1.

Table 2. The Solar Flare Series during 20" to 24" February 2017

10



Flare- B7.5 B3.0 C4.1 C1.3 C1l.1 B3.2

Class 2.20 2.21 2.22 2.23 2.24 2.26
Stage(UTC)

Start :14 114 13:03 20:43 00:04 111
Maximum :25 122 13:27 20:53 00:12 118
End :32 :26 13:38 21:11 00:14 :25

Figure 6 shows the ACC density (Figure 6a to 6e) and the related indexes (Fig-
ure 6f to 61) during the February 2017 C4.1 Solar Flare event. The Martian
thermospheric density increases 2 to 4 times higher than the long-term back-
ground trends as driven by the factors in equation (1). The indexes represented
by SWP, By, SEP, and SWEA share a similar trend during the period, which
implies that the solar winds and the Interplanetary Magnetic Field (IMF) have
minor contribution in enhancing the Mars thermospheric density during this
event series (Table 2) as expected. The surface dust storms are also relatively
calmer at the end of a Mars Year (MY33, Ls 308°-336°) ( Montabone et al., 2019).
The density is heated by the 0.1-7 nm X-rays enhancement, i.e., EUV (0.1-7 nm)
(Figure 6f), increasing from 2.25x10™ to almost 3x10* W m™2 as illustrated in
Figure 6f. The event series are caused by the emissions from a hot solar corona
within a few days as shown in Figure 1, which are not revealed by 11-17 nm
wavelength band that is designed to capture the activities from relatively cooler
corona.

11
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Figure 6. Martian thermospheric density perturbations caused by the solar
flares are illustrated during February 2017. The first five panels (a-e): density
at 160 to 200 km. (f) EUV (0.1-7 nm) are X-rays from the hot solar flares. (g)
EUV (17-22 nm) represents EUV emissions from relatively cooler solar flares.
(h) SWP is the Solar Wind Pressure. (i) B, refers to the magnet intensity in y-
axis measured by MAG, in which the high-frequency background perturbations
has been filtered out. (j) SEP: Solar Energetic Particles. (k) SWEA: Solar
Wind Electron Analyzer. (1) IR-CDOD is used evaluate the surface dust storms.
The density is measured during nightside (SZA>90°).

The heating rate caused by the 0.1-7 nm X-rays decreases with the altitude
whereas the density increases with the height under HE. The energy is absorbed
by the atmospheric volatiles when the EUV (0.1-7 nm) goes through the upper
layers. The lower boundary of the heating effects by EUV (0.1-7 nm) enhance-
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ment is at about 170 km, where the detected density approximates 0.1-0.2 kg
km™ that is at the same magnitude as the background variations.

It should be noticed that the density increases are due to energy transportation
from dayside since the density observed inbound/outbound during the event
series is in the nightside (100°<SZA<115° bottom panels of Figure 4). The
higher background density after 15 March is due to directional solar heating or
strong day night transmission as these measurements are made near the day-
night terminator (SZA nearby 90°). Some high-density irregularities after 24"
February might be related to surface dust storms as the IR-CDOD becomes
larger than before (Figure 61).

4.3 Density responses to the March 2017 B3.3 Solar Flare

The EUV enhancement in 17-22 nm caused by a newborn solar corona (rela-
tively cooler) and the coupling solar flares are shown in Figure 1. The EUV
enhancement begins with the B3.3 solar flare on 2224 March (Table 3), of which
the fluxes increase from 2x107 to 2x103 W m™ in EUV (17-22 nm) during the
events (Figure 7g). Then, the density increases 1 to 3 times when the altitude
exceeds 180 km (Figure 7a-7e).

Table 3. The Solar Flare Series during 22°¢ to 24" March 2017

Flare- B1.5 B3.3 B2.8 C1.3 Ch.1
Class 3.20 3.22 3.25 3.26 3.27
Stage(UTC)

Start :52 18:21 :04 :49 :55
Maximum :59 18:58 113 - :20
End :06 19:15 :19 :08 24
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Figure 7. Same as Figure 6 but the solar flares occurred at March 2017 and
the density is in dayside (SZA <90°)

The density is heated directly by the 17-22 nm EUV enhancements during the
event series. The density derived during this period is in the dayside as shown
in Figure 2. Therefore, the background density in Figure 7 is higher than that
in Figure 6. It is also shown that the density increases at altitudes lower than
170 km are blanked by the background density distributions. The surface dust
storms (Figure 71) before 27" March could cause higher density irregularities.
The magnitude of these irregularities approximates the similar level caused by
the EUV (17-22 nm) enhancement. Meanwhile, the moderate EUV enhance-
ment in both two wavelengths on 10*" to 14*" April B4.8 ~ B1.2 solar flares
causes no visible response in Martian thermospheric density, which might be
overlapped by the irregularities from the impacts of surface dust storms.

4.4 The effects of the Martian crustal magnetic field

As illustrated in Figure 6, 7 and equation (1), the solar winds and the IMF
seem to have no visible effects on shaping the thermal structure of the Mar-
tian thermosphere. Only the EUV enhancement coupling with the solar flare
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activities could heat the upper atmosphere. However, the plasma-IMF packages
from the solar winds and solar flares do affect Mars ionosphere heavily and thus
cause heating or cooling of the upper atmospheric ions (Ma et al., 2004, 2014;
Lollo et al., 2012; Fallows et al., 2015). Moreover, some latitudinal variations
have appeared in Figure 6 and 7, where the density distribution overlaps with
the Martian ‘butterfly’ crustal magnetic field (Figure 3e). What roles do the
Martian crustal magnetic field play in shaping the upper thermal structure?
In section 4.1 to 4.3, we discuss the ACC data in terms of time-series. It is
necessary to consider the same events from the spatial-dependent point of view.
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Figure 8. A global spatial distribution map for the ACC background data is
shown above. Density during the study events has been removed. (a) to (e):
altitudes from 200 to 160 km for the February. (f) to (g): same as (a) to (e)
but for March. The colormaps for each figure represent the ACC data-derived
density (kg km™).

The background ACC-derived density and the CMF map are illustrated in Fig-
ure 8 during the two events. The background density during the two events
overlays with the upper part of the ‘butterfly’ CMF. For the first event (Fig-
ure 8a to 8e), the density is lower in longitude 150°-210°, where the CMF is
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strong. The nightside higher irregularities (Figure 8c to 8e) between longitude
180° and 240° are outbound observations (Figure 3e) influenced by the dayside
transportation. As shown in the right column of Figure 8 (the March event),
the density is lower in the region where the CMF is stronger and vice versa. The
CMF has stronger cooling effects on the thermosphere during the day when the
sun illuminates the atmosphere.

Figure 9 illustrates the global density distribution during the solar flare events.
The density in the left column is measured during the night (SZA ~110°). There-
fore, the increased density during the February event series is due to the energy
transportation from the dayside heated atmosphere. The density nearby the
longitude 180° seems to be lower than elsewhere. Meanwhile, the density in
the right column is sampled during the day (SZA<90°), which implies that the
density enhancement is mainly due to direct EUV (17-22 nm) heating. The
density in the left boundary of the intensive CMF is lower than that in other
regions. However, the data available for these two events is limited and more
observations are needed to confirm the phenomenon.
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Figure 9. same as Figure 8 but the density is sampled during the studied
events
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5 Discussions
5.1 The heating of thermosphere density by the solar flares EUV-enhancement

The density increases are due to enhanced EUV fluxes heating accompanied with
the solar flares as expected (Elrod et al.,2018; Jain et al., 2018). The February
event heats the dayside thermosphere at altitudes more than 170 km with 0.1-
7 nm EUV (soft X-rays) fluxes. The density increases 1-3 times more than
the background values before the energy is depleted by the increased density
at the lower layers. The thermosphere in the nightside nearby the terminator
also experiences fast expansion almost synchronously. The observed nightside
density increase is due to heating transportation from the dayside, in which
the density increases 2-5 times more than the nightside average value (Figure 4
and 6). The average temperature can increase from background 200-300 K to
330-570 K during the event (Figure 10a and 10b). The direct dayside density
responses to the solar flares are revealed by the March event (Figure 7). The
temperature increases from 200-300 K to 450-600 K (Figure 10c and 10d).
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Figure 10. Density-derived temperature is shown above, including (a) temper-
ature profiles and (b) the average values for the February event. Background
inbound /outbound values is labeled as green and blue color, respectively. The
gray lines (dash/solid for inbound/outbound) are the values during the C4.1

17



event. The black/red lines refer to the background/heated averaged tempera-
ture (Cui et al., 2018; Stone et al., 2018). (c) and (d) for the March event.

The background terms, such as cos (SZA), r? and dust storms, not only control
the long-term evolution of the thermospheric density, but also have different
magnitude contributions to the background variations (Zurek et al., 2017; Liu
et al., 2019). The density is sensitive to the projection of the solar fluxes, i.e.,
the cos (SZA) (Thiemann et al., 2017; Li et al., 2021). The background density
experiences an increasing trend due to the decrease of the cos (SZA) during the
two events (Figure 4). The dust storms contribute most of the stronger comb-
like values between 26" February and 26" March (Figure 6 and 7), which are
even higher than the solar flares-induced EUV enhancement impacts at altitudes
below 170 km. The influence of r? term on the density evolution is slower, and
that can be only seen visibly in the time span of at least one Martian Year
(Zurek et al., 2017; Liu et al., 2019; Li et al., 2021).

5.2 The role of the Martian CMF

The CMF causes cooling effects on the thermosphere in different degrees as
seen in the dayside and nightside (Figure 8). The dayside data distribution
represents an obviously lower value near the strong CMF area where the density
enhancements are mainly due to direct EUV heating (right column of Figure
8). The nightside data (left column of Figure 8) show a similar phenomenon
influenced by the dayside transportation, but there are still high values near
strong CMF region (Figure 8c to 8e). These higher irregularities might be
corresponded with the day-night transportation.

The reason for the above phenomenon is that strong CMF can shield precip-
itating fluxes (especially heavy ions) (Hara et al., 2018) where the regional
magnetic field formulates more horizontal to the surface (Cui et al., 2018). It
potentially enhances the sputtering loss of ambient neutral particles. For the
nightside, the CMF might screen the ions’ horizontal transport to affect the
density distribution indirectly. The dayside CMF has stronger impacts on the
density distribution than that during the nightside. It is because that higher
EUV fluxes restrain the precipitating fluxes (Martinez et al.,2018).

5.3 The influence on atmospheric escape

The processes caused by the solar flares have been proved to increase the sput-
tering loss by affecting the ion precipitation (Jakosky et al., 2018). The two
moderate events studied in this paper cause unexpected temperature and den-
sity fluctuations in the atmosphere (Figure 4, 6, 7 and 10). The heating up of
thermospheric density by the solar flare EUV enhancement has important in-
fluence on the process of atmospheric escape, especially for Jeans escape (~250
K for H) and hydrodynamic escape (greater than 1000 K for Mars). The atmo-
sphere lifting as a whole powered by EUV heating can lead to hydrodynamic
escape of the upper atmosphere (Lammer et al.,2013). The heating process in-
tensifies these two escapes and thus affects thermospheric escape as a factor of
long existence.
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6 Conclusions

We investigate two moderate (B3.3 and C4.1) solar flares’ impacts on the
Mars themospheric thermal structure by using MAVEN ACC-derived den-
sity /temperature and other sensors’ solar-monitoring observations. Both the
C4.1 and B3.3 flare couple with EUV enhancement in different wavelength, i.e.,
EUV (0.1-7 nm, X-rays) and EUV (17-22 nm). The results shows that when
the solar activity becomes intense, including the increasing emission of EUV,
the high energy particle, energy flow and their magnetic field changes, almost
all the density in the detected area experiences an fast and dramatic increase.
The increasing of the density is due to the solar EUV heating to the Mars
atmosphere. The main conclusions are as follows:

1. The nightside density can be heated up to the same magnitude as dayside does
nearly synchronously due to the energy and particles transported from the day-
side during the solar flare-induced EUV (0.1-7 nm) enhancement of the February
event. Therefore, the averaged nightside background temperature can increase
from ~200 to ~350 K, coupling with various scales of density-temperature fluc-
tuation that could be regarded as gravity waves.

2. The direct EUV (17-22 nm) heating during the day of the March event
causes density increase for 2-5 times higher than the background values, which
is equivalent to a temperature enhancement of 250 K (increases from 250 K to
500 K). The dissipating and braking of gravity waves triggered by the event
are the second important heating source, and the temperature can be heated to
more than 1000 K.

3. The Mars Crustal Magnetic Field (CMF) can alter the spatial distribution
of the background thermal structure, where the region of stronger CMF has a
relatively lower density distribution. The closed magnetic lines in the area might
could shield the ions to precipitate and screen the ions’ horizontal transport.

4. Huge density /temperature fluctuations have been generated during the two
events. The increased background temperature can accelerate the Jeans Escape
rates of some light species such as atomic Hydrogen (H). The EUV and the
coupling gravity wave heating can cause temperature perturbations that could
surpass Mars hydrodynamic escape limit (~1000 K).

Data Availability Statement

The MAVEN ACC and EUV datasets used in this paper are available
in https://atmos.nmsu.edu/PDS/data/PDS4/MAVEN/acc_bundle/13/
and https://lasp.colorado.edu/maven/sdc/public/data/sci/euv/12/. The
solar flares recorded by SOHO satellite can be found in https://lasco-
www.nrl.navy.mil/daily mpg/. A quick search for the class of the solar
flares can be found at https://www.spaceweatherlive.com/en/archive.html.
Other key parameters measured by MAVEN PF and LPW are archived
in https://lasp.colorado.edu/maven/sdc/public/pages/plots/kp/kp.html.
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The IR-CDOD dataset generated by can be found at http://www-
mars.lmd.jussieu.fr/mars/dust__climatology/index.html.
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