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Abstract we report observations of the proton aurora at Mars, obtained with the Spectroscopy for the
Investigation of the Characteristics of the Atmosphere of Mars (SPICAM) ultraviolet spectrograph on board
Mars Express between 2004 and 2011. This is a third type of UV aurora that is discovered on Mars, in
addition to the discrete and diffuse nightside aurora. It is observed only on the dayside as it is produced by
the direct interaction of solar wind protons with the upper atmosphere. The auroral signature is an
enhancement of the Lyman-a emission in the order of a few kilorayleighs. The proton aurora features

peak emissions around 120 to 150 km. From the full SPICAM database, limb observations have been
investigated and six clear cases have been found. We identify either coronal mass ejections and/or corotating
interaction regions as triggers for each of these events.

1. Introduction

On Mars, different types of aurora have been detected through their emissions in the ultraviolet. The discrete
aurora was first reported by Bertaux et al. (2005), who observed spatially confined auroral features in a limb
scan of the Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars (SPICAM) UV
spectrometer (Bertaux et al., 2006) on board Mars Express (MEX). Subsequently, limb and nadir observations
of the discrete aurora were reported, revealing that these aurorae are linked to the topology of the crustal
magnetic field of Mars (Gérard et al., 2015; Soret et al., 2016). The diffuse aurora was observed by the
Imaging Ultraviolet Spectrograph (IUVS) on board the Mars Atmosphere and Volatile Evolution (MAVEN)
spacecraft and reported by Schneider et al. (2015). This auroral type is neither restricted in location nor linked
to the Martian magnetic field. Instead, it is thought to be globally extended and is closely correlated to solar
wind activity. Both, discrete and diffuse aurora, are observed on the Martian nightside.

Here we report SPICAM observations of a third type of aurora observed on the dayside in the ultraviolet, the
proton aurora. It was first found in observations made with IUVS on board MAVEN and was reported by
Deighan and colleagues at the AGU Fall Meeting in 2016. The proton aurora is produced by solar wind
protons precipitating in the atmosphere. It has long been known at Earth (e.g., Eather, 1967) where it was dis-
covered through the hydrogen Balmer lines in the visible (Vegard, 1939). It also manifests in the ultraviolet as
Lyman-a emission of excited hydrogen at 121.6 nm and has been mapped in the terrestrial aurora (Gérard
et al, 2001; Hubert et al., 2001).

Mars has a hydrogen corona that extends up to several thousands of kilometers (Chaufray et al., 2008). Solar
wind protons interact with the corona through charge exchange and produce thereby a beam of neutral
hydrogen at solar wind speeds (e.g., Barabash et al., 1995; Kallio et al., 1997). The production rate of these
energetic neutral atoms (ENAs) depends on the solar wind flux and has been recently measured and charac-
terized (Halekas et al., 2015, 2017; Wang et al., 2013). A mixture of hydrogen ENAs and solar wind protons
penetrates deep into the Martian atmosphere (Futaana et al., 2006; Lundin et al., 2004). As the density
increases, the particles interact with atmospheric particles by (in)elastic collisions, momentum and energy
transfer, ionization, charge transfer, and electron capture with the main constituents (M) of the atmosphere
(M = CO,, CO, and O). The corresponding collisional processes can be described by (e.g., Gérard et al., 2001;
Shematovich et al.,, 2011)
H(Hy) +m
Hif(He)+M  — H;,(H,) AM e 1)

Hy (H;) +MH(M) + (&)
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where Lyman-a emission is produced by spontaneous decay of the resulting fast (excited) hydrogen atoms
(Hr) from the upper (2p) state to the ground state (1s). Most of the auroral Lyman-a line profile is optically
thin and much wider compared to the optically thick emission by thermal hydrogen atoms. Hence, it can
be observed as an enhancement in the integrated Lyman-a emission.

The auroral signature we look for in this work is an addition in intensity to the always present Lyman-a reso-
nance scattering airglow limb profile at altitudes between 120 and 150 km resulting from the collisional pro-
cesses described before. The enhancement at Mars was modeled for solar wind protons up to 1 keV by Kallio
and Barabash (2001), who predicted a possible maximum intensity in excess of 100 R in Lyman-a between
120 and 130 km. At these altitudes, for nominal solar wind conditions, the Lyman-a airglow would hardly
allow detection of this additional contribution. Leblanc et al. (2002) concluded that for solar energetic parti-
cles more Lyman-a photons are produced and expected excess intensities of 0.2 to 1 kR. Therefore, in the
case of increased solar flux density or energetic solar particle occurrence, the enhancement is likely to be
observed as a proton aurora. The main driver of such events could be coronal mass ejections (CMEs) and cor-
otating interaction regions (CIRs), as both can create regions of enhanced solar wind density that can reach
the Martian environment and create/affect the aurora.

CMEs are large dynamical events in which solar plasma is ejected into interplanetary space (for a review see
Webb & Howard, 2012). Furthermore, fast CMEs can drive a fast forward shock in front of them (Kilpua et al.,
2015, and references therein), creating a region of dense plasma between the shock and the CME (sheath).
Peaks in density have also been detected in the trailing part of CMEs (Rodriguez et al., 2016). CMEs are also
associated with elevated magnetic fields. Through the solar rotation, fast solar wind coming from coronal
holes and slow wind from coronal streamers interact. The fast wind compresses and deflects the slower
and denser slow wind ahead of it. A CIR is the thereby created region of interaction, which rotates along with
the Sun. Due to compression, they can create regions of enhanced plasma density, temperature, and mag-
netic field (for more details see Jian et al., 2006).

In this study, we examine the full SPICAM database in order to obtain Lyman-a limb profiles in which this sig-
nature could be present and correlate our findings with possible triggering from solar events.

2. Instrument Description

The observations used in this study were performed with the SPICAM UV spectrometer on board the MEX
spacecraft. MEX was inserted into a quasi-polar orbit of 6.7 h with the pericenter near 300 km and the
apocenter at 10,100 km. SPICAM was designed to observe in limb and in nadir mode and could also per-
form stellar and solar occultation measurements. The ultraviolet spectrometer covers a spectral range from
118 to 310 nm. The entrance slit is divided in two parts, the narrow part having a field of view of
0.02° x 1.9° with a spectral resolution of ~1.5 nm and the wide part with a field of view of 0.2° x 0.98°
enabling observations of weaker sources at the expense of spectral resolution (~6 nm). Along this slit, five
spatial bins record photon fluxes, two in the narrow part of the slit (bins 1 and 2), two in the wide part of
the slit (bins 4 and 5), and one measures fluxes in both parts (bin 3). Data from bin 3 are not used in this
study. Each of the five bins provides one spectrum per second, but the flux integration time for each spec-
trum is 640 ms, and additional 340 ms is allocated to digital onboard data processing. Each spectrum is the
sum of N individual CCD line spectra, with N = 2, 4, 8, 16, or 32. The observations reported here were col-
lected with binning parameters of 16 and 32. During each orbit, one or more observation sequences are
recorded. Regardless if a second or more sequences were recorded in the same orbit, the naming of the
observations used here is “orbit number/sequence”. One sequence typically lasts 20 to 30 min, and during
each sequence more than 1,000 individual spectra are obtained, in which one spectrum corresponds to a
1 s time frame.

During limb observations, the spacecraft is kept in a fixed inertial attitude and records the integrated emis-
sion along the line of sight (LOS) as it skims the limb tangentially. As the spacecraft passes at pericenter,
the tangent point (TP, the point of the LOS that is closest to the Martian surface) will first decrease in alti-
tude (ingress scan) down to a minimum altitude and then increase (egress scan). A detailed description of
SPICAM, the calibration, and the observing modes can be found in Bertaux et al. (2006) and Leblanc
et al. (2006).
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3. Data Selection and Processing
3.1. SPICAM Data

Level 1A data are used from the SPICAM database and cleaned from
saturated pixels, cosmic ray effects, electronic noise, dark current, and
erroneous data. Calibration was performed with the latest gain and “effi-
cient area” curves (Montmessin et al.,, 2017), and analog to digital unit
values were converted into photon fluxes. Observations with nonap-
propriate high-voltage settings in the instrument were discarded. We
selected only limb observations of the Martian dayside that contain
measurements during which the tangent point was between 110 and
200 km above the Martian limb. A linear background between 119
and 124 nm was subtracted in order to obtain the true Lyman-a inten-
sity. Observations that were affected by stray light or in which the back-
ground subtraction fit was unreliable due to a too large background
signal were discarded. Initially, all data processing was done separately
for wide and narrow bins, while the data from the two wide bins and
the data from the two narrow bins, respectively, were merged for better

500 ;2131[;51 5 statistics. A total of 143 orbit sequences was selected. Of these, 54 obser-

Intensity (kR) vations provided data in the narrow bins only, 72 in the wide bins only

and for 17 observations, both narrow and wide bins provided simulta-

Figure 1. Lyman-a intensity profile plotted versus the tangent point altitude neous measurements. For these observations wide and narrow bin data
for an auroral (blue, Orbit 1426/1 egress) and a nonauroral case (black, were merged.

Orbit 1414/2 egress). Parameters of both orbits are listed in Table 1. The

difference between the two profiles is shown in magenta.

Spectra have been integrated between 119 and 124 nm for each second
of the respective observation sequence. As the time sequence corre-
sponds to a range of altitudes, the integrated Lyman-a intensities were binned in 4 km intervals and the
mean values of each interval plotted versus altitude (Figures 1 and 2a-2f). The horizontal bars indicate the
1 sigma standard error on the mean in each bin. Ingress and egress observations are plotted separately.

3.2. Search for Auroral Signatures

We expect to observe an increase in the Lyman-a intensity as a function of altitude, with an emission peak in
the altitude range of 120 to 150 km. The altitude profiles were inspected visually and a clear case of a proton
auroral signature was identified in MEX Orbit 1426/1. Figure 1 shows the egress altitude profile of this scan
(blue). Overlaid is the egress profile from Orbit 1414/2 (black), which does not feature an auroral signature.
This profile has been recorded less than 4 days before the aurora, which is the closest observation in time
in the data set. The observational parameters are very similar for both orbits (Table 1), which justifies subtract-
ing one from the other. The difference of these profiles is plotted in magenta, clearly showing the enhance-
ment of the Lyman-a emission of about 3 kR between 110 and 150 km.

In parallel, an automatic approach was applied. The emission integrated between 120 and 150 km was calcu-
lated and compared to the intensity integrated between 160 and 190 km. Whereas the distribution of this
ratio Rint = I1120:1501km//1160:1901km SPreads from 0.7 to 1.4 for all selected observations, most of them have a
ratio below unity (e.g., Orbit 1414/2 shown in Figure 1 has R;,: = 0.89). Following this distribution, observa-
tions with a significant increase compared to the emission at higher altitudes (>10%) were considered
auroral candidates.

3.3. Search for Solar Events Triggering the Proton Aurora

After identification of the auroral candidates, we examined solar and interplanetary data in order to link CMEs
and/or CIRs to the times when a proton aurora was observed at Mars. Therefore, we used remote sensing and
in situ data from spacecraft located at the Sun-Earth L1 point or on Earth orbit (SOHO, ACE, and GOES).

In order to check for CMEs, we searched the SOHO LASCO CME catalogue for events happening 4 to 7 days
before the date of the aurora (the time window was selected in order to account for CME travel times to Mars
considering typical CME velocities) and directed toward the location of Mars. For the events after 2007, we
also checked the HELCATS ARRCAT catalogue (Méstl et al, 2017), which contains predicted arrivals of
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Figure 2. (a-f) The Lyman-a limb profiles of the six orbits during which aurorae have been observed are shown (Table 1, in
total nine auroral limb profiles). Ingress observations are drawn in red and egress scans in blue. (g) The SPICAM proton
(white) and the SPICAM discrete aurora observations (black) are displayed on a map that shows the statistical Martian
magnetic field intensity at 400 km altitude (taken from Connerney et al., 2001). (h) The histogram shows the distribution of
all SPICAM limb observations selected for this study with respect to the solar cycle and Martian season (solar longitude Lg).
The solid line represents the smoothed monthly sunspot number, and the red arrows indicate the six auroral
observation dates (source of sunspot data: WDC-SILSO, Royal Observatory of Belgium, Brussels).
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Table 1

Characteristics of the Proton Aurorae Observations

Orbit/
Sequence

Solar trigger
(observation comment)

TP altitude

/aur

TP SZA  S/Caltitude

TP longitude

TP latitude

Time
(hh:mm)

Rint

(km)

(deg) (km) Bins (kR)

493

(deg)

(deg)

Scan

(deg)
156

Date

CME: possible; CIR: yes (Earth-Mars in near quadrature)

1.25
1.19

140.7
1243
128.4
120.5
1284

N+W 07x02

N+W

3337

198.8
202.8

554

17:16
17:25
16:28
01:02
01:08
10:33
20:40
20:48
20:44

01:19

E

6/2/2005

1357/2

+04

1.2

679.3

30.8

228

0.89  No aurora, reference case Figure 1

258.9 48.2 345.9 N+ W

52.1

164

1

22/2/2005
26/2/2005

1414/2
1426/1

CME: possible; CIR: yes (Earth-Mars in near quadrature)

1.31

1.40

+0.3

300.9 74.5 351.2 N+W 1.1
260.6

120.1
199.1

71.7

E

66

50.3 3476 N+ W 0+03

53.8
-17

—583
—30.1

CME: not likely; CIR: yes (Earth-Mars almost aligned)
CME: not likely; CIR: yes (Earth-Mars almost aligned)
CME: yes; CIR: no (Earth-Mars in quadrature)
CME: yes; CIR: no (Earth-Mars in quadrature)

NN O N
Q== =R
——eec
MY =<
0O S o
R )
—_—— -

+0
+0
5+03
+0
+0.5

=====

536.2
3135
3289
674.6
3145

23.0
5
30.2
488
46.6

216.0
345.5
854

—253
—59.6

E
|
E
|
E

303
3
245
25

9/10/2005
5/11/2005
26/5/2007
14/6/2007

2231/2
2329/2
4354/1
4419/1

Note. MEX orbit number and observation sequence are given, the date of the measurement and the corresponding Martian season (solar longitude Lg). The altitude scan is indicated by / (ingress) and

E (egress). The time is given for the moment when the maximum intensity of the auroral feature is recorded. All following parameters refer to this moment. Latitude, longitude, and solar zenith angle

(SZA) are listed for the tangent point (TP) as well as the spacecraft altitude. N and W indicate if the observation was recorded in the narrow, wide, or both bins. The auroral excess intensity /5., its

uncertainty, and the TP altitude of the observation are given, followed by the intensity ratio Rj,¢. The last column comments on the solar trigger and the observational condition for this trigger in

parentheses. The table also includes italicized the parameters for Orbit 1414/2, which serves as reference orbit to Orbit 1426/1 in Figure 1. The italicized entries indicate the nonauroral case.

CMEs to Mars from 2007 onward. We could thus
estimate if a CME should have reached Mars, or
not, at the moment of the aurora. Furthermore, if
Mars and the Earth were aligned, we used in situ
data from ACE (located at the Sun-Earth L1 point)
in order to verify a CME passage at Earth. If Mars
and Earth are in quadrature, CMEs are seen starting
from the west limb of the Sun toward Mars (note
that for the events analyzed here Mars was always
ahead of the Earth in its orbit, between approxi-
mately 0° and 180°).

For CIRs, we looked for coronal holes (in images of
the Sun taken by SOHO Extreme ultraviolet Imaging
Telescope and GOES Solar X-ray Imager), which were
in position to create a fast solar wind stream that
would arrive to Mars at the time of the aurora
(around 60° west of the Sun-Mars line at the moment
of the aurora and close to the solar equator). Since
CIRs rotate with the Sun, we could use in situ data
at the Earth orbit in order to identify them there
and then calculate the time needed to reach Mars.
If Earth and Mars are aligned, it is straightforward
to predict the arrival of the CIR to Mars, applying a
time delay based on Earth observations. If Earth
and Mars are in quadrature, it takes about 8 days
from the observations of the CIR at Earth until the
plasma arrives at Mars (this time is calculated for
each case, using the solar wind speed measured at
the Earth).

4. Results

The SPICAM observations cover a time period from
July 2004 to May 2011. From the observations with
Rint > 1.1 we excluded three cases, as the enhance-
ment was not found to be significant within the
uncertainties. Two additional cases (MEX Orbit
2231/2 and MEX Orbit 4419/1) were identified with
Rint < 1.1 but showing the auroral feature. In total,
we found proton aurora signatures in 6 orbits out
of 143: in 4 ingress and 5 egress cases, resulting in
9 limb profiles. For all six orbits we found CIRs
and/or CMEs reaching Mars at the expected time.

Table 1 shows the study results, indicating several
observational and spacecraft parameters for the
time of the observations at which the maximum
emission, denoted by I, was recorded. The table
includes also the identified solar trigger.
Depending on the observational conditions, we
judge the arrival of CME or CIR at Mars by “yes,”
“likely,” “possible,” “not likely,” and “no.”

"o

Additionally, we found 12 cases during the visual
inspection of the database, which show a marginal
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enhancement at the considered altitudes. Most of these have 1.0 < Ry, < 1.1. Taking them into account,
proton aurora could be found in as much as 13% of the orbits considered in this study. For most of these
marginal auroral cases we do not have a clear identification of a possible solar trigger.

Figure 2 summarizes the results. Figures 2a-2f show the individual limb profiles of the identified aurorae that
are listed in Table 1. Ingress scans are indicated in red and egress scans in blue. The altitude binning is 4 km,
and the horizontal bars indicate the uncertainty on the mean value in each bin. The ingress scan of Orbit
2231/2 shows a marginal auroral case that we do not consider an auroral observation, and the egress scan
of Orbit 4354/1 does not show an auroral signature. No ingress scan was obtained during Orbit 4419/1.
Figure 2g displays the location of the observations on a statistical Martian crustal magnetic field intensity
map (white stars). For comparison, we also show the locations of the discrete aurora observed by SPICAM,
which is associated to magnetic field structures (black stars, from Gérard et al,, 2015; Soret et al., 2016).
Placing the observations utilized for this study in the context of the solar cycle (Figure 2h) shows that the
SPICAM observations were obtained during the declining phase of solar cycle 24, during the unusual deep
minimum in 2009, and in the rising phase of the following low solar maximum. Aurorae (red arrows) were
only seen in the declining and minimum phase.

The comparison of all data from 2007 onward with the HELCATS ARRCAT catalogue revealed that for the
SPICAM observations without aurora, no CME was predicted to reach Mars. Unfortunately, such a catalogue
does not exist at the moment for CIRs.

5. Discussion

We observe proton aurora in 6 orbits out of 143, that is, in 4% of the observations. Their Lyman-a limb profiles
show the auroral intensity peaks due to solar wind proton/hydrogen precipitation between 120 and 150 km.
The half widths of the peak range from 110 up to 170 km in altitude and from 12 to almost 50 km in width.
Assuming that the proton aurora is spatially homogeneous, the tangent point altitude shown in the figures is
likely to be close to the true peak of the emission within the Martian atmosphere.

The observed excess brightness I, caused by the H*-H precipitation is between 0.7 and 3.0 kR. The
spacecraft altitude was between 300 and 700 km during the time of the measurements meaning the space-
craft observed the aurora always from above. Aurorae have been observed in the northern hemisphere and
in the southern hemisphere of Mars and in regions with and without Martian crustal magnetic fields. A
decrease in I, could be expected at locations of the magnetic field in response to the magnetic mirroring
of a part of the precipitating protons (Diéval et al., 2013; Shematovich et al.,, 2011). However, our data set is
not able to confirm this prediction due to lacking in situ proton flux measurements and the limited number
of detections.

The cases when the proton aurora was seen in both, ingress and egress observations (Orbits 1357/2, 1426/1,
and 2329/2), the change in longitude, latitude, solar zenith angle (SZA), and time gives a lower limit on the
spatial and temporal extent of the aurora for these events. The latitudinal separations between ingress and
egress scans span 18° to 35°. The fact that we observe differences in the auroral intensity for ingress and
egress scans does not violate the approximation of a horizontally homogeneous emission. The latitudinal dis-
tances are large compared to the scale heights characterizing the integrated auroral Lyman-o emission along
the LOS.

Orbit 2231/2 shows the weakest case of this study. We still consider it an aurora in egress, despite the low
signal. The profile clearly deviates in the expected way from the commonly observed Lyman-a limb airglow
profile, and a CIR was identified as solar trigger. The ingress scan we judge as a marginal increase (hence, it is
neither listed in Table 1 nor shown on the magnetic field map in Figure 2). Comparing the observational
parameters to the previously discussed orbits, they show no large differences in the spatial coverage or in
the spacecraft altitude. This can either mean spatial restriction of the aurora or simply that the time of
the auroral onset falls between ingress and egress scan or that the auroral emission was too weak to be
detected unambiguously.

Orbit 4354/1 does not show an increase in the Lyman-a limb profile in egress, only in ingress. Noticeable is
that the observation parameters change more than for the previously discussed orbits. The spacecraft alti-
tude is about 1,000 km higher for the egress than for the ingress scan. The solar zenith angle equal to
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78.8° is significantly larger for egress than for ingress (48.8°), but the change in location is similar to the other
four cases.

In general, no dependence on the SZA of the tangent point is seen, even though one would expect a higher
intensity at low SZA (Kallio & Barabash, 2001). However, the number of observations is limited and even
though we identified the sources of the solar wind protons causing the aurora, their density and energy pro-
file at Mars is unknown to us.

Halekas (2017, and references therein) reports a change in the column density of the hydrogen corona of
Mars by an order of magnitude within one Martian year, peaking around southern summer solstice
(Ls = 270°) close to perihelion. Unfortunately, due to the very limited data set, we are not able to confirm
an effect neither on the proton aurora occurrence nor on its intensity.

It also should be noted that the proton aurora is not a discrete event. The increase in the solar wind density at
the location of Mars can vary considerably depending on the strength of the solar event and its interplanetary
transport (e.g., the solar wind density in different CMEs can vary by more than 1 order of magnitude). It also
depends on the geometry of the encounter between the CME/CIR and Mars, as the density in the nose of a
CME can be very different from that at its flank. The relatively large number of marginal cases found in this
study and the example of Orbit 2231/2 indicate this smooth transition from a nonauroral case to a confirmed
proton aurora.

Assessing the limb profiles in an automatic manner in order to find auroral features is not straightforward, as
the resonant Lyman-a dayglow is quite variable and the excess emission not necessarily strongly pro-
nounced. The selection criteria we used (Rint = /[120:150/km//[160:1901km) cOmbined with visual inspection,
however, proved to be reasonable for this survey. Other approaches included analysis of the distribution
function of the intensities but did not lead to convincing results. Naturally, R, depends on the altitude
windows chosen, which is why the proton aurorae with a high and widespread altitude peak have not been
correctly identified by this criteria: Orbit 2231/2 (R;,; = 1.02) and Orbit 4419/1 (R;,¢ = 0.98). It is likely that the
altitude and the width of the peak depend on atmospheric density and temperature, as well as on the energy
of the precipitating protons. This will be investigated with future modeling work.

6. Conclusion

Lyman-a emission signatures of proton aurora have been observed with the SPICAM ultraviolet spectrometer
on board Mars Express between July 2004 and May 2011. Strong signatures have been found in 4% of the
observations (6 out of 143 orbits) and weaker features in 12 additional cases. We do not claim presence of
a proton aurora for the weak cases, but we neither exclude its presence. For all six strong cases we have found
either a CME (two cases) and/or a CIR (four cases) reaching Mars at the time of the observations, which we
believe triggered the auroral emission. The auroral excess intensity was up to 3 kR and peaks between 120
and 150 km. All confirmed observations have been made during the declining phase of solar cycle 24, which
preceded the unusual deep solar minimum in 2009. This could be interpreted as an observational bias, but as
the occurrence of CIRs is higher during the declining phase (Mursula & Zieger, 1996), we believe that this is a
true effect. Observational parameters, like the spacecraft altitude or the solar zenith angle, might play a role
for the detectability and the observed intensities, but we cannot present any correlation from the restricted
data set at hand. For the same reason we cannot confirm the expected correlation with Martian season.
Ongoing missions like MAVEN and future missions like the Trace Gas Orbiter are expected to provide a more
complete data set of proton aurora observations, possibly including in situ observations of precipitating
protons and ENAs produced in the Martian atmosphere. Further modeling work is needed to calculate the
characteristics of the Lyman-a line profile and the expected altitude and intensity distribution for conditions
of enhanced solar wind activity.
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