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Abstract: The Martian hydrogen exosphere extends out of the bow shock, forming a "hydrogen corona". The solar wind interacts directly
with the hydrogen corona. During an ICME event on 7 March 2015, the SWIA instrument onboard Mars Atmosphere and Volatile
Evolution mission (MAVEN) observed that the pick-up H* fluxes in upstream solar wind were enhanced. Also increased were the
penetrating H* fluxes in the Martian atmosphere. Quantitatively, these penetrating H* fluxes cannot increase by a factor of 5 simply due
to a factor of 3 increase in the solar wind density, suggesting that the increased abundance of exospheric hydrogen upstream of the bow
shock was a consequence of the passage of the ICME. A denser outer hydrogen corona at high altitudes suggests that the expansion of
the neutral atmosphere was caused by the ICME. The excited and heated hydrogen exosphere probably indicates an elevated hydrogen

escape rate during an ICME.
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1. Introduction

Mars is surrounded by an atomic hydrogen corona observable at
the wavelength of Lyman-a (Anderson and Hord, 1971; Chaufray
et al., 2008; Chaffin et al.,, 2015). The origin of exospheric hydro-
gen atoms is water vapor. Water vapor at the near-surface atmo-
sphere can produce molecular hydrogen through photochemical
reactions, and the H, diffuses slowly from low altitudes to the
ionosphere (McElroy and Donahue, 1972). The upward transport
of molecular hydrogen is a stable process but on a shorter time-
scale (of weeks) the variation of water vapor at high altitudes
could influence the exospheric H population, leading to seasonal
variation of the Martian hydrogen corona (Bhattacharyya et al.,
2015; Chaffin et al., 2017). In addition to the intrinsic atmospheric
dynamics (Chaffin et al., 2017), the solar radiation inputs (Chaufray
et al,, 2015; Halekas, 2017) and solar wind (Bhattacharyya et al.,
2015) may have an effect on the variability of the planet’s H exo-
sphere.

Interplanetary coronal mass ejections (ICMEs) are the manifesta-
tions of coronal mass ejections (CMEs) in interplanetary space,
characterized by enhanced plasma density, lower plasma temper-
ature, and stronger magnetic field with respect to ambient solar
wind. Such space storms might have been more common in the
early period of the solar system’s history. Under the impact of
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ICMEs, plasma environment disturbances can be observed not
only at Earth (Mannucci et al., 2005), but also at Venus (Xu Q et al.,
2019) and Mars (Jakosky et al., 2015a). Study of ICME encounters
with the Martian hydrogen corona can provide deeper under-
standing of the interactions between space weather events and
weakly magnetized planets. During an ICME with increased solar
wind proton flux, the ion escape rate at Mars increases, as evid-
enced by the enhancement of pick-up O* flux (Jakosky et al.,
2015a; Curry et al,, 2015). Different from heavy particles, the hy-
drogen loss to space is primarily by thermal (or Jeans) escape
(Jakosky et al., 2018). To investigate the hydrogen escape rate at
Mars during ICMEs, Mayyasi et al. (2018) studied the response of
hydrogen Lyman-a emission to a space weather event. Based on a
comparison of observations with simulation results, they sugges-
ted that the hydrogen abundance decreased while the temperat-
ure increased at the exobase, and the derived Jeans escape rate
increased by a factor of 5 during the space weather event.

Because Mars lacks a global dipole magnetic field, the impact of
an ICME on Mars is quite different from that on Earth (Curry et al.,
2015). The Martian H corona extends outward more than 10 Mars
radii, a distant region upstream of the bow shock (Chaffin et al,,
2015). With the hydrogen corona exposed directly to the solar
wind, charge exchange between solar wind protons and the neut-
ral hydrogen atoms will produce new protons and new H atoms.
The newly born H* can be picked up by the solar wind convection
electric field and escape from the planet, while the newly born H
atoms, without the resistance of an electromagnetic field, can
penetrate into the atmosphere and collide with atmospheric
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particles, producing "penetrating H*" (Halekas, 2017). Though Ul-
traviolet (UV) radiation observations of the corona might be con-
taminated during solar storms, the properties of the hydrogen
corona can also be evidenced by indirect observations, including
pick-up H* (Rahmati et al., 2017, 2018) and penetrating H* (Hale-
kas, 2017).

In this study, by using observations from the Solar Wind lon Ana-
lyzer (SWIA) (Halekas et al., 2015a) onboard the Mars Atmosphere
and Volatile EvolutioN mission (MAVEN) (Jakosky et al., 2015b), we
investigate comprehensively the responses of the Martian hydro-
gen corona to the ICME event on 7 March 2015.

2. Instrument and Data

MAVEN is an orbiter mission developed by NASA. The mission
aims at understanding the relationship between atmospheric loss
and climate change that occurred in the history of Mars, including
a science objective to explore the interactions of the solar wind
with the Martian upper atmosphere (Jakosky et al., 2015b). The
SWIA carried by MAVEN measures ions in a broad 360° x 90° field
of view and across the energy range of 0.005-25 keV, divided into
96 energy steps (Halekas et al., 2015a). The Coarse product, in
which anodes in the sunward direction are summed up and adja-
cent energy steps are summed over, presents a total 16 x 4 x 48
array (16 anode bins labeled from A0 to A15, 4 deflection bins
labeled from DO to D3, and 48 energy bins), while the time-
ordered angle-averaged (one-dimensional) ion energy spectra, as
computed from Coarse ion distributions, contains a 48-element
array of differential energy fluxes (Halekas et al., 2015a). The mo-
ments produced by SWIA reveal the basic properties of the solar
wind (Halekas et al., 2015a). However, SWIA does not have a cap-
ability to discriminate different ion species (Halekas et al., 2015a).
SWIA is mounted to a small platform at the corner of the space-
craft, with an axis pointing to the sun and an axis points toward
the nadir for the majority of operational attitudes (Halekas et al.,
2015a).

3. Observations

3.1 Overview of the ICME on 7 March 2015

Three main solar storms observed by MAVEN occurred in Decem-
ber 2014, March 2015, and September 2017. There was no day-
side atmosphere observation during the first storm and no solar
wind observation during the third one. A series of ICMEs
happened in March 2015; the ICME event on 7 March 2015 has
been reported previously (Jakosky et al., 2015a; Lee et al., 2017).
This ICME erupted on 1 March and arrived at Mars on 7 March
2015, just before the arrival of the widely reported ICME of 8
March 2015 (e.g., Lee et al., 2017). Mars had experienced a short
period in the quiet solar wind after the most recent previous ICME,
encountered on 4 March (Jakosky et al., 2015a). Figure 1 shows
the overview of this event based on the Mars-Solar-Orbital (MSO)
coordinate system, where +X points from Mars to the Sun along
Mars-Sun line, the +Y direction points oppositely to the planet’s
direction of motion, and the Z axis remains perpendicular to the
planet’s orbital plane to complete the right-handed set; the origin
is always at the geometrical center of Mars. Figure 1a displays the

Earth and Planetary Physics  doi: 10.26464/epp2020006 39

magnitude of the magnetic field from 12:00 UT on 6 March to
12:00 UT on 7 March. The vertical black lines mark the bow shock
crossings in Orbits 837 and 840. Vertical grey dash lines indicate
the periapsis crossings. The strongest magnetic field appears in
Orbit 840. The second panel displays the three components of the
magnetic field. In Figure ¢, solar wind velocity stayed stable
around 550-600 km/s. Figure 1d and 1e show the H* density and
energy flux, respectively. The trajectory of each orbit is shown in
Figure 2i. In Orbit 839, the solar wind was shocked with increased
solar wind flux and strengthened IMF. The solar wind flux and
density increased gradually to a peak at 04:00 UT on 7 March, and
then decreased. It is hard to identify the arrival time of the ICME
shock and ICME body, but Mars responded drastically in Orbit 840,
which should correspond to the strongest part of the solar storm.
The ICME with stronger pressure should impact the Martian up-
per atmosphere strongly and induce a series of planetary re-
sponses.

3.2 Pick-up H* Enhancement

As the solar wind approaches Mars, newly formed planetary ions
are picked up by the solar wind convection electric field. This pick-
up process, in which momentum and energy are transferred from
solar wind to local plasma, may accelerate these ions to the es-
cape velocity (Bertucci et al.,, 2011). Because of the low energy of
partially picked up H* compared to solar wind (1 keV), some pick-
up protons buried under solar wind fluxes are difficult to interpret
from the angle-averaged spectrum (Rahmati et al., 2017). One ob-
jective of SWIA is to determine the pick-up acceleration of planet-
ary-origin ions (Halekas et al., 2015a). Based on directional analys-
is of SWIA Coarse data proposed by Rahmati et al. (2017), choice
of a specific direction from which solar wind protons are at a min-
imum should allow pick-up H* to be distinguished from back-
ground ions.

Figure 2 displays the comparison of measured pick-up fluxes in
quiet solar wind and under the impact of the ICME. Figure 2g
shows the differential energy flux in one direction (22.5° x 22.5°,
labeled AOD1) of SWIA anodes before the arrival of the ICME, and
Figure 2h shows the fluxes measured by the same anode (AOD1)
during the ICME. Since MAVEN is a three-axis stabilized spacecraft,
over time the same anodes indicate the same observational direc-
tions. The pick-up H* fluxes exhibit a discontinuous spectrum at
about 4 keV. Due to the small field of view (FOV) of each bin of
SWIA, even a slight change in the direction of the IMF can signific-
antly alter the pick-up ion fluxes in the FOV of each bin (Rahmati
et al,, 2017). The greatly disturbed pick-up fluxes on 7 March are
most probably due to the unstable IMF strength and direction
during the ICME passage. As marked by the golden color in Fig-
ure 2i, the observations of pre-ICME and during-ICME orbits are
both at the same range of altitudes upstream of the bow shock.
Compared with Figure 2g, the pickup H* fluxes show higher val-
ues in Figure 2h. In addition, the measurements from all 64 an-
odes were checked in Orbits 837 and 840 and several anodes ob-
served evidence of pick-up H* (not shown). The pick-up H* fluxes
in these anodes were significantly enhanced during the passage
of the ICME.

The enhancement of pick-up H* flux is caused by an increase in
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Figure 1. Overview of the ICME on 7 March 2015 observed by MAVEN. (a) The magnetic field strength. (b) Three components of magnetic field in
MSO coordinates. (c) The ion velocity. (d) The H* density. (e) The differential energy flux of H*. Solid vertical lines denote the bow shock crossings
in orbit 837 and 840 and vertical dash lines denote the periapsis crossings. Note that all the data are smoothed with a time width of 60 seconds.

the rate of production of exospheric protons. The ionization rate is
determined mainly by charge-exchange reactions rather than by
EUV radiation (Rahmati et al., 2018). The production rate of exo-
spheric H* due to the charge-exchange reaction depends on the
solar wind flux and local neutral H density: p(cm_3s_1) =
ocx (sz) x Ngw (cm_3) x Vaw (cm/s) x Ng (cm_3), where p is the
production rate of exospheric H*, ocx is the cross section, Nsy is
the solar wind density, Vsy is the solar wind velocity, and Ny is the
local neutral H density. According to Figure 2, the averaged solar
wind densities observed in Orbit 837 (14:30-15:30 UT on 6 March)
and 840 (04:00-05:00 UT on 7 March) are 1.7 cm=3 and 6.1 cm3,
respectively, while the solar wind velocities are 540 km/s and 571
km/s, respectively. The increase of solar wind flux might be one
reason for increased pick-up H*. But the total increased pick-up H*
flux and the contribution of background neutral H density are

hard to estimate quantitatively due to the turbulent IMF. A new-
born H* by charge exchange is accompanied by a new energetic
neutral atom (ENA). The background neutral hydrogen can be es-
timated better by ENAs since the measurements of ENA are not af-
fected by variations in the IMF direction.

3.3 Penetrating H* Enhancement

The hydrogen corona can spread as far as 10 Mars radii upstream
of the bow shock (Chaffin et al., 2015). Charge exchange could
happen directly between solar wind protons and exospheric neut-
ral hydrogen atoms. As electrons are captured by solar wind pro-
tons, ENAs are formed with the same velocity as the solar wind
(Kallio et al., 1997). These ENAs can penetrate into Mars' atmo-
sphere without the obstructions of IMF and bow shock. In this
way, the solar wind deposits energy into the atmosphere. ENAs

Xu Q and Xu XJ et al.: ICME impact on Martian H corona
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Figure 2. The pick-up H* fluxes measured by SWIA during the passage of ICME compared with that in quiet solar wind. (a)-(b) The three
components of magnetic field in MSO coordinates. (c)-(d) Solar wind density. (e)-(f) Solar wind velocity. (g)-(h) The differential energy flux of
pick-up H* recorded by anode AOD1 of SWIA. (i) The trajectory of each orbit from 6 March to 7 March. The spacecraft position is marked by golden
color when measuring pick-up flux and red color when measuring penetrating H*. The dashed lines are the bow shock (BS) location and magnetic

pileup boundary (MPB) modeled by Trotignon et al. (2006).

will collide with atmospheric particles and lead to ionizations. The
energetic ionospheric protons resulting from the impact of these
ENAs with planetary particles at lower altitudes are termed "pen-
etrating H*" (Halekas, 2017). Penetrating H* can be observed by
SWIA in the dayside atmosphere. These H* populations have the
same energy and velocity as the upstream solar wind (Halekas et
al, 2015b). Figure 3 shows penetrating H* observations in the
near-periapsis region before and after the arrival of the ICME. The
solar wind is obvious at approximately 1.5 keV in the spectra. As
the ICME passed by, the solar wind fluxes were enhanced com-
pared with those on the day before. The penetrating protons are
indicated by the dashed boxes, showing long, narrow and tenu-
ous spectra with the same energy as the solar wind. Since penet-

rating protons retain the velocity and thus the energy of the solar
wind, the density of penetrating H* can be indicated by its flux. It
is clear that the penetrating H* flux and density increased greatly
during the passage of the ICME. In Figure 4, the flux spectra are in-
tegrated over periods when MAVEN stayed near the periapsis. The
penetrating H* flux concentrates around 1.5 keV as marked by the
vertical dashed lines in Figure 3. Note that the second peak of
penetrating H* flux at 5 keV on 6 March is not real, which can be
seen from Figure 3b. The counts of integrated flux increased from
about 4000 to 20000 and the average density of the penetrating
H* increased accordingly by a factor of 5.

Penetrating protons contain information about the hydrogen

Xu Q and Xu XJ et al.: ICME impact on Martian H corona
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Figure 3. The SWIA observation of penetrating proton during the ICME compared with that in quiet solar wind. The angle-averaged differential
energy flux spectra (a) before the arrival of the ICME and (b) during the passage of the ICME. The energy of the solar wind is at approximately 1.5
keV. The penetrating protons are bounded by black dashed boxes. In comparison, the penetrating proton fluxes increased during the ICME on 7

March.

corona. However, the estimated density of penetrating H+ by
MAVEN observations varies with orbit altitude, solar wind para-
meters, and the H corona (Halekas, 2017). As shown in Figure 2i
and Figure 3, the measurements before and during the ICME are
made at almost the same altitude near the periapsis. The en-
hancement of penetrating H* density is therefore attributed to
the change of solar wind and the change of the H corona. To infer
the properties of the H corona, an equation was suggested by
Halekas (2017): Npen (r) = Nsw X 0H (Vsw) X Cexp (RBs) X F* (r; Vsw),
where Npen is the penetrating H* density, r is the radius, Nsy is the
solar wind density, oy is the cross section, Vs is the solar wind ve-
locity, Cexp is the exospheric column density upstream from the
bow shock, Rgs is the bow shock position, and F* is the fraction of
precipitating ENAs converted to positively charged hydrogen.

The spacecraft crossed the bow shock at 15:44 UT on 6 March and
at 05:13 UT on 7 March. The averaged solar wind density and velo-
city during quiet solar wind (15:00-15:30 UT on 6 March) are 1.70
cm™3 and 541 km/s, respectively. And the averaged solar wind
density and velocity in the ICME (04:30-05:00 UT on 7 March) are
5.25 cm~3 and 558 km/s, respectively. The penetrating H* density
(Npen) at radius r increased by a factor of 5, while the solar wind
density (Nsw) increased by a factor of 3. The cross section (oy)
should not change significantly because the solar wind velocity
(Vsw) remained roughly constant. The fraction of precipitating
ENAs converted to positively charged hydrogen (F*) is given by
F* = 001 (Vsw) / (901 (Vsw) + 010 (Vsw)), where 0o1(Vsw) is the elec-
tron stripping cross section and o1o(Vsw) is the charge exchange

cross section (Halekas, 2017). Based on the cross sections from
Lindsay et al. (2005), the increase in solar wind velocity from 541
km/s to 558 km/s would not lead to significant change of F*. Con-
sequently, the increase in penetrating H* density resulted in part
from the increase in exospheric column density upstream from
the bow shock (Cexp). Bow shock positions (Rgs) can be identified
by the sudden jump in magnetic field strength and the cessation
of stable solar wind flux, as shown in Figure 1. By checking the po-
sition of the spacecraft when crossing the bow shock (not shown
here), the observed bow shock location moved from 1.625Ry (ra-
dius of Mars) in the quiet solar wind to 1.69Ry under the impact of
the ICME. Such a small difference can be basically neglected. From
the quantitative estimation above, the increment of Cey, strongly
indicates a denser hydrogen corona during the passage of the
ICME.

4. Discussions and Conclusions

This paper reports observations of the pick-up H* and penetrat-
ing H* during the passing of the ICME on 7 March 2015. We infer
from these observations that the ICME increased the exospheric H
density upstream of the bow shock. The fluxes of pick-up H*
measured in the ICME are observed to have been enhanced. The
fluxes of penetrating H* with the same energy as the solar wind in
the ionosphere increased evidently during the ICME event. Our
analysis indicates that the total flux of these H* increased by a
factor of approximately 5. According to the model proposed by
Halekas (2017), the estimated column density upstream of the
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Figure 4. The integrated penetrating H* flux near the periapsis (a) in the pre-ICME orbit (16:10-16:25 UT on 6 March) and (b) during ICME orbit
(05:40-05:55 UT on 7 March). The position of spacecraft when taking the 15-minutes measurements is marked by red color in Figure 2i. The

energy of penetrating H* is marked by vertical dash lines.

bow shock increased. In other words, the neutral hydrogen dens-
ity upstream of the bow shock increased under the impact of the
ICME including the accompanying SEPs.

The increase of hydrogen density might not be coming from the
supply in lower atmosphere, because the upward transport of hy-
drogen has a much longer timescale. The upward transport of hy-
drogen from the planetary surface is a relatively slow process
(McElroy and Donahue, 1972). Dust storm impact could be ruled
out since the enhanced hydrogen escape during global dust
storms is caused by changes in high-altitude water vapor (Heav-
ens et al, 2018), which plays a role on a timescale of weeks
(Chaffin et al., 2017). Since the total abundance of exospheric H
should not be disturbed significantly in such a short time (hours),
we propose that the H exosphere itself expanded significantly,
providing more H atoms to the outer exosphere. The expansion
might result from solar energy deposits during the solar storm.
The impact of an ICME, which is characterized by stronger fluxes,
magnetic field, and dynamic pressure, can induce intense re-
sponses from Mars. The solar wind interaction with Mars can be

greatly strengthened during an ICME encounter (Jakosky et al.,
2015a). The enhancements of ionospheric magnetic fields and
electron densities during an ICME are attributed to the high dy-
namic pressure and high SEP flux (Harada et al., 2018). The iono-
sphere/exosphere can be excited and heated during an ICME.
Note that the solar flare influence can be excluded because the re-
covery timescale is relatively short and the latest solar flare was
more than 5 MAVEN orbits before the event. With increased en-
ergy, more H atoms in ballistic motion can reach a distance great-
er than several Mars radii, producing a denser outer H corona up-
stream of the bow shock. This result is consistent with a previous
study, which reported that the density of hydrogen at the exo-
base does not increase during an ICME but that the neutral tem-
perature can be enhanced (Mayyasi et al., 2018).

The ICME which impacted Mars on 7 March 2015 led to a denser
outer hydrogen corona. It is important to point out that our con-
clusion is based on the assumption that solar wind parameters re-
mained effectively unchanged when MAVEN was in the induced
magnetosphere. Without measurements of the hydrogen density

Xu Q and Xu XJ et al.: ICME impact on Martian H corona
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and temperature at the exobase, the Jeans escape rate cannot be
estimated quantitatively. But the expansion of the exosphere
strongly suggests a heating effect caused by the ICME impact. The
excited and heated hydrogen exosphere during the ICME prob-
ably indicates an elevated hydrogen escape rate.
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