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Abstract

Proton cyclotron waves (PCWs) upstream from Mars are usually interpreted as waves generated by ion/ion
instabilities due to the interaction between the solar wind plasma and the pickup protons, originating from the
extended hydrogen (H) exosphere of Mars. Their generation mainly depends on the solar wind properties and the
relative density of the newborn protons with respect to the background solar wind. Under stable solar wind
conditions, a higher solar irradiance leads to both increased exospheric H density and ionization rate of H atoms,
and therefore a higher relative density, which tends to increase the linear wave growth rate. Here we show that the
solar irradiance is likely to contribute significantly to PCW generation. Specifically, we present observations from
the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft indicating that, around the peak of the X8.2
flare on 2017 September 10, the increased solar irradiance gave rise to higher pickup H+

fluxes, which in turn
excited PCWs. This result has implications for inferring the loss of hydrogen to space in early Martian history with
more intense and frequent X-class flares as well as their contributions to the total loss.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Mars (1007); Pickup ions (1239); Plasma
physics (2089)

1. Introduction

Since the first detection of upstream waves near the local
proton cyclotron frequency in the spacecraft frame at Mars,
later known as proton cyclotron waves (PCWs), by the
MAGMA magnetometer on board Phobos-2 (Russell et al.
1990), their specific properties, generation mechanisms, and
generation conditions have been the subject of extensive
observational studies and theoretical analyses (Brain et al.
2002; Mazelle et al. 2004; Wei & Russell 2006; Wei et al.
2011; Bertucci et al. 2013; Romanelli et al. 2013; Wei et al.
2014; Connerney et al. 2015b; Ruhunusiri et al. 2015;
Romanelli et al. 2016; Ruhunusiri et al. 2016; Romeo et al.
2021). It is now well recognized that they are left-handed
polarized in the spacecraft frame and propagate quasi-parallel
with respect to the background magnetic field direction, and
they are generated by a pickup process of protons upstream
from Mars, originating from the extended hydrogen (H)
exosphere of Mars. Specifically, the newly ionized protons
through charge exchange, photoionization, and electron impact
form a secondary ion population in the solar wind, and the
interaction between the pickup ions and the solar wind plasma
enables wave generation through ion/ion instabilities. Linear
theories show that the electromagnetic ion–ion left-hand
instability is the dominant mode when the interplanetary
magnetic field (IMF) cone angle αVB, defined as the angle
between the solar wind velocity (V) and the IMF (B), is very
large and practically close to 90°, and the ion–ion right-hand

instability becomes dominant at small and moderate αVB. The
transition from one type of instability to the other is proposed
to occur around αVB= 70° (Gary 1991). Both resonant
instabilities could generate waves observed at the proton and
other ion cyclotron frequencies in the spacecraft frame. So far,
only waves near the local proton cyclotron frequency (i.e.,
PCWs) have been reported at Mars. This might be partly due to
the fact that, in addition to the IMF cone angle, upstream wave
generation depends on the relative density of the newborn
exospheric ions to the background solar wind plasma (Bertucci
et al. 2013; Romanelli et al. 2016). That is, the critical
minimum value of the relative density required for efficient
wave growth should be reached. It has been found that the
relative density is even a key parameter for upstream PCW
generation at Venus (Delva et al. 2011a, 2011b, 2015). Under
stable solar wind conditions, the relative density at Mars is
mainly related to the local exospheric H density and ionization
frequency, which are known to show strong correlation with
changes in the solar irradiance flux (Chaufray et al. 2015;
Rahmati et al. 2018). Thus, a higher solar irradiance condition
is expected to favor the generation of PCWs at Mars.
Observations support the expected contribution of the solar

irradiance to the wave generation at Mars. For example, the
occurrence rate of PCWs upstream from Mars exhibit a clear
increasing trend with decreasing heliocentric distance, i.e.,
more PCWs near perihelion (close to the southern summer
solstice) than around the spring and fall equinoxes, and this
trend has been found to be closely correlated with the similar
trend in the exospheric H density, as well as that in the solar
irradiance reaching Mars (Bertucci et al. 2013; Yamauchi et al.
2015; Romanelli et al. 2016; Halekas 2017; Romeo et al.
2021). The annual trend of solar irradiance is essentially due to

The Astrophysical Journal, 934:183 (8pp), 2022 August 1 https://doi.org/10.3847/1538-4357/ac7d4f
© 2022. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0002-3530-3402
https://orcid.org/0000-0002-3530-3402
https://orcid.org/0000-0002-3530-3402
https://orcid.org/0000-0003-1707-2716
https://orcid.org/0000-0003-1707-2716
https://orcid.org/0000-0003-1707-2716
https://orcid.org/0000-0001-9704-6993
https://orcid.org/0000-0001-9704-6993
https://orcid.org/0000-0001-9704-6993
https://orcid.org/0000-0001-5557-9062
https://orcid.org/0000-0001-5557-9062
https://orcid.org/0000-0001-5557-9062
https://orcid.org/0000-0001-5332-9561
https://orcid.org/0000-0001-5332-9561
https://orcid.org/0000-0001-5332-9561
https://orcid.org/0000-0001-8962-5397
https://orcid.org/0000-0001-8962-5397
https://orcid.org/0000-0001-8962-5397
https://orcid.org/0000-0001-7098-551X
https://orcid.org/0000-0001-7098-551X
https://orcid.org/0000-0001-7098-551X
https://orcid.org/0000-0001-7183-0229
https://orcid.org/0000-0001-7183-0229
https://orcid.org/0000-0001-7183-0229
https://orcid.org/0000-0001-5773-0184
https://orcid.org/0000-0001-5773-0184
https://orcid.org/0000-0001-5773-0184
mailto:jpguo@bnu.edu.cn
http://astrothesaurus.org/uat/1534
http://astrothesaurus.org/uat/1007
http://astrothesaurus.org/uat/1239
http://astrothesaurus.org/uat/2089
http://astrothesaurus.org/uat/2089
https://doi.org/10.3847/1538-4357/ac7d4f
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac7d4f&domain=pdf&date_stamp=2022-08-05
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac7d4f&domain=pdf&date_stamp=2022-08-05
http://creativecommons.org/licenses/by/4.0/


variations in the Martian heliocentric distance. In general, an
increase in the solar irradiance can give rise to an increase in
the photoionization frequency of the exospheric H atoms
(Rahmati et al. 2018). Meanwhile, it can also influence the
Martian atmosphere–ionosphere system, leading to the increase
in the exospheric H density at high altitudes (Chaufray et al.
2015). Increased ionization of more H atoms in denser
exospheric H near perihelion could increase the newborn
proton production, and therefore the linear wave growth rate.
This case clearly demonstrates that the increase in the solar
irradiance facilitates the generation of PCWs near perihelion. It
is worth noting that the increase in the solar irradiance can
account for only a part of the increase of the occurrence rate of
PCWs, because higher H exospheric density near perihelion
originates from the combination of seasonal variations (Chaffin
et al. 2014; Clarke et al. 2014; Bhattacharyya et al. 2015;
Rahmati et al. 2018) and the solar irradiance trend (Romanelli
et al. 2016; Romeo et al. 2021), rather than the solar irradiance
trend alone.

In this Paper, we report a scenario of increased solar
irradiance being the primary cause of the PCW generation
upstream from Mars, as observed by Mars Atmosphere and
Volatile EvolutioN (MAVEN; Jakosky et al. 2015). This
scenario occurred in an X8.2 solar flare event on 2017
September 10, when the soft X-ray and EUV irradiances
exhibited increases of up to 800% and 170%, respectively (Lee
et al. 2018). It is the largest flare ever measured by MAVEN.
Previous work has suggested that the Martian dust storm
activity could have an effect on the variability of the H
exosphere, and therefore upstream PCW generation (Romeo
et al. 2021). During the period of the X8.2 flare, Mars was at a
solar longitude Ls of 59°, corresponding to the late northern
spring season on Mars, and close to Mars’ aphelion. No global
and regional dust storms erupted during this period (see Figure
1 of Fang et al. 2020), and therefore the PCW generation is not
dust related. In addition, we find that no plasma waves were
generated by instabilities associated with the increased
production rate of newborn O+ ions during the flare. This
might be due to the relatively low exospheric hot oxygen (O)
density in the exosphere, compared to the exospheric H density
(Rahmati et al. 2017).

2. MAVEN Data

The primary data used in this study are obtained from the
Suprathermal and Thermal Ion Composition (STATIC) instru-
ment (McFadden et al. 2015), the Magnetometer (MAG;
Connerney et al. 2015a), the Solar Wind Ion Analyzer (SWIA;
Halekas et al. 2015), and the solar Extreme Ultraviolet Monitor
(EUVM; Eparvier et al. 2015) instruments on board MAVEN.
STATIC operates over an energy range of 0.1 eV up to 30 keV,
with a base time resolution of 4 s. It consists of a toroidal
electrostatic analyzer with a 360°× 90° field of view (FOV),
combined with a time-of-flight velocity analyzer with 22°.5
resolution in the detection plane. The “d0” product, consisting
of the mass, energy, and angle of ions with 16 azimuth bins, 4
elevation bins, and 8 mass bins, and with the time resolution of
128 s, is utilized to analyze ion velocity distribution functions
(VDFs). The ions in the mass ranges of 0.75–1.25 and
12–20 are taken as H+ ions and O+ ions, respectively. MAG
provides vector magnetic field measurements with a sampling
frequency of 32 Hz with 0.05% absolute vector accuracy.
SWIA is an energy and angular ion spectrometer with

electrostatic deflectors that measures ion fluxes. The ion
moments are computed from the Fine 3D velocity distributions
measured by SWIA under the assumption that all ions are
protons. We utilize the onboard-computed ion velocity and
energy spectra with 4 s time resolution. EUVM samples the
solar irradiance in three broad wavelength bands (0.1–7 nm,
17–22 nm, and 121–122 nm) at a cadence of 1 s. The soft X-ray
irradiance in 0.1–7 nm from the EUVM observations and EUV
irradiance in 10–91 nm estimated from the Flare Irradiance
Spectral Model for Mars (Thiemann et al. 2017) are used to
characterize the flare irradiance. We also use the energy and
angular distributions of 3–4600 eV electrons from the Solar
Wind Electron Analyzer (SWEA) instrument (Mitchell et al.
2016), and the fluxes of electrons from 20 to 1000 keV, and
ions from 20 to 6000 keV measured by the solar energetic
particle (SEP) instrument (Larson et al. 2015).

3. Observation and Analysis

Figure 1 shows MAVEN measurements during the period
09:00–18:00 UT on 2017 September 10, including two
upstream solar wind segments (∼10:10–11:50 UT and
∼15:10–16:51 UT) when MAVEN orbit (orbit 5716 and orbit
5717) extended out of the Martian bow shock (BS). Orbit 5716
and orbit 5717 start at the periapsis passage times of 08:50 UT
and 13:16 UT, respectively. During orbit 5716, the outbound
and inbound BS crossings are clearly distinguished by abrupt
increases in magnetic field magnitude and fluctuation level, a
sharp decrease in bulk flow velocity, along with a pronounced
broadening of ion energy spectra across the BS from the
upstream to the downstream, which are characteristics of the
bow shock crossing for each orbit. During orbit 5717, the
outbound BS crossing is less clear. We consider that it occurred
around 15:10 UT, when the ion energy spectra became narrow
and the flow was deflected to the negative Z direction in Mars
Solar Orbital (MSO) coordinates. In contrast, the inbound BS
crossing is very evident. It is characterized by an abrupt
increase in magnetic field magnitude and a pronounced
broadening of ion and electron energy spectra, and thus
provides strong evidence that MAVEN entered the upstream
solar wind during orbit 5717. We note that the spatial position
of the inbound BS crossing of orbit 5717 is far away from that
of orbit 5716, implying large changes in the location and shape
of the Martian BS. The changes might be partly due to the
enhanced solar irradiance from the X8.2 flare. It should be
mentioned that, the MAVEN orbit did not extend outside of the
Martian BS during the surrounding orbits (5714, 5715, 5718,
and 5719), mainly owing to the changes of the location and
shape of the Martian BS caused by both external and internal
drivers (Garnier et al. 2022). The present study focuses on the
observations upstream from the BS during orbits 5716
and 5717.
The X8.2 flare was detected at Mars by EUVM. It started in

the soft X-ray irradiance (0.1–7 nm) and EUV irradiance
(10–91 nm) at about 15:50 UT and peaked near 16:15 UT
(Figure 1(a)), which preceded the orbit 5717 inbound BS
crossing at 16:51 UT by about 36 minutes. The flare X-rays
were also recorded by the SEP instrument in its “thick” detector
during the interval 16:00–16:15 UT (Figure 1(d)). To
investigate the potential influence of the flare on the generation
of pickup ions via ionization of exospheric neutral atoms
upstream of the Martian BS, particularly the H atoms and hot O
atoms that populate the Martian exosphere and can escape to
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space when they obtain energies above the escape energy, we
examine the ion energy spectral in all 64 look directions of
STATIC and SWIA, i.e., 16 azimuth bins of 22°.5 and 4
elevation bins of 22°.5. The measurements by SEP are not
considered here, because the solar wind speed during the flare
period is too low for H+ and O+ pickup ions to gain enough
energy to be detectable by SEP. In SWIA spectrograms (not
shown), reflected H+ ions from the Martian BS are clearly
visible, whereas H+ pickup ions are masked by ghost ions (i.e.,
the scattered solar wind ions in the instrument) and therefore
barely identifiable. In addition, O+ pickup ions are not readily

identifiable. A careful analysis of STATIC spectrograms
suggests that a larger number of O+ ions entered the FOV of
STATIC around the flare peak. As an example, Figure 1(c)
shows the measured pickup O+ populations in one of the look
direction bins of STATIC, namely, A05D3, which do not have
the solar wind ions. The pickup O+

fluxes around the flare peak
are much higher than those in quiescence with similar upstream
plasma conditions during orbits 5716 and 5717. The enhanced
pickup O+

fluxes are mainly due to the additional ionization
caused by the flare, and the FOV effects might be also
involved, e.g., the change in the IMF direction takes O+ pickup

Figure 1. In situ observations from MAVEN during the period 09:00-18:00 UT on 2017 September 10, encompassing an X8.2 solar flare. From top to bottom: (a)
EUVM solar soft X-ray (0.1–7 nm) and EUV (10–91 nm) irradiance, (b) energy fluxes of pickup H+ in one of the look directions of STATIC, namely, A03D3, (c)
energy fluxes of pickup O+ in one of the look direction bins of STATIC, namely, A05D3, (d) SEP electron energy spectra in the forward look direction, (e) SEP ion
energy spectra in the forward look direction, (f) SWEA electron energy spectra, (g) SWIA ion energy spectra, (h) proton velocity components in MSO coordinates and
bulk proton speed from SWIA, (i) magnetic field components in MSO coordinates and magnetic field magnitude measured by MAG, (j) the IMF cone angle, defined
as the angle between the solar wind velocity and the interplanetary magnetic field (IMF), and (k) the MAVEN spacecraft altitude and position in units of the radius of
Mars RM. Vertical dotted–dashed lines mark the Martian bow shock (BS) crossings. The red vertical line indicates the time of flare peak (at ∼16:15 UT).
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ions in and out of the FOV of each bin. As we will see later, the
additional ionization essentially results from both an increase of
the hot O density and an increase of the photoionization
frequency of hot O atoms. The increase of pickup O+

fluxes is
a good indicator that the ionization of neutral exosphere was
intensified due to the flare, and gives us confidence that a
similar increase in the pickup H+

fluxes occurred around the
flare peak, although are barely visible in the spectra due to
ghost count contamination.

To further understand the dynamics of flare-induced pickup
ions in the upstream solar wind, we analyze their VDFs
measured by STATIC. We use the data product of “d0” with a
time resolution of 128 s in this period. Figures 2(a1)–(a6) and
Figures 2(b1)–(b6), respectively, show the characteristic H+

ion VDFs projected on the plane perpendicular to the local
magnetic field and to the convection electric field
(E=− V× B; V is the local proton velocity vector and B is
the local magnetic field vector) at different times corresponding
to the preflare phase (∼11:47 UT), the initiation phase (∼15:59
UT), around flare peak (∼16:16 UT), and shortly after the flare
peak (∼16:18 UT and ∼16:20 UT). It is known that the H+ ion
VDFs have a denser solar wind proton core component (e.g.,
Marsch et al. 1982). Here, the core component with radii of 0.6

times proton bulk velocity V⊥ perpendicular to the local IMF in
the velocity space is arbitrarily removed, by referring to the
dependence of the phase space density of solar wind protons on
the solar wind speed measured with SWICS (Gloeckler et al.
1995; Schwadron & Gloeckler 2007). We note that H+ pickup
ions located on the ring distribution in the VDFs, as indicated
by the red dashed circles calculated by local proton bulk
velocity V⊥ perpendicular to the local IMF, are often
contaminated by ghost ions as well as a part of solar wind
protons. Thus the signatures of additional H+ pickup ions due
to the flare are hardly identified by tracing the temporal
evolution of the VDF.
Figures 2(c1)–(c6) and (d1)–(d6) show the O+ ion VDFs in

the same format as Figures 2(a1)–(a6) and (b1)–(b6),
respectively. It is immediately clear that two pronounced
changes in the O+ ion VDF occur around the flare peak
(Figure 2(c4)). First, the O+ pickup ions measured at ∼16:16
UT have a velocity phase in the first and second quadrants of
the ring distribution, compared to a velocity phase near the
initial phase of the ring distribution in quiescence. This change
could be essentially attributed to the enhanced pickup O+

fluxes due to the additional ionization caused by the flare. The
O+ pickup ions on the ring distribution could mainly originate

Figure 2. H+ and O+ VDFs based on the STATIC “d0” product. (a1)–(a6) and (b1)–(b6) panels represent H+ VDFs projected on the plane perpendicular to the local
magnetic field and to the convection electric field, respectively. Gray circles correspond to contours of 100 eV and 1 keV, respectively. (c1)–(c6) and (d1)–(d6) panels
represent O+ VDFs projected on the plane perpendicular to the local magnetic field and to the convection electric field, respectively. Gray circles correspond to
contours of 100 eV, 1 keV, and 10 keV, respectively. The red dashed circle in (a1)–(a6) and (c1)–(c6) panels corresponds to a ring distribution calculated by local
proton bulk velocity perpendicular to the local magnetic field. The white arrows in (c4) and (c5) mark the energetic O+ ion beams.
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in the far extended O corona above the BS. Certainly, it is
possible that a part of the O+ pickup ions corresponding to the
early velocity phase of the ring distribution (i.e., the so-called
“plume” ions; Fang et al. 2008; Dong et al. 2015) could
originate from the ionosphere. Second, sunward O+ ion beams
with energy of several to ∼10 keV are present at ∼16:16 UT,
as marked by arrows in Figure 2(c4). The incident O+ ion
beams can be interpreted in terms of the reflection of
precipitating O+ pickup ions in the Martian magnetosheath
by the strong magnetic field and convection electric field, as
proposed by Masunaga et al. (2016, 2017). As shown in
Figure 1(i), the magnetosheath magnetic field along the flare
orbit was intensified by a factor of 2 or more, compared to the
preflare level. The enhanced magnetosheath magnetic field
could be the main cause of the reflection of precipitating O+

pickup ions. The O+ pickup ions might be initially created
through the solar flare additional ionization of exospheric hot O
atoms above the BS.

To explore whether the solar flare additional ionization
induced the generation of ion cyclotron waves upstream from
the BS, we perform a detailed analysis of the magnetic field
perturbations. The 32 Hz magnetic field data are transformed
from MSO coordinates to local mean field-aligned (MFA)
coordinates (e.g., Takahashi et al. 1990), in which the parallel
unit vector Bpar is parallel to the 3 minute running average
magnetic field vector, the azimuthal unit vector Bazi is along the
cross product of Bpar, and the Mars-centered radial vector to the
spacecraft position. Then, the generalized Morse wavelets
(Olhede & Walden 2002) are employed on the transverse
(BTRA) and compressive (BCOMP) components. Figures 3(a)–(e)
show the magnetic field time series in MFA coordinates and
wavelet spectrum for the interval 16:11:00–16:20:00 UT,
covering the main phase of the flare. We can see clearly that the
transverse (BTRA) component exhibits a pronounced spectral
density peak in the frequency range of 0.072–0.116 Hz
(marked by two horizontal dashed lines) with a center
frequency of ∼0.094 Hz during the subinterval
16:15:25–16:16:15 UT, i.e., around the flare peak. The center
frequency is very close the local proton cyclotron frequency of
∼0.089 Hz ( f q B m2H ∣ ∣ p=+ , where q and m denote the
proton charge and mass, respectively), as indicated by the white
solid line. Such a spectral density peak is almost invisible in the
wavelet spectrum of the compressive (BCOMP) component. This
implies the presence of transverse waves near the local proton
cyclotron frequency associated with the flare additional
ionization. Nevertheless, similar waves near the O+ ion
cyclotron frequency are not presented. To analyze the
polarization and propagation direction of the waves, we apply
a minimum variance analysis (MVA) to both the raw and the
bandpass-filtered (0.072–0.116 Hz) magnetic field data for the
subinterval 16:15:25–16:16:15 UT. Figures 3(f)–(h) show the
magnetic components in the lmn coordinates, which corre-
spond to the maximum, intermediate, and minimum variance
direction of magnetic field (Bl, Bm, and Bn), respectively, and
Figures 3(i)–(j) show the hodographs in the Bl− Bm and
Bl− Bn planes, respectively. For the filtered data (the raw
data), the ratios of maximum to intermediate and intermediate
to minimum eigenvalues are 1.34 and 11.8 (1.50 and 3.0),
respectively. It implies that the waves are nearly circularly
polarized and planar. The mean magnetic field in the MVA
basis is B0= [0.27, −0.17, 5.25] nT, pointing out of the
Bl− Bm plane. The sense of gyration of the filtered magnetic

field oscillations with respect to B0, indicated by a green arrow
arc (Figure 3(i)), demonstrates that the waves are left-hand
polarized in the spacecraft frame. The minimum variance
direction is taken to be coincident with the direction of the
wavevector k here (note that there is a 180° ambiguity in
determining the wave direction), and then the propagation
angle θkB between the wavevector k and the mean magnetic
field B0 is estimated to be ∼3°. It indicates that the waves
propagate either sunward or antisunward closely parallel to the
ambient magnetic field direction. Since the waves possess a set
of desirable properties of PCWs upstream from Mars, they can
be unambiguously identified as PCWs. Moreover, they are the
only upstream waves that can be identified as PCWs during
orbits 5716 and 5717. It should be mentioned that the left-hand
polarized waves here appear as a wave packet already strongly
affected by nonlinear effects (steepening with a possible
generation of higher frequencies by dispersive effects) and do
not appear as nearly monochromatic waves as the “classical”
PCWs observed during the most favorable period (around solar
longitude Ls of 270° whereas here Ls= 59°, so not far from the
minimum season around 90° for the H exosphere). That would
explain the exceptional evidence of such waves in this season
consistent with the impact of the flare. That would also mean
the waves already evolved a lot from the linear phase and that
their source is further upstream in the solar wind (being
convected back by the solar wind, as mentioned later). That
means the exospheric H+ density must be already strongly
increased by the flare at larger distances from Mars than the
wave observation location.
As mentioned earlier, in principle, PCWs can be generated

by either an ion/ion left-hand resonant instability or an ion/ion
right-hand resonant instability fed by planetary H+ pickup ions,
depending on the IMF cone angle. During the interval of this
PCW event, the IMF cone angle lay in the range 30°–60°, and
thus the dominant mechanism that gave rise to the wave growth
should be the ion/ion right-hand resonant instability. It
indicates that, in the solar wind frame, the sunward H+ pickup
ions overtook and interacted via anomalous cyclotron reso-
nances with the costreaming waves (see Mazelle & Neu-
bauer 1993; Mazelle et al. 2004), transferring energy from the
H+ pickup ions into resonant waves. The waves are
intrinsically right-handed in the solar wind frame, possibly
corresponding to the magnetosonic mode at frequencies below
the proton cyclotron frequency, but they were detected by
MAVEN MAG in the spacecraft frame as left-hand polarized
waves nearly at local proton cyclotron frequency. The waves
only lasted about 4–5 proton cyclotron periods (Figures 3(f)
and (g)), implying a transient appearance of favorable plasma
and exospheric conditions for wave growth. Referring back to
Figure 1, the background solar wind plasma and IMF
conditions did not undergo significant temporal variabilities
around the solar flare peak. It seems more likely that, in
response to the sudden enhancement of the solar irradiance, the
relative pickup H+ density to the background plasma was
increased up to the values sufficient for wave growth. This
raises a question of how the densities of H atoms and hot O
atoms in the Martian exosphere respond to the flare. During the
flare peak of interest in this study, MAVEN was located in the
solar wind and therefore did not closely observe the response of
the atmosphere–ionosphere system and the variability of the
Martian exosphere. Extensive modeling efforts have been
conducted to understand the ionospheric and thermospheric
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behaviors during the flare (Lee et al. 2018; Thiemann et al.
2018; Xu et al. 2018; Fang et al. 2019; Cramer et al. 2020). In
general, the models are first validated by comparing their
results to MAVEN measurements of the Martian upper
atmosphere and ionosphere along preflare and near-post-flare
orbits. Based on current knowledge of the ionospheric and
thermospheric responses to this flare event from a variety of
MAVEN data productions and numerical models, this question
will be discussed below.

4. Discussion

It is generally known that the main source of hot and
escaping O atoms in the Martian exosphere is the dissociative

recombination of O2
+ ions with electrons in the ionosphere

(Nagy & Cravens 1988; Kim et al. 1998). A simulation study
conducted by Lee et al. (2018) suggests that, when the flare
begins to impact the atmosphere and ionosphere of Mars, the
hot O density increases rapidly and reaches its maximum
almost simultaneously with the flare peak, without apparent
changes in the spatial structure. The transient enhancement of
the hot O density around the flare peak is mainly attributed to
the rapid increase of the ionospheric electron density due to fast
photochemical reactions, which in turn intensifies the dis-
sociative recombination of O2

+ ions with ambient electrons and
therefore the production of hot O. On the other hand, the
response of the neutral atmosphere through accumulation and

Figure 3. Observation and identification of proton cyclotron waves occurred just after the flare peak. ((a)–(c)) The azimuthal (Bazi), radial (Brad), and parallel (Bpar)
components of the magnetic field in the local MFA coordinate system during 16:11:00–16:20:00 UT. ((d)–(e)) Morse wavelet spectrum of the magnetic filed
transverse (BTRA) and compressive (BCOMP) components. The thick black contour designates the 95% confidence level against red noise and the cone of influence
where edge effects might distort the picture is shown as a lighter shade. The white solid line indicates the mean local proton cyclotron frequency ( f H+). ((f)–(h)) Raw
(black) and bandpass-filtered (red) magnetic field components in the maximum variance, intermediate variance, and minimum variance directions (i.e., Bl, Bm and Bn)
during 16:15:25–16:16:15 UT. The mean value is added to the filtered data for comparison with the raw data. The filter has cutoff frequencies at 0.072 and 0.116 Hz,
which are determined by the wavelet power spectrum (marked by the white dashed lines in panels (d) and (e)). ((i) and (j)) Hodogram of filtered Bl and Bm and that of
filtered Bl and Bn displayed in panels (f)–(h). The plus and minus symbols refer to the beginning and the end of the time series. The ratio of the maximum to the
intermediate eigenvalue (λ1/λ2) and that of the intermediate to the minimum eigenvalue (λ2/λ3), the mean magnetic field, and the estimated propagation angle θkB are
shown.
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redistribution processes, involving atmospheric heating, photo-
chemistry, and transport (Cramer et al. 2020), is much slower
and longer lasting (Thiemann et al. 2015). It takes ∼2.5 hr to
reach the perturbation peak and then an additional ∼10–18 hr
to return to the preflare state (Lee et al. 2018; Fang et al. 2019),
and thus a quick thermalization of the nascent hot O in the high
collisional environment is avoided. It is important to point out
that, the ionospheric electron density enhancement at altitudes
below the main ionospheric peak is mainly caused by the
sudden increase of solar X-ray flux; but it could not contribute
to the density of the hot oxygen atoms and the flux of the O+

pickup ions above the BS, because almost all the escalated hot
O are thermalized before escape. In contrast, the increase of the
electron density at high altitudes is mainly due to the
simultaneous increase in the EUV irradiance; it makes a major
contribution to the enhancement in hot O production, which
helps in populating a relatively denser hot O exosphere (Lee
et al. 2018). Additional ionization of the more abundant hot O
atoms creates more O+ pickup ions upstream of the BS, which
were indeed detected by STATIC. These facts help to explain
why higher pickup O+

fluxes occurred around the flare peak,
meanwhile, suggesting that they resulted not only from the
increase of the photoionization frequency but also from the
increase of the hot O density. However, despite more O+

pickup ions created in response to the flare, the relative density
of the newborn O+ ions with respect to the background solar
wind might be still insufficient to enable O+ ion cyclotron
wave generation.

One can expect a corresponding increase in the density of
hot O atoms with kinetic energy high enough to escape from
Mars, i.e., the escaping hot O atoms, which are dominant in the
distant exosphere, typically above ∼10 RM (Rahmati et al.
2014). The escaping hot O atoms can also be ionized and
picked up by the solar wind, and then be energized by the solar
wind motional electric field. Rahmati et al. (2014) suggested
that, when O+ pickup ions are energized to above ∼60 keV,
they will become detectable by MAVEN SEP. Nevertheless,
such a scenario did not take place during this flare event, owing
to relatively lower solar wind speed (slower than ∼450 km
s−1). It remains to be confirmed by the ongoing MAVEN
observations.

The H exosphere at Mars is populated by thermal H atoms,
which are mostly produced by the photodissociation of H2O in
the lower atmosphere below ∼20 km (McElroy & Dona-
hue 1972; Parkinson & Hunten 1972). Molecular hydrogen H2

can be formed in the lower atmosphere by three-body H
recombination with CO2 as a collision partner and in middle
atmosphere at about 20–50 km by the reaction between H and
HO2 (Krasnopolsky & Feldman 2001). As a result of
atmospheric mixing and diffusion, H2 is transported to the
upper atmosphere, where it can be convected back into atomic
H mainly through reaction with CO2

+ and subsequent
dissociative recombination of HCO2

+. In addition, many other
chemical reactions, involving ion–molecular reactions, ioniz-
ation (followed by ion reactions), and photoelectron dissocia-
tion (see Krasnopolsky 2002), can also contribute to the
formation and loss of H and H2 in the upper atmosphere. Thus
the behavior of H and H2 with varying solar activity is very
complicated. The vertical profiles of all components of interest
under different solar activity conditions are solved self-
consistently in a 1D model of neutral and ion composition at
80–400 km by Krasnopolsky (2010), who predicted a slight

decrease of the H and H2 densities above 150 km with the
increasing solar activity. MAVEN observations and atmo-
spheric models indicate that, in response to the solar irradiance
enhancement during the flare, the neutral temperatures increase
by 70–100 K (Elrod et al. 2018; Jain et al. 2018), and the
densities of heavy species (with masses greater than ∼4 atomic
mass units, such as CO2, O, N2, CO, and Ar) increase by a
factor of 2.5–5 at fixed altitude (Elrod et al. 2018; Fang et al.
2019). However, the densities of the lighter species like H,
decrease slightly during the flare. An atmospheric modeling
study by Mayyasi et al. (2018) indicates a 25% decrease in H
density at the exobase (around 200–250 km) during the flare.
This result is consistent with previous simulations conducted
with a 1D model by Krasnopolsky (2010) and a 3D model by
Chaufray et al. (2015). The 3D model also predicted an
increase of the H density in the upper exosphere (e.g., above
∼4000 km) with increasing solar activity. Thus, it is reasonable
to suggest that the exospheric H density above the BS
underwent an increase during the flare, although whether it
reached the maximum almost simultaneously with the flare
peak remains unknown. The increase of the exospheric H
density above the BS, together with the simultaneous increase
of the photoionization frequency of H atoms, gave rise to the
increase of the pickup H+

fluxes, and in turn induced the
generation of the observed PCW event.

5. Conclusions

During the X8.2 solar flare on 2017 September 10, the soft
X-ray and EUV irradiances at Mars increased up to 800% and
170%, respectively. In response to the significant increase in
the solar irradiance, the exospheric hot O and H densities above
the Martian bow shock and the ionization rate of exospheric
neutral atoms were increased, leading to higher pickup O+ and
H+

fluxes, which were detected by MAVEN STATIC around
the flare peak. The latter in turn induced proton cyclotron
waves (PCWs), lasting about 4–5 proton cyclotron periods. The
waves might be generated by the interaction between the solar
wind plasma and the pickup H+ through ion/ion right-hand
instabilities. Thus they are intrinsically right-handed in the
solar wind frame, possibly corresponding to magnetosonic
mode at frequencies below the proton cyclotron frequency, but
they were detected by MAVEN MAG in the spacecraft frame
as left-hand polarized waves nearly at local proton cyclotron
frequency. This is the first in situ evidence for flare-induced
PCWs upstream from Mars. This event brings new insight
toward understanding the PCW generation conditions, and also
has profound implications for loss of hydrogen to space in early
Martian history, when large solar flares are believed to occur
more frequently, and their contributions to the total loss.
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