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[1] The atmosphere of Mars, lacking a global magnetic field, is exposed to the
precipitation of solar energetic particles (SEPs), resulting in impact ionization and the
production of secondary electrons, some of which may escape the atmosphere. In this
study, we examine upward traveling fluxes of superthermal electrons between �100 and
650 eV, measured by the Mars Global Surveyor Magnetometer/Electron Reflectometer at
400 km altitude during nine of the largest and clearest SEP events of the last solar
maximum from November 2000 until the “Halloween” storms of late 2003. We subtract
the contribution from backscattered low-energy precipitating electrons and find that, for the
highest and most rarely observed SEP fluxes, we detect a statistically significant flux of
SEP-produced superthermal electrons escaping the Martian atmosphere. The measured
fluxes are found to be in broad agreement with a calculation of expected upward electron
fluxes resulting from ionization of neutrals by energetic proton impact. Peak SEP
ionization rates on the nightside from the Halloween storms are found to be comparable to
(although lower than) typical dayside photoionization rates and at least 3 orders of
magnitude higher than average nightside electron impact ionization rates. Further advances
in our knowledge of SEP effects on the Martian ionosphere await data from the
Radiation Assessment Detector (RAD) instrument on the Mars Science Laboratory rover
in 2012 and the MAVEN orbiter in 2014.
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1. Introduction

[2] SEP (solar energetic particle) ions precipitating into
the terrestrial atmosphere have for several decades been
known to cause substantial ionization and other changes in
the neutral atmosphere. Such precipitation, primarily pro-
tons, typically happens in the magnetic polar regions
because of the shielding effects of closed magnetic field
lines at lower geomagnetic latitudes [e.g., Velinov, 1968].
Past studies have utilized Monte Carlo modeling [e.g.,
Velinov et al., 1996] and simultaneous spacecraft measure-
ments of precipitating SEP spectra, in situ sounding rocket
measurements of ion densities, and ground-based iono-
spheric radar data [e.g., Reagan and Watt, 1976] in order to
characterize the resulting effects on plasma densities and
neutral and plasma temperatures. Energy deposition from

so-called polar cap absorption (PCA) events have been
observed to cause substantial increases in plasma density
(both electrons and ions) and nitric oxide concentration,
ozone depletion, and decreases in water cluster ions [Mitra
and Rowe, 1974; Solomon et al., 1983; Zadorozhnyi et al.,
1992; Jackman et al., 2008; Seppälä et al., 2008]. Such
efforts have led to a reasonably solid, if not complete,
understanding of SEP-induced chemistry changes, heating,
and ionization, in the terrestrial atmosphere [e.g., Chevalier
et al., 2007; Dmitriev and Yeh, 2008].
[3] However, although secondary electrons from proton

aurora have been considered in some depth [e.g.,
Lummerzheim et al., 2003; Galand et al., 2002], not much
work has been done on the secondary electron signatures
specifically from solar proton events. Yet these particles
carry possibly important information about both the incident
spectrum and flux and its effects on the atmosphere.
[4] The role of a significant planetary magnetic field as a

“shield” for a terrestrial planet’s atmosphere and surface has
long been debated [e.g., Moore and Horwitz, 2007]. In
addition to atmospheric erosion by the solar wind, space
weather events are expected to have distinctive effects on
weakly magnetized bodies, including heating, ionization,
dissociation, excitation, charge exchange, and (for energies
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above a few MeV) nuclear excitation from the near-total
access of solar energetic particles to the atmosphere. Mars
represents a particularly interesting case because of its
potential for having had a previously habitable climate [e.g.,
Bibring et al., 2006] wherein SEPs and their episodic and
time-integrated effects on the atmosphere and surface should
be considered integral parts of the Mars climate system.
[5] The information on SEP effects on the Martian atmo-

sphere and surface is limited by lack of specific observa-
tions. We are thus left to infer their impacts from indirect
measurements and models. SEPs below �50 keV are typi-
cally appreciably deflected by the induced magnetosphere
[Leblanc et al., 2002], while those above �50 keV can reach
the collisional atmosphere and precipitate. SEP ions will
always precipitate all over the side of the planet penetrated
by the projected interplanetary magnetic field path (typically
at�57° to the Mars-Sun line assuming a Parker spiral) to the
SEP source (i.e., a solar flare or interplanetary shock)
[Luhmann et al., 2007]. Depending on the pitch angle
anisotropy of the particular event [Reames et al., 2001],
because of their typically very large gyroradii, SEPs may
also often precipitate over the rest of the planet.
[6] Compared with the terrestrial case, measurements of

SEP effects at Mars are scarce. We have evidence of
SEP-produced ionization in the Martian atmosphere from
observations of radar wave absorption and distortion in the
dayside ionosphere by the MARSIS instrument on Mars
Express. Radar reflections from the Martian surface were
seen to disappear [Morgan et al., 2006; Espley et al., 2007]
and derived total electron content was seen to increase [Lillis
et al., 2010] at times of SEP events. In addition, rates of
heavy ion outflow from the Martian atmosphere increased
approximately 1 order of magnitude during a particularly
intense SEP event in December 2006 [Futaana et al., 2008].
[7] In this paper, we attempt to gain further quantitative

insight into the ionizing effects of SEPs in the Martian
atmosphere by examining superthermal, presumably sec-
ondary, electrons of ionospheric origin observed traveling
upward out of Mars’ ionosphere during SEP events. Figure 1
is an illustration of the situation we examine whereby SEP
ions collide with atmospheric neutrals, ionizing them and

producing secondary electrons, some of which then escape
the atmosphere, following helical paths around the local
magnetic field. These are shown on the Martian nightside,
where the all the analyzed data are collected (see section 3).
The magnetic field shown is a typical nightside magnetotail
field direction in the northern hemisphere away from strong
crustal fields [e.g., Ferguson et al., 2005].

2. Data

[8] We consider two different data products from the
Magnetometer/Electron Reflectometer (MAG/ER) instru-
ment [Mitchell et al., 2001] onboard the Mars Global Sur-
veyor (MGS) spacecraft, collected during the mapping phase
of the mission from May 1999 until November 2006 when
MGS was in an almost-circular 370 km � 430 km orbit
[Albee et al., 2001]. The first data set is pitch angle dis-
tributions (PADs) of superthermal solar wind electrons
(pitch angle is the angle between electron velocity and
magnetic field direction) at superthermal energies ranging
from 100 to 650 eV. The second data set is the count rate
from the highest-energy channel (16–20 keV) of the Elec-
tron Reflectometer instrument. Counts seen in this channel
can come from either “real” 16–20 keV electrons that pass
through the optics of the MAG/ER instrument or from
energetic ions (>�30 MeV) that penetrate the aluminum
housing of the instrument and interact directly with the
microchannel plates (MCPs), causing equal numbers of
counts in all energy channels. The effective geometric factor
for real electrons is 0.02 cm2 sr while for the penetrating
particles it is roughly 3 orders of magnitude higher, of the
order of 0.8pA =�40 cm2 sr, where A is the area of the MCP
and 0.8 accounts for shadowing by the body of Mars. These
penetrating particle counts are from two sources: galactic
cosmic rays (GCRs) and SEP ions (mostly protons). GCRs
cause on average 5–15 counts per second, varying quite
slowly over the mission lifetime as the GCR flux is moder-
ated by the solar cycle. However, the contribution from SEP
ions varies on the order of hours and days and can exceed
104 counts per second during a large SEP event. Real 16–
20 keV electrons from the solar wind superhalo [e.g., Vocks

Figure 1. Illustration showing incident SEP protons of three different energies and the altitudes at which
they deposit most of their energy, as well as the SEP-produced secondary electron’s helical paths. Both
intersect the MGS orbit. The proton gyroradii and MGS orbit are approximately accurate relative to the
planet, whereas the electrons’ gyroradii are greatly exaggerated so as to be visible.
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et al., 2005], because of the small geometric factor, typi-
cally cause no counts during quiet periods, but electrons
with these energies can be generated in large quantities
when an interplanetary disturbance such as a CME (coronal
mass ejection) shock sweeps past Mars, and can contribute
substantially to the count rate at these times. Figure 4a in
section 4 illustrates the various contributions to this count
rate. Therefore, this count rate, which we refer to as the
“background” count rate throughout the paper, is a useful
proxy for SEP ions during a solar event but must be inter-
preted carefully. These issues are also discussed by Brain
et al. [2012] and in substantial detail by G. T. Delory
et al. (Energetic particles detected by the Electron Reflec-
tometer instrument on the Mars Global Surveyor, 1999–
2006, submitted to Journal of Geophysical Research, 2012)
to which the interested reader is referred.

3. Data Analysis Methods

[9] Solar particle events can differ greatly in terms of the
relative times of arrival of the fast solar energetic particles
(SEPs) versus those that arrive with the lower-energy plasma
and magnetic field disturbance indicative of a coronal mass
ejection (CME) [Jian et al., 2006; Cane and Richardson,
2003]. For each major solar particle event considered (see
Table 1), we attempted to isolate the effects of the SEPs
from the CME by considering only data obtained beginning
with the initial rise in penetrating particle flux in the ER
instrument but before the arrival of the CME-shock (this is
identified by a sudden spike in real high-energy electron flux
and magnetic field magnitude) [Brain et al., 2012]. We
combined this SEP time data from nine of the clearest solar
particle events (from November 2000 to the famous “Hal-
loween” events of 2003) with 20 days of MAG/ER data
from an extremely quiet solar period in March 2004 to use as
a control. This resulted in a data set of electron pitch angle
distributions (PADs) collected in a range of different SEP
flux environments, from very quiet to extremely intense.
[10] To isolate those distributions in which the electrons

traveling upward and away from Mars originate in the col-
lisional atmosphere, we restrict ourselves to PADs that dis-
play a clear loss cone, indicating that the MGS was
magnetically connected to the collisional atmosphere [e.g.,
Lillis et al., 2008a; Brain et al., 2007], and in which the
magnetic field makes an angle of at least 45° with respect to
the local horizontal.

[11] There are three primary complications we must
account for in identifying electrons traveling upward along
magnetic field lines from the Martian atmosphere as having
been produced by SEP impact ionization. The first is the
instrumental background caused by penetrating particle
radiation (i.e., SEPs directly striking the MCP of the Elec-
tron Reflectometer, as discussed earlier). During SEP events,
we find that this source of instrumental “noise” (despite
being useful for characterizing SEP flux) dominates the
signal from the real electrons for energies above �650 eV
(at which electron fluxes are too low) and below 100 eV
(at which a permanent attenuator reduces counts from real
electrons by a factor of 50 to give the ER instrument a wider
dynamic range). Therefore, we must restrict our analysis to
just four electron energy channels, centered on 116, 191,
314, and 515 eV.
[12] The second complication is that converging magnetic

field lines in the vicinity of magnetized regions of the Mar-
tian crust cause magnetic reflection of downward traveling
electrons, forming a source of upward electron flux. We
eliminate this issue by excluding all electron data collected
in geographic regions where the crustal magnetic field
magnitude at 185 km is >4 nT, according to the crustal
magnetic field map of Lillis et al. [2008b], reducing to
�28,000 the number of valid PADs. This restriction to very
weak crustal magnetic field regions, coupled with the
requirement for clear loss cones and magnetic elevation
angles greater than 45°, means that the overwhelming
majority (�97%) of the valid PADs are on the nightside.
This is because the draped magnetic field (which is charac-
teristic of the Mars-solar wind interaction) [Crider et al.,
2004] is mostly tangential to the Martian surface on the
dayside, while forming an approximately sunward-antisun-
ward magnetotail that is mostly radial to the surface on the
nightside. Therefore, to simplify matters, we keep only the
nightside data. Figure 2 shows a magnetic map of Mars with
the locations of every data point during our nine SEP events,
as well as a histogram of the background count rates recor-
ded at these points.
[13] The third complication is that collisions of regular,

non-SEP-related downward traveling superthermal electrons
with neutrals cause a substantial fraction of those electrons
to be backscattered upward out of the atmosphere, forming
another source of upward electron flux that is not related to
the SEP ions. To account for this, we first calculate, as a
function of energy, the distribution of the ratio of upward
traveling to downward traveling electron fluxes over the
nonmagnetic regions during only the quiet periods of low or
nonexistent SEP ion fluxes (i.e., times when the background
count rate is <30 s�1). Such distributions are shown in
Figure 3 for our four electron energies. We then multiply the
total downward traveling electron flux for every PAD by the
median value of this up-down ratio (for each energy) in
order to best estimate the upward traveling electron flux that
is due only to the backscatter of the downward traveling
superthermal electron flux and not due to the SEP ions. For
every PAD, we then subtract this estimate of the back-
scattered flux from the actual measured upward traveling
flux. We call the result the “residual” upward electron flux.
It is this residual flux that is our best estimate for the

Table 1. SEP Events Used in This Study

SEP Risetime CME Shock Time

Number of
Data Points

Used

Max
Background
Count Rate

(s�1)

9 Nov 2000, 19:27 12 Nov 2000, 11:20 503 1301
15 Apr 2001, 15:40 15 Apr 2001, 21:08 554 330
24 Sep 2001, 15:30 25 Sep 2001, 20:08 2207 2139
4 Nov 2001, 17:35 5 Nov 2001, 07:00 441 3521
23 Nov 2001, 02:00 24 Nov 2001, 08:00 2909 1021
29 Dec 2001, 02:00 29 Dec 2001, 07:40 241 117
9 Jan 2002, 00:00 11 Jan 2002, 07:10 2688 2272
16 Jul 2002, 18:00 19 Jul 2002, 22:21 647 2985
28 Oct 2003, 12:00 30 Oct 2003, 04:35 3250 10,420
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superthermal electrons that have been produced by SEP-
impact ionization.

4. Case Study: Electron Pitch Angle Distributions
During the 2003 Halloween Solar Event

[14] Works on the October–November 2003 Halloween
series of solar disturbances (comprising large EUV-X-ray
flares, interplanetary coronal mass ejections (ICMEs), and
SEP events) and their effects on the terrestrial ionosphere-
magnetosphere have been widely published [e.g., Tsurutani
et al., 2006]. At Mars, a series of magnetic and particle
disturbances were observed over the course of �12 days
[Crider et al., 2005], with the largest SEP event and ICME
seen at Mars starting on 28 October and continuing until
1 November [Brain et al., 2012]. Figure 4a shows a time
series of the aforementioned highest-energy channel count
rate, which contains contributions from both penetrating
SEP ions and real 16–20 keV electrons. The different colors
in Figure 4 represent different SEP-related times: (1) pink
refers to the quiet time before the disturbances began,
(2) green represents the rapid rise in SEP ions, (3) red
represents the�18 h during which there is an extremely high
flux of SEP ions impacting the Martian atmosphere before

the CME shock, (4) orange represents the time after the
CME shock struck Mars, when both high-energy electrons
and penetrating ions are present in the data, and (5) blue
represents the time after the bulk of the event has occurred,
during which there is only one small SEP ion event.

Figure 2. (a) Locations of the data points used in this study, plotted over on a map of radial crustal mag-
netic field measured at 400 km altitude [Acuña et al., 2001]. (b) A histogram of the background count rates
used in this study, spanning more than 4 orders of magnitude, from extremely quiet solar conditions to
intense fluxes of SEP ions penetrating the ER instrument.

Figure 3. Histograms of the ratio of upward versus down-
ward traveling electron fluxes in the nonmagnetic regions of
the Martian nightside during extremely quiet solar periods.
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[15] Figures 4b–4d shows the upward flux of superthermal
electrons as a function of pitch angle (call it f), normalized
by the corresponding downward flux at a pitch angle of
(180° � f), measured at 400 km altitude for three reliable
energy channels for each of the aforementioned time inter-
vals during the Halloween event. These up-down ratios are
typically higher near 90° because downward traveling elec-
trons with pitch angles closer to 90° backscatter from the
atmosphere more easily than those with pitch angles closer
to 0° [Lillis et al., 2008a]. Through ionization of neutrals, we
expect precipitating SEP ions to produce superthermal
electrons, some of which should travel upward and be
detected at spacecraft altitude (�400 km), so this ratio is
expected to increase with increasing SEP ion-produced
atmospheric ionization near and above the exobase (�150–
200 km altitude). Several other factors can affect the shapes
of these curves, including electrostatic potential differences,
neutral density variations, and wave-particle scattering
between the spacecraft and the exobase. Nonetheless, it is
clear for these energies that these ratio curves are lowest
before any of the disturbances begin (pink) and are highest
during the time of greatest SEP flux (red), while they are
broadly comparable during the SEP rise, postshock time, and
immediate postevent times.

5. Statistical Study and Modeling

[16] Figure 5 shows how the residual electron flux from 95
to 659 eV varies with background count rate over our data
set. We have split the data into five count rate ranges. As can
be seen by the histogram shapes in Figure 5a, the residual
flux of 245–401 eV electrons shows no departure from zero

for count rates below 100; then it shows a small positive
departure from count rates between 100 and �2500, and a
significant residual upward traveling electron flux for count
rates above that. A similar pattern can be seen in Figures 5b
and 5c, which show the median values of residual electron
flux for each of the four energy channels for the same five
count rate ranges, with linear and logarithmic ordinate axes,
respectively. There appears to be a “step” in residual
superthermal electron production past a certain penetrating
ion flux level. This step may have physical significance or
could simply be an artifact of small numbers of SEP events
and different effective SEP geometric factors for each event.
We do not wish to speculate either way. However, the trend
of higher residual fluxes for higher background count rates is
clear.
[17] This trend can be naïvely explained in the following

manner. In the absence of direct measurements, we assume
that the background count rate (i.e., a proxy for >30 MeV
ions) of particles penetrating the ER instrument is itself a
rough proxy for SEP ions of all energies above a few tens of
keV (i.e., those that are not deflected by Mars’ induced
magnetosphere) [Leblanc et al., 2002]. Those with energies
below a few MeV deposit their energy at typical ionospheric
altitudes of >90 km. As mentioned earlier, much of this
deposited energy will go into ionization, increasing electron
density throughout the ionosphere, with most electrons
produced below �150 km quickly thermalizing through
collisions with neutrals [e.g., Schunk and Nagy, 2000]. SEP
ion-induced electron production decreases exponentially
with increasing altitude as the neutral density decreases, but
for the highest SEP ion fluxes (the background count rates
for which are above �1000 s�1), it appears that a sufficient

Figure 4. (a) A time series plot of background count rates before, during, and after the 2003 Halloween
event, with different time intervals identified by color (see text). (b–d) The upward flux of superthermal
electrons as a function of pitch angle (f), normalized by the corresponding downward flux at a pitch angle
of (180° � f), measured at 400 km altitude for three reliable energy channels for each of the color-coded
time intervals.
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flux of >100 eV electrons are produced by ionization at
high-enough altitudes (i.e., above which they can escape the
atmosphere without thermalizing) that they are detectable as
residual upward traveling electron fluxes in the ER instru-
ment at 400 km. We also note that energetic SEPs can also
enter the atmosphere at a high inclination angle and so
deposit their energy at somewhat higher altitudes compared
with vertical incidence.
[18] Ideally, we would use a comprehensive Monte Carlo

energetic ion precipitation model to investigate whether the
measured residual upward flux of electrons derived for the
highest SEP ion fluxes could be reasonably produced by

the fluxes of SEP ions known to have occurred following
the 28 October 2003 X17 solar flare. Such a model would
calculate secondary electron production rates and (impor-
tantly) model the transport of these electrons as they scatter
with atmospheric neutrals and cause further ionization. The
PLANETOCOSMICS GEANT4 framework can model
energetic particle transport in planetary atmospheres, but is
optimized for high-energy applications (e.g., cosmic rays)
and is untrustworthy below a few keV [Desorgher et al.,
2006]. Therefore, there exists no appropriate publicly avail-
able model. Indeed, no such model exists in the published
literature. In the absence of a comprehensive model and in
the interest of keeping this paper focused on observations,
we performed the following rough calculation of upward
traveling secondary electron fluxes. The SEPs at Mars per-
sisted for �18 h before the arrival of the CME shock, so we
consider only proton energies above 50 keV, whose transit
times from the Sun to Mars were shorter than this interval
(energies below this level are also significantly deflected by
the magnetic pileup region of the Mars-solar wind interac-
tion) [Leblanc et al., 2002]. Since we have no proton mea-
surements at Mars for this time, we take as a proxy the peak
SEP proton spectrum measured on 29 October 2003, 05:59,
by the Electron, Proton and Alpha Monitor (EPAM) instru-
ment on the ACE spacecraft at �1 AU [e.g., Chiu et al.,
1998]. This is a reasonable assumption since Mars and
Earth were at almost the same Parker spiral magnetic field
line during these events [Crider et al., 2005]. The EPAM
spectrum is shown in Figure 6a and goes up to �3.5 MeV.
We do not consider higher energies primarily because the
lower fluxes at those energies should contribute compara-
tively a negligible amount to the production of electrons at
altitudes (>�150 km) where those electrons can escape the
atmosphere. We do not attempt to correct for the heliocentric
distance between 1 and 1.4 AU since we do not know how
beamed this SEP event was and because this is a plausibility
study, not a rigorous quantitative comparison.
[19] While total proton impact ionization cross sections

are available for the main Martian upper atmospheric con-
stituents, atomic oxygen (O) and carbon dioxide (CO2),
differential cross sections for these species as functions of
both primary proton and secondary electron energies are
unavailable in the literature to the best of our knowledge.
Therefore, as an approximation, differential cross sections
for proton impact on helium [Rudd, 1988] were used and
normalized such that the total cross sections (i.e., integrated
over all ejected electron energies) matched the total proton
impact ionization cross sections available for CO2 and 0.5
times those values for molecular oxygen (O2), taken from
the review paper by Rudd et al. [1985]. Such cross sections
for the ejection of electrons at our four reliable electron
energies (�100–500 eV) are displayed in Figure 6b and
show an extremely rapid falloff for incident proton energies
below a certain cutoff energy: �80, 130, 200, and 300 keV
for 116, 190, 313, and 515 eV electrons, respectively.
[20] Differential production rates (in cm�3 s�1 eV�1) for

electrons of these energies were then calculated by inte-
grating the product of the SEP flux and cross sections over
the SEP energy range and multiplying by atmospheric
number density, separately for both O and CO2, which were
then summed and multiplied by the 2p sr of solid angle from
which the SEP flux comes. Neutral number densities are

Figure 5. (a) Histograms of residual electron fluxes mea-
sured in the 245–401 eV energy channel for five different
ranges of background count rate. (b, c) Median values of
residual electron fluxes for each of the four reliable energy
channels for the same five count rate ranges, with linear
and logarithmic ordinate axes, respectively.
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taken from a standard equatorial equinox model reference
atmosphere at 2 A.M. local time (same as the MGS Sun-
synchronous orbit) from the Mars Climate Database
[Millour et al., 2008]. Only altitudes above 145 km were
considered because the dimensionless scattering depth for
superthermal electrons in this energy range becomes rapidly
greater than unity for lower altitudes, i.e., electrons produced
below this altitude have an extremely low probability of
escaping the atmosphere [Lillis et al., 2008a]. These pro-
duction rates are shown in Figure 6c. Approximate fluxes
(i.e., cm�2 s�1 sr�1 eV�1) of such electrons detectable at the
MGS orbital altitude of �400 km were then calculated by
integrating these production rates over all altitudes above
145 km and dividing by 2p. The resulting calculated residual
upward electron fluxes are plotted as a function of energy in
Figure 6d and compared with the average residual upward
flux measured during the main SEP phase of the 2003 Hal-
loween event, prior to the arrival of the CME shock (see
Figure 4), when the background count rates were between
1400 and 10,000 s�1.
[21] The substantial discrepancy between the measured

and calculated upward traveling superthermal electrons
fluxes can be attributed to the following factors:

1. The SEP spectrum used for the calculation was taken at
1 AU at a single moment in time in contrast to the many
hours over which the preshock SEP event lasted at �1.40
AU at Mars. This could easily result in factors of several
differences in the actual precipitating SEP flux versus the
calculation.

2. Electron ejection properties for proton impact on
helium (as was assumed) may be substantially different than
for O or CO2.

3. The complex effects of elastic scattering-atmospheric
backscatter of electrons in the Martian upper thermosphere
have been ignored in this calculation and replaced with the
very simple assumption that all electrons produced above
145 km can propagate upward and escape the atmosphere.
[22] Nonetheless, the observed and calculated values of

SEP-produced electron fluxes are of a similar shape and
certainly of the same order. Thus, it seems reasonable to
assume that this “extra” upward traveling flux of super-
thermal electrons measured during the highest SEP flux
events is due to substantial ionization of upper atmospheric
neutrals caused by the precipitating SEPs. SEPs are certain
to also produce, through primary and secondary ionization,
electrons from thermal energies up to our data-imposed low-
energy cutoff of 100 eV, making a significant contribution to
ionospheric density.

6. SEP Ionization in the Context of Martian
Aeronomy

[23] We would like to place SEP ionization in the broader
context of Martian aeronomy and atmospheric escape. SEPs
form an important ionization source in the Martian upper
atmosphere, alongside photoionization and electron impact
ionization (meteoritic and cosmic ray ionization are signifi-
cant only below the homopause and therefore do not directly

Figure 6. (a) SEP proton energy spectrum measured by the EPAM instrument on the ACE as spacecraft
at �1 AU. (b) Differential cross sections for production of 116, 190, 313, and 515 eV electrons by proton
impact on CO2 as a function of proton impact energy. (c) Calculated differential production rates of 116,
190, 313, and 515 eV electrons as functions of altitude. (d) The solid line represents residual upward trav-
eling electron fluxes measured during the main SEP phase of the 2003 Halloween event, prior to the
arrival of the CME shock, when the background count rates were between 1,500 and 10,000 s�1.
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impact atmospheric escape). A useful exercise in this regard
is to directly compare roughly computed ionization profiles
from three sources: SEPs, superthermal electron precipita-
tion, and solar UV flux. We consider two representative
equatorial, longitude-averaged, noon atmospheres from the
Mars Climate Database [Millour et al., 2008] that bracket
conditions at Mars over the course of the solar cycle and of
Mars’ eccentric orbit: solar maximum perihelion and solar
minimum aphelion. These are shown in Figure 7a. As the
input spectra, we consider (1) the aforementioned SEP
spectrum measured at the peak of the Halloween storm by
ACE/EPAM, (2) the average nightside spectrum of down-
ward traveling electrons as measured by MAG/ER from
May 1999 until November 2006 in a 30° � 30° region of the
Tharsis province devoid of magnetic cusps [Lillis et al.,
2011], and (3) approximately solar max-perihelion and
solar min-aphelion solar UV spectra measured by the
TIMED-SEE instrument at 1 AU, measured on 14 February
2002, Mars solar longitude Ls = 325°, and on 30 May 2008,
Mars Ls = 78°, scaled and phase shifted to Mars [Woods and
Eparvier, 2006]. These spectra are shown in Figure 7b.
[24] Photoionization rates were calculated using appro-

priate equations from Schunk and Nagy [2000, equations
9.17 and 9.26] and standard photoabsorption and photoion-
ization cross sections of CO2 and atomic oxygen from
Avakyan et al. [1998], including photoelectron impact ioni-
zation by the method/parameterization of Mendillo et al.
[2011]. Direct electron impact ionization rates were calcu-
lated using the MarMCET code framework [Lillis et al.,
2009]. SEP ionization rates were calculated (in the afore-
mentioned absence of a comprehensive ion precipitation
model) using a simple optical depth approach [Schunk and
Nagy, 2000, equation 9.26], cross sections from Rudd et al.
[1985], and assuming energies per electron-ion pair of 28
and 26 eV for CO2 and O, respectively [Wedlund et al.,
2011]. This optical depth calculation may slightly overesti-
mate the altitude of the ionization peak since it assumes all
ionization from each proton happens at the same altitude, a
fairly reasonable assumption since protons in matter deposit
most of their energy at the end of their trajectory [Ziegler
et al., 2008]). Figure 7c shows the resulting ionization rate
profiles, and Table 2 gives the total column-integrated ion-
ization rates (units of cm�2 s�1) for each of the six cases.
[25] We see that ionization rates from large SEP events

such as the 2003 Halloween event approach, but do not
exceed (photoionization + photoelectron impact ionization),

Table 2. Column-Integrated Ionization Rates (cm�2 s�1) Due to
SEP-Impact Ionization, Photoionization, and Electron-Impact
Ionization

Ionization Source

Mars Climate Database Neutral
Atmosphere Profilea

Solar
Max-Perihelion

Solar
Min-Aphelion

Peak SEP spectrum from 2003
Halloween event

1.10 � 1010 1.10 � 1010

Solar max-perihelion UV 8.03 � 1010 NA
Solar min-aphelion UV NA 2.53 � 1010

Average precipitating nightside
electron spectrum

9.61 � 106 8.51 � 106

aThe Mars Climate Database is from the work of Millour et al. [2008].

Figure 7. (a) Longitudinally averaged equatorial neutral
density profiles of CO2 (pink) and O (orange) from the Mars
Climate Database [Millour et al., 2008] corresponding to
solar max-perihelion (solid lines) and solar min-aphelion
conditions (dotted lines). (b) Energy spectra of energetic
protons from the Halloween 2003 SEP event (red), average
nightside precipitating electrons measured by MAG/ER
away from magnetic cusp regions (blue), and solar UV at
solar max-perihelion (green solid) and solar min-aphelion
(dark green dotted). (c) Calculated ionization rates that are
due to the particle spectra shown in Figure 7b precipitating
into the neutral profiles shown in Figure 7a. Once again,
solid means solar max-perihelion and dotted means solar
min-aphelion.
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rates at Mars, depending on season and solar cycle. SEP
ionization easily dwarfs average nightside electron impact
ionization (by 3 orders of magnitude). Although infrequently
observed accelerated electron spectra [e.g., Brain et al.,
2006] can increase electron impact ionization locally by
almost 2 orders of magnitude [Lillis et al., 2011], such
events are geographically isolated to small magnetic cusp
regions, whereas SEP ionization is planetwide during an
SEP event. As can be expected, peak altitudes are higher (by
�20 km) for the warmer solar max-perihelion atmosphere
compared with the colder solar min-aphelion atmosphere.
Since equilibrium electron density varies as the square
root of the ionization rate, the difference between average
electron-impact-induced electron densities and large-event
SEP ionization-induced electron densities is 1–1.5 orders of
magnitude.
[26] One important consequence of SEP ionization is that

nightside wind-driven currents and electrojets will be much
stronger than during quiet solar times. This should be espe-
cially true in regions of strong crustal magnetic fields, where
the ionospheric dynamo region (i.e., the altitude range where
the ions are collisionally controlled by the neutrals but the
electrons are magnetized) should host a rich and complex
pattern of currents corresponding to the magnetic topology
of the superposition of the induced magnetotail and the
highly inhomogeneous crustal fields.
[27] SEP ionization will also play an important role in

atmospheric escape since ionization of atmospheric neutrals
is the first step in pickup ion escape [Fang et al., 2008], ion
bulk escape [Brace et al., 1987], and ion outflow [Ergun
et al., 2006]. SEP ionization plays a substantial role dur-
ing an SEP event in increasing the “reservoir” of the ions
available for escape. This is important because a CME shock
often arrives after the peak of the primary SEPs have passed,
bringing with it more locally shock-accelerated SEPs [e.g.,
Ng et al., 2003] and turbulent magnetic conditions that can
last for several days [Crider et al., 2005], triggering wave-
heating of ions and plasma instabilities that can lead to
increased atmospheric escape [Ergun et al., 2006]. Thus, the
increased ionization caused by SEP precipitation into the
atmosphere can “prime the system” for greatly increased
atmospheric escape by an order of magnitude or more, as
observed during an SEP event in 2006 and reported by
Futaana et al. [2008]. Such “multiplier” mechanisms,
whereby solar events cause atmospheric escape to increase
by more than just the increase in ionization over the peren-
nial dayside photoionization, will need to be fully taken into
account when attempting to extrapolate backward in time to
estimate the total integrated Martian escape to space over the
history of the solar system.

7. Looking Forward

[28] The kind of approximate analysis in this paper is the
best we can hope to achieve with such limited data and
modeling tools. To properly diagnose the effects of SEP
precipitation, we will need nearly simultaneous measure-
ments of (1) SEP energy spectra and anisotropy above and
within the atmosphere, (2) thermospheric ion, electron, and
neutral temperatures and densities, and (3) fluxes of SEP-
produced electrons and ions (with composition) escaping
from the atmosphere. The 2013 MAVEN Mars Scout

mission [Jakosky, 2011], with its comprehensive suite of
particles, fields, and remote sensing instrumentation, pro-
mises to provide the necessary measurements to far better
characterize and understand solar energetic particle precipi-
tation and its effects on the Martian atmosphere, including
the SEP-produced electrons analyzed in this paper. In addi-
tion, the Mars Science Laboratory Radiation Assessment
Detector (RAD) instrument will be on the Martian surface
starting in mid-2012, measuring ions from 2 to 100 MeV/
nucleon [Wimmer-Schweingruber et al., 2011], providing
further information on the SEP spectrum and how it is
modulated by the planet, the atmosphere, and the subsurface.
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