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[1] The nightside ionosphere of Mars is known to be highly variable: electron densities are
below detection thresholds in certain regions and are almost comparable to the
photoionization-produced dayside ionosphere in others. The factors controlling its structure
include thermospheric densities, temperatures and winds, day-night plasma transport,
plasma temperatures, current systems, meteoroid ablation, solar and galactic energetic
particle events, and magnetic field geometry-topology and electron precipitation, none of
which are adequately understood at present. Using a kinetic approach called Mars Monte
Carlo Electron Transport, we model the dynamics of precipitating electrons on the
nightside of Mars to study the impact of these last two listed factors (magnetic fields and
electron precipitation) on ionospheric structure. As input, we use precipitating electron
energy spectra and pitch angle distributions from the Mars Global Surveyor Magnetometer
and Electron Reflectometer. We thus calculate ionization rate in three dimensions, both
for specific observations and average cases. The very highest average rates are
equivalent to photoionization rates on the dayside at high solar zenith angle. We predict
complex geometrical patterns in the ionization and huge variability (∼4 orders of
magnitude) in peak ionization rates, both on single orbits and between the averages for
different geographic regions, and find a bimodal distribution of predicted ionization rates
where the highest rates correlate with the most vertical magnetic fields. This model can be
used as input to electrodynamic models of the Mars ionosphere, which can be compared
with, and informed by, data from the upcoming 2013 Mars Atmosphere and Volatile
Evolution Mission.
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1. Introduction

1.1. Mars’ Nightside Ionosphere

[2] The dayside ionosphere of Mars is primarily the result
of photoionization of atmospheric neutrals by solar EUV
flux, with a vertical structure and solar zenith angle (SZA)
dependence that is described reasonably well by classical
Chapman theory [Chapman, 1931a, 1931b]. Since 2001,
more than two dozen publications on the Mars dayside
ionosphere have appeared, primarily using data from the
Radio Science (RS) experiment on Mars Global Surveyor
(MGS) [Tyler et al., 2001] and the Mars Advanced Radar for

Surface and Ionospheric Sounding (MARSIS) on Mars
Express [Gurnett et al., 2005]. The variability of the dayside
ionosphere is caused by solar EUV and X-ray variability,
solar energetic particle (SEP) events, cosmic rays, neutral
density variations, crustal magnetic fields and local plasma
processes. Withers [2009] provides a comprehensive review
of our current understanding of the dayside ionosphere
[3] In contrast, our understanding of the nightside iono-

sphere remains substantially incomplete, with comparatively
little published data compared to the dayside. The nightside
ionosphere does not start at solar zenith angle (SZA) = 90°
because ionospheric altitudes (say, 100–200 km for the
highest densities) are sunlit for SZA < ∼105°–110°. Iono-
spheric plasma was only detected in 40% of Viking radio
occultation profiles between SZA = 90° and 125° [Zhang
et al., 1990], of which the average peak electron density
beyond 110° was 5 × 103 cm−3, a factor of ∼20–40 below
subsolar values [Gurnett et al., 2008]. Earth-Mars geometry
prevents radio occultation measurements at SZAs above 125°.
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Němec et al. [2010] conducted a comprehensive survey of
MARSIS nightside observations up to SZA = 140° and
found that ionospheric radar echoes were detected by
MARSIS for SZA > 107° in only about 9% of cases, with a
peak electron density detection threshold of 5–7 × 103 cm3.
Furthermore, for SZA > ∼100°,Gurnett et al. [2008] reported
“irregular patches” of ionosphere, with higher peak densi-
ties tending to occur in areas of strong crustal magnetic
fields (note that the MARSIS Active Ionosphere Sounder
is sensitive only to the top side ionosphere, i.e., above the
peak). Němec et al. [2010] expanded upon this work, con-
ducting a deep nightside survey of MARSIS airborne imag-
ing spectrometer data, revealing 90 clear ionospheric echoes
with SZA > 125°, none of which were found in regions of
closed crustal magnetic field and for which higher peak
electron densities were found where crustal fields were
stronger.
[4] Also for SZA > 100°, Safaeinili et al. [2007] reported

higher Total Electron Content (TEC) specifically where the
crustal magnetic fields were closer to vertical than horizontal.
Lillis et al. [2010b] showed that TEC for SZA > 110° can
increase by more than a factor of 2 during a solar particle
event. Leblanc et al. [2008] reported an example of a corre-
lation between three simultaneous observations: increased
TEC, increased precipitating electron flux and an observa-
tion of UV aurora on the nightside.
[5] This combination of low upper bound peak densities,

irregularity and moderate correlation with crustal fields is
consistent with some combination of electron impact ioni-
zation, transport from the dayside, dynamic magnetic field
topology and possibly current systems, together controlling
the nightside ionosphere. Oddly, there are no published
nightside studies from either the MGS or Mars Express
Radio Science experiments. Overall, the near-nightside ion-
osphere (107° < SZA < 140°) is highly variable and is not
well understood, while the deep nightside ionosphere (SZA =
140°–180°) remains completely unexplored [Withers, 2009].
[6] The factors that control the spatial and temporal

behavior of the nightside ionosphere are expected to be
(1) neutral densities, temperatures, and structure therein
(e.g., waves) [e.g., Bougher et al., 1999;Withers et al., 2003];
(2) thermospheric winds, which cause differential motion of
electrons and ions and hence drive substantial currents
[Fillingim et al., 2010] though such currents have not yet
been measured; (3) day-night plasma transport [e.g., Uluşen
and Linscott, 2008; Fränz et al., 2010]; (4) ablation by
meteoroid influx, causing an ionization peak around 90 km
[Withers, 2009]; (5) galactic cosmic rays (causing most
ionization around 35 km [Withers, 2009]); (6) transient SEP
events which cause ionization from the surface (greater
than tens of MeV) up to ∼150 km (tens of keV) [e.g., Leblanc
et al., 2002; Luhmann et al., 2007]; (7) gamma ray burst
events, which can cause massive ionization from 30 to 60 km
in the terrestrial atmosphere [Inan et al., 2007], corre-
sponding to 0 to ∼20 km on Mars [Espley et al., 2008];
(8) magnetic field-aligned electrostatic potential drops,
which may arise at and above ionospheric altitudes [e.g.,
Dubinin et al., 2008a]; (9) recombination rates, which
depend upon electron temperature [e.g., Schunk and Nagy,
2000]; (10) impact ionization by precipitating superthermal
electrons from Mars’ induced magnetosphere [e.g., Nagy
et al., 2004], and hence those electrons’ energy spectra

and pitch angle distributions (PADs) [e.g., Brain et al.,
2006]; and (11) magnetic field strength and topology,
which varies with time because the often strong planet-
fixed crustal magnetic fields reconnect with the draped and
time-variable interplanetary magnetic field (IMF) as Mars
rotates [e.g., Halekas et al., 2006].
[7] Data remain sparse concerning factor 1 [e.g., Withers,

2006]. Factors 2–8 remain completely or almost unknown
due to lack of reliable data. Factor 9 is also largely unknown
because there exists only one measured profile of electron
temperature [Hanson and Mantas, 1988], taken on the day-
side, with no data below 200 km. It should be noted that the
upcoming 2013 Mars Atmosphere and Volatile Evolution
Mission (MAVEN) Mars Scout (http://lasp.colorado.edu/
maven/) mission is slated to make many of these measure-
ments. The work presented in this paper focuses on factors
10 and 11, i.e., how the energy and angular distributions
of precipitating superthermal electrons and the properties
of the magnetic fields that permeate the atmosphere and
near-space environment combine to create complex struc-
tures of ionization in the nightside ionosphere.

1.2. Previous Modeling Efforts

[8] Several investigators have previously modeled elec-
tron transport through the Mars upper atmosphere. Such
studies vary in approach from a simple analytic model
[Verigin et al., 1991], multistream models [Haider et al.,
1992; Fox et al., 1993; Fillingim et al., 2007; Wedlund
et al., 2011], a kinetic and fluid model [Leblanc et al.,
2006], to an analytic yield spectrum approach [Haider,
1997; Seth et al., 2002; Haider et al., 2002]. These models
have been used to study ionization rates [Haider et al., 2002;
Fillingim et al., 2007], auroral emissions [Seth et al., 2002],
atmospheric chemistry [Haider, 1997; Haider et al., 2007]
and expected Mars nightside ionospheric electron density
profiles [e.g., Fox et al., 1993]. The models have been used
to examine the effects of different energy spectra of precip-
itating electrons under different atmospheric conditions, but
to date have not included magnetic field gradients, nor
anisotropic pitch angle distributions of the precipitating
electrons.
[9] Lillis et al. [2009] used the kinetic MarMCET (Mars

Monte Carlo Electron Transport) model to account for pitch
angle anisotropies and magnetic field gradients. They
showed that the sensitivity of peak ionization rates to pitch
angle anisotropy increases strongly with crustal magnetic
field gradient. In other words, if the crustal gradient is
strong, different PADs result in very different ionization
profiles, whereas weak crustal gradients results in very
similar profiles regardless of PAD. This is because precipi-
tating electrons with initial pitch angles close to 0° or 180°
(i.e., field-aligned velocities) are almost unaffected by the
crustal fields whereas those with initial pitch angles closer to
90° (i.e., velocities more perpendicular to the field) feel the
mirror force more strongly and may magnetically reflect
before causing any ionization [Lillis et al., 2004, Lillis et al.,
2008]. Therefore these two considerations must be taken
into account for accurate representation of impact ioni-
zation in strong crustal field regions. As a corollary,
isotropic PADs result in very similar ionization rate profiles
(∼20% difference) regardless of crustal gradient strength
[Lillis et al., 2009].
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1.3. Three-Dimensional Structure of Nightside
Ionization

[10] As mentioned above, the sparsely explored nightside
ionosphere appears to be highly irregular and somewhat
correlated with crustal field strength and magnetic elevation
angle, with peak electron densities most of the time below
5 × 103 cm−3. The purpose of this paper is to investigate the
expected range of three-dimensional ionization structures.
Both of the important determining factors, i.e., the crustal
magnetic fields and the angular and energy distribution of the
precipitating electrons, have been explored by the MGS
magnetometer and electron reflectometer (MAG/ER) exper-
iment [e.g., Mitchell et al., 2001; Lillis et al., 2004; Brain
et al., 2007] and the Mars Express Analyzer of Space
Plasmas and Energetic Atoms 3 experiment [e.g., Barabash
et al., 2007; Dubinin et al., 2009]. Therefore the pieces are
in place to conduct a modeling study that incorporates
realistic electron energy spectra, pitch angle distributions,
magnetic field geometries and neutral density profiles.
[11] We use data from MAG/ER because its magnetome-

ter allows determination of electron pitch angles and the
near-circular orbit (i.e., approximately constant altitude) of
MGS allows relatively straightforward comparison between
geographic locations. We concentrate on the Terra Sirenum–
Terra Cimmeria region in the southern hemisphere (20°–
70°S, 140°–220°E) where the crustal fields are strongest. We
present case studies of the expected ionization patterns
caused by the precipitation of electrons measured byMAG/ER
on three sample orbits of MGS in early June 2001 (0200 LT,
just before northern autumnal equinox at Ls = 172°). In
addition, we show maps and profiles of the “average” night-
side ionization over the course of the MGS mission. We
also examine some limited ionization statistics.
[12] Finally, though it is trivial to “convert” ionization

rate to electron density by assuming photochemical equi-
librium, a single O2

+ recombination rate [e.g., Sheehan and
St.-Maurice, 2004] and Viking dayside electron tempera-
ture profile [e.g., Chen et al., 1978; Hanson and Mantas,
1988], as was done by Lillis et al. [2009], we choose not to
do so in this paper (at least not for the figures) because any
such derived electron densities are probably highly inaccu-
rate. This is because we have no information, other than the
two dayside Viking descent profiles [Nier and McElroy,
1977], about the relative fractions of different atmospheric
gases at different altitudes on the nightside, nor about the
electron temperature profile on the nightside. Further, we
have no idea of the effect of day-night plasma transport or
vertical plasma diffusion, nor curvature or gradient plasma
drifts nor wind-driven currents all of which will alter electron
density structures, and which will be substantially compli-
cated by the strong and spatially inhomogeneous crustal
magnetic fields in this region. Therefore, we shall limit our-
selves to examining ionization rate, a very important quantity
and one about which we can be at least reasonably confident.

2. Method

2.1. Mars Monte Carlo Electronic Transport
(MarMCET) Model

[13] MarMCET takes a kinetic Monte Carlo approach to
electron motion in a planetary atmosphere and is described

in detail by Lillis et al. [2008, sections 3–5] and, specifi-
cally for the purpose of calculating ionization, by Lillis
et al. [2009, section 2.1]. It takes as input the follow-
ing variables: (1) starting altitude, energy and pitch angle
of a single downward traveling electron; (2) the path, in
three dimensions, of the magnetic field line to which the
electron is bound, also known as the electron’s guiding
center path; (3) as a function of distance along a given
magnetic field line, magnetic field magnitude (the indi-
vidual components already define the field line itself)
and density of the desired neutral species (O, O2, N2, CO2,
CO, and Ar can be included); and (4) cross sections for
electron-neutral collisions, including elastic collisions, dis-
sociation, excitation, ionization, angle dependence and
differential cross sections for this secondary electron
emission.
[14] The output of MarMCET, for our purposes, is a list

of ionizations and their altitudes caused by each primary
electron. For every neutral density and magnetic field
configuration in this paper, 10,000 electrons are run for
each of 20 logarithmically spaced energies from 15 eV to
20 keV and for 12 equally spaced downward traveling
pitch angle bins between 0 and p/2, totaling 2.4 million
electrons. The minimum necessary number of electrons
was found to be 8000–10,000, above which the calculated
ionization profile did not change noticeably. Electrons
below ∼15 eV were not considered because they do not
cause ionization while 20 keV is the upper end of the
energy range of the MGS ER instrument. Simulations do
not have to be run separately for different input energy
spectra or PADs, since the contributions from each energy-
pitch angle can be summed and weighted accordingly to
predict the ionization rate profile for a given energy
spectrum and PAD [Lillis et al., 2009]. While measure-
ments cover the relevant energy range for ionization (10 eV–
20 keV), PAD coverage does not always extend between
0° and 90° (where 0° is assumed to be downward along
the magnetic field line). Therefore we assume the flux at
all unsampled pitch angles is equal to the most field-aligned
pitch angle bin for which data exists (see Figure 5d for an
example of this extrapolation). It should be pointed out
that data always exist for pitch angles from 83° to 97° due
to the ±7° aperture of the MGS ER instrument. How close
to 0° (or 180°) the pitch angle sampling extends is deter-
mined by how close to 90° is the angle between the
instrument axis and the local magnetic field [e.g., Mitchell
et al., 2001].

2.2. Magnetic Field Model Used

[15] For the three-dimensional magnetic field used by
MarMCET, we use a vector sum of internal and external
magnetic fields. The internal magnetic field is a spherical
harmonic representation of a model of the crustal magnetic
field calculated using a correlative technique on the 7 years
(1999–2006) of nightside mapping orbit observations from
the MGS magnetometer. Field components of internal and
external origin are separated using techniques developed by
Purucker [2008]. The model is explained in detail by Lillis
et al. [2010a, Appendix A] and has somewhat lower noise
than previous models, although we note that the precise
choice of magnetic field model is not very important because
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the region in question (Terra Cimmeria) has such strong
fields that most models [e.g., Cain et al., 2003; Arkani-
Hamed, 2002; Langlais et al., 2004; Whaler and Purucker,
2005] give similar results.
[16] The constant external field is calculated in 2 different

ways. For the average nightside ionosphere (section 3.2), the
(x, y, z) components of the external field are (−12.0, 1.0, 1.5)
nT in MSO coordinates (MSO stands for Mars Solar Orbital,
where x points from the center of Mars toward the sun, y
points in the direction of Mars’ orbital motion and z com-
pletes the right-hand system). This is a typical tail-lobe
magnetic field appropriate for 0200 LT. This tail-lobe field
has a bimodal distribution of approximately sunward and
antisunward magnetic fields, depending on the direction of
the Interplanetary Magnetic Field (IMF) and a magnitude
between 5 and 25 nT, depending on solar wind pressure
[Ferguson et al., 2005]. For the case study of individual
orbital passes (section 3.1), the constant external field is
taken to be the difference between the total field measured at
the spacecraft location and the internal field model evaluated
at that same location.
[17] The orientation of the planet-fixed crustal fields in

MSO coordinates are determined by the local time (we
choose 0200 LT, where all MGS nightside data are
approximately collected) and the season (we choose Ls =
172° corresponding to our case study data in June 2001,
giving a subsolar latitude of 3°N).
[18] Starting at each point on a 1° × 1° grid at the MGS

mapping orbit altitude (370–390 km) in the region between
70°S and 20°S and 140°E and 220°E (50° × 80° = 4000 points),
we follow the field lines down to an altitude of 70 km,
recording the latitude, longitude, altitude and magnetic field
magnitude of each point in a 400 element array, resulting in
(400 × 4000) 1.6 million grid points. In this region, crustal
magnetic field magnitude is everywhere >50 nT at the
MGS altitude of 400 km, and increases exponentially with
decreasing altitude, reaching ∼1500 nT around 100 km.
Therefore, we can safely ignore small to moderate mag-
netic field perturbations at the boundaries of open and
closed magnetic topologies, the largest of which occur
where we observe an accelerated downward traveling
electron population. The perturbations have magnitudes of
typically <20 nT [Brain et al., 2007]. These perturbations
are seen in Figures 2a–4a as small “notches” in the mag-
netic elevation angle.

2.3. Neutral Density Model Used

[19] We use predictions from the Mars Climate Data-
base version 4.3 [Millour et al., 2008], which come
directly from a large ensemble of simulation runs of the
Laboratoire de Météorologie et Dynamique (LMD) Mars
Global Circulation Model (MGCM). The LMD-MGCM
model is a physics-based model of the Martian atmosphere
from the ground up to the lower exosphere [Forget et al.,
1999, 2009; Angelats i Coll et al., 2004]. We take pre-
dictions for neutral densities of O, N2, CO2, and CO (the
neutral species simulated by the LMD-MGCM) for each of
our 1.6 million grid points (i.e., predictions for each
location in three dimensions) for the same local time
(0200 LT), season (Ls = 172°), dust scenario (Mars year 24)

and solar UV flux (solar maximum) as our case study data
of June 2001.

3. Modeling Results

3.1. Case Study: Ionization Caused by Measured
Precipitating Electrons

3.1.1. Three Typical Orbital Passes
[20] It is instructive to examine the expected patterns of

ionization resulting from typical nightside angular and
energy distributions of precipitating electrons measured by
the MGS MAG/ER experiment. We define nightside to be
locations where the solar zenith angle (SZA) is greater
than 117° (i.e., where all altitudes below 415 km are in
darkness). Three representative nightside passes over the
Terra Cimmeria region are shown in Figures 1–4. In all cases
the spacecraft is moving south with south latitude increasing
from 20° to 64°, SZA decreasing from 140° to 117° and
altitude decreasing from ∼385 to ∼370 km. Figure 1 shows
the predicted three-dimensional ionization rate resulting only
from the electron energy-angle distributions measured by the
MGS MAG/ER experiment on these three passes, forming
curtains of ionization as the electrons travel along magnetic
field lines. Figures 2a–4a show the SZA and magnetic
elevation angle. Figures 2b–4b show the flux in the 95–
148 eV energy channel as a function of pitch angle, nor-
malized for each PAD. As mentioned earlier, pitch angle
coverage varies as the angle varies between the magnetic
field vector and axis of the MGS ER electrostatic analyzer
(whose field of view spans only 360° × 14° [Mitchell et al.,
2001]). Figures 2c–4c show energy-latitude spectrograms
of the downward traveling electron flux. Figures 2d–4d plot
the logarithm of the ionization rate projected on a plane
defined by radial lines intersecting the spacecraft trajec-
tory, i.e., a “side view” of the ionization rates. The white
space in Figures 2d–4d has no meaning in the sense that
none of the electrons we measure can reach those regions
in our simulation; there could be trapped electron popu-
lations causing ionization in those regions but we cannot
measure them.
[21] Note that PADs are essentially meaningless when the

flux levels are so low that we are seeing mostly residual
background counts. This is the case over substantial parts of
all 3 tracks shown (examples include track 1, latitudes −33°
to −38° and −42° to −48°, and track 2, latitudes −23° to
−37°). Note also that, although there are places where field
lines are closed loops attached to the crust at both ends, we
only trace the magnetic field lines from the spacecraft loca-
tion downward toward the planet and consider only the
downward traveling portion of the electron flux.
3.1.2. Effect of Magnetic Topology and Pitch Angle
Distributions on Ionization
[22] Magnetic topology refers to the “connectedness” of a

given magnetic field line, i.e., to what it is connected. If it is
connected to the planet at one end and the Interplanetary
Magnetic Field (IMF) at the other end, it is an “open”
topology (e.g., at the Earth’s magnetic poles). If it is
connected to the planet at both ends, it is a “closed” topology
(e.g., the Earth’s equatorial regions). Since electrons below a
few keV have small gyroradii (e.g., 10.7 km for a 1 keV
electron in a 10 nT magnetic field; lower energies or stronger
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fields result in smaller gyroradii), they are essentially bound
to move along (and not across) field lines and since those
electrons ionize atmospheric neutrals, magnetic topology
plays an important role in electron impact ionization.
[23] As shown in Figures 2–4, the measured magnetic

field vector rotates about the east–west direction more than
360° as the spacecraft passes through regions where the
crustal field is alternately radially upward, predominantly
horizontal and radially downward. This crustal field struc-
ture interacts with the dynamic Martian magnetotail, result-
ing in both open and closed magnetic topologies occurring
several times on each pass. Magnetic topology is typically
indicated by electron PADs [Lillis et al., 2008; Brain et al.,
2007] and we see examples of several types of PAD during
these three passes, resulting in a wide range of ionization
rate profiles.
[24] One-sided loss cones (e.g., track 1, −27° latitude;

track 2, −52°; track 3, −53°) imply open magnetic field lines,
where solar wind electrons can precipitate into the Martian
atmosphere. We also see apparently double-sided, somewhat

field-aligned PADs in track 1, −51° to −55° and −30° to
−33°, for which the best explanation is open topology and a
one-sided loss cone between 155° and 180°, beyond our
pitch angle coverage (because closed topology must result
in flux depletion closer to 0° and 180°). Wherever we see
open topology, we see substantial downward traveling
electron flux and peak ionization rates from in the range
5–220 cm−3 s−1. In general, these one-sided loss cones
occur more frequently for higher elevation angles [Brain
et al., 2007, Figure 7], which is consistent with these three
orbital passes where most occur when the magnetic ele-
vation angle is >±40°.
[25] Double-sided loss cones (e.g., track 1, −56° latitude;

track 2, −39° latitude; track 3, −37° latitude) imply closed
magnetic field lines (i.e., attached at both ends to the crust),
on which bound electrons magnetically mirror repeatedly.
These can occur for any magnetic elevation angle, though
they are much more common for horizontal magnetic field
[Brain et al., 2007]. Double-sided conics (e.g., track 1,
−34° latitude) also imply closed field lines and resemble

Figure 1. The predicted three-dimensional ionization rate for three separate Mars Global Surveyor
(MGS) orbital passes. The rainbow colors (upper color scale) plot the ionization rate resulting only from
the electron energy-angle distributions measured by the MGS magnetometer and electron reflectometer
(MAG/ER) experiment on these three passes, forming “curtains” of ionization as the electrons travel along
magnetic field lines. The planetary sphere beneath is shaded by topography and colored according to the
radial component of the crustal magnetic field at 400 km (lower color scale). Track 1 covers the time range
4 June 2001, 1006:53–1020:51 UT and is examined in Figure 2. Track 2 covers 1 June 2001, 0731:20–
0745:43 UT and is examined in Figure 3. Track 3 covers 5 June 2001, 0940:11–0954:03 UT and is
examined in Figure 4.
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two-sided loss cones which have been depleted near 90°
pitch angle [Brain et al., 2007; Ulusen et al., 2011], perhaps
by time-variable parallel electric fields or heating by a variety
of wave mechanisms [Eliasson et al., 1996]. On these three
passes, we typically see slightly lower downward fluxes for
closed topologies compared with open topologies, but in fact
we see proportionally much lower ionization because such
“trapped” PADs cause far less ionization than isotropic
PADs. The reason is that, in regions of strong crustal mag-
netic field such as these, electrons with pitch angles near 90°
magnetically reflect before they can cause any substantial
ionization, whereas field aligned electrons penetrate much
deeper into the atmosphere [Lillis et al., 2009]. An alternate
way to express this is that, by definition, a trapped PAD
consists predominantly of electrons that have not been

absorbed by the atmosphere or scattered off the field line on
previous bounces. Therefore, when calculating the electrons’
“next” interaction with the atmosphere one expects to see a
relatively small effect.
[26] We see some clear examples of trapped PADs caus-

ing little or no ionization. First, on track 1, −55° latitude, the
magnetic topology abruptly changes from open to closed as
the spacecraft travels south. Despite the downward traveling
electron energy spectrum not changing substantially, the
peak ionization rate falls nearly 3 orders of magnitude from
175 to 0.4 cm−3 s−1. Next, on track 2, the flux spikes at −39°
and −53° are trapped distributions and the peak ionization
rate barely rises above the background, whereas the (albeit
larger) spike at −52° shows a clear increase in peak rate.
Similarly on track 3, the trapped precipitating electron

Figure 2. Relationship between magnetic field, precipitating electrons, and ionization profiles, shown as
a function of latitude for a single MGS orbital pass in June 2001. (a) Solar zenith angle and magnetic field
elevation angle. (b) Normalized pitch angle distribution at 107 eV. (c) Differential energy flux spec-
trum of the downward traveling portion of the electron distribution. (d) Individual magnetic field lines
traced from the spacecraft down to 80 km and projected into a plane, colored according to ionization
rate and the base-10 logarithm of the peak ionization rate plotted as a function of the spacecraft lati-
tude (not latitude at the peak).

LILLIS ET AL.: MARS 3-D NIGHTSIDE IONIZATION RATES A12317A12317

6 of 15



distributions seen from −28° to −38° cause very modest ioni-
zation whereas the isotropic distributions at −54° and −64°
cause peak ionization rates to jump up over 150 cm−3 s−1,
comparable to the photo-produced dayside ionospheric.
[27] Last among topologies, we see plasma voids, where

there is no detectable electron flux (above instrument back-
ground) at any energy or pitch angle (e.g., track 1, −33° to
−38°; track 2, −20° to −37°), which are also indicative of
closed field lines since open field lines always contain some
solar wind plasma. These distributions result in very low
ionization rates.
[28] We also observe very rapid changes in ionization rate

in “cusp” regions, where topology switches rapidly from
open to closed or vice versa. For example, in track 1, we see
sharp transitions at −33°, −50° and −55° latitude. Such
transitions are sometimes accompanied by localized increa-
ses in the downward traveling electron flux (seen at −50°
and −55° latitude on track 1). These narrow currents are
accompanied by perturbations in the magnetic field on
length scales too short to be due to variations in the crustal
field [Brain et al., 2006; Halekas et al., 2006].

3.2. Average Nightside Ionosphere

[29] Having examined typical predicted ionization rate
profiles for individual orbits, we now investigate the average
three-dimensional pattern of nightside ionization, resulting
from typical geographic variability in the precipitating
energy spectrum, the PADs and the neutral atmosphere.
Given the intrinsic variability of electron precipitation in
near-Mars space [e.g., Dubinin et al., 2008b; Brain, 2006],
and because all the MGS MAG/ER is at 0200 LT, we do
not expect any particular snapshot to look like this
average situation, but it is nonetheless instructive to put
together a three-dimensional average “picture” of Martian
nightside ionization. Dubinin et al. [2008b] examined
geographic patterns of omnidirectional 30–80 eV elec-
trons on the nightside from MAG/ER. We shall go fur-
ther by isolating the average downward traveling portion
of the electron population (i.e., the portion relevant for
ionization), across all energies sampled by the MAG/ER
instrument, as well as its pitch angle distribution, and
predicting the resulting average three-dimensional ioniza-
tion pattern.

Figure 3. Same as Figure 2 but for track 2.
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[30] For each of the aforementioned 4000 individual 1° ×
1° pixels, we calculated the average energy spectra and
PADs of downward traveling electrons over the entire MGS
mapping orbit mission (May 1999–November 2006). These
two-dimensional energy-angle flux distributions spanned the
19 logarithmically spaced energy channels (over the range
10 eV–20 keV) intrinsic to the MGS ER PAD data [Mitchell
et al., 2001] and were resampled from the variable instru-
mental pitch angle bins (pitch angle bins vary as the angle
varies between the magnetic field direction and the instru-
ment axis) to nine equal pitch angle bins spanning 0°–90°,
where 0° is taken to be downward toward the planet along
the magnetic field line.
[31] We use the magnetic field geometry described in

section 2.2 (i.e., the vector sum of a crustal field model and a
typical tail-lobe field) and the neutral density profile
described in section 2.3 (i.e., LMD MGCM predictions for
the same local time, season, dust opacity, solar activity and
geographic location as our case study of early June 2001).
With these inputs, we follow our downward traveling

electron energy-angle distributions along the magnetic
field lines from MGS spacecraft altitude into the atmo-
sphere using MarMCET and calculate the average ioniza-
tion rate along each field line, thereby constructing a
three-dimensional picture of Martian nightside ionization
in this region of strong crustal magnetic fields.
[32] It is difficult to capture in sufficient detail in one

figure the average three-dimensional structure of the ioni-
zation as well as the factors that determine that structure:
magnetic field strength and geometry, neutral density profile
and electron spectrum and PAD. Therefore we choose to
show 4 complementary figures.
3.2.1. Individual Profiles
[33] Figure 5 examines five sample locations within this

50° × 80° patch of Mars, showing the assumed mag-
netic field magnitude, magnetic elevation angle and mass
density for that location, plus the pitch angle distributions
(at 107 eV, an energy bin where count rates are typically
sufficient to ensure pitch angle statistics are reliable) and
average measured precipitating energy spectrum (averaged

Figure 4. Same as Figure 2 but for track 3.
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over all downward traveling pitch angles). Figure 5f shows
the resulting ionization rate profiles for these sample
locations.
[34] First, we see variations of factors of 2–3 in the LMD

MGCM-predicted neutral density profiles at the altitudes of
greatest ionospheric interest (120–250 km). These have a
minor effect on the resulting ionization profiles, in the sense
of moving them upward-downward by a few kilometers.
However, we see great differences in magnetic field strength
and geometry, as well as a wide range of electron pitch angle
and energy distributions. These result in variations in average

ionization rate of more than 3 orders of magnitude, just
among these examples.
[35] For instance, the black lines represent pixel 1, an area

of moderate crustal magnetic field strength but very high
precipitating fluxes, where we assume a field aligned PAD
due to limited PAD coverage and where the electron spec-
trum typically has a nonnegative slope between ∼100 and
∼600 eV, a telltale sign of acceleration of solar wind elec-
trons [Brain et al., 2006]. Indeed, Halekas et al. [2008]
showed that this region (∼155°E, 63°S) is an area commonly
displaying such accelerated electron spectra. The result is a

Figure 5. For five sample locations within the “average” nightside ionization map, we plot (a) the mag-
netic field profile; (b) the magnetic elevation angle profile; (c) the assumed neutral mass density profile;
(d) the average measured electron pitch angle distribution at 107 eV, where dotted lines represent the
assumed continuation of instrument-truncated PADs; (e) the average measured downward traveling differ-
ential energy flux spectrum, where the dashed line represents average instrument background for these
five pixels; and (f) the resulting ionization rate profiles calculated by Mars Monte Carlo Electron Transport
(MarMCET).
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very high ionization rate, peaking at ∼165 s−1 cm−3 (seventh
highest out of the 4000 pixels; the highest was 453 s−1

cm−3). Assuming the same reasonable recombination rate
profile used by Lillis et al., 2009, Figure 2d], based on O2

+

recombination and the Viking-based model electron tem-
perature profile of Chen et al. [1978], this would correspond
to a peak electron density of 2.9 × 104 cm3 (the highest was
4.5 × 104 cm3) which is comparable to dayside photo-peak
densities seen at solar zenith angles >85° [Withers, 2009;
Gurnett et al., 2005].
[36] The pink lines represent pixel 2, among the strongest

crustal magnetic fields on the planet at 180°E, 53°S, where
the topology is open only ∼30% of the time [Brain et al.,
2007]. The weaker average precipitating spectrum com-
bined with the trapped PAD results in substantially less
ionization compared with the black line. The peak at 1 keV
in the spectrum is the result of a small number of averaged
spectra containing an accelerated population.
[37] The blue and green lines represent pixels 3 and 4, in

comparatively weak and very strong crustal magnetic field
regions with similar average PADs and neutral density pro-
files, respectively. However, pixel 3 receives higher precip-
itating electron flux on average and therefore has a higher
ionization rate at all altitudes. Last, pixel 5 is typically a
plasma void, where precipitating fluxes are not much higher
than background levels and ionization rates are consequently
very low. All the averaged energy spectra have very low
fluxes above a few keV, giving similar, low ionization rates
of ∼0.1 cm−3 s−1 around ∼120 km.
3.2.2. Patterns of Downward Traveling Electron Flux
[38] Figure 6 shows maps of average electron flux at

4 energies (35 eV, 107 eV, 463 eV, 2 keV) averaged over
all downward traveling pitch angle bins, and maps of the
resulting ionization rate at the average altitudes of greatest
ionization (for our assumed atmosphere) for each energy,
along with contours of radial magnetic field. For example,
107 eV electrons cause greatest ionization around 150 km.
We can clearly see from the left column that the magnetic
topology affects the average flux of precipitating electrons
as there are substantial “pockets” (totaling approximately
20% of the examined area) with little or no precipitation on
average. However, more than this, the convergence of the
magnetic field (as the electrons travel downward toward the
planet) concentrates the ionization into localized regions
where the magnetic field is most radial. Figure 6 (right) shows
that the area of these regions decreases with decreasing
altitude. Just as in the case of the individual orbital passes,
the open and closed magnetic field topology causes sharp
boundaries between areas of strong ionization and areas of
no ionization. Given the small gyroradii (approximately a
few kilometers) of the precipitating electrons, this is likely
to result in currents driven by strong plasma pressure gra-
dients, as examined by Fillingim et al. [2010].
3.2.3. Average Three-Dimensional Pattern of Ionization
[39] Figure 7 plots the average predicted ionization rate in

3 dimensions, traced from the middle of every 1° × 1° pixel
at MGS spacecraft altitude, along the assumed magnetic
field line, down to an altitude of 80 km. The dark and light
green colors on the globe represent the radial component
of the crustal magnetic field measured by MGS at 400 km.
For clarity, Figure 7 (top) shows only those points below
200 km altitude, while Figure 7 (bottom) shows all points.

Animations 1 and 2 contain an extension of Figure 7: 31-frame
movies (animated GIFs) showing the three-dimensional
ionization rates up to and including 80 km, 90 km,
100 km, …, 380 km.1 The color scales are the same for
the static Figure 7 and Animations 1 and 2.
[40] Figure 7 most clearly shows how particle precipita-

tion interacts with magnetic geometry and topology in order
to create complex patterns of ionization. Some patterns are
linear, like the “triple junction” centered at 37°S, 174°E or
the “main stripe” centered at 52°S, 180°E. Others form what
resemble point source “fountains,” like that seen at 23°S,
152°E. Note also several places with very high average rates
of ionization, such as the long, curved feature of mostly red
(in Figure 7, top), starting near 70°S, 150°E and continuing
north and eventually east with only a small break near 55°S.
3.2.4. Correlation With Magnetic Elevation Angle
[41] It is clear from the preceding figures and discussion that

higher ionization rates are to be expected in areas of open
magnetic topology, which are closely correlated with areas
where the magnetic field at MGS altitude is more vertical
[Brain et al., 2007]. To examine this quantitatively, Figure 8
shows the peak ionization rate as a function of elevation angle
and a histogram of peak ionization divided into measurements
where the magnetic elevation angle is less than/greater than
45°. It is clear from Figure 8 that there appears to be a bimodal
distribution of ionization rates in this region. This is likely due
to the dichotomy between “mostly open” field topologies
where we often see higher precipitating fluxes, and “mostly
closed” magnetic field topologies where we usually see very
low fluxes. The former areas typically have more vertical
magnetic field lines (elevation angles >45°) and the latter typ-
ically have more horizontal field lines (elevation angles <45°).

4. Discussion and Conclusions

4.1. Limitations and Uses of This Exercise

[42] The complex, modeled patterns of electron impact
ionization shown in the earlier figures are obviously incom-
plete: they are merely an average of a subset (0200 LT) of
those which we expect to find in reality on the nightside of
Mars. Further, while our calculations used as input the
downward electron fluxes on a complete surface at ∼400 km
and therefore capture all ionization caused by precipitating
electrons on open field lines (within our geographic box),
there are undoubtedly unsampled closed field lines below this
surface, which may contain trapped distributions of solar wind
electrons. Therefore, the “bands” of ionization are likely not
quite as narrow as they appear in Figures 1, 6, and 7. These
solar wind electrons were likely acquired through pitch angle
scattering or reconnection as the fixed crustal fields rotate with
respect to the draped induced solar wind interaction magnetic
field [Brain et al., 2007; Ulusen et al., 2011] which cause
ionization. As the IMF direction and subsolar latitude vary
throughout the year, we can expect substantial variability in
exactly which closed field lines acquire superthermal elec-
trons. Therefore the ionization regions will likely expand,
contract and change shape as these external variations occur.
[43] Further, the model of the crustal magnetic field we

used [Purucker, 2008; Lillis et al., 2010b] is only as good as
the MGS MAG data from which it was constructed, which is

1Animations are available in the HTML.
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Figure 6. (left) Average downward traveling flux of electrons at each of four different superthermal ener-
gies as a function of geographic location, averaged over the entire mapping phase of the MGS mission
(May 1999–November 2006). (right) Resulting ionization rate at the altitudes where those energies cause
maximum ionization. Readers are encouraged to enlarge the right-hand column to clearly observe how the
ionization rate varies and where ionization occurs.
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relatively sparse below ∼350 km. Therefore, despite valida-
tion by comparison with these data points, the modeled path
of the field lines will not in reality be exactly like that shown
in the figures. This is particularly true below ∼200 km where
shorter wavelength features will appear in the real magnetic
field, thereby somewhat narrowing or widening as well as
splitting, the various “lanes” of ionization compared to those
shown in the figures, depending on the details of the true
low-altitude crustal fields. So, while the patterns shown in
this paper are the best estimates available and while the
general large-scale patterns will not change with better data,
the small-scale details may be different.

[44] However, as imperfect as these predictions may be,
we believe they are useful for several reasons. First, this is
the first prediction of Martian nightside ionization rate
that takes into account the measured PADs and energy
spectra of the precipitating electrons, as well as realistic
magnetic mirroring by the crustal fields. Second, the three-
dimensional ionization patterns in the paper should help
other researchers visualize the complex geometries and the
interplay between those geometries, the precipitating fluxes
and the resulting ionization patterns. Third, these model
predictions inform our expectations for the ionospheric data
that the NASA MAVEN Mars Scout mission will return,

Figure 7. (top) Average predicted ionization rate in three dimensions traced from the middle of every
1° × 1° pixel at MGS spacecraft altitude down to 80 km. (bottom) The dark and light green colors on
the globe represent the radial components of the crustal magnetic field measured by MGS at 400 km.
For clarity, Figure 7 (top) shows only those points below 200 km altitude, while Figure 7 (bottom)
shows all points.
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starting in late 2014. Fourth, this ionization is the source
of plasma that drives the rich and unique ionospheric
electrodynamics of the Martian nightside, which we will
now briefly discuss.

4.2. Consequences of the Ionization

[45] Electron impact ionization is an important source of
plasma in topologically accessible regions of the Martian
nightside upper atmosphere and therefore a primary driver of
the undoubtedly rich electrodynamics to be found there,
particularly in the area of strong crustal magnetic fields
examined in this paper. In particular, we expect complex
current systems to form where the combination of collisions
and electromagnetic forces causes electrons and ions to drift
in different directions [e.g., Heelis, 2004; Fillingim et al.,
2010]. Above the exobase (∼200 km) we expect magnetic
field curvature and gradient drifts [e.g., Parks, 2004] to
cause differential motion between electrons and ions akin to
the Earth’s ring current, as well as acceleration by parallel
electric fields [Dubinin et al., 2008a; Brain et al., 2006].
[46] At and below the exobase there is an important

interplay between plasma density, neutral density and mag-
netic field that results in the so-called ionospheric dynamo
region [e.g., Heelis, 2004]. Above the altitude at which the
ion gyrofrequency and ion-neutral collision frequency are
equal, the dynamics of any extant plasma are dominated by
magnetic effects. In this region, perpendicular electric fields
cause both electrons and ions to drift in same direction,
resulting in zero net current. Below the altitude at which the
electron gyrofrequency and electron-neutral collision fre-
quency are equal, electrons’ and ions’ dynamics are controlled
by collisions, also resulting in zero net current. However, in
between these two altitudes (i.e., the dynamo region), ions
are collisionally coupled to the atmosphere and will move in
the direction of an applied force (e.g., neutral wind) while
electrons are magnetized and will move in a direction per-
pendicular to both the applied force and the magnetic field.
The resulting currents can vary enormously in both direction
and magnitude depending upon neutral wind velocities and
crustal magnetic field strengths and geometries [Fillingim
et al., 2010]. Figure 9 shows the altitude variation of the
dynamo region in the vicinity of strong crustal fields,
relative to a typical ionospheric profile. The degree of alti-
tude overlap between the dynamo region and the vicinity

Figure 8. (a) Peak ionization rate as a function of elevation
angle (all 4000 individual points and their medians in each
10° elevation angle bin). (b) Histogram of peak ionization
in each pixel (black) plus separate histograms for measure-
ments where the magnetic elevation angle is less than/greater
than 45°.

Figure 9. Martian ionospheric dynamo region superimposed on a typical strong crustal magnetic field
morphology. The bottom and top of the dynamo region are defined as the altitudes at which the ratio
of electron and ion gyrofrequencies to collision frequencies equal unity, respectively. Paths for solar
wind electrons to precipitate into the atmosphere are shown with green arrows. A typical MarMCET
nightside electron density profile is shown in yellow on the right-hand side.
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of the ionospheric peak determines how much plasma is
available to drive currents.
[47] Adding to this complexity is the fact that the resulting

currents will produce magnetic fields that will themselves
alter the magnetic geometry, which will alter those same
currents, and so on self consistently [Withers et al., 2005].
We must also consider day-night plasma transport [Fränz
et al., 2010] and parallel electric fields [Dubinin et al.,
2008a], both of which further complicate the electrody-
namic picture. Finally, we have no in situ measurements
of electron density below 270 km, no neutral wind mea-
surements, no nightside electron temperature or species-
specific neutral density measurements, no electric field
measurements and no nightside thermal ion measurements.
The result is that we currently have very little under-
standing of nightside electrodynamics. However, since
electron impact ionization is the primary source of plasma
on the nightside, the three-dimensional patterns of ioniza-
tion rates explored in this paper are an important piece of
the foundation upon which to build our understanding.

4.3. Looking Forward

[48] In future work, we intend to use MarMCET to build
large sets of lookup tables of ionization rate profiles corre-
sponding to different local times, seasons and crustal mag-
netic field strengths. These tables can, with interpolation, be
used by Mars global plasma models, global circulation
models and small-scale electrodynamic models to rapidly
calculate three-dimensional patterns of electron impact ion-
ization. We strongly encourage recent theoretical efforts to
self consistently model these complex electrodynamics and
we look forward hopefully to the wealth of new atmo-
spheric and electrodynamic data in late 2014 promised by
the upcoming MAVEN Mars Scout mission.
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